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PREFACE

The report which follows constitutes one volume in a series of sixteen which
have been produced by contract researchers involved in the Vehicle Weights and
Dimensions Study. The research procedures and findings contained herein
address one or more specifiec technical objectives in the context of the
development of a consistent knowledge base necessary to achieve the overall
goal of the Study; improved uniformity in interprovinecial welght and dimension
regulations.

The University of Michigan Transportation Research Institute examined the
influence of changes in weights, dimensioms and equipment parameters on the
stability and contrel characteristiecs of heavy, articulated commercial
vehicles. Much of the analysis was conducted using computer simulation models
to examine vehicle configuration and loading scenarios. To ensure the models
accurately represented the characteristics of the types of tracrors, trailer
and components used used in the Canadian fleet, examples of tracror and
trailer suspensions, steerable axles, and tires were transported to Michigan
and thelr propertiesz measured in the laboratory. Canroad Transportation
Research Corporation gratefully acknowledges the generosity of the following
companies who suppled equipment and components for testing purposes:
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Michelin Tires (Canada)
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Westank Willock

Mack Canada
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Caravan Leasing

Funding to conduct this research was provided by:
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Manitoba Highways and Transportation
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Ontaric Ministry of Transportation and Communications
Prince Edward TIsland Transportation and Public Works
Ministédre des Transports du Québec



Saskatchewan Highways and Transportation
Transport Canada

Motor Vehicle Manufacturers Association
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Truck Trailer Manufacturers Associafion
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The research findings described in rhe report which follows are based on one
of the most ambitious attempts ever undertaken to examine the stability and
control characteristics of vehicles currently used, or likely to appear, in
the interprovincial trucking flset.

John PBearson, P.Eng.
Project Manager
Vehicle Weights and Dimensions Study
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1.0 INTRODUCTION

This document constitutes the final report on a research project conducted by the
University of Michigan Transportation Research Institnte (UMTRI) under sponsorship of
the Canroad Transportation Research Corporation (CTRC). The study has intended to
produce findings which assist in the formulation of more uniform weights and dimensions
(W/D) regulations on interprovincial trucking in Canada and to generally upgrade the
practice of evaluating the dynamic behavior of heavy-duty vehicles.

The primary national issue which has prompted this study pertains to the great
diversity in W/D allowances which exist for truck combinations among the respective
Canadian provinces and territories. Since this diversity is seen as imposing certain
mefficiencies upon interprovincial trucking operations, there is an mterest in developing
techmical data which may assist in the revision of W/D regulations. To this end, the project
reported herein has produced findings addressing certain safety issues which interact with
vehicle configuration and with specific W/D variables. Indeed, all of the elements of this
study are premised, nltimately, upon a poiential link between the physical makeup of the
vehicle and traffic safety.

The specific aspects of performance addressed here cover the stability and control
behavior of vehicles in response to steering and braking maneuvers. Prior research in this
subject area has established that the response properties of vehicles differ as a result of not
only the vehicle characteristics which are traditjionally addressed under W/D regulations,
bt also the desien and operating variables describing vehicle components and subsystezus.
In an attempt to provide the maximum yield under this research study, then, examination of
the infloence of W/D variables on vehicle performance has been supplemented with
analyses of the imfluence of component selection as well as operational variables. While the
iatter information is not directly germane to the development of uniform interprovincial
regulations on W/D imjts, it does contribute to a broadened understanding of the behavior
of trucks commonly used in Canada. These design-related results also will assist
researchers who intend to further explore the state of practice in trucking and to seek
improvements for the futore.

In order to examine the spectrum of vehicle configurations which are currently in
ase or which are prospects for future application, the study undertook a multi-task research
effort encompassing a2 survey of cuwrrent Canadian truck configurations, laboratory



measurement of certain components and subsystems, demonstration festing of selected
vehicles, and 2 very large scale computer-aided analysis of vehicle response properties.
The text of the main report is assembied to provide the reader with an introduction to the
methodology employed in each of these tasks. Appendices are provided for presentation of
detailed expositions on methods and results. :

The principal portion of rhe main report is devoted to describing and reporting the
Tesults of the computer-aided analysis, or “simulation,” effort. Itis the results of this task
which form the primary findings of the stady, These findings have been formulated in
terms of measures of performance which are seen as expressing certain safety qualities of
vehicles. Thus, msofar as new W/ regulations must pay cognizance 1o the potential safety
hnplic:itions of truck allowances, this body of findings serve as an information base to aid
in making public policy. To the degree that the results indicate deficiencies in the
performance levels of one existing truck configuration relative to apother, they also identify
opportunities for fmproving the overall safety of fruck wansportation.

In Section 2.0 of the report, the elements of the overall study are discussed in
summary fashion. The reader must examine 'poru’ons of Section 2.0 (especially 2.3) in
order to understand the definition of various measures of performance which are nsed for
rating the stability and control qualities of vebicles throughout Sections 3.0 and 4.0.

Sccnon 3.0 pre:sents the performance resulfs in a context of comparisons of
behavior across the spectrum of vebicles. In this regard, it is seen that the spectrum of
vehicle types in use in Canada is as broad as exists in any jurisdiction in the world. Asa
result, Section 3.1 has been devoted exclusively to the presentation of variations in
performance deriving simply from basic vehicle configuration, given certain uniform
assurptions on components and vehicle loading. Sections 3.2 through 3.5 address the
detailed parametric sensitivities of the various categories of vehicle configuration to
vatiations in W/D limits as well as design variables. This group of four subsections,
covering the parametric sensitivities of tractor-semitrailers, A- and C-irain doubles, B-train
doubles, and triples combinations, respectively, constitute the largest section of the overall
report. Readers who are interested in details regarding the influence of a specific vehicle
parameter on some aspect of performance would consult these sections, with the aid of the
performance definitions in Section 2.3.

In Secton 3.6, the results are sununa:iéed in a manner which consolidates the
various measures of safety-related performance (such as braking, roll stability, offtracking,



eic.), together with the payload-canrying advantages of the differing vehicle configurations.
The provided summaries give the simplest overall condensations of the study findings, as
they periain to the attractiveness of one configuration over another. Although other
qualities than safety and payload size are surely of concern o the trucking industry and to
public policymakers, the breakdown of results by these two categories serve as a useful
overview of the safety vs. productivity tradeoffs.

In Section 4.0, a set of performance evaluation technigues are presented as a
recommendation for future application in evaluating vebicle stability and centrol behavior.
These techniques follow upon the rationale employed in the simulation study and address
both simulation techmiques and measurements which can be made on full-scale vehicles.

Finally, Section: 3.0 presents conclusions and recommendations which are seen as
having general significance to the issue of W/D regulation and related issnes of safety in
trueking.

Volume II of this report presents Appendices A and B which contain vehicle-
descriptive data representing the truck configurations which are commonly found in Canarda
as well as computer-input parameters used to represent such vehicles in the stmulation
study. Volume III presents Appendices C through F which contain details for computing
measures of performance, the matrix of vehicle cases which were simulated, results of a
demonstration test program, and the data-base of simmlation resulis.



2.0  ELEMENTS OF AN ANALYSIS OF THE DYNAMIC PERFORMANCE

OF TRUCK COMBINATIONS IN CANADA

The conduct of a large-scale analytical effort for evaluating the stability and control

propertes of truck combinations required that various pieces of missing information be
gathered and that the protocols for the analysis be developed within the study. In this
section, these portions of the study effort will be deseribed.

Shown in Figute 2.0.a is a block diagram of the elements of the overall analytical

approach. The diagram outlines sexies and parallel steps which cubminated in the
sirmulation study, itself, im which measures of vehicle performance were generated. The
steps were ag follows:

1) In order to identify the specific vebicle configurations which warranted study, a

2)

3}

so-called "eross-Camada toor” was conduocted in which persons from the trucking
industry were surveyed regarding the popular selections of equipment. This
exercise resulted in two categories of information, namely, (a) descriptions of
truck combinations, in terms of types and numbers of irailers and conplings,
number and placement of axles, and approximate dirnensions of vehicle units, and
(b) identification of popular component selections.

Given the descriptons of truck combinations, 2 study matrix was designed
providing coverage of all prominent vehicle types and the maximun feasible range
of W/ variables and component selections.

An existing Hibrary of measurements on the mechanical properties of truck
components was examined to determine which of the components found to be
popular in Canada were unrepresented in the available data. Where data were
unavailable, laboratory measurgments of component properties were conducted.
Both the applicable existing data and the new measurements were formatted as
input data for rurming the computerized simulations.

4) The matrix which encompassed vehicles, W/ and design variations, and

maneuvering conditions, was such that various revisions to existing computation
methods were required in order 1o achieve a seitable level of efficiency and

technical accuracy. These new software developments encompassed a general

4



Existing
Simulation
Tools

Cross-Canada
Tour

Truck | Configurations

Simulation
Maitrix

~ New .
Computer
Methods

| Components ( )

Existing .
Library

New Lab.
Meas.

Simulation Siudy

| L
Data Base

Figure 2.0.a

4A



system for interfacing input data with a group of simulation models as well as
pre- and post-processors which were warranted by the large scale of the
computational exercise,

Moreover, these tasks enabled completion of the simulaton study and the
establishment of a computerized "data base" of the resulting measures of vehicle
performamee from which a versatile interrogation of findings could be conducted. The data
base remaing as an easily accessible file from which to conduct follownp inguiry into the
pattern of the study results.

2.1 The Identification of Truck Combinations Commonly Used in Canada

As the starting point in the stedy of vehicle smbility and control, the project director
from UMTRI, together with the principal persons from the National Research Council and
The Roads and Tramsportation Association conducted a "eross-Canada toar” to obtain
information from the Canadian trocking community on the configoration of truck
combinations commonly nsed in Canada. The tour was necessitated by the desire o focus
the study of stability and control on popular truck configurations which are currently in
operation or which may be expected m the near foime,

Also in order to conduct computerized analyses of the vehicles of interest, specific
data were needed to describe the vehicles. Some of thése data are simply related to overall
dimensions, axle and hitch point Jocations, and the like. The tour was found to be a very
useful and expedient means for establishing many of these dimensions. Other data required
to conduct the simulation were obtained through subsequent laboratory measurements on
tirgs, suspensions, steering systems, etc. The tour served to identify which specific
cotnponents were in ¢common usage in Canada. After comparing these components with
those whose mechanical descriptions are already contained within an existing Library of
data, components meriting direct measurement in this study were selected.

In this section, the results of the information-gathering towr will be discussed. The
"tour" exercise mvolved a methodical interrogation of groups representing the trucking
industry which were convened at each of six sites. The cities in which these meetings
occurred were Vancouver, Calgary, Winnipeg, Toronto, Montreal, and Moncton. In each
meeting, the attending indusity representatives were asked to address the vehicle equipment
and practices used in over-the-road trucking operations in the immediate province being
visited. Also, attendees in Alberia and Manitoba were asked to speak for practices in
Saskatchewan, as well, and attendees in New Brunswick were asked to represent the



Maritine Provinces, collectively. The industry representatives came from both the for-hire
and private trucking sector, and from vehicle manufacturers. In general, representatives
from trucking fleets were those individuals directly responsible for developing vehicle
specifications, and perhaps for directing maintenance operations also, within companies
¢ngaged in relatively long-hanl trucking. The number of representatives present at each
meeting ranged from 4 1o 12.

In each meeting, a sef of transparencies were used to provide a common format for
prompting the group in identifying common truck configurations and various details
concernin g installed hardware. The industry representatives were asked to reach a
consensus among themselves in responding 1o each of the questions. Although they were
asked to speak for the entire province or region being represented, it was clear that some of
the individuals possessed only limited knowledge of fleet configurations outside of their
own operation. Althoungh it is thought that the results of this interrogation process are
reasonably representative, it should be recognized that the samnple was rather lnited.

Discussion of Resnlts

The sequence of subjects covered and the general nature of the responses was as
follows:

1) The total population of combination vehicles was broken down, by percentage
representation, into tractor-semitrailers, A-, B-, and C- type doubles, and triples. Listed in
Table 2.1a are the estimates of these percentages which were obtained at each of the six
regpective meetings.



Table 2.1a
% Distribution of All Combination Trucks in Each Region

Meeting Sites

Vehicle  Vancouver Calgary Wimnipeg  Toronto Momntreal Mongcton

Tr/Semi 60 20 60 70 0 98
A-Dbls. YA 8 25 25 g 1
B-Dbis. B 10 14 5 2 1
C-Dbls. 0 <2 <1 <] <1 G
Triples o <1 <l 0] ! 0
Total 100 100 100 100 100 100

When the above data are weighted by the population of the citizenry in the
respective regions represented, we find that some 77% of all heavy combination vehicles
operating in Canada are tractor-semitrailers, 17% are A-doubles, 5% are B-doubles, and
the remaining 1% or so are C-doubles and triples. A geographical illustration of the
distribution of the three predominant vehicle types is shown in Figere 2.1.2.

2) Taking each type of combination vehicle, in turn, the distribation of axle
configurations within the population of each vehicle fype was determined. Among tractor-
semnitrailer combinations, for example, it was seen that the fractional representation of five-
axle units, having a three-axle tractor and tandem semi, ranged from 75% of all ractor-
sernitrailers in British Columbia and Quebec to 95% in Alberta and Manitoba. Also, it was
observed that there are virtzally no two-axle tactors in highway trucking service in
Canada. Rather, the two-axle tractors which are in service are predominantly employed in
city delivery operations, Shown in Tables 2.1.b through 2.1.e are the complete listings of
the estimated percentage distributions of the populations of tractor-semitrailers, A-doubles,
B-doubles, and triples, according to axle configuration. The figures shown in these tables
were all normalized so that a population total of 100% was essentially obtained.

A geographical illustration of the distribution of the various tractor-semitrailer
configurations is shown in Figure 2.1.b. Together, Figures 2.1.a and 2.1.b establish that,
notwithstanding the great diversity in trock configurations in service across Canada, by far
the greatest portion of truck fransportation is conducted using the conventional arrangement
of a three-axle fractor coupled to 4 two-axle semitratier.
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Figures 2.1.c and 2.1.d provide graphical illustrations of the distributions of A- and
B-type doubles combinations identified in the tour exercise.. These illustrations make it
clear that multi-trailer combinations are not at all homogeneously distributed across
provinces and that a substantial diversity in axle configurations exists.

Int general, the data showing the distribution of the populations of each generic
vehicle type were useful to the study insofar as they permitted the simulation study to
become focused upon the more popular configurations. While the rare vehicle
configurations wounld not be entirely neglected, the effort to represent them would be kept
in balance with the need to achieve the essential goals of the study.

3) For those axle configurations which had been identified as commonly operated
within the province or region in question, more detailed information was sought pertaining
to the following:

- dimensions locating the axles, hitch points, and wrailer bed overhang
- axle load aliowances, as well as loads coramonly achieved in practice
- common selections of sespension types and load ratings

The dimensional information clearly revealed that great distinctions in vehicle
configuration are seen across the various provinces, although many of the distinctive
vehicle configurations represent rather small numbers. Most of the inmovative designs are
introduced by carriers hauling bulk commaodities at the full gross weight allowance. These
configurations invariably reflect (a) the peculiarities of the local regulations regarding the
configurations yielding maximum vebicle weight, and (b) the operational preferences of the
industry. Moreover, the trucking industry representatives were found to be very
knowledgeable on the large number of dimensional details which bear upon the weight and
volume of the payload that can be carried.

One dimension which is seen to be changing rapidly within the Canadian trucking
comraunity is the overall width across the trailer tires. Although nearly all van trailers
purchased in the country in the last ten years or so bave employed 102-inch-wide freight
boxes, the outfitting of trailers with 102-inch-wide running gear has been very rare except
in tanker operations. Since the passage of the Surface Transportation Assistance Act of
1982 in the U.S., however, a dramatic shift toward 102-inch widths in the U.S. has made
the wider axies generally available. Accordingly, the Canadian trucking industry now
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reports that virtuaily all new trailers are being purchased with full-width axles to match the
waditionally wider freight boxes,

The most significant differences in loading allowances from province to province
derive from (a) the practice, in certain provinces. of granting bonuses in tandem load
allowance when the axle spread dimension is increased beyond the standard minimum of
1.22 m (48 in), and (b} from the allowance of additional axles in the combination. With
regard to configurations having additional axles, the distinctions between provinees derive
primarily from issues concerning particular types of suspension hardware. That is, certain
provinces allow tri-axle groups and/or lift (belly) axies for supporting greater levels of
gross weight, while other provinces do not accept such arrangements. The controversies
regarding these items were explaimed by the interviewees to focus upon the following
points:

1) Tri-axles are alleged 1o provide poor equalization of static loads. The general
validity of this allegation has not been assessed in the open literature. Further, the
possibility that cerfain suspension designs may be peculiarly responsible for this poor
reputation has not been explored.

2) Air-suspended belly axles permit overloading at the other axle posiions when the
driver either intentionally or carelessly kifts the axle or mis-adjusts the regulator controlling
air pressure to the suspension. In British Columbia, a belly axle is permitted, but the
regulation has been writien in such a way as to circumvent the problem of intentonal lifting
of the axle, upder loaded conditions. The B.C. regulation stipulates that the axle
Incorporate passive caster-steering (thus obviating the need fo 1ift the axle for negotiating
fight tomns) and that all controls for the axle are back on the trailer, rather than being
accessible to the driver.

One general observation was that the suspensions found to be in use across Canada
were remarkably uniform. The leaf-supported walking-beam suspeasion (e.g.,
Hendrickson RTE 330 or 440) was by far the most popular tractor suspension and the
four-spring tandem (e.g., Reyco 21-B) was the most popular trailer suspension. Air- and
rubber-spruag suspensions were also cited as being popular in certain applications

The aspect of these observations that is in such contrast to U.S. vehicles involves
the tractor drive-axle suspension. UMTRY staff estimated that walking-beam suspensions
are installed on less than 5% of the highway tractors in the U.S. while, in Canada, the
comresponding percentage appears to be at least 80%. Since the walldng beam is generally



recognized 45 representing 4 more rugged (and, also, heavier) package than other types of
tractor drive-axle suspensions, it may be that (a) the Canadian trucking environment calls ‘
for more durable running gear or (b) the more liberal load allowances in Canada permit
economical operation with higher tare weight, given that somewhat lower maintenance
costs may result from the more durable hardware,

The industry responses to this broad set of questions on hardware and dimensional
data has been sutmmarized in tabular form in Appendix A. The information is organized by
the six regions of the couniry which were sampled, giving as complete an interpretation of
the actual responses as possible. The data do reflect certain anomalous differences in the
nature of the responses which were received at each of the six meetings. For example, one
party may have responded 1o a question on the dimension of a trailer kingpin setting or axle
location by citing a range of values where other respondents stated 2 single typical value,
Likewise, some groups cited a variety of common suspension fypes used in a certain kind
of service while another group may have only indicated the one dominant model which is

seen most often. Thes, while the data suffers 1o some degree from variations in format, the -

overall picture is highly informative and serves reasonably well to define the vehicle
population for the purpose of analyzing dynatnic performance.

4) Some tractor equipment items of special interest from a vehicle performance
point of view wete also identified. The extent of power steering usage, as well as front
brakes, austomatic slack adjusters, and retarders were assessed. Additional questions
pertained to tires, B-dollies, and compensating fifth wheels, Ganera]mauons of interest
from these data are the following:

- Estimates of the percentage of tractors equipped with power steering systems
ramged from 85 to 100% across the six regions. (It is thought that there is a much
lower rate of usage of power steering systems in U.S. trucks.)

- The usage of front brakes on tractors ranged from a level of 0% in British
Columbia and Albera (recognizing that trucking fleets operating through
mountainous areas in North Americz have had a tradition of rcjectmg fromt
brakes) to 50% in Quebec and 25% in Naw Brunswick.

- The usage of engine retarders for anxiliary braking ranged from 100% in Brifish
Columbia, to an unspecified mipority in Manitoba and Ontario, and 50% in the
Maritimes. Although the percentage of vehicles equipped with retarders varies a
great deal from west to east across Canada, it 15 interesting that the reported
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figures are much larger than in U.S. practice. A recent formal study of retarder
application in the U.S. showed 40 to 70% usage in the western states, 5 to 15%
in the eastern mountain states, and less than 3% through the midwest and south

[1]-

- The switch from bias-ply to radial tires on heavy trucks is occwring rapidly in
Canada at this particular time. Thel984 estimate of the percentage of vehicles
runming on all-radial tires ranged from 50% to 90%., with four of the six groups
of industry representatives estimating 100% radial usage by 1990.

- The usage of low-profile radia] tires was just beginning, mostly on an

. experimental basis, in Canada, Most groups projected a substantial growth in the
future use of low-profile radials, given the early performance results obtained
with such designs. ‘

- Usage of the B-dolly seems to be confined, almost exclusively, to the prairie
provinces. Virtually no B-doHies exist east of Ontario or in British Columbiz.
The B-dolly has seen minimal application in Ontario, although, the so-called
"goodbye dolly" (effectively a B-train-type configuration) is growing in
popularity. In Saskatchewan, the B-Dolly is notable as a requirement for the
operation of triples under special permit  Nevertheless, the interest in B-doliies
was seen 10 be relafively small over the trucking community at large.

- B-trains which are configured as liquid and dry bulk tank vehicles invariably
employ the so-called "compensating” fifth wheel as the element which couples the
two trailers to one another, This fifth-wheel deviee permits a limited amonnt of
roll freedom between the two trailers so that pnevenness in the road can be
accomrnodated without the trailers imposing torsional loads upon one another.

2.2  Parametric Data

This section lists all the vehick component types and models that were subjected to

direct parametric measwement as part of this study. The listing below is followed by a
summazy of vebicle specifications by major components, as used n the simulation fask.
Schemes devised for specifying the initial (or "reference,” that is, without parametric
variation) geometric and inertial parameters of empty and Joaded sprung masses are
mentioned, a5 well as those devised for subsequent parametric variations. A detailed
compilation of all relevant vehicle and component parameters is provided in Appendix B.
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2.2.1 Direct Pargmetric Measurements. The following tire, suspension,

and self'steering axle fypes and modzls have been identified through the work described in
Section 2.1 as widely specified in Canadian trucking practice, and thus were subjected to
extensive laboratory measuremets:

Michelin XZA 11R22.5/G - Full tread, 50% tread depth, 30% tread depth

Michelin Pilote 11/80R22.5/G - Ful tread

Hendrickson RTE 380 - Tractor tandem walking-beam suspension, 38k rating

Hendrickson RTE 440 - Tractor tandem walking-beam suspension, 44k rating
Mack Camel-Back 88 38 C - Tractor tamdem walking-beam suspension, 38k rating

Neway ARD 244 - Tractor tandem 4-spring air suspension, 44k rating

Neway AR 95-17 - Trailer single-axie air suspension, 25k rating

CESCHI - Ajr-centering, automotive-type, self-steering axle
KGI - Air-centering, auiomotive-type, self-steering axle

2.2.2 Nehicle Specifications. Following is a summary of the major
properties of the vehicle units which were most extensively featured in the stmulation task:

A) Tractor - The baseline power-unit used in most of the simulated cases is a
"conventional" 3-axJe 6x4 tractor equipped with a conventional fifth wheel providing for
semitrailer motion which is fully coupled in roll and fully uncoupled in pitch and yaw to
that of the fractor. The fifth wheel longitudinal location is adjusted to satisfy specified axle
loads in various cases, a typical intermediate position being approximately 0.38 m (15 in)
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ahead of the rear suspension centerline. The tractor specification is summarized in the

following mble:
Wheelbase (defined to tandem-centerline) - 433 m 190.0 in.
Tandem-axle spread - 152m 60.0 in.
Width across outside of tires - | 244m §6.0 in.
Curb weight - 8156 0Kg 18000.0 1b.
Sprung weight - 5352.5 Kg 11800.0 Tb.

Frame torsional stiffness about roll axis -  7000000.0 N-m/deg  40000.0 in-Ib/deg

Front suspension - Mavistar (TH) COF 9670

(multiple tapered-leaf steel-spring)
Load rating - 35 Tommes  12000.0 Ib.
Unsprung weight - - 5440Kg 1200.0 1b.

Rear suspension - Hendrickson RTE 440
(rulti-leaf spring+ walking-beam tandem)
Load rating - 20.0 Tonnes 440000 Ib.
Unsprung weight/axle - 1134.0Kg 2500.0 Ib.
Tires (baseline) - Michelin XZA 11R22.5/G
(radial-ply, G load rating, full tread) |
Front tires (high-load cases) - Michelin Pilote
11/80R22.5/G: (low-profile: as above)

Inflation pressure (all cases) - 6895 kPz 100.0 psi
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B) "Long” Semitrailer - This is the "standardized" semitrailer unit in the baseline
fractor-semitrailer, turnpike-doubles and Rocky-Mountain-doubles (front semitrailer)
configurations. The unit is a conventional van-type tandem-axle semitrailer, with ifs
specification generally derived from data for a typical Fruehanf model. The semitrailer's
torsional compliance about the roll axis is neglected, as considered appropriate for a stiff
van body. The unit's major characteristics are listed in the following table:

Pargmeter

Overall length -

Fandem-axle spread -

Kingpin setback -

Rear overhang (from trailing axle) -

Freight floor height -

Width across outside of tires (and ov

Empty weight -
Sprung weight -

Suspension -

Reveo 21-B

erall) -

(multiple-leaf 4-spring tandem)

Thres -

Load rating -
Unsprung weight/axle -

Michelin XZA 11R22.5/G

(radial-ply, G load rating, full tread)

C) Shor

Inflation pressure -

emifrajler (single

O, TANCEIT-AX 16

Metric units

1463 m
1.22 m
091 m
0.76 m
1.37m
259m

6260.0Kg

4900.0 Kg

20.0 Tonnes

6800 Kg

689.5 kPa

Enelish uni
48.0 ft.
48.0 in.
36.0 in.
30.0 in.
54.0 in.

102.0 im,

13800.0 1b.

10800.0 Ib.

44000.0 1b.

1500.0 Ib.

100.0 psi

.- These semitrailers are

enconntered in conventional doubles and friples, and, in the single-axle form, at the rear of
Rocky-Mountain-doubles combinations. Their data is estimated or derived based on

14



sirnilar Fruehauf units tested by UMTRI. Both sipgle- and tandem-axle versions share
essenfially the same 8.23 m (27 ft) van length and kingpin setback of 0.61 m (24 in).
Empty sprung weights are 2,270 Kg (5,000 Ib) and 2,495 Kg (5,500 1b), respectively. All
other dimensions and data are the same as in B), except that the single-axle semitrailer has
two-spring version of the same suspension, and "axle-spread” is naturaly mapplicable for
i

For less popular or "standardized” units, such as B-train semitrailers, and for a
cornprehensive description of all initial ("reference’) vehicle parameters, please refer to
Appendix B.

223 pventio) : :_Parameters. Appendix B.2 contains
a detailed descnpucm of canventions adopted n satnng and varying the varions geomedric
and inertial properties of the empty sprung masses for all the unit types and variations
encountered in the study. Basically, these conventions identify typical baseline vehicle
propertes based on data measured by UMTRI and/or supplied by authoritative sources
(mmanufacturers and operators), as well as the formulae devised for their consistent
interpolation or extrapolation to cover the whole range of vehicle parametric variations
studied.

2.2.4 Conventions for Vehicle-Loading Paramefers. The basic scheme

for specifying vehicle loading involved first selecting the appropriate axle loads according
to Canadian loading practices, bridge formulae and/or GCW restricdons as identified in the
task reported in Section 2.1. From these values and the established data for the tare
vehicle, the payload weight/s and longitudinal ¢.g. location/s are computed. Then, a
protocol was adopted in which a homogeneous freight having a density of 0.545 tonnes/cn.
m (34 Ib/cu ft) was assurned to be uniformly placed in the trajler to achieve the computed
payload weight (This freight density, albeit arbitrary, has been selected in a previous size
amnd weight study [2] as being reasonably representative of medivm-density commodities.)
Knowing the floor area of the trailer, the height of the freight stack above the 1.37 m (54
in) floor height is then determined, thus locating the c.g. height of the payload. In general,
this "reference” loading protocal places the payload c.g. around 2.03 m (80 in) above the
gronnd, except for certain multi-gzxle load-restricted cases resulting from GCW or bridge-
formula regulations. I—Iaving assumed the payload to uniformly fill 2 rectangular box
whose base is the van's full floor area, and whose height equals twice the payload's
relafive c.g. height above this floor, the payload moments of inertia zbout the box's three
principal axes are then calculated. 'When axle locations are later varied as independent
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parameters relative to the cargo bed, the originally computed payload data are kept fixed,
and new axle loads are calculated. In the specific "high ¢.g." variations, which specify 2
payload c.g. height of 2.67 m (105 ) above ground, the payload weight remains as
derived previously from the axle loads, but a lower upiform freight density and new
moments of inertia are calculated to account for the "taller” payload box. In the actual
study, most of these calculations are performed automatically by the UMTRI pre-
processing program outlined in Section 2.3.5.

2.3 Simulation Task

This section outlines the total scope of the simulation task performed in this stmdy.
This is done by defining and describing all the vehicle configurations and parametric
variations addressed, the dynamic maneuvers simalated and the respective performance
measures derived, the total resultant simulation matrix covered, and the various computer-
based models empioyed.

2.3.1 Vehicle Configurations. Four basic categories of vehicle
configuration have been identified for stdy, namely, tractor-semitrailers, A- and C-train
doubles, B-train doubles, and A- and C~zain triples. In each of these categories, a baseline
gonfiguration is defined, incorporating a specific number and arrangement of axles and
trailers. Several additional configurations, distinguished by their different number and/or
arrangernent of axles, and, for A- and C-irain doubles, also by different relative trailer
lengths, were also defined. Shown in Figures 2.3.1.a through 2.3.1.d are illuszations of
the baseline plus all the additional axle/trailer configurations of the vehicles studied in each
category. Thus, for exampie, the tractor-semitrailer category was examined in the form of
a baseline five-axle configuration, plus three additional configurations in which the
semnitrailer is outfitted with differing three- and four-axle arrangements. The widem axle
arrangement, for example, {8 2 close-gpaced, fally equalized sixing of axles, while the
"three-axle semi” involves three wide-spread axles. The "belly-axle semi” incorporates 2
close tandern at the tear plus an especially widely spread belly axle. The comesponding
configurations shown for doubles and triples in Figeres 2.3.1.b, 2.3.1.c and 2.3.1.d
illustrate nominal axle positions as well as pictorial reference to the relative lepgth of
trailers. In each vehicle category, the baseline configuration is shown in the box at the top,
and the additional configurations are shown below.

Per the original plan for the project, the so-called "baseline” configurations were to
represent the most popular versions of the respective vehicle types. The general approach,
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Configurations:

Category 1. TRACTOR/SEMITRAILER

1.1
Beseline Semi

1.2
Tride.m Semi

1.3
>-&xle Semi

1.4
d=-Axle Serni

1.5
Belli-Axla Semi

Figure 2.3.1.a
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Category 2. A & C-TRAIN DOUBLES Configurations:

2.1
Baseline

Doubles

2.2
Single-Axle
Douples

2.3
Mized {7-4xle)

Douhles

25

RBocky-tountsein
Diopbles

Figure 2.3.1b
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Category 3. B-TR&INR DOUBLES

Figure 23.1.c

16C

Configurations:

3.1
Baseling

B-Train

32
Tandetn

Eront Semi

33

Single-Axie

Rear Semi

3.4

Bally-axie
B-Train



Category 4. A & C-TRAIN TRIPLES

Configuration 4.1 Baseline Triples

Configuration 4.2 Tandem-aAxle~Semi Tripies

Figure 2.3.1.d
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Category 1. TRACTOR/SEMITRAYLER

Configuration 1.1 - Baseline Semi

(O———JK3 )} 4 HED
L_ L -as0 Ast Ll 1L oH1
WBO
_MI],_____wst__#___..
FO LI LRO_] LE1. I

Weights:  Tomes  (k-Ibs) Axle Loads; Tonnes (k-Tbs)
Tracor Tae 22 (18.0) Fo 55 (12D
Trailer Tae 6.3 (13.9) RO 170 (375
Fayload 25.0 (551 RI 170 (37%)
aCw 385 (87.1)
Tractor Dimensions: meters  (inches)
WBO ‘Wheehase 433 (190
AS) Tandem Spread 1.52 (60)

OFW  Fifth Wheat Offset ~0.41 (-13)

Tpiler Dimensions; meters  (inches)
WB1 Wheelbase 1234 (486)
ASl Tmdem Spread 1.2 (48)
KP! Kingpin Setback 091 (36
L1  Bed/VanLength 1463 (576)
OH1 Rear Overhang 0.76  (30)
HPL1 Payload C.G. Height ~2.00  (~79)
HBD Bed Floor Height 1.37 (5

Titess Michelin XZA 11.00R22.5-G, full tread depth, @ 689.5 kP (100 psi).

Figure 2.3.1.¢

15E



then, was to "invest" the largest extent of the parametric investigation in the baseline case
on the rationale that findings derived for such cases would be most generally useful to
ev'a.luaﬁng vehicles in most comrmon use. The additional configurations in each vehicle
category were then to be examined only for those supplemental vaniations in parameters as
were warranted by the peculiar character of the axle and trailer layout. Further, even the
choice of the additional axie/trailer configurations was limited by considerations of project
scope so that the vehicies more likely to be used in cross-Canada transportation would be
included. The detailed discussion of the parameters which represent each configuration and
the variations employed is presented in Appendix B.

For each baseline and additional axle configuration, 2 “reference” vehicle is defined
which establishes the basic description of the vehicle in that configuration. Subsequent
variations in parameters, then, are gemerally conducted one-at-a-tine relative to the
"reference” vehicle description. As is noted in Section 2.3.3, however, there are cases in
which two or more parameters are being varied together on the basis of a particular
rationale. For example, the tandem-spread dimension is varied in some cases, in concert
with tandem load changes, in ordex to represent the likely regulatory seenario which ties the
two together.

Shown in Figure 2.3.1.¢ is an example set of parameter data covering the weights
and dimensions of the “reference” vehicle for the baseline axie configuration of fractor-
semitrailer. The diagram of the vehicle defines each of the parametric variables whose
numerical values are Iisted. In constrecting the loading data shown on this and subsequent
parameter lists, the reference axle Joads were set to approach the maximom values allowed
in the majority of the provinces which were found to use the vehicle configuration in
question. Given those axle loads and kmowledge of typical tare weights for power unifs
and trailers, the payload weight was determined. The payload longitudinal and vertical ¢.g.
Iocations and its moments of inertia were then computed according to the scheme outlined
i Section 2.2.4.

Tractor dimensions are kept constant throughout all of the "reference” vehicles
defined for study, except that the {ifth-wheel offset is adjusted to satisfy the axle load
distribution for each case. Further, the "reference” vehicles in every ¢ase incorporate a
typical 5.5-tonne (12,000-1b) steering axle suspension and a Hepdrickson RTE-44 tandem
saspension on the tractor, with Reyco 21-B suspensions on all trailer positions (except for
air-supported belly axles). Each vehicle is also represented with Michelin XZA 11R22.5/G
tires in the "reference” configuration.
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2.3.2 Performance Measures. The eight pexformance measures are defined
in the text below, and their derivation algorithms are described in detail in Appendix C.

a(l) The Static Rollover Threshold is defined as the maximum level of lateral
acceleration, in units of g's of lateral acceleration, beyond which the vehicle will suffer
rollover in a steady turn. The measuvre is obtained by means of a quasi-steady tum
condition using the UMTRI Yaw/Roll model (described in Section 2.3.4). The "quasi-
steady" nature of the tum derives from the fact that a steadily increasing steer angle is input
at the tractor—up to the pomt of rollover. This slow ramp-type input of steering results in a
mild guasi-spiral path trajectory and provides for a2 maneuver which is essentially free of
transient disturbances but also permits scarming the entire Jateral acceleration range in a
single computer run. The ramp-steer input rate is 2.0 degrees of steering wheel angle per
second (about 0.04 degrees of front-wheel steer angle per second, when steering system
compliance is included). The maneover is conducted at a steady speed of 100 km/hr (63
mph).

a(2) The Stegdv-State Yaw Stability of a tractor unit was defined in terins of the
value of the understeer coefficient, in wnits of radians per g, calculated at an arbitary quasi-
steady-state lateral acceleration of 0.25 g's. This is done, in effect, by calculating the
inverse of the local slope of the handbing diagram curve at the point whare it crosses 0.25
g's, as obtzined from the time history of the ramp-steer maneuver described above. In
addition, the level of lateral aceeleration above which the vehicle is directionally unstable at
a forward speed of 100 km/hr (63 mph) is searched for by way of 2 continnous comparison
of the local slope value with that of an initially calculated “czitical slope” for the given
vehicle. As lateral acceleration level increases, with the forward speed held constant, a
vehicle may become increasingly oversteer uniil it arrives at such an oversteer level that 100
km/br (63 mph) constitutes the critical speed, and then the local slope of the handling
diagram equals the caleulated critical slope, If this condition is achieved distinetly prior to
reaching the rollover limit and not in conjunction with it, 2 second yaw stability
performance measure (lateral acceleration in g's at yaw divergence) is produced in addition
to the ﬁrevious measure of the understeer coefficient at 0.25 g's. If the vehicle is
suificiently yaw stable that a divergency is not encountered prior to rollover, the second
yaw stabilify measure is moot and the “nell finding™ indicates that the vehicle is effectively
yaw stable up to its rollover threshold. '

a(3) A High-Speed Offiracking measure has been defined as the extent of outhoard
offtracking of the last axle of the combination at an arbitrary valne of 0.2 g's of lateral

18



acceleration. This measure is obtained in the initial, constzmi-radivs part of the manenver
which later leads into the ramp-steer turn described above. That is, with the vehicle
travelling at 100 km/hr (63 mph), it is controlied by the closed-loop driver mode] to track 2
circular path of 393 m (1290-ft) radius, comresponding to a lateral acceleration of 0.2 g's.
After the Iateral aceeleration level of both first and last units stabilizes to within a small
tolerance of 0.2 g's, the lateral distance between the frajectories of the tractor steering axle
and the last axle in the combination is averaged along the path The 0.2-g value was
selected as a reasonably high, practicable level which can be reliably achieved and steadily
maintained in the simmiation without possible interference in the methodology due to overly
oscillatory behavior or actual rollover of the most roll-unstable configuration to be
simuiated.

b] The Transignt Response to Rapid Steering Reversals is evaluated by means of a
sequence of simulated obstacle-avoidance manenvers which are intended to examine the
rearward amplification problem and its net implications for A-, B-, and C-trains. The
maneuver involves an obstacle-avoidance path which is laid out in X/Y coordinates and
which is "followed” through the operation of a siminlated closed-loop "driver.,” The driver
model is such that the tractor front axle tracks along the path with quite good fidelity. The
path is designed to introduce a single sine wave of lateral acceleration response at the tractor
mass center, with a fixed amplimde of 0.15 g's. Three differing paths are used so that this
lateral aceeleration peak is attained at sine wave periods of 2.0, 2.5, and 3.0 seconds. This
crude "sweep” of frequencies is selected to cover the range in which the rearward
ampiification phenomenon is known to resonate without excesding the apparent bounds of
the ergonomic capability of drivers [3.4]. A sweep of frequencies was preferred to the
selection of a fixed value so that the widely differing vehicle combinations used in Canada
could be addressed without the arbitrary discrimination which would come from resonance
matching with one vehicle and not another.

In each of these maneuvers, two distinct performance attributes are examined i roll
and yaw response, namely, b(1} the relative level of dynamic rollover stability, and b(2) the
relative level of transient high-speed offtracking (or trecking "overshoot™ )

B(1) The Dynamic Rollover Stahility is evaluated by monitoring the instantaneous
proximity to rollover of each independently-rolling portion of the vehicle, Each
"independently rolling” unit, hereafier referred to as a "unit” of the vehicle, involves simply
a portion of a vehicle combination which is free to roll over independently of any other
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portion. Two performance measures, one "primary” and one "supplemental,” have been
defined for characterizing dynamic rollover stability.

The primary measure was termed the "Load Transfer Ratjio” (LTR) and serves to
evaluate the dynamic load transfer from all of the tires on one side of a rolling unit to the
tires on the other side. This measure ratices the absolute value of the difference in total
right/left loads to their sum. Referring to Figure 2.3.2.a, this measure is expressed as:

LTR = | £ (F;, - Fp) | / Z (FL + Fr), where X indicates summation over all of the umit's
axles except the tractor steering axle.

This measure will have a value of zero when the unit is af rest and will rise to a
value of 1.0 when a fall transfer of load from one side to the other oceurs, indicating Liftoff
of all tires on one side. Note, however, that the fractor steering axle is omitted m the
computation of this measure due to the low stiffness suspensions typically employed and
thus the inconsequential influence of load transfer at that axle position. Short of liftoff, the
Load Transfer Ratio measure serves as a continuous analog indicator of the proximity to
total wheel liftoff and can thus be used to distinguish between differing vehicles which
were subjected to the same maneuvering demands.

For B-trains and C-trains, computation of the measure involves the summation of
wheel loads on left and right side at all axles of the vehicle (except for the tractor's front
axle), since the only kind of rollover which is possible is total vehicle rollover. Thus, for
such "roll-coupled” combination vehicles, the Load Transfer Ratio measure addresses the
fact that rollover in response to dynamic steering is determined by the "vector sum of roll
moments” along ihe overall vehicle. Recognizing that the respective elements of a roll-
coupled train actually "belp to hold one another upright” in a rapid steering maneuver, the
Load Transfer Ratio measure is designed to characterize the net effect of these mechanics
for the overall vehicle irain.

For A-trains, the clear hazard is the independent rollover of a separate unit (nsually
the last trailer) in the combination. With these vehicles, a separate Load Transfer Ratio is
thus continuously computed for each independently-rolling urnit.

Further, since the severity of the selected maneuver is such that some rear trailers
on A-trains suffer wheel liftoff, a supplemental rollover stability measure termed the " Roll
Margin" (RM) was defined in order to quantify, in cases of total liftoff only, how close the
umit came to actually rolling over. The Roll-Margin measure is defined in essence as the

20



A

| W(Ay/Gj B

13 E.)
Yo R

s .

Figure 2.3.2.a  Performance Measure b(1) - Dynamic Roll Stability

Z20A



nominal half-track dimension, minus the lateral displacement of the total mass center, all
divided by the beight of the displaced total mass center. Referring back to Figure 2.3.2.a,
this measure is defined as: RM =Y / H. Hence, on the verge of actual rollover, the total
mass center is displaced sideways to a point directly 2bove the outside wheels (that is, by
an amount that equals the half-track dimension), yielding a Roll-Margin value of zero. The
smaller the Roll-Margin value, the closer 1s the upit to rollover.  This measure has not been
computed for B- or C- trains since none of these vehicles achieved full 1ateral load wansfer
in response to the rapid steering application.

The Load Transfer Ratio for A-B-, and C-trains, together with the Roll-Margin
measure for A-trains exhibiting wheel liftoff, serves to digplay the whole range of dynamic
rollover response levels produced by the matrix of vehicle cases.

b(2) The Transient Hich-Speed Offtracking measure is obtaiped from the same
obstacle avoidance maneuver and is defined as the maximum lateral excursion of the
rearmnost axle welative to the final lateral path displacement of the front axle, the latter
achieved after the tractor had completed the maneuver and stabilized in its new straight
path, paraliel to the original one. The amount of "overshoot” in the rearmnost-axle path can
be viewed as a relative indication of the severity of the potential intruzsion into an adjacent,
lane of traffic, or the striking of a curb (risking an impact-induced rollover).

With all vehicle types, the sequence of "b-measure™ runs is conducted at steering
titne periods of 2.0, 2.5 and 3.0 seconds, with the "worst" response of the three serving
eventualty for the actual characterization of the given vehicle.

(1) Low-Speed Offtracking was defined as the maximum extent of lateral
excursion of the last trailer axle, relative to a circelar are subtended by the tzactor front axle
during a right angle intersection maneuver. The tractor's front axle center-point tracks an
arc of 9.8-meter (32-ft) radius (approximating an 1 l-meter, or 36-{t, cutside-whee! path
radins) through a 90-degree mun at near-zero speed. The Yaw/Roll model is employed for
computing the low-speed offtracking measure for all combinations (except triples). The
tractor forward velocity is 8.25 kmvhr (7.5 ft'sec). The choice of the rather comprehensive
Yaw/Roll model for use in this evaluation stexns from the desire o authentically reflect the
influence of spread axles on offtracking performance. However, since the Yaw/Eoll modal
does not cumrently handle A- or C-train friples, and since the selected #riples combinations
are configured only with single axles or close-spaced tandems, a simplified offtracking
mexdel was employed for the triples.
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¢(2) The Tight-Tum Jackkuife condition is one which pertains only to
configurations having a front semitrailer with wide-spread axles which are either non-
steerable or possessing high aligning (self-centering) stiffness in their steering mechanism.
This performance characteristic is evaluated i response to the same 90 degree tum of 9.8-
meter (32-{t) radius from an initial tangent path as in the determination of measure ¢(1)
above. The degree of susceptibility to jackknife during a tight tum on a slippery surface is
quantified by the peak frictional coefficient ("[t-peak™) which is demanded at the tractor
drive wheels in order to achieve the described maneuver. This measure is evaluated by
continuous calculation during the maneuver of the non-dimensional quantity given by the
ratio of {the sum of drive-wheel side forces, Fy, divided by the cosine of the
tractor/semitrailer articulation angle, T} divided by {the sum of the drive-wheel vertical
loads, F,} to yield a fricion-coefficieni-type resvlt. Referring to Figure 2.3.2.b, this
quantty is given by: |

L-peak = (EF; /eos 1))/ EF,

Division by the cosine of the articulation angle, T, is intended to approximately
yield the effective resultant of longitudinal and lateral shear forces at the tractor Tear tires
(since the longitndinal tire force, F,, is not expressly computed in the simulation model).
This computation assumes that the total resultant shear force between the drive wheels and
the road acts perpendicular to the semitrailer longimdinal axis and just counteracts the total

horizontal king-pin force, Fiy, applied by the semitraler at the tractor's fifth wheel. The

kingpin force, Fip, is caused by the yaw-resisting moment created by the semitrailer's
widely spread axles, whose tires are subjected t high slip angles and thus generate laree
side forces, F;, (This calculation neglects tire rolling resistance, and would be absolutely
aecurate, bad the tire/road shear forces at the tractor front wheels also been zaro. The
measure provides good approximation, however, since the location of the fifth whee] is
very near that of the combined centroid of the drive-wheel] shear forces.) Hence, the Tight-
Tum Jackknife measure is defined as the minimum frictional coefficient necessary to avoid
jackknife during the given maneuver, and the higher its value, the lesser will be the
vehicle's resistance to jackknife in tight torns on slippery surfaces.

d] A Braking in a Tumn measure was studied for its feasibility in examining the yaw
disturbances experienced by vehicles equipped with self-steering trailer and dolly axles.
The plan was for the vehicle to be put first into a steady circular turn of 200-m (656 fr)
radiug at a steady speed of 64 kan/hr (40 mph). Brakes were then to be applied ap to the
point of locking the lghtly-loaded tires on the self-steering axle/s (and possibly a few other
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wheels, as well). The yaw response of the vehicle unit equipped with the self-steering
axle/s was then to be examined to determine whether an mmomalous response was induced
by the steerable elements. No precise numerical measure for quantifying response to
braking in a turn was defined, but rather the output time histories from the simulation runs
were studied to determine whether anything notable was occurring and thus deserving of
quantification and further study. The actual resuits from a preliminary investigation
performed along these lines did not yield any indication of a significant and consistent
contribution of the self steering axle/s to the overall combination's response, hence further
pursuit of this performance measure was abandoned (see also Section 3.3.6).

¢} Braking Efficiency is defined as the percentage of available tirefroad friction lmit
that can be utilized in achieving an emergency stop without incurring wheel lockup. In
other words, it is the ratio of the deceleration level, in g's, divided by the highest friction
coefficient required by any axle, if no lockup is to occur. For example, a vehidle achieves a
50% braking efficiency level when wheel kockup first occurs at 0.2 g's of deceleration on 2
surface having a tire/road friction level of 0.4. The braking efficiencies of differing vehicle
configurations were determined nsing the Simplified Braking program which compntes the
relatiopship between delivered brake torques and mstantaneous wheel loads at each axle of
a commbimation, over the wide range of deceleration leveis, assuming uplimited available
fricion. Although results were produced covering & wide deceleration mmge, the braking
efficiency measure is reported only for decelerations of 0.1 and 0.4 ¢'s which illustrates
braking performance in nominally low- and high-level braking runs. (Note that, for heavy-
duty trucks, 0.4 g's constitutes a relatively high-level braking condition, given the inherent
Yimnitations in typical truck braking systems.) These two braking levels are chosen to depict
the nominal brake balamce which is achieved in, say, light braking during mountain
descents and the heavy braking which is applied in highway emergencies, respectively.

f] Low-Speed Offtracking for A-train triples was evaluated using the simplified
kinematic model. This model served also to validate the Yaw/Roll mode] suitability for
low-speed, tight-turn simmlation. The maneuver and the extracted measure are in essence
the same as those described in ¢(1), except that the computation is purely kinematic and
does not require a driver model.

2.3.3 Simulation Matrix. The complete simulation matrix is presented in
detail in Appendix 1D, and incindes notes explaining the principal parameter selections and
the rationale behind the various choices which have been made for their types and values.
The "reference” configuration vehicles are subjected to most of the full set of simulation
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conditions. Certain runs in the reference configurations were eliminated from the matrix,
however, where there was a clear absence of sensitivity, in the interest of contaming the
project’s scope. Similarly, variations on the "reference” configuration included only those
simulated maneuvers which are expected to yield 2 meaningful measure of performance.
Thus, for example, the rapid steering response is not determined for all of the variation
cases with the tractor-semitrailer since we know that tractor-semitrailers are essentially
incapable of exhibiting an amplifying response. Likewise, some of the measures, such as
the tight-furn jackkmife, constitute "special-purpose’ measures which are applied only in

selected cireumstances.
2.3.4 Simujation Models. Four UMTRI-developed computer-based

simulation models were used in the smdy, namsly, the Yaw/Roll model, the Phase-4
model, the Simplified Braking model and the Simplified Low-Speed Offtracking model.
The application of these models by vehicle configuration types and by performance
measuzes is summarized in Table 2.3.4.2. A detailed description of the models follows.

The Yaw/Roll model is an extensive, mainframe-based, constant-velocity dynamic
simulation program providing the ability to study in detail the combined yaw, roll, and
lateral displacement wansient responses of articulated vehicles caused by either closed- or
open-loop steering-input time histories. The vehicle combination can inclade up to 4
articulating wnits, and up to a total of 11 axles, arbitrarily distributed along the combination.
Up to five axles (besides the front axle) at arbitrary locations may have steering capability
of either dynamic self-aligning or kinematically controlled nature. Flexibilify in the
specification of articulation-joint properties enables the simmlation of A-, B-, and C-train
combinations. Minot program lmitations include its inability to simulate longitadinal tire
forces (drive- and brake-torque application) and the respective dynamic phencmena
(ongimdinal acceleration and Jongirudinal weight transfer) and its neglecting of the tire
camber stiffness contribution to the comering force developed. Complete documentation of
the use and features of the "original” Yaw/Roll program is provided in Reference [5].
However, many features were enhanced to adapt the program for this study.

The Phase-4 model is 2 comprehensive, mainframe-based, heavy-vehicle handling
simutation program, capable of predicting the combined yaw, roll, pitch, acceleration,
braking (including antilock) and ride transient responses of articulated vehicles subjected to
practically any combination of steering (open- and closed-loop), drive-thrust, braking, and
road profile input. The program can simulate straight rucks, tractor-semitrailers and
double or triple A- and C-train combinations. Its main limitations are its inability to
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simulate B-trains or truck/ull-traiter combinations, its inability to sitoulate multiple- or-
belly axle layouts (by allowing only one, albeit either single- or tandem-axle suspension per
articulating unit, plus the lead steer axle on the tractor), and the necessity to specify
appropriate drive~thrust application in low-speed or long-duration maneuvers to maintain
forward velocity. The “"original” Phase-4 program use and features are generally
documented in Reference [6]. The version of this program used in this study was again
considerably enhanced to account for specific vehicle and maneuver features.

The Simplified Braking model is an interactive microcomputer-based program for
studying the steady-state, straight-line, level-road braking behavior of articulated vehicles
when neglecting any pitch-plane displacements, brake fade, and heat generation, yet while
accounting for inter-axle and inter-unit load transfer cawsed by braking,

= - ‘ ¢ model is an mnteractive microcomputer-
baged sxmulauou program for predxcun, the low-speed offtracking behavior of articulated
vehicles steered along any mput path trajectory that can be defined as a combination of one
circular arc segment of arbitrary radivs and angle, with tamgential straight lines leading and
trailing this arc segment. The limitation of the program is its strictly kinematic principle,
such that no tire mechanics are accounted for. As a result, no multiple- or belly-axle
configurations ¢can be simulated without some prior approximate substimtion of a single
axle in place of any multiple axle set. Both simplified models are fully documented in
Reference [7].
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3.0 PRESENTATION OF RESULTS

In this section, the results of the simulation study are presented in the form of the
numerical values of response measures computed for each vehicie case. The presentation
of results is organized into five main sections. The first, section 3.1, presents a
comparison of response measures obtained on the feference configurations of each vehicle
type. These data serve to provide a broad comparison of the basic qualities which
distinguish one vehicle type from the next. In the four following sections, 3.2 through
3.5, the parametric sensitivities of each type of vehicle configuration to variation in the W/D
and design parameters are presented.

3.1 Comparison of Performance Characteristics Among Reference
Vehicle Configurations

The evaleation of one basic vehicle type relative to another, in terns of stability and
control properties, can be done comprehensively only by examination of behavior over a
wide range of loading, component selection, and operational variables such as tire
treadwear level, pavement friction condition, etc. Further, the actual selection of specific
vehicles in tracking service tends to be guided by considerations of productivity such that
some vehicles are more frequently loaded to full cubic capacity while others may be more
frequently loaded full gross weight Also, biased loading or slosh-liquid loadings may be
more prevelant in the operation of one basic vehicle type than another — simply because of
the differing kinds of trucking operations which find the respective vehicles atiractive.
Thus, in an ideal sense, one would Hke to have evaluated vehicles in the specific loading
and operational scenarios which 1natch their likely applications. While the scope of this
study did not permit an evaluation at this level of detail, the results prescntcd in ﬂns section
do serve to scale differing vehicle types in terms of gross pe nan
the conventions in loading which were outlined in Section 2.2.4. Discrimination between
vehicles on the basis of small percentage differences in these data, however, is probably
1ot warranted.

The spread of results over the matrix of vehicle configurations will be presented
here, firstly, as 2 mank ordering of the vehicles according to the computed values of the
performance measure. Additionally, for those cases in which the performance level is
clearly dependent upon distinctions in basic configuration, the influence of configuration.
featores {(such as numnber of axles on a trailer, type of hitch coupling, number of trailers,
e1c.) on the performance measure will be discusssed by vehicle category {such as tractor-
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sernitrailers, A-doubles, C-doubles, etc.). By way of summary on all of the study of
reference vehicles and their sensitivities to W/D and design parameters, Section 4.1 of the
report provides a commentary on the overall performance quality of each

3.1.1 Performance of Differing Configurations in a Quasi-Steady
Turn at Highway Speed. The simulated maneuver involving an essentially steady turn
at highway speeds produced three different measures of performance. The so-calied "static
rollover threshold" is defined as the steady level of lateral acceleration which the vehicle
will tolerate without rolling over. The “high-speed offtracking” measure describes the
extent to which the rearmost trailer axle offtracks to the outside of the tractor wheelpaths,
thus posing a possible hazard with striking outboard objects. The "understeer coefficient.”
repmsexiting the changing gain in steering response with increased maneuver severity, is
not used to discriminate among the differing vehicles here since this measure is primarily
determined by the properties of the tractor unit—and all of the reference vehicles employed
identically the same tractor. Accordingly, in the discussion below, the conirasting
performance of the various reference vehicle configurations will be presented i terms of
the static rollover threshold and high-speed offiracking measures.

Rollover Threshold -- Comparison of Counfigurations

Shown in Figure 3.1.1a is a rank ordering of the reference vehicles characterized
according to the static rollover threshold measure. This measure covers the very substantial
range from 0.33 to 0.54 g over the matrix of examined vehicles. It should be noted,
however, that each vehicle was loaded with the same reference freight, whose density was
545 ke/mS (34 Ib/ft3), and that this freight Joading scheme results in differing heights of
the payload center of gravity (c.g.) depending upon the gross vehicle weight and the floor
area of the trailers involved. Please note that triples combinations are not shown on the
figure since the static rollover threshold level will be the same as that of the doubles
configuration having the same type of full trailer.

The payload c.g. heights employed with each of the respective vehicles are listed to
the right of the performance measures, in a format that shows the ¢.g. heights for (Ist
trailer)/(2nd trailer} when a doubles combination is involved. A cursory scan of these ¢.g.
height values shows that they correlate very closely with the ranking, and thus the rollover
threshold values, themselves. Indeed, one can infer here 2 principle which analysis clearly
' supports; namely, that the addition of trailers, the longitudinal placement of axles, and the
nature of coupling mechanisms, have rather little influence, per se, upon static roll stability.
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Conversely, the roliover thresholds of dramatically differing vehicle configurations will be
very nearly the same if (a) payload ¢.g. height is held constant (b) axles carry comparable
loads, and (c) suspensions, tires, and width-related dimensions at respective tractor and
trailer axles are kept the same. Accordingly, the rank ordering in Figure 3.1.1a primarily
illustrates the rollover threshold result of the loading which can be placed upon each of the
respective vehicles, given (a) the axle loading and GCW limitations which are found in the
current applications of the respective vehicles in Canada, and (b) the floor areas of the
involved trailers, such as determine the typical payload c.g. height, given the payload
weight.

Shown in Figure 3.1.1b is a rank ordering of the respective vehicle configurations
for the case of a fixed, maximum-height payload. Each vehicle carries the same payload
weight as in the reference cases, above, but the payload center is placed uniformly at an
elevation of 2.67 m (105 in) zbove the ground. These data show a much-reduced range of
performance levels relative to the reference case results, and there is a substantial change in
the ranking of various vehicles. We still see the multi-axle tractor-semitrailer
configurations near the bottom of the performance range, but the vehicles zr-ppcm'ing near
the top are now those having relatively light valves of axle load.

" Again, since there is no first-order relationship between the axle layout
configuration of differing combinations and the resulting rollover threshold performance,
1o further discussion of roll stability mechanisis will be presented here. It is important to
recogmize, however, that since the height of the payload mass center plays a most powerful
role in determtining the vehicle's roll stability level, changes in W/D allowances that
introduce vehicle types with higher likely placement of the ¢.g. will result in a higher rate
of rollover accidents for such vehicles [8]. Further, while the rank ordering in Figure
3.1.1a, above, might be looked upon as the result of a somewhat arbitrary loading
protocol, it is a fact that, on the average, some such "protocol” does prevail in the normal
process by which the trucking industry applies differing vehicle types to differing havling
missions. Thus, one should assume that vehicles which are allowed greater gross weight
levels will, on the average, operate with elevated centers of gravity relative to similar-length
vehicles which are allowed lower weights. On the other hand, the vehicles with longer
trailers, such as Rocky Mountain doubles and turnpike doubles (configurations 2.5 and
2.4, respectively) may appeal to trucking operations which engage m characteristically "foll
cube” hauling such that the "high ¢.g." performance levels may be more nearly indicative of
the common operating condition. Such observations beg, again, the issues of operating
scenarios—which are beyond the scope of this work.
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High-Speed Offtracking -- Comparisor of Configurations

High-speed offtracking is known to be a performance property which is inherently
sensitive 1o certain basic layout features of the vehicle configuration. Shown in Figure
3.1.1¢ is a rank ordering of the high-speed offtracking resuits for each of the reference
vehicles. The values of this measure range from 0.30 to 058 meters (1.0 to 1.9 ft). In
general, we see that tractor-semitrailers and other short combinations tend to be toward the
top (more favorable end) of the ranked list, while triples and long C-train doubles rank
toward the bottomn. Falline in the middle are vehicles such as (a) the turnpike double, case
2.4, which is very long, overall, but which exhibits a very great inboard offtracking at zero
speed (as will be shown in Section 3.1:3) and (b) the quad-axle semitrailer which, although
not g,rcét in overall length, exhibits & very small value of inboard offiracking at zero speed,
as will be seen later,

These observations are largely explainable on the basis of géomctﬁc considerations
with the 2id of analytical studies (e.g-, [91) which distinguish two key vehicle amtributes that
determine high-speed offtracking behavior. The offiracking response of example truck
combinations is known to vary in.a fashion such as illustrated in Figure 3.1.1d. That is,
cach combination vehicle will exhibit some degree of inboard offtracking at low speed, and
thus Jow lateral acceleration, but will proceed to offtrack toward the outside as lateral
acceleration Jevel is increased. The extent of inboard offiracking is determined prirmanily by
the sum of the squares of the elemental wheelbase lengths describing the vehicle [10].
Because of the wheelbase-squared effect, vehicle combinations having one or more long
trailers will exhibit much higher inboard offtracking than vehicles having relatively short
trailers. Thus, the length of the constitment clements of the combination are of greatest
importance to the low-speed componént of offivacking. The trend to more outhoard paths
with increasing lateral acceleration (that is, the slope of the lines in Figure 3.1.1d) has been
shown to depend upon the overall length of the vehicle combination, from first axle to last
axle. ‘

An illustration of the wheelbase vs. overall length effects which determine high-
speed offtracking is apparent in Figure 3.1.1e, which shows the contrasting values of this
measure for the differing configurations of fractor-semitrailer. Although all of these vehicle
have exactly the same overall length, and the same distance from the fifth-wheel coupling to
the rearmost axle on the semitrailer, the high-speed offtracking value differs markedly
because of differences in the "effective wheelbase” of the semitrailer. That is, with an
increasing number of axles spread toward the front of the semitrailer, the trailer
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increasingly tracks as if it had a shorter wheelbase dimension. “This result is demanded by
the requirements for force and moment equilibrium on the trailer when operating in a steady
turn. Thus, the three- and four-axle frailers tend to (a) track inboard less at low speed and
thus, (b) achieve a greater outhoad offtracking excursion at a given high-speed cornering
condition. Accordingly, the observed rank order of vehicles by high-speed offtracking
performance is generaily explained by distinctions m wheelbase valves and overall lengths.

One exception to this general rule is séen in the case of the C-train configurations.
Since the C-train incorporates a dolly axle which yields a steer response as a function of tire
- comering force, the dolly introduces a mechanism influencing high-speed offtracking
which has not been addressed in classical analyses. It suffices to say here that the C-frain
doily, depending upon its steer-centering characteristics, will tend to promote a greater
degres of high-speed offtracking as the dolly axie sieers toward the outside of the trrn at an
elevatad level of lateral acceleration. This mechanism does explain the generally higher
outboard offtracking observed with C-train configurations in Figures 3.1.1c. (Full-scale
demongtration tests, reported in Appendix E, included a C-train double which exhibited a
tremendous level of high-speed offtrackimg, reaching a value of almost 3 m (10 ft). This
result reinforces the point that the steer-centering properties of a C-train dolly are crucial to
the high-speed offtracking performance of such vehicles.) Although technical difficuities
prevented computation of the high-speed offtracking response for C-train triples, it can be
estimated that the magnitnde of this measure would have been on the order of 17 to 24%
‘eveater than that exhibited by the comesponding A-train friple, depending upon axle
configeration.

A second exception to the general rule that wheelbase and overall length dimensions
are the primary W/D variables influencing high-speed offtracking is the influence of tire
load on the cornering stiffness (that is, the rate of increase in tire slip angle with comering
force) property of the tire. Analysis of the high-speed offtracking phenomenon [11]
indicates that the ratio of the cornering stiffness valee io the prevailing vertical load on the
tire, espeacially at trailer axle positions, will directly affect the magnitude of the outboard
offtracking tendency. (The mentioned ratio will be referred to later in the text as the
"normalized comnering stiffness.”) The significance of this observation in a weights and
dimensions context is that increased axle Joad aflowance (and thus tire load level) causes a
reduced Ievel of this ratio because of the curved relationship betwesn tire load and
cornering stiffness, as illustrated in Figure 3.1.1f. Although comering stiffness rises with
increased tire load over most of the load range (especially with radials), the curvature in the
function provides that the matio of comering stiffness to load will reduce as load, Itself,
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increases. Accordingly, some of the adjustments in rank among the differing vehicles in
Figure 3.1.1c are attributed to the differing axle load levels which, in turn, have influenced
the normalized cornering stiffness level. By way of example, the tumpike doubles
configuration, number 2.4, is represented with light levels of axle load relative to other
vehicles and thus enjoys some additional benefii in its high-speed offtracking responsc as a
result.

3.1.2 Performance of Differing Configurations in a Transient
Steering Maneuver (Rapid Path Change} at Highway Speed. This section
compares the high-speed wamsient respomse characteristics of the various vehicle
combinations when subjected to a series of rapid path-change maneuvers, The performance
is evaluated from two distinet aspects, nzmely, (a) dynamic roll stability, expressed as the
*“Joad transient ratio” measure, and (b) transient high-speed offtracking--a measure of the
dynanric overshoot in trailer path occurring in the rapid path-change manenver.

Load Transfer Ratio -- Comparison of Configurations

Shown i Figures 3.1.2a and 3.1.2b are the mank orderings of the examined
vehicles by value of the load transfer ratio, for the cases of reference and "high c.g.”
loadings, respectively. The vehicle symbols are filled in to indicate the so-called "critical
roll mmit," or the portion of the vehicle on which the indicated level of load transfer rapio has
been achieved (and which will roll over first, when the maneuver severity attaing a
sufficient level). 'With A-trains, the remrmost trafler is identified as the critical roll unit
while, with B- and C-irains, the entire series of elements roll together and thus constitute
the "eritical unit”

The column labelled "Roll Margin® indicates a specific value only for those vehicle
configurations which experience complete load transfer on the ¢ritical roll unit during the
maneuver. In such cases, the proximity of the roll margin value to zero indicaies the
proximity of the peak roll excursion to the point of complete rollover. The "Period”
column lists the steering period, in seconds, which caused the most severe response for
each vehicle. The rank ordering charts tend to show that A-train doubles and triples
combinations f2fl toward the bottom of the list, with B-doubles, and C-friples showing up

_ at the top. Further, the influence of the high c.g. condition, while obviously shifting the
numerical values of the measures upwards (foward less dynamic roll stability), does not
tend to alter the tank order of vehicles in any general way. (Nevertheless, a few individual
vehicles which had conspicuously low centers of gravity in the reference case, such as the
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Ranked Order of Load Transfer Batic and Bol Margin for Hich Payload Yehicles
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turnpike double, configuration 2.4, show a relatively large drop in rank dae to the greater
net increase in ¢.g. beight i the "high c.g.” condition.)

Moreover, the ranking of the various vehicles by the load transfer ratio measme can
be distinguished by four basic qualities, namely,

1) the number of trailers in combination

2) the nature of the coupling between tratlers (viz., A-, B-, and C-traing)

3) the wheelbases of the trailers in the combination

4) the height of the loaded center of gravity, especially in the reaﬁnost trailer

Regardmng the first and second items, an increasing mumber of trailers will canse (2) an
increase in the load mansfer ratio response of A-frain configurations, and (b) 2 decrease in
the pet response of B- and C-train configuations, if the roll conpling between frailers is
quite stiff. Shown in Figwe 3.1.2c, for example, is an illestration of the exponential
relationship between the “rearward amplification” and the number of 8.2-m (27-ft) trailers
employed in a vehicle combination, where the successive trailers are coupled with A-type
converter dollies. (The rearward amplification measure is defined as the ratio of the peak
value of lateral acceleration occurring at the rear frailer to the peak value which occured at
the tractor in a sime-steer maneuver [12].) This exponential sensitivity of A-train
combinations to the nember of wailers has been explained through a generalized analysis in
Reference [13].

When multiple trailers are conpled in either B- or C-rain configurations, such that
each successive trailer is roll-constrained by the next unit, the addition of trailers can be
actually beneficial to the net roll response as characterized in the load twansfer ratio measure.
Shown in Figure 3.1.24, for example, are the lateral acceleration time histories for the
tractor and each trailer of a C-train triples combination conducting a rapid path-change
maneuver (having a nominal period of 3.0 seconds). The figure shows that, while the
lateral acceleration level is certainly being amplified with each successive trailer toward the
rear, the occurrence of the peak lateral acceleration condition at cach frailer is also
substantially lagging in phase behind that of the preceding unit. Noting the time associated
with the vertical line drawn through the peak acceleraton response of the rearmost trailer,
we see that the wimultaneous levels of lateral acceleration prevailing at the preceding units
have receded to small or even opposite-polarity values because of their large phase lead
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relative to this rear trailer. Accordingly, at the occasion of the peak lateral acceleration
response at this Iast unit, when the moment tending to cause rollover has maximized , the
roll coupling of the C-train connection to the lead trailers affords a means for developing
the large restoring roll moment such that rollover iy resisted. Moreover, this figore
ilustzates a basic feature which renders roli-coupled multiple-trailer configurations highly
resistant 1o rollover in dynamic stedring maneuvers.

Regarding the influence of the trailer wheelbase values on the load transfer ratio
response, there exists a large body of research [2,3,12,13,14] which establishes that this
dimension has a first-order effect on the rearward amplification behavior of multipiy-
articulated wock combinations. Shown in Figore 3.1.2e, for example, is an illustration of
the relationship between rearward amplification and the wheelbase (and trailer length)
parameter for a ﬁveanle, U.S.-style, A-doubles combination. The su‘ong decline in
rearward amplification with increasing trailer wheelbase explains the relatively high
rankings, in Figures 3.1.2a and 3.1.2b, of the vehicle configerations incorporating one or
two long (14.6-m (48-f1)) railers, namely, numbers 2.4 (fumpike double) and 2.5 (Rocky
Mountain double).

The height of the center of gravity directly influences the value of the load transfer
raticy, a3 mentioned above, becanse the measure is essentially an indicator of the peak roll
response during this dynamic maneuver. Accordingly, it is elemental that vehicles with
more elevated payioad locations will fare more poorly in the load transfer mtio ranking.

By way of elaboration on the contrast in the load transfer ratio performmance among
differing vebicle configurations, the following discussion addresses each basic vehicle
type. Firstly, in Figure 3.1.2f, we see that a substantial range in this measure develops
when the axle layout on a long (14.6-m (48-ft)) semitrailer departs in a major way from the
comventionzl close-tandem installation. We see that while the conventional two-axle close
tandem and the three-axle closely spaced "midem” yvield very Tow levels of the load tamsfer
ratio measure, the response becomes much more pronounced when additional axles are
spread to more forward positions on the semitrailer.

Although increasing response valmes for the “referance vehicle” cases, with
increasing nambers of semitrailer axles, is partly explained by the fact that payload weight
and payload c.g. height are both increasing, it is apparent that another effect is also at
work. Namely, as we go toward the top of the range of configurations in Figure 3.1.2f,
the effective wheelbase of the semitrailer is declining and the yaw toment of inertia is
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increasing linearly with the increase in payload weight. Accordingly, the vehicles
appearing toward the top of the chart exhibit quite different yaw response dynamics than
those below, being both lower in yaw natural frequency and lower n yaw damping. When
payload c.g. height is held constant at 2.67 m (105 in), we see that there is a clear mcrease
in the load transfer ratio toward the top of the chart—primarily as a result of the differences
in the yaw response properties which are instrumental in the rearward amplification
mechanisms. { In fact, one could observe that it would probably be disastrous, from a total
rearward amplification point of view, to assemble an A-train doubles combination out of
trailers having the layout of the quad-axle trailer at the top.) Thus, both by means of
reduced roll stability deriving from payload weight and c.g. beight and by means of
reduced effective wheelbase deriving from forward-spread trailer axles, the load transfer
ratio response of tractor-semitrailer combinations s seen to be substantially dependent upon
the axle layout amrangement on the semitrailer.

Shown in Figure 3.1.2¢ is a breakdown of the load transfer ratio values of A- and
C-train doubles combinations. If we look only at the reference A-train combinations,,
(tightly shaded bars), we see the influence of simple distinctions in trailer wheelbase, with
the Rocky Mountain double and turnpike doubles at the bottom of the scale. The reference
C-train cases (dark diagonal bars) indicate the profound improvement in this measure
which derives from the combined roll-coupling mechanism deseribed above plus the
substantial reduction in rearward amplification which results from ehuminating an
articulation point at the pintle hitch location. In the "High Payload™ cases, we see that the
short A-train doubles will nearly roli over in this maneuver while the C-train alternative
offers a great improvement. (Following on the parenthetical remark from the preceding
paragraph, a turnpike double A-train comprised of the quad-axle semitrailer would be
expected to register considerably worse than any other configuration on Figure 3.1.22—~
notwithstanding the excellent dynamic stability of the "conventional turnpike double in the
ilstrated data.)

Shown in Figure 3.1.2h are the load transfer ratioes for B-doubles. Because a
substantial level of rearward amplification is present in these relatively short-trailer B-
trains, the results fall in the intermediate range of values for load transfer ratio. As with the
tractor-semitrailers, the value of the measure is rising as additional axles are incorporated,
thus shortening effective wheelbases and increasing payload mass and ¢.g. height.
Overall, the B-train is seen as a much superior performer, from a dynasnic stability point of
view, than A-trains having corresponding payload capacity.
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Figure 3.1.21 presents the load tramsfer ratio results for A- and C- triples
combinations. Here we see the profound difference between the A- and C- configurations,
with C-trains approximating the performance of the baseline five-axle tractor-semitrailer
and A-trains either rolling over or very nearly approaching it. Relative to the A-train triple,
the C-train version benefits by having eliminated one more articulation point, thus reducing
rearward amplification, by having introduced roll coupling between trailers, and by the
cumulative benefit of the increased phase lag in lateral acceleration response, from first to
last unit.

It shonld also be noted that while fmek / full-trajler combinations were not incladed
in this study, there is clear evidence that they can also exhibit very substantial levels of
rearward amplification and, thus, suffer excessive load transfer leading toward rollover in 2
rapid path change maneuver. [3,4,14,15,16]

Transient High-Speed Offtracking -- Comparison of Configurations

Shown in Figure 3.1.2j is the rank ordering of vehicle configurations according to
the value of the transient high-speed offtracking measure. The total set of vehicles indicate
a tremendous range of response values, from 0.3 m to over 1.6 m (1 to 5.3 ft). Recalling
that the range of values for the steady-state measure of high-speed offtrackang was only
frorn 0.3 to0 0.6 m (1 to 2 f¥), it is clear that siwong dynamic phenomena are available for
- producing an "overshoot” in bigh-speed offtracking in response to framsient steering inputs,
such as in the rapid path-change manenver vsed here. The vehicles which have suffered
the greatest increment in high-speed offtracking, from the steady-state response to the
transient measure depicted here, are generally those which exhibit high levels of rearward
amplification. Of course, the rearward amplification level must be mferred from other
information about various vehicles (such as in Reference [2]) since this characteristic is
rather obscured within the load transfer ratio measure—~particularly for roll-coupled B- and
C-trains. Nevertheless, for A- and B-trains the transient overshoot im high-speed
offtracking is on the erder of the rearward amplification value times the sieady-state value
of high-speed offiracking. Crude nominal values of the rearward amplification values are
Hsted below for purposes of illustration:
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Banked Order of Transient High-Speed Offtracking for Reference Vehicles

Configration  Vehicke TramType  Tramsient High-Speed  Perind (se)
Offiracking fmeters)
1.1 Q— B 0.298 3.0
1.2 CQQZZ:J B 0318 30
15 QG B 0.436 3.0
z4 QE—Je—J* A 0.453 3.0
13 QG B 0.463 3.0
25 e * c 0522 3.0
33 e 1—) B 0.533 3.0
32 Q-1—.) B 0.599 3.0
s QLT B 0.608 30
25 O Js—J* & 0,654 3.0
34 Qiern B 0.728 3.0
2.2 e—Jc— C 0.743 3.0
2.1 e—J— C 0.753 3.0
1.4 | I "B k7 38
21 Q55— A 0.763 25
zz  QL—J—. A 0.852 25
23 —J— C 0913 3.0
23 —J%—J) A 0.999 3.0
4.1 e—is—J5—J C 1.003 38
4.2 e  © 1.218 3.0
4.1 e—Js—ls—J =& 1.62 25
4.2 e —wiv— & Rollover 3.0

* Rocky Mountain Double
** Turnpike Double
FIGURE 3.1.2.]
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Vehicle Type Nominal Rearward Amplification

Tractor Semitrailer 1.0
B-Tram Doubles ' : 15
A-Tram Doubles 20
A-Train Triples 3.0

Although there are certainly substantial variations on the indicated crude
approximations of rezrward amplification, one can obtaiu a reasonable estimate of the
transient peak in high-speed offtracking by multiplying these numbers times the
cor:espandjizg levels of steady-state high-speed offracking seen earlier in Figure 3.1.1¢.
Moreover, we see the A-train triples standing well apart from the rest of the vehicle sample,
with C-tiples exhibiting quite high values as well. 'While the C-train configuration reduces
the rearward amplification response in a major way, relative 10 A-traing, and provides a
Further dramatc reducton in load tansfer ratio, it fails to strongly subdue transient high-
speed offtracking when implemented throngh the caster-steered type of dolly designs which
are popular in Canada. That is, becanse of the nature of caster-steered dolly axles, there
may develop a substantial outboard-directed steer displacement such that a greater-than-
desired extent of outboard offaacking accrues. The extent of this additional offtracking
will depend entirely upon the character of the steer-centering features of the dolly axle
design. Recent developments in kinematically steered dolly designs, however, may offer
an opportenity for major reductions in transient high speed offtracking, as well as dramatic
improvements in dynamic stability [17].

Shown in Figure 3.1.2k is an example time history of the transient high speed
offracking response of an eight-axle C-rain triples combination. The figre illustrates the
basic nature of the response; namely, that the trailing elements each produces its overshoot
TESponse, in tumm, and that the axles on the rearmost trailer produce the largest outboard
excursion, thus establishing the value of the fransient high-speed offtracking measure.
Clearly, the progressive growth in path deviation with each successively rearward trailer
further reinforces the general observation that it is prmarily rearward amplification
mechanisms which promote the value of the subject measure. Accordingly, the sensitivities
of this measure to differences in vehicle configuration are identically those which are well-
documented as determining rearward amplification response. [2,3,4,12,13].
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3.1.3 Performance of Differing Confizurations in a Tight-Radius,
Intersection Turn at Near-Zero Speed. A wide range of performance levels are
observed when the various reference truck configurations are subjected to the tight-tumn
maneuver. The spread in performance is discussed below in terms of both the "low-speed
offtracking” measure and the "friction-demand” measure. Following a review of the
performance levels exhibited across all combinations, the mechanics of response which
distinguish between differing axle layouts within each vehicle caxcgory are discussed.

Low-Speed Offtracking -- Comparison of Configurations

Shown in Table 3.1.3a is a rank ordering of all the vehicles (neglecting C-trains in
this presentation) for which the low-speed offtmeking measure was computed. We see that
the full range of results for these reference vehicle layouts covers offtracking values from
4.1 to 10.2 m (13.4 to 33.5 £t). Thirteen out of the eighteen illustrated cases exhibit less
offiracking than the 5.9 m. (19.4 fi) performance of the baseline 14.6-m (48-ft) 2-axl=
semitrailer and mactor. Thus, to the degree that this baseline vehicle is tolerable on
Canadian roads, the bulk of the population of configurations pose no special problems with -
regard to low-speed offtracking. Moreover, only the triples and extra-length doubles
combinations call for substantially greater maneuvering space at intersections than the cited
baseline semitrailer. ‘

It is also apparent that, for equal lengths of trailer beds and numbers of axles, A-
train doubles perform slightly better than B-trains (compare, for example, A-train No. 2.1
with B-frain No. 3.1). Additionally, the addition of axles to a vehicie having a given length
mvariably reduces offiracking, as will be discussed in more detail later (compare, for
example, A-train No. 2.1 with A-train No. 2.2). The addition of more equal-length trailers
to the combination, of course, contributes an increment in low-speed offtracking which is
approximately proportional to the ratioes of numbers of frailers (corupare, for example, A-
train double No. 2.1 with A-train triple No. 4.2).

Now, by means of selected sub-caterories of vehicles, the primary distinctions in
offracking performance deriving from configuration details will be discussed. Shown in
Figure 3.1.3b are the values of low-speed offtracking exhibited by each of the reference
configurations of tractor-semitrailer. Although all of these trailers employ a 14.6-m (45-{%)
bed length, large differences in low-speed offtracking are observed as a result of the trailer
axle arrangements. We observe, simply, that the greater nwmbers of trailer axles serve to
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shorten the "effective wheelbase” of the trailer such that offtracking reduces--just as it
would with a single-axle trailer having a corrmespondingly shortened geometric wheelbase.

The influence of multiple axle installations on offtracking have been iHustrated in
prior research [18,19] showing that the vehicle will frack with a particular effective
wheelbase at which the requirements for static equilibrium are satisfied. In order to
appreciate how axle spread influences this effective wheelbase, one must recognize that
tires on the spread axles will experience lateral slip when caused to track in a curved path.
The manner in which the path is established must therefore result in tire slip angles, and
thus lateral forces which satisfy the requiremnents for both force and yaw moment
equitibrium. The characteristic result, for evenly spread and evenly loaded trailer axles, is
that the effective wheelbase is somewhat longer than the geometric wheelbase measured to
the center of the axle amray.

Shown in Figure 3.1.3c are the low-speed offivacking results for the various
configurations of A- and C-type doubles combinations. Itis noted that three configmrations
at the bottom of the chart indicate minor diffarences from one another as 2 result of axle
arrangements, even though all three incorporate the same pair of 8.2-m (27-ft) trailers.
Again, the presence of a tandem axle pair on either trailer in these configurations serves to
shorten the effective wheelbase relative to that achieved if a single axle is placed at the rear
extremity of the mailer. '

The two vehicle configurations yielding mmch higher values of offtracking response
are the trnpike and Rocky Mountain doubles, respectively, which are seen as the first and
second entries at the top of the chart. The extra large offtracking values exhibited by these
two vehicles tend to place them in a class which is removed from the rest of the vehicle
matrix and which is seen as generally in conflict with the space provided at most roadway
intersections in North America. (For a recent treatment of this conflict issue, see Reference
[201)

We also note that the C-train version of each doubles configuration yields a 2 to 4%
reduction in offtracking relative to the respective A-train configuration. This result, which
i commonly recognized by the tracking community employing C-frains, derives from a
classic "negative offtracking” [10] type of mechanism which arises due to the caster-
steering natnre of the dollies used on C-train combinations. That is, with the dolly rigidly
coupled to the lead unit by two pintle hitches, the caster-steering feature permits the dolly to
track somewhat outboard of the axles on the lead mailer. Accordingly. the net offtracking
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of the overall vehicle combination is reduced relative to that achieved when a conventionzl,
inboard-tracking, A-dolly is emploved.

Friction Demand in a Tight Turn ~ Comparison of Configurations

Shown in Table 3.1.3d is a rank ordering of the vebicle configurations for which
the "friction-demand” measure was computed. The results show that the value of this
measuze varies from the negligible range, well below 0.10 for various A- and B-doubles as
well as two-axie tandem and three-axle tridem semitrailers, to a very demanding level of
0.71 in the cage of the quad-axle semitrailer. While only the quad-axle semitrailer wourld
seem likely to encounter general controllability problems due to this response property, it
would appear that certsin of the other semifrailer configurations wounld experience a
substantial potential for a jackknife response during tight turning under wintertime
conditions, on snow-covered pavement.

Looking more closely at the tractor-semitrailer combinations, in Figure 3.1.3e, we
see that the configurations having a greater number, and greater geometric spread, of wailer
axles suffer the largest levels of friction demand in this mmmenver. By way of explanation,
it is easily recognized that the demand for tire traction at the tractor rear wheels derives
simply from the magnitude of the yaw-resisting moment which is produced when the non-
steered irailer tires develop lateral slip while being drawn around a tight-radius tarn.
Analysis of the statics involved with simple, miformly spaced, wailer axles [ 21} indicates
that the lateral force, Fys, which must be developed at the fifth-wheel coupling in order to

satisfy equilibrinm is described by the following relationship:
Fys = Summmation of { Cyjpha /R [d2/L1)
where,
Caipha = sum of the cornering stiffness of all tires on the i th trailer axle
R = mstantaneous radius of hom
d; = spread of the i th trafler axle from the geometric center of all tailer axles
L. = trailer wheelbase (measured to the geometric center of all trailer axles)

This relationship reveals that the surnmation of the ratioes of the spread squared fo
the wheelbase of the trailer is the primary geomettic determinant of the magnitude of the
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Banked Order of Friction Demand in a Tight Tuen for Reference Yehicles

Configration Vehicle Tram Type FPrictinn Demand
3.4 g I { I B 0022
2.1 e—J5—d & 0.024
11 | — B 0.031
24 e —u ™ A 0.045
12 [y — B 0.651
31 S —J B 0.0%
z1 e—Jo—J C 0.112
1.3 s B 0.217
15 | . B 0.303
1.4 NN B 0.709
**Turnpike Double

FIGURE 3.1.3.d
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lateral force at the fifth wheel in a low-speed turn. Further, since the lateral force at the
fifth wheel is approximately equal 1o the total maction forces developed at the tractor rear
axles, the defined "friction-demand” measure is proportional to the summation of (d2 / L)
over all wailer axles. Applying this ratio as a descriptor of the respective semitrailers 1.1,
1.2, 1.3, and 1.4 which employ uniformly spaced sets of two, three, and four axles,
respectively, Figure 3.1.3f confirms that the friction demand over a few widely differing
configurations is, indeed, rather nearly proportional to the (d2/L) normalizer,

Moreover, notwithstanding the simplified nature of this discussion, the (d2/L)
normalizer (together with axie load specifics if nonuniform Ioading prevails) can be nsed as
a ready means for evaiuating mulfi-axie semitailer configurations to determine whether an
mordinate friction demand should be expected from the vehicle layout.

Recognizing from the above discussion that the friction demand in 2 tight-radius,
low-speed, turn maneuver is developed on the basis of tailer axle spread and wheelbase,
there are few mmlt-trailer combinations which have the potential for posing a serious
problem. Shown in Figure 3.1.3g, however, is an lustration of the relative implications
of A- vs. C-tram layouts with regard to the friction-demand measire, We see that while the
A-train version of configuration 2.1 imposes a negligible 0.02 level of friction demand, the
C-train configuration of the same vehicle registers a demand value which is approximately
five times higher.

Cleazly, this result reflects the wide spread dimension at which the C-train dolly
axle is located. Recognizing that the frame of this type of dolly constifutes a rigid extension
of the lzad wailey, the dolly axle does impart a yaw-resisiive moment to this trailer. The
maximum value of this yaw moment is, of course, limited by the strength of the steer-
centering mechanism in the individual dolly axle design. Nevertheless, the data in Figure
3.1.3g indicate that the steer-centering behavior of one example doily is sufficienfly stiff to
yield a large increment in the friction demand level. Moreover, while there is no evidence
here that the examined C-train vehicles pose a "problem level” of friction demand, the
increase in demand level above that of corresponding A-traing is notable and readily
explaimable.

Resulis for other reference vehicle configurations will not be discussed here,
recognizing that no cases other than those involving the very wide-spread semitrailer axle
arrangements pose a2 significant problem per the friction demand measure. Inm
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section 3.2.2, the inflnence of other variations in the tandem spread dimension on 2-axle
sermitrailers is explorad over a ramge of vatues.

3.1.4 Braking Efficiency Performance of Differing Configurations.
The braking efficiency of the various muck configurations indicates the relative
effectiveness with which the brake systems can utilize available thre/pavement friction level
in achieving a given deceleration level. As explained in secfion 2.3, the 0.1 g level of
deceieration pertains to very low level breking such as uwsed to control speed on
downgrades or to stop during normal operations. Stopping at the 0.4 g deceleration level
constitutes a severe braking condition for heavy-duaty trucks, since such vehicles are
generally approaching their performance Jimits on dry pavements at this braking level.
Performance measures presented below cover each of these two respective braking levels.

Braking Efficiency at a Low Level of Deceleration -- Comﬁarison of
Configurations

Shown in Figure 3.1.4.z is the rank ordering of the vehicles which were
characterized by a braking efficiency computation at a deceleration fevel of 0.1 g The data
show a substantial range of efficiency values, from 72% to 90%. The differences in
performance which are observed derive almost entirely upon two factors, namely,

ay) the protocol used to distribute brake torque gains on the respective tractor and
traiter/dolly axles, arid

b) the distribution of static loads among the axles.

Vehicles which exhibit 2 high lavel of braking efficiency in this figure are those
whose distribution of brake torque gains is proportional to the distribution of load across all
of the vehicle's axles. The tractor-sermitrailer, configuration 1.1, for example, enjoys a
brake torque distribution which is almost identical to the static Ioad distribution. The triples
combination, No. 4.1, however, suffers a relatively low efficiency level because the actor
tandem axles zre very lightly loaded (given the single-axle semdtrailer layouts) such thata
strong "overbraking” condition prevails at the tractor tandem axle positions. Likewise,
other combination vehicles which do poorly are those which tend to "underload” the fractor
tandem.

One conld fairly assert that the indicated inefficiencies are not altogether necessary.
That is, it would be possible to avoid the overbraking at fractor tandems which carry light
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loads by simply equipping the brakes on those axles with smaller air chambers, and/or
shorter-length slack arms. Indeed, it may be that the more entightemed fleets operating such
vehicles do attempt to "tilor” the brake system gains 10 march the expected loadimgs. Such
an approach was not followed in designing the protocol for this study, however,
reflection of a2 more commonly perceived industry practice. Indeed, as long as there are
tractors which will be applied in hauling differing kinds of trailer combinations from day to
day, it may be impractical for brake torque gains to be more closely matched to static loads
than the study protocol assumed.

Another aspect of the challenge for providing good braking efficiency, overall,
pertains to the operation of the vehicle in the empty state. Shown in Figure 3.1.4b is a rank
ordering of the vehicle combinations according to a compnuted efficiency at 0.1 g's of
deceleration, with the vehicles enipty. Here we see rather low levels of efficiency, simply
as a result of the peculiar distributions of loads as prevails in the empty state. For example,
no configuration is seen to be limited in braking efficiency under these conditions by
overbraking of the tractor tandem axles—since these axles tend to be more heavily Joaded in
the emnpty condition than trailer axles. (Of course, in practice, drivers frequently experience
jackkmife accidents in the empty condition, thus implicating lockup at the tractor tandern,
simply because {(a) trailer brakes tend o be somewhat time-delayed in application behind
tractor brakes, and (b) very little additional application of the brake treadle is needed fo
achieve lockup af the tractor tandem, thus precipitating the more rapidly-diverging jackknife
instability.) Also, the low ranking for the B-train double, configuration 3.2, for example,
derives from the fact that both the tractor tandem and the B-train centergroup of two axles
are relatively more heavily loaded than the rearmost tandem. Thus, the rear tandem is
overbraked in the empty state, producing a low level of efficiency (unless, again, the
operator were fo select brake components giving 2 more favorable distribution).

Braking Efficiency at a High‘ Level of Deceleration -- Comparison of
Configurations

Shown in Figures 3.1.4c and d are rank order listings of the various confignrations
which were characterized by means of the braking efficiency measure at a deceleration Ievel
of 0.4 g for cases of the reference and "high c.g."loading cases, respectively. The results
show distincily lower levels of efficiency and some change in the rank orier relative to the
results seen at the low braking level. At this braking level, load transfer is an important
mechanism in determining the relative match between the axle Ioad and the axle brake
torque.
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Ranked Crder af Brairimg Efficlency & 0.1 G*s for Empty Beference Vehicles

Configuration Vehicle Braking Efficiency (%)
4.1 55— 77.516
2.2 —5—— 71.809
25 —5—" 69.393
42 v 69.216
2.4 —Jeg—n™ 67.913
33 3 | 67.808
11 CL,% 67.216
2.1 | M | — 64.362
2.3 g 61.605
3.2 {1 M 55.997

* Rocky Mountain Doubile

“* Turnpike Double

Circle indicates the Hmiting axle set

" FIGURE 3.1.4.b
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Ranked Order of Eraking Efficiency at 0.4 G's for Reference Vehicles
Configuration Yehicle Praking Efficiency (%)
25 !F_‘;l* 87.78
33 C@,‘ZQ 85.565

1.1 QF@ 8352
23 Q“E:@‘;«_-\,l 78.989

32 I:L,,‘—T_L% 75.504
2.4 QWCQ@“ 71.143
2.2 E@.’,:‘\,l 71.05

21 E—m—=\ 6.7
41 Q@—\.L!i.ﬁ_\.ivl——\.! 67.551
4.z L) | SRo— | 60.803

* Rocky Mountain Double

** Tirnpike Double

Cicle indicates the miting axle set

FIGURE 3.1.4.¢
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Ranked Order of Braking Efficiency at 0.4 (5'5 for High Payload Vehicles

Configieation Yehick Braking Ffficiency (55)
3.3 e~ &—J 88 434
25 IS — 88.058
1.1 l;t,,ﬁ'l% : 80.328
2.3 o5 — 7786

24 e ™ 74.748
2.2 | Qe—5—) 74,494

3.2 O — 72.122
41 o5 —Jd—) 71111
23 e——d 65.167
42 LT | EE— | 55.626

* Rocky Mountain Double

** Turnpike Double

Cirele indicates the lymiting axle set

FIGURE 2.1.4.d
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Note that Figures 3.1.4¢ and d provide indicators of the axle set that was most
overbraked and, thuss, constituted the determining factor in limiting the efficiency level for
each overall vehicle. Recognizing that load transfer during braking places increased load
forward, with aft loads getting Jighter, a few examples serve to explain the pattern of
performance differences seen across configurations.

Figure 3.1.4¢c indicates that since the tractor tandem axles on configuration 2.5, the
Rocky Mountain double combination, are overbraking in the reference case, the high-c.g.
condition is handled without a decline in braking efficiency (since the increase in load at the
tractor tandem due to the greater load transfer from a high-c.g. payload tends to load up an
"underfoaded" axle. On the other hand, vehiéles such as the B-train configwration, 3.2,
which are hmited at their rear trafler axles in the reference case suffer even more loss of
load at the rear trailer axles under the high-c.g. case, with a resulting degradation i braking
efficiency level. Similarly, we see that among the two triples combinations, 4.1 and 4.2,
the former is limited at its tractor tandem such that an increase in c.g. height results in
improved braking efficiency while the latter is linxited at its rear trailer axles and suffers a
corresponding loss in efficiency at the high-c.g. condition. Further, the increments in
efficiency resulting from the change in c.g. elevation are greater with vehicles, such as the
triples combinations, which incorporate relatively short trailers.

Shown in Figure 3.1.4e are the braking efficiency levels of sempty vehicles at the
0.4 g level of deceleration. Braking efficiency levels are reduced below the results for the
loaded vehicles and the rank order of differing vehicles is greatly changed, from the Joaded
to empty cases. All but two of the vehicles are limited by the overbraking of the rearmost
axle on the combination--primarily due to the distribution of static loads (the dynamic load
transfer occurring in the empty state is, of course, much reduced because c.g. heights are
quite iow).

Moreover, substantial differences in braking efficiency can distinguish one vehicle
configuration from another--primarily as a result of the prevailing distribution of brake
torques and static loads. Also, however, the length of the unit wheelbases will influence
the importance of load transfer, which increases when either the deceleration level or the
¢.g. height are raised.
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Banked Order af Braking Efficiency at 0.4 G's for Empty Befetence Vehicles

41 SRR e
2.2 —5—3 65.403
25 ——" 62.395
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3.2 Illustration of the Parametric Sensitivities for Tractor-Semitrailer
Combinations

In this section, the influence of changes in individual parameters on the various
measures of performance will be addressed for the tractor-semitrailer category. In each
subsection to follow, the discussion will primarily address those parametric sensitivitics
which are positive—-that is, in which the examined change in the value of a parameter
produces a measurable change in the behavior of the vehicle. Nevertheless, certain
"negative” or "null” influences have also been documented and will be presented, as well

3.2.1 The Influence of Tractor and Trailer Length Dimensions. In
Figure 3.2.1a are results showing the influence of tractor wheelbase and trailer Jength on
the high-speed offtracking measure. Variations in the trailer length parameter are, in fact,
accompanied by corresponding changes in semitrailer wheelbase since the kinzpin setting
and the rear overhang dimension beyond the center of the trailer tandem are kept constant.
We see that high-speed offiracking goes up with increasing tractor wheelbase and down
with increasing semitrailer length (and semitrailer wheelbase). This result is in keeping
with findings reported in Reference [2] in which the high-speed offtracking response in a
steady curve reaches a maximum for wheelbase values in the vicinity of 7 m (23 ft) (given a
selected set of tire commering properties representing modemn radials and a speed of 88 km/h
(35 mph)). Although the speed value employed in the calculations shown hers was 100
km/h (63 mph), the basic natre of the sensitivity is identical to that reported earlier. Thus,
we see that for typical values of tractor wheelbase, the sensitivity of high-speed offtracking
to increasing tractor wheelbase is positive since tractor wheelbase is always below the
"maximurn response” value—in the vicinity of 7 to 8 m (23 to 26 £).

Alternatively, long semitrailers such as employed in conventional five-axle tractor-
semitrailer combinations are characteristically longer in wheelbase than the "maximnm
regsponse” value such that sensitivity of high-speed offmracking to variations in the
wheelbases of such trailers is negative. Moreover, for reasonable variations in the
wheelbases of tractors and semitrailers explored here, the high-spesd offiracking of five-
axle tractor-sernitrailers remains within the relative modest range of 1/3 meter.

Shown in Figure 3.2.1b are data illustrating the imfluence of changes in the tractor
wheelbase and the overall length of the two-axle semitrailer on Jow-speed offiracking.
Firstly, it is worth noting that the increase in the offtracking measure over the common
range of tractor wheelbases (from 3.81 to 6.35 m (150 to 250 in)) is not inconsequential.
That is, the approximate 0.7 m (2.3 ft) change in offtracking due to tractor wheelbase
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selection is, indeed, significant to the issue of vehicle clearances at intersections [22]. Itis
more common, however, to see attention being given to the much larger changes in
offtracking deriving from variation in trailer length, and thus wheelbase. In each of the
computations represented in Figure 3.2.1b, the wheelbase is equal to the indicated overall
length value minus a constant dimension of 2.3 m (7.5 ft). The indicated range of trailer
lengths, from 12.19 to 18.29 m (40 to 60 fi) is seen to result in an approximate 3.5 m
(11.5 ft) increase in the offtracking dimension.

Moreover, the results indicated here illustrate the well known fact [10] that
wheelbase elements influence low-speed offtracking in relation to the square of the
wheelbase value. Thus, we see that each 1m (3 ff) increase in semitrailer wheelbase,
relative to the reference case, results in some 0.6 m (2 ft) of additional low-speed
offtracking while each meter increase in tractor wheelbase produces a2 0.35 m (1.1 ft)
mcrease in low-speed offtracking.

In Figure 3.2.1c are results showing the influence of tractor and trailer length
dimensions on the braking efficiency measure. We see that very litle sensitivity to the
changes in wheelbase and length parameters occurs since the length changes do not regult
in a variation in static load distribution. Accordingly, the small changes in performance that
are observable occur only as a result of the stronger load wransfer function with decreasing
wheelbase. Absolutely no change in the braking efficiency measure is observed with
varjations in fractor wheelbase since it is the trailer axles which are overbraked and which
are limiting the efficiency of the overall system. Accordingly, we do see that shortening the
semitrailer length, to 12.19 m (40 ft) from the reference value of 14.63 m (48 ft), for
example, results in a greater amount of load transfer such that the load on the semitrailer
axles reduces, especially at the 0.4 g braking level. This reduction in dynamic load during
braking causes the trailer wheels to lockup at a lower level of deceleration and thus produce
a jower value for the braldng efficiency measure. It can be generalized, however, that
modest changes in length, or wheelbase, do not strongly affect braking efficiency level as
long as (a) static load distribution remains the same, or (b) whatever changes in static loads
do occur are compensated with an equivalent redistribution of brake torque gains among the
axies. '

3.2.2 The Inftuence of Spread Dimension Associated with Two-Axle
Tandems. In Figure 3.2.2a are results showing the influence of andem spread and
increased loading, which may accompany wider spread values, on high-speed offtracking
of the five-axle tractor-semitrailer. Since the changes in spread dimension were
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implemented here in such a way that wheelbases were not varied, the range of performance
which 15 observed derives from variations in the operating conditions of the tires. Namely,
for all of the cases in which the tandem loads are kept constant at 17 tomnes (37,468 1b), the
small changes in high-speed offtracking derive from alterations in the slip angles prevailing
at the various wheel positions as a regult of the tandem-spread dimensions. Since the tire
¢xhibits a nonlinear relationship between lateral force and slip angle, the variations in slip
angle imposed by the turn—resistive nature of an increasingly spread tandem pair cavses the
tires to operate at effectively lower comering stiffnesses, with high-speed offtracking
slightly imcreasing as a result. ' When the spread change is accompanied by a substantial
increase in load, to 20 tonnes (44,080 Ib) on each tandern, the nonlinear sensitivity of tire
cornering stiffness to increased loading causes a more significant increase in high-speed
offtracking. Indeed, one cap generalize that while load changes can significautly influence
high-speed offtracking, modest variations in the spread of two-axle tandems does not result
in a significant change in this response property.

Shown in Figure 3.2.2b are data illustrating the (lack of) influence of changes in
spread on the trailer, tractor, and combined tfrailer/tractor tandem axles on Jow-speed
oiffracking performance. Note that the cases are labelled by tandem spread value and also
include variations in axle load which, of course, have no influence on low-speed
offiracking response. It is clear that reasonable variations in the spread dimension on two-
axle tandemns, however combined between tractor and trailer tandems, are basically
inconsequential 1o low-speed offtracking. The lack of influence shown here derives from
the convention that the variations in trailer and tractor tandem spread were implemented
while holding the geometric wheelbases (measured to the tandem centers) constant. In
Section 3.2.9, results will be presented 1n which the spread between the axles of a tridem
arramgement are varied while holding the rearmost axle fixed such that effective wheelbase
of the trailer increases, with consequent inflnence on low-speed offtracking performance.

Shown in Figure 3.2.2.¢ are the friction-demand values associated with the same
set of tandem spread variationms as discussed above., Although the influence of an
increasing spread in the frailer axle layout was seen in Section 3.13 to result in profound
levels of friction demand when three and four tratler axles were involved, the magniruds of
the turn-resisting moment that can be generated with the baseline two-axle semitrailer is
more modest. (See also Section 3.2.9.) Thus, the mdicated sensitivities in Figwre 3.2.2.¢,
while having the same trends as discussed earlier, do not suggest that a significant friction
demand problem should derive with two-axle semitraiters as a result of tandem spreads (up
to 2.7 m (108 in)).

7%
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It 1s, perhaps, of academic interest to note that an increase in the spraad of a tractor
tandem will also increase the total friction demand at the tractor. - This result comes about
because the turn-resistive property of an increasingly spread tractor tandem cavses a higher
level of lateral force to be developed at the iractor steering axle in order to satisfy yaw
moment equilibrinm on the tractor. The achievement of lateral force equilibrium, then,
demands that the total lateral force on the tractor rear tires increase, as well, such that the
sum of the lateral forces at the tractor tandem due to the action of both tractor and trailer
tandems is further increased.

3.2.3 Influence of Fifth-Wheet Offset. Shown in Figure 3.2.3a are the
results indicating the influence of fifth-wheel offset on the static rollover threshold of the
five-axle semitrailer. Given the rather minor extent of the variation in fifth wheel offset
represented here, the influence on rollover threshold is indeed notable. The observation is
that a more forward placement serves to degrade roll stability. This result derives from the
fact that a rnore forward distribution of Ioad on the tractor serves to remove load from the
more stiffly sprang rear axles and place it, instead, on the softly sprung front axle. As
explained in [23], the placement of load on such a lightly sprung axle eliminates some of
the potential for generating restoring roll moments for resisting rollover. Accordingly,
forward movement of the fifth wheel (or any other change which distributes load more
heavily onto the more "softly sprung" axles) will degrade static roll stability. It should be
recognized, of course, that such a result will follow from any change in size and weight
allowances which encourages a higher load on the tractor's steering axle.

The influence of fifth-wheel offset (OFW) on the ande cfficient is shown in
Figure 3.1.3b. We see that a rather swrong relationship exists between the indicated
variables, given the relatively large variation in fractor load distribution which is associated
with the differing cases. Note that the various cases span the range from an 18% front load
distribution with OFW =0, to a 27% front distribution with OFW = 686 m (2,25 ft). To
the degree that these results show a somewhat accentuated sensitivity to fifth-whesl offset
than that reported in an earlier study [2], the differences are assumed {o be attributable to (2)
tire properties—in particular, to the curvature in the relztionship between cornering stiffness
and vertical load, and (b) differences in the roll stiffness properties of the tractor rear
suspensions--recognizing that the Hendrickson RTE-44 suspension used bere is much
stiffer in roll than the typical four-spring suspensions which have been selected previously
as representing U.S. practice.
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Shown in Figure 3.2.3¢ is the influence of fifth-wheel offset on the braking
gfficiency of the baseline tractor-semitrailer. The results show that, at the lower braking
level of 0.1 g's, the vehicle is almost ideally balanced at a fifth wheel offset dimension of
0.381 m (1 ft). When the fifth wheel is moved aft from that position, the front axle
becomes somewhat overbraked at 0.1 g. When noved forward, the tractor tandem
becomes the Hmiting axle set.

At the 0.4 g braking level, the trailer axles constitute the critical end of the system,
tending to reach lockup ahead of the other axles on the vehicle. Since fifth-wheel
placement does not mfluence the load distribution between tractor and trailer, there is no
observed influence of fifth-wheel placement on the braking efficiency of the vehicle at this
higher braking level.

3.2.4 Influence of Tractor Suspension Selection. Shown in Figure
3.2.4a is the influence of various suspension selections on the static rollover threshold of
the referemce tractor-semitrailer. The differences in the respective roil stability levels derive
from details which distinguish the mechanical properties of one suspansmn from one
another. The prominent details are discussed below:

- The reference Hendrickson RTE440 walking-beam suspension is very high in
vertical stiffness at rated deflection, but it does become relatively 'soft as it
approaches mmd passes through zero deflection. The spring set in this suspension
exlubits an approximate 1 cm lash space as it passes from compression loading
into tension.

- The Hendrickson RTE-380 suspension is very similar to the 44K -tated suspension
above, although it does afford a significantly stiffer spring rate in tension than
does the RTE-440. Accordingly, we see that virtually the same value of rollover
threshold is exhibited with both of the Hendrickson tractor suspensions examined
here.

- The Mack Camelback suspension rated for a tandem load of 169,000 N (38K-Ibs)
is seen to afford a very substantial 1oss in roll stability relative to the reference
case. This suspension is characterized by a considerably lower stiffness in the
vicinity of rated load, a much lower tension rate, and a relatively large lash space
(nearly 2 em). As a consequence, the static rollover threshold drops by some
0.08 g's simply through the alternative selection of this suspension.
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- The Neway ARI-244 air suspension is seen to yvield an intermediate value for the
static rollover threshold. This assembly is characterized by a rather low nominal
value for total roll stiffness and the stiffness property is achieved predominantly
through the auxiliary spring mechanism of the trailing-arm-to-axle connections.
Such suspensions enable reasonably high degrees of static roll stability becanse of
the continuous nature of the roll stiffness behavior over the range of roll angles,
lacking any lash space mechanisms or tansitions into zones of low stiffness.
Also, the roll stiffness of the suspension fises dramatically when the "light side”
of the axle has extended to such an extent that the shock absorber reaches its
extension hmit.

- Regarding the alternative trailer suspensions, the Neway AR 95-17 air SUSpension
mstalled at the trailer tandem position is seen to improve overall roll stabikity as a
consequence of its continuous roll siffness characieristic,

- When the Neway air suspensions are installed at all axle positions, the roll stability
level drops to approximately the same level as was obtained when the air
suspension was installed af the tractor only. This result indicates that, with the air
suspension installed in the drive axle position, the tractor tandem axle set becomes
the determining group in establishing the roll stability level of the vehicle [14].

Moreover, the selection of alternative suspensions has heen shown here, and in
previous studies [14,23,24,25), to be a signdficant determinant of the static roll stability of
heavy-duty vehicles. This observation is highly significant to trucking operations in North
America sin¢e 1t is the common practice here for muck and mailer purchasers to $pecify the
component assemblies to be provided on their vehicles. Given the general absence of
information on, and concem for, the stability implications of this specification process, the
roll stability of vehicles in service is ofien substantially less than current technology can
provide.

Shown in Figure 3.2.4b is the influence of suspension selection on the ymidersteer
coetficient We see that the alternative trailer suspension fails to significanily influence the
umdersteer response because the two suspensions produce almost the same lavel of load
transfer at the mailer axle, at this 0.25 g level of lateral acceleration. A study of the
mechanics of the understeer response [26] has shown that the trailer suspension can alter
tractor understeer only by altering the share of the total roll moment bome by the tractor,
thus influencing the mechanisms of tire sensitivity to load transfer at the rear fractor axles.

88



Q'y'2'€ JWMId

{BBap) 5,6 G20 JO UolEIeBOLY |BloleT B JB JUBIOLIasT) 18B1SIapun
G L B 2 l 0

L r —_ 1
T L]

K
1 I 1

apiUsa BIURIBEY
08E31Y uosyoupusH

MBE HOBGBWRY yoew
Mby Iy AemenN
TIORUSSAS 186 10081

aloilap BauBIaeY
S Iy AemaN

aoIYs A 8ousIaIsY
MPEOIEPHZ L A Aemay

. 0l

Sls|leIWaS/I0l0 L Ul
JUBI0i}800) JaslSIepuUy Uo uoisuedsng Jo1oe) ] JO @suanju|

g9



Looking at the results associated with changes in tractor tandem suspensions, the Mack
Camelback 38K selection yields a very large increase in understeer level relative to the
reference (Hendrickson RTE 440). Examination of the parametric distinctions between the
respective Mack and Hendrickson suspensions (see Appendix B) reveals that the Mack
suspension promotes understeer by (1) a considerably lower level of o]l stiffness, (2) a
stong roll understeer coefficient on the lead axle, with approximately zero Toll steer on the
aft axle, compared to strong roll oversteer with the Hendrickson, and (3) a remarkably low
roll center height on the lead axle ( 8 em (3 in) as opposed to the Hendrickson's value of 84
cm (33 in)). These features combine to yield z 6 deg/g undersieer coefficient at 0.25 g's of
lateral acceleration (and perhaps as much as 10-deg/g when the vehicle is proceeding in a
straight line, at zero £'s). Together, these results illnstrate that the undsrsteer coefficient is
influenced by mechanical propertics which derive from the details in suspension design.
While some of these influential properties happen to have been varied substantiaily in the

" different types of suspensions selected for this study, one canmnot generalize upon the
influence of "suspension type,” per se, on the understeer coefficient. Rather, the influential
mechanical properties of differing suspension designs can cover a large range, regardless
of the specific type of springing elements and axle constrainis employed.

Figure 3.2.4c presents results showing the influence of differing suspension
selections on the high-sg offirackine behavior of the five-axle tractos-semitrailer, Two
differing mechanisms are seen to explain the differences in performzance exhibited by the
various cases. Namely,

.

1) The relative total roll stiffness, and roll center heights, of the respective tractor
and trailer tandem suspensions determine the distribuiion of the total load transfer
occurring, respectively, at tractor and trailer tires. Accordingly, when a suspension having
high roll stiffness or high roll center is installed at the tractor, a relatively greater share of
the total load transfer occurs at the tractor tandem such that the normalized tire cornering
stffness level accrued in the 0.2-g turn declines at the tractor tires. Conversely, the
relieving of some degree of load wansfer at the trailer tires causes them to increase jin
normalized cornering stiffness level such that normalized comering stiffness level rises.
Since the semitrailer is much longer in wheelbase than the tractor, the decline in tire slip
angle developed at the trailer tires yields a reduced level of high-speed offiracking when a
relatively "stiffer” suspension is installed at the tractor.

2} The installation of a suspension having a relatively high roll-steer coefficient (of
the oversteer polarity) will result in a greater high-speed offtracking excursion since the
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wheels on the involved axles will steer toward the outside in the turn. Again, since the
trailer is the longer vehicle element, suspension roll steer is much more significant when
implemented in the trailer suspension. ‘

The reference vehicle case involves a tracior suspension (Hendrickson RTE-44)
which is exceedingly high in roll stiffress. Thus, in the reference vehicle configuration,
the tractor tandem is bearing such a large fraction of the load transfer distribution that the
net high-speed offtracking value is relatively low. When aliemative tractor suspensions are
- mstalled (see the lower set of bars in Figure 3.2 4c) the high-speed offtracking increases
since each of the alternative suspensions, in turn, exhibits a reduced level of total roll
stiffness (and in some cases, reduced roll center heights as well). The respective value of
total roll stiffness, at static deflection, is listed below for each of the alternative tractor
suspensions:

Total Roll Stiffness
Hemdrickson RTE-440 (Ref. Vehicle) 26,700
Hendrickson RTE-380 16,200
Mack Camelback, 38K, | 9,300
Neway 244 6,400

In the two sets of bars at the top of the figure, high-speed offtracking is seen to
reduce relative 1o the reference case when a Neway AR 95-17 suspension is installed at the
trailer tandem position, incorporating a zero roll steer coefficient in place of the 0.23 degree
per degree roll steer coefficient for the Reyeo 21b suspension in the reference vehicle. In
the case of the uppermost bar, the Neway irailer suspension is incorporated together with
the Neway air suspension at the ractor such that one "positive”™ and one "negative” factor
has been introduced relative to the baseline case. In the second pair of bars, the benefit of
the zero-roll-steer trailer suspension is combined with the favorable roll stiffness
distribution: arrangement to yield 2 somewhat lower value of high-speed offiracking. (The
reader should note that the mechanisms tending to improve high-speed offtracking
performance do not necessarily improve other vehicle qualities.)

3.2.5 Influence of High Payioad and Tractor Width Dimension.
Shown in Figure 3.2.5a is the influence of tractor width variation on the static rollover
threshold for the five-axle tractor-semitrailer in both its reference and "high-c.g.”
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configuration. We see that the change from 2.44 to 2.59-m (96 to 102-in) width at the
tractor axles produces a significant improvement in the static roll stability. When coupled
with the evidence [23] that even modest improvements in static rollover threshold offer the
potential for very substantive reductions in rollover accident involvement, there are clear
safety advantages to be gained throvgh implementation of tractors which reach the full
width allowance m Canada. |

Figure 3.25b presents the results showing the influence of variations in tractor
width and payload c.g. height on the understeer coefficient measvre. The results confirm
previous findings [2] in 2 qualitative sense, although the absolute change in understeer with
the increased payload c.g. beight is approximately twice that computed earlier for typical
U.S. véhicles Again, it is assnmed (without detailed stndy) that the differences m
sensitivity derive from differences in tire mechanics and in the contrasting roll stiffness
properties of the tractor rear sugpensjons.

Shown in Figure 3.2.5¢ is the influence of the tractor width variation on high-speed
offtracking performance. The results show that high-speed offtracking is quite
substantially reduced with an increase in tractor width. This outcome appears to be
explained primarily by the reductions in lateral load transfer which occur at the greater
width, thus serving to boost the effective cornering stiffness levels at both the tractor and
the semitrailer. Please note that lateral load transfer at the trailer axles is altered as a result
of the widened tractor layout because the tractor suspension is correspondingly widened, .
thus yielding a higher level of roll stiffness at the tractor. Accordingly, the tractor bears a
lazger fraction of the total roll moment needed for equitibriimy in the reference tuzn when the
tractor tandem is widened.

Shown in Figure 3.2.5d is an illustration of the influence of the high payload
condition on the braking efficiency measure. Since the "critical axles” serving to Ymit the
braking efficiency of this vehicle are the trailer axles, there is some negative inflvence of an
increased payload height due to the increased load transfer from the trailer axles during
braking. Of course, the extent of this influence is more noticesble at the higher level of
deceleration.

3.2.6 Inflnence of Partial Loading. The influence of two partial loading
conditions on the high-speed offtracking of the tractor-semitrailer is shown in Figure
3.2.6a. In general, high-speed offtracking improves whenever loading declines dus to the
benefit of an increased normalized cornering stiffness level at the involved tires. The
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Tractor Width (meters)
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distribution of load is significant to the extent that the trailer tives, placed at the long “lever
arm” associated with the trailer wheelbase, will more strongly improve high-speed
offtracking as their load is reduced than will the tractor tires, given the short wheelbase of
the tractor. ‘ ‘

Shown in Figure 3.2.6b is the influence of partial loading on the braking efficiency
of the tractor-semitrailer. The two "half-load" cases are seen to strongly reduce the braking
efficiency level. With the 1/2- payload mass center moved forward to a distance (0.25 X
L) from the front wall of the trailer, the trailer axles become underloaded, relative to the
tractor axles, and efficiency suffers due to early lockup of the trailer wheels. Conversely,
with the payload moved aft to the 0.75L position, the tractor axles bacoms underloaded and
thus "overhraked." The resulting efficiency levels near 50% at G.4g's of deceleration
represent serious reductions in the control quality of the vehicle system.

3.2.7 Infiuence of Tire Selection. Figure 3.2.7a shows the influence of
various tire mstailations on the measure for understeer coefficient. The reference vehicle
configuration incorporates radial-ply tires with full tread depth at all wheel positions. In
contrast to that reference, the figure shows, at the top, a mix in tire installations with wom
radials (1/3 tread depth remaining) installed on the front axle and (a) new bias-ply rib-tread
_ tires on the drive axles, or (b) new radials on the rear axles. These mixed-tire results
 indicate the very powerful influence of substantially differing tires placed at front and rear

axle positions. ©Of course, the pertinent aspect of the these front/rear mixes is that the
effective comnering stiffness level is considerably higher with the radial spec:i;ﬁms and the
sensitivity of cornering stiffness to changes in vertical load is more profoundly curved in
the case of the radials. Further, the more worn tire exhibits a considerable increase in
comering stiffness relative to the new-tread tive. When a change is made in the tire type
that is installed at all wheel posifions, the variation i understeer coefficient derjves
completely from the effects of load on comering stiffness. That is, the absolute level of
comering stiffness at 2 given load does not influence the understeer ontcoms, but rather the
difference in front/rear distribution of cornering stiffness levels such as is exercised only
through sensitivities to loading when the same tire is instalied at all wheel positions.

Shown in Figure 3.2.7b is the influence of tire selection and mixed tire instaliations
on the high-speed offtrackine measpre. The three tives identified in the matrix of variations
have cornering stiffness valnes, at rated load, as follows:
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Tire Conﬁgurati‘on
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Tire | Cornering Stiffoess

Wom Radials (Michelin XZ.A) 5000
Mickelin XZA (new) 3900
Bias Ply (new Firestone Transport 1) 2500

The data show various examples of two simple principals; namely, that (a) high-
speed offtracking is inversely related to tire cornering stiffness, and (b) the strength of this
effect in relation to the various axle positions is of the approximate proportion, 0: 1 : 2.5,
from the tractor steering axle to the tractor rear tandem to the trailer tandern, respectively. '
This proportion simply reflects the relative lengths of the "lever arms,” or wheelbase
values, over which the lateral displacement of the high speed offtracking response accrues.
Thus, for example, we see that a certain unit of increase in high-speed offiracking
accompanies placement of bias-ply tires at the rear of the fractor (Ist bar), but
approximately 3.5 times that unit of increase occurs when bias-ply tires are placed at all
axle positions. Noting that the change in tive propexties at the steering axle has no effect,
the "all around” installation of bias-ply tires effects one™ unit” of increase from the ncrease
in outboard offiracking at the tractor tandem plus approximately 2.5 "units” of additional
offiracking at the trailer tandemn. Conversely, the installation of womn radials "all around™
serves to substantially reduce high-speed offtracking,.

3.2.8 Influence of Axle Loading. A large number of variations in axle
loading are shown in Figure 3.2.8a to have a very consistent influence on the static rollover
threshold levels of differing tractor-semitrailers. That is, we see simply that increased axle
loading resulis in reduced roll stability. In the case of the belly-axle~semitrailer at the top,
we see that the axle load variations simply involve a constant total load which is
redistributed in steps between the belly axle and the other two tandem axle sets at the tractor
and rear of the semitrailer. In these cases, the influence on roll stability is negligible since
the payload is not changed and since all three of the involved suspension sets are rather
equivalent in aggregate roll stiffness properties (recognizing that while the air suspended
beily axle incorporates a somewhat lower roll stiffness per axle than either of the two
tandems, 1t tends to "make up” for that “deficiency” with a zero-lash response to roll, in
contrast 10 non-zero lash features in the other two suspensions).

The other vehicle configurations having two, three, or four semitrailer axles show
substantially declining roll stability with increased loading, primarily as 2 result of the
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increased payload weight and payload c.g. height. Recognizing that any increase in a load
allowance will result in trailers carrying a greater quantity of freight (unless they were
"cube-limited” to start with), it is axiomatic that higher weight vehicles of the same length
will definitely incorporate higher payload c.g. values, on the average. Recognizing further
that 2 reduction in static rollover thweshold will have a strong ifluence on the probability of
rollover accidents, it follows that increased axle loading, without a corresponding
adjustment in other vehicle properties, should be expected to result in an increase in the rate
at which rollovers ocour.

Figure 3.2.8b presents the influence of axle loading on the understeer coefficient.
The clearly monotoric decline in understeer quality with increasing load derives from the
combined influence of (a) the peculiar concentration of the load increases to only the rear
axles of the fractor, such that only the rear tractor tires experience a loss in their normalized
comering coefficient level, and (b) the increase in payload c.g. height that accompanies
increased loading. Clearly, axle load levels, as distributed in these examples, constitute a
strong determinant of this steering response measure

Shown in Figure 3.2.8¢c is the influence of axle loading on hish-speed offtrackine.
We see essentially the same sensitivities as occurred with the static rollover threshold
values. Namely, that mcreased axle loading produced very consistent increases in the high-
speed offtracking result due to the combined result of increased payload weight and
imcreased payload height. Both factors combine to canse the tires to operate at a net
reduction in normalized comering stiffness level at each axle, thus serving to boost the
high-speed. offtracking response. Again, the semitrailer incorporating a belly axle shows
no significant sensitivity to the loading changes in which the same payload weight is sitmply
redistributed between the belly axle and the two fixed tandems.

Shown in Figure 3.2.8.d are Jow-speed offiracking valuss associated with changes.
in the distribution of axle loading on the belly-axle semitrailer. This vehicle is examined in
the four indicated cases for which the total vehicle load is held constant, but the portion of
the load camied on the air-suspended belly axle varies. We see the more-or-less obvious
result that a decline in belly-axle load level results in a rearward shift in the effective
wheelbase of the trailer such that offiracking increases. Clearly, when belly-axle load is
reduced to zero, the rear tandemn center would define the trailer wheelbase, thus producing
an offtracking response which is identical to the five-axle baseline tractor-semitrailer
combination.
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It can be generalized, however, that axle loading does not play a significant role in
determining low-speed offtracking performance. Only when load distribution among a
widely spread set of fixed axles is varied can one expect to see a measurable influence of
* loading on low-speed offtracking.

Shown in Figure 3.2.8.e are example cases illustrating the influence of the axle
loading levels on the friction demand measure. We see that friction demand rises when
load level increases. This phenomenon is explained upon noting that the absolute value of

 the cornering stiffness of truck tires increases rather strongly with increased load (even
though the normalized cornering stiffness, Calpha! F; , declines with load due to the

nonlinearity. in the Caipha vs. F, relationship). Referring back to the discussion in Section
3.1.3, it was noted that the turn-resistive moment is proportional to the cornering stiffness
level of the tires. Thus, increased load on trailer axles increases the friction-demand value
by means of the connection to tire cornering stiffness. (Although not shown here, it should
- also be noted that the friction demand will also rise when load is removed from the tractor
tandem axles. Clearly, if the vertical tire load at the tractor rear axles decreases, the
frictional demand associated with a given value of turn-resistive moment, and thus tractor
tire side force, will increase.)

The final illustration of sensitivity to axle loading is shown in Figure 3.2.8f. With
balanced increases in tandem loading on both the tractor and semitrailer, the change in
braking efficiency with increased axle load is essentially nil. This negligible effect, of
course, depends heavily upon the assumed distribution of brake torque gains along the
respective axle positions of the vehicle.

3.2.9 Influence of Wide-Spread Trailer Axle Arrangements: Shown in
Figure 3.2.9a is the influence of variations in the spread dimension between trailer axles on

the high-speed offiracking measure. We see two basic features, namely,

1) An increase in the spread dimension, per se, assuming that trailer overall length
is fixed, results in the leading axles on the semitrailer moving more toward the
front, such that the effective wheelbase is shortened. This result produces a
higher value for high-speed offtracking.

2) Changes in the position of the belly axle on the vehicle at the top of the chart
result in variations in effective wheelbase of that semitrailer in a fashion

- analogous to that seen with equally-spaced trailer axles. Introduction of a caster-
steering feature in the belly axle serves to degrade the total cornering power at the
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Trailer Axles Spread (meters)
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trailer axles such that the vehicles tracks further outboard in the turn. We see that
with “reference properties” matching those of a CESCII steerable axle at the
beily axle position, the outboard offracking is a small degree greater than that of
the reference vehicle having 2 rigid belly axle. With the "free-castering”
properties at the belly axle position, the trailer tracks considerably forther
outboard.

Shown in Figure 3.2.9b are Jow-speed offtracking results illustrating the influence
of the spread dimension associated with selected trailer axle arrangements. The results
show, again, that an increase in spread will serve to alter the low speed offtracking
response to the degree that it moves the effective "center” of the trailer axle amay forward.
In the ease of the bottom semitrailer with 2 two-axle tandem installation, no discernible
change in performance 1s seen because the variations in tandem spread are accomplished
while keeping the geometric center of the trailer tandern at a fixed wheelbase location.

On the other hand, the reduced offtracking with increased spread on the three-axle
unit in the center of the figure js rather marked. In this case, the increased spread serves to
shorten wheelbase becaunse the rearmost axle is mamtained at a fixed distance aft of the
kingpin—and all mcreases in spread simply move the other two trailer axles further
forward.

Also plotted at the top of the figure are the low speed offtracking influences of
introducing a steerable featore to a forward-mounted belly axle. We see that with the
"reference propetties” corresponding to the CESCHI axle design, the effective wheelbase
lengthens to yield a greater extent of low-speed offtracking (see the shaded bar having 2
single-astenisk, (*), designation) than with the same dimsansions but 2 fgid belly-axle
installation (se¢ the white bar labelled with axle positions "6.10/1.22"). When the steerable
feature is implemented as a "free castering” mechanism, (see the double- asterisk, (**), in
the figure) such that the belly axie does not develop lateral slip, and thus tire side force, the
trailer wheelbase reverts to the original two-axle case with a trailer tandem spread of 1.22 m
(4 ft).

Shown in Figure 3.2.9¢ are values of ffction demand which show the influence of
variations in spread on the trailer axle layout for each of three different tractor-semitraiter
combinations. As was presented in Section 3.1.3, the magnitude of the friction demand
which develops at the tractor tandem tires in 2 tight turn derives primarily from the ratio,
(%L}, where d is the nominal spread dimension for 2 two-axle tandem. The upper vehicle
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shown in figure 3.2.9¢ employs 2 closely spaced tandem at the rear of the senitrailer plus a
belly axle set at a variable dimension forward of the lead axle of the tandem. The vebicle in
the center of the figure employs three widely spaced trailer axies whose eniform spacing
relative to one another is varied from one case to the next

Recognizing that Canada enjoys winter driving conditions which frequently involve
ice and snow on the roadway, it is reasonable to identify, say, a friction value of 0.2 or so
above which many wintertime roadways will be unable to provide the demanded frictional
coupling. Using the crude criterior of 0.2 for the friction "limit,” we observe that all of the
widely spaced three-axle trailers and half of the beﬂy-axle—eqﬁpped trailer arrangements
tend to demand significantly elevated levels of friction in an intersection turn.

The data for the case of the belly-axie trailer also melude representation of steerable
properties at the belly-axle position. The case with a single asterisk (%), for example,
represents a steerable belly axle modelled after the steer-centering properties of the
CESCHLI axle which provides for effective resistance of stecring up to lateral forces on the
order of (.2 times the vertical tire axle load. Vehicles having this type of layout are
employed in certain western provinces of Canada. The results show that the steer-
resistance of the CESCHI axle results in a friction demand which approaches a friction
value of 0.2. The datz shown with two asterisks (**), on the other hand, represent the
case in which the belly axie carries the full load allotment but steers without resistance. In
this case, the friction demands of the belly-axle trailar become equivalent to those of a
semitrailer with a closely spaced, two-axle tandemm. The other cases of the belly-axle trailer
constitute fixed, non-steerable, belly-axle installations such as are popular in the central
industrialized provinces of Canada.

The tratler having a widely spaced set of three axles is seen to demand such 2 high
level of friction that one wonld reasonably wonder how vehicles of this type operate under
even the conditions of poor, wet roads. The answer, of course, is that such widely spread
axle layouts are employed with air-Iift suspensions such that the driver of the truck unloads
and lifts the forward-most axle clear of the pavement for negotiating tight-radins
intersections.
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3.3 Tlustration of Paramefric Sensitivities for A- and C-Type Doubles
Combinzations

3.3.1 Iniluence of Trailer Length and Hitch Placement Dimensions,
In Figure 3.3.1a are results showing the influence of trailer lengtk and hitch placement on
the high-speed offtracldng of A- and C-train doubles. We ses, in general, that the entire
range of results, as influenced by these longitudinal dimension parameters, covers from
approximately 0.4 to 0.6 m (1 to 2 ft) and that the C-train versions of the vehicle are
consistently higher in value, The poorer pecformance of the C-train in this measure is due
to both its superior performance in low-speed offtracking (thus providing a smaller nward
- bias in offtracking at zero lateral acceleration) and due to the sensitivity of the steerable
dolly axle to lateral tire forces, thus providing a mechamism for greater ontward offiracking
at higher levels of lateral acceleration. The results show that the high-speed offiracking of
A-traing imcreases with longer drawbar lengths (increasing value of DB) and with increased
pintle hook (PH) and overhang (OH) dimensions. The longer drawbar primarily
coniributes to ncreasing the overall length of the vehicle combination, thus increasing the
"gain" with which the outward component of high-speed offtracking is accrued with
increasing lateral acceleration. The longer pintle hook dimension (representing the distance
from the baseline location of the rear axle of the lead trailer to the pintle hook) serves to
reduce the inward, or low-speed, component of offtracking as well as to increase overall
combination length. An increase in the OH dimension serves to move the trailer axles
forward relative to the baseline location of the pintle hook. This change shortens the
effective wheelbase of the involved trailer and, as a result of increased Ioad on trailer axles,
produces greater high-spesd offtracking due to reduction in the effective normalized
cornering stiffness of the wailer tives.

With C-trains, an increase in either the PH, DB, or OHI dimension will also serve
to further increase the slip angle on the tires at the rear of the lead trailer if the steer-
centering properties of the dolly permit steering of the dolly wheels foward the outside in
the maneuver. In this regard, it is notable that the variations in the QH1 dimension are sesn
in the figure t¢ merease markedly for the C-train from the case of OH1=1.22 m (4 ft) to
OHI1=1.83 m (6 ft), with the C-train portion of the data missing for the case, OH1=2.44 m
(8 ft). Not only was the value of high-speed offtracking seen to increase substantially
between the two cases which are plotted, but the C-train vehicle became so oscillatory in
response to the OHI1=2.44-m (3-ft) arrangement that the computation of the measure
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defanlted. A discussion presented below, on the transient high-speed offtracking response -
to these same parametric variations, addresses the oscillatory character of the response
which develops under this condition.

Shown in Figure 3.3.1b are results indicating the semsitivity of the load transfer
ratio measure to variations in the trailer length and hitch placement dimensions for A- and
C-doubles. The chart shows the value of this measure, directly, and indicates which unit
of the vehicle train i involved in the roliing action producing the listed value of load
transfer ratio. In these cases, (1) the rear trailer of the A-train and (2) both trailers and
tractor of the C-train constitute the "critical vnits.” At the very bottom of the chart we see
the improved values of this measure which characterize the longer trailer lengths of 9.75
and 12.19 m (32 and 40 ft), in constrast to the reference length of 823 m (27 fi). By
contrast, the shortening of trailer length to 6.71 m (22 fr) yields the increased level of load
transfer ratio seen at the third bar from the top of the graph. Additionally, of course, the C-
train combinations perform much better than the A-trains, regardless of the specific vehicle
geometry involved (except for one case to be discussed below).

Regarding the sensitivity to hitch placement parameters, we see that changes in the
drawbar length, DB, do not significantly disturb the load wansfer ratio measure, given the
indicated reference values for other parameters. As illustrated for a three-second-period
steering maneuver in Figure 3.3.1c, the tivne histories of lateral acceleration response at the
fractor and rear trailer of C-doubles having drawbar lengths of 1.83 and 3.81 m (6 and 13
it) differ in both phase and amplitude with the chapge in drawbar length. The longer
drawbar does not create an increase in the load transfer ratio value over that for the baseline
drawbar case because the increased phase lag in the lateral acceleration response of the rear
trailer counterbalances the modest increase in amplification which has resulted.

As either the pintle hitch or overhang dimensions, PH and OH1 and 2, are
increased, this dynamic response characteristic worsens, with the most dramatic changes in
response accompanying increases in OHI. Note that increases in the OH) dimension result .
in (1) increases in the effective overhang from the bogie center to the pintle hitch (with the
pintle hitch, itself, remaining fixed at the tear extremity of the trailer bed), (2) a reduction in
the effective wheelbase of the lead trailer and, (3) an increase in load on axles four 2nd five.
Such a dimensional variation would be effected in real service, for example, when a shider
bogie on the lead traflér is moved to a more forward Jocation.
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Together, items (1), (2}, and (3), above, produce profound increases in the load
transfer ratio. In fact, when the OHI dimension is increased to 2.44 m (8 ft) (top bar) the
A-train double approaches a rollover response and the C-train double, while not achieving
complete transfer of load within the specified portion of the maneuver, does exhibit a
divergent oscillation. As shown in Figure 3.3.1d for each of three values of time period of
the nomina! maneuver with this C-train configuration, the time histories of latera}
acceleration response at the tractor and second trailer grow in magnitude over the time of
the total computation. Thus, 2t time equal to 3.5 to 4.0 seconds, the amplitude of
oscillation was insufficient to cause rollover of the C-train—but by the end of the §-second
computation, the response had grown to a total loss of control,

‘This result should underscore a basic semsitivity of the C-irain configuration.
Namely, it is endesirable to implement C-train configurations such that 2 long distance
exists from the axle(s) of the lead trailer to the dolly axle. The greater this distance, the
greater will be (a) the potential for creating a dolly steer response during maneuvering, and
(b) the size of the yaw moment which is imposad upon the lead trailer, for lack of sufficient
steering resistance at the dolly axle. The divergent oscillatory response seen here is
identified as the same as that which was reported in an accident report in Reference [27].
This type of response is most likely at clevated speeds and does not require the presence of
nonlinear phenomena such as hitch slack for its manifestation.

Shown in Figore 3.3.1e 15 the mflucncc of length and longitadinal placement of
hitch elements on the fransie =speed offiracking of A- and C-train doubles. The data
show many of the cases sxtuated in virtually the same position on the rank ordering
presentation as were seen above with regard to the load transfer ratio measure.
Nevertheless, we do see an anomalous excursion of the single C-train case cited above as
producing 2 divergent oscillation. Namely, with the OHI dimension set at 2.44 m (8 ft),
the oscillatory lateral displacement response of this vehicle takes on the real-time
divergency shown in Figure 3.3.1f. This set of time histories show lateral displacement
responses to all three values of steer input period, with a2 wholesale excursion beyond Lime
boumdaries occurring in the case of the three-second input period. Tt is also interesting to
note that the lateral displacement response of the tractor unit is growing in amplitude, albeit
not as noticeably, with the general divergence of this combination. As stated above, this
unstable outcome derives from the unfavorable introduction of a long distance from the
axles on the lead trailer to the dolly axle.
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The influence of trailer length and hitch placement parameters on low-speed
offtracking for A- and C-train doubles is shown in Figure 3.3.12. The three hitch amd
bogie-locating parameters, PH, OH1, and OHZ2, all are such that an increasing value of the
parameter serves (o ncrease the rear overhang of the pintle hitch aft of the trailer bogie
centerline and/or to reduce the wheelbase of a trailer. Accordingly, we see that low-speed
offirackimyg reduces with an increasing value of cither of these three parameters. The
classic, and powerful, influence of trailer length (and thus railer wheelbase) on low-speed
offtracking is seen in the results for variations in L1 and 1.2 near the bottom of the chart. It
is perhaps useful to nots that the approximate rate of Ixrease m Jow-speed offtracking, per
unit increase in the wheelbase of the two equal-length trailers, is approximately (.85 m per
m (3 1t per ft)—given modest perterbations around the reference case eruployed here.

Shown in Figure 3.3.1h is the mfluence of these longitudinal dirpension parameters
on the braking efficiency of the baseline doubles combination. A very substantial range of
variations in braking efficiency are seen to derive from changes in length and hitch
placement. In particutar, changes in the OH2 dimension serve to change the position, and
thus leading, on the tandem axles of the rear trailers. Since it is the wheels on this tamdern
axle set which are first 1o lock up, any mechanism which changes the load on the rear
trailer's axles will influence the braking efficiency of the combination. For example, when
OH2 is lengthened to 2.44 m (8 ft), the rear tandem bogié becomes set forward and the
resulting load increase tends to provide an improved proportion of brake torgues to wheel
loads, with greater resnlting braking efficiency. Likewise, when trailer length is increased,
the dynamic loads prevailing at the rear trailer’s tandem are greater because the dynamic
load transfer mechanism is less strong. Accordingly, we see that longer trailer length
improves the braking efficiency level achieved at 0.4 g (although the performamee a1 0.1 ¢
15 largely unafiected by the change in trailer length).

3.3.2 Influence of Axle Loading, The influence of increased axle loading on
the static rollover threshold of A- and C-doubles is shown in Figure 3.3.2a. Increased axle
load causes a decrease in the static roliover threshold as the payload ¢.g. height rises and as
the payload weight, itself, increases. The variations in performance are, indeed, large
recognizing that there is a very strong relat:cmsmp between the absolute Jevel of the rollover
threshold and the probability of involvement in rollover accidents. [23] It is notable that the
turnpike double, shown in the upper group of data in Figure 3.3.24, illustrates hicher
values of rollover theshold, overail, as weli as a reduced incremental change in the measure
with in¢reasing Joad. These features of response derive simply from the constant density
freight protocol which was adopted for this study. That is, since the turnpike double

126



Brl*gg aunbLy
{(s1e18) Bupioenyo pesdg-moT

‘ . 920-2HO=LKO
] ; voo& g ) ¥ e1HdezezT1

ulel | ¥ ﬂ
ueILO [

CHO —p»

?f‘fff.ﬁrff}.}uﬂfffffff/ NN POTRONNG fffj.lr.lam_u__v_w .._-r aslis Lm_.mm

X AR AN AN AN -
AR AARARAND Fh..@iwl_n _..._

G2'6=21=H1
22k=2 1=}
22 H=IHO
€8'L=IHO
¥ 2=IHO
22'1=2HO
£8'1=2HO
P#'2=2HO
0=Hd

22 k=Hd
pp'Z=Hd

(suo1oWW) SUOISUSLLIQ

o — T1— _Allz

$8jgnoQ Ufel1-9 pue -y Ul Bupoeiio

pasdg-MoT BU) U0 JUBLUEIE|d Yol pue LBueT 18|l L jo sousnjiu|

127



41€'¢ MBI

_ (%) Aousjolyz Bupjelg
‘ . 28 1=Hd"9L 0=ZHO=HD
| £O1=A0'CTe=T =T
e !.........«-.-.:.e!-.;- AR VA T Bl as ajtuaisjay
AR AR MR A AR AR A AR RAR AR WY aﬁ#ﬂfffi!ﬂrrfrﬁﬂfd.rfffﬁ L&g=271=
G611
¢ Zl=g1=11
ee=dQ
Pié=qd

Q0L 06 08 0. 09 09 oF DE 02 0L 0

B R
w

A

AR T TR

KA

S0'e=d0
18'e=ad
28 1=1HO
E8"1=IHO

s rYL
sov evla E

2= LHO
22 1=2HO
£9' 1=2HO
pr2=2HO
0=Hd

22 I=Hd
¥ 2=Hd

I L e e e T T S e A e
e . g AR e s

BN AL

{sse1ow) supISUSUN

sa|qnoQ Ul O pue y u) Asusion)g Bupieig
UO SUOISuaLIIQ JusLuBdk|d YoHH pue uBus layel] jo eousniju

128



B'ZUE'E TANYIA
(5,6) plouseiy ) Jeaciioy opels

90 g0 ¥o £0 20 PO 0

——

R R 0°02=2Y ‘0'04=24'0°03= 14 '¢"02=04 *3'5=04

R R Y 0'81=2H 0'6=2:10'8 1= 1Y ‘0°81=0H '5"G=04

LA X FFF LA AL R A A AR AR A AR R ARRA AL RE A ARSI T EFFER WA
eeiansiaiinhddoaiiiaidtdans et aadinnd al it EinE s G niieE  mn | o (LT PP (. g
e L R R A R E O S iR e i e ] 9 rlN—n— u Fd h—. =iy . L . =

07 k=g J0'6=2J0'7 =Y ‘0’ 1=0H '5'=0
02i=gy [0'6=gJ0'Z k=Y ‘G H=0H G¥=0d

¥

001=2H '0°04=24'0'04= 1 ‘924 =0H ‘T'¥=02
0°8=24 '0'8=g4'0'8=14 '5'0 =04 §'+=0d
0°6=24 ‘0'6=c4'0'6=1H ‘G \ 1=0H '5'=04
§Ll=eY ‘5 LI=E4'G L =1H 1§ L1~0H (0°5=0
0°0g=2Y ‘0°02=2¢4'0°02~ iU '0°02=04 '5°5~04
0°51=2H ‘0'51=24'0'G1=1H ‘5’91 =0 ‘G ¥=0d

Gel=gd '6'2h=2452= 1Y ‘0'Pi=0d '§'¥=0d

— Y

A A L R e b b e
hhinhnhbddiih i L R R R L L g
e R R S S S R R Dt e T

L A SRR T R R A CAA MR R LIRS %

% ety ]

B I T T N P A T T FE R T T o DT T e P ST T
'u+++¢++++++¢++H+t+++.1utu4VW*.J#J».#;..##++++++++..vﬂ1..t+t+t..._..+++..++++4..+..........v.._.++.........+..++..v..v...u......++..+..++1++..+++¢..w++.v..‘.+4.+....+++‘+¢+¢+++4..++..-..4+¢....v+v..
[ e o B

mm_m mu__ :_n_ cﬂ_o"um

s8|qnog] UIBl | ) pue vy iy
PIOUSSIYL 18A0[|OH DRELS U0 BuipeoT &)Xy J0 ssuan|u

(soUUOl) SPROT oY

129



employs two 14.6-m (48-ft) trailers, in contrast to the 8.2-m (27-ft) trailers empioyed in the
other two doubles configurations llustrated in the figure, the payload stack in the tumpike
double is situated considerably closer to the floor, such that rollover theshold is enhanced.
Of course, for a differing loading protocol, the turnpike double could certainly exhibit
considerably lower levels of rollover theshold than those compuied here. Nevertheless, the
results are of value for illustrating the nominal sensitivity in this important measure which
may derive from a change in the allowamee for axie loading. The selected Joading protocol,
tying an increase in payload c.g. height to increases in axle load, serves to alert those
making weights and dimensions policy that any increase in load allowance will necessarily
mmply some reduction in roll stability over the average of the vehicle fleet.

-Shown in Figure 3.3.2b is the influence of changes in axle loading on the high-
speed offtracking behavior of A- and C-train doubles. The results show in a very uniform
fashion that since increased axle load resuits in both higher static tire loads and a stronger
load ransfer gain during cornering, the resulting reductions in the normalized cornermg
stiffness of the installed dres causes high-speed offiracking to increase with increased
ioading.

Figare 3.3.2c presents the influence of various axle loadings on the load transfer
tatio for A- :md C-doubles. Basically, the values of load transfer ratio simply follow the
increased axle load level. The reduced dymamic roll stability deriving from increased
loading involves the aliered tire properties, giving rise to greater rearward amplification
plus the reduced static stability feature involving greater payload weight and increased
height of the payload center of gravity. We see that the A-train combinations having
tandem-axle, short-wheelbase, trailers (4th configuration from top), exhibit the
phenomenon of compiete wheel liftoff at the two higher load variations such that a roll
margin value is computed. In the highest load case, this vehicie reaches a roll margin value
of zero, and rolls over. Clearly, the C-train alternatives to the reference A-train doubies
provide much greater tolerance to increased loading,

Figure 3.3.2d shows the influence of axle loading on the {ransient hish-speed
offtracking of A~ and C-doubies. The data show that this measure increases in a very
regular manner with increased load level. Althowgh the differences are small, the A-train
doubles indicate somewhat greater levels of the transient high-speed offtracking measure
than the C-doubles. Both vehicle types show the same nominal gain, however, in terms of
- increased value of the measure per unit of increased axle load. Note, also, that the A-train
doubie at the bottom of the fignre exhibits a rollover resporse in this fixed-severity

13¢



influence of Axle Loading on High-Speed Offtracking
in A and C Train Doubles

C— 1

Fo Ro Rt F1 R2

Referance Vehicl

R A Train
C Tran

el
WW/W

G

W/W //////X//J’/W

,WM

Axie Loads (Tonnes)

FO=5,5, F2=R()=20.0
Fm5.0, F2=R(=17.5

RO-16.5, R1=F2=R2=15.0

FO=4.5, RO=14.0, R1=F2=R2-12.5

RO-12.5, R1=F2-R2-10.0
RO=10.5, R1=F2=R2=80
FOw4.5, ROm11.5, R1=F2=R2:9.0
RO=12.5, Ri=F2R2=10.0
RO=10.5, Ri=F2=R2=8.0

FOw4.5, A0=11.5, R1=F2=R2=9.0

FOm5.5, F2w10.0, R=20.0

 EOw5.5, R()=18.0

R{}=16.0
R{l)j=14.0

‘ i
' W Reference Vahicle 222777

Zi

| FO=5.5, F2=10.0, R{))=20.0
FO=5.5, R=18.0
' R(Dm16.0

R(m14.0

-0,6 0.5 0.4 03
High-Speed Offiracking {metars)

-0.9 0.8

FIGURE 3.3.2.13
133

FOnd.5, RO=11.5, Ri=F2=12.0, F2=9.0

FOx4.5, RO=11.5, R1=R2«12.0, F2=3.0



uiep oy
0 S0

3'2°EE U4
OieY iBjSuE!} PROT

3 60 g8'0 L0 20

50 0 0 . 20 10 0

k i
| ; 1 l

. ‘
! paze S A RS st O 2im2d 06724 O 2= 'S =0 'S =04
0P I=gHTER2'0 P 1L HmGH G =0
0'I=gH 062 08I = H=0U G F=0d
O'BI=ZH06=240°8 1 L H=0Y 'S G0
o.n_mlm.m.c.a—lwn_.c.cwu_,_u_lam.m.mlcu_
[T T
O 24=2H 062 0 21T H=0Y'S 0
el 0 L=l 06240 b = L= 0Y 6 =04
O'SL=gH 0'6=24"0 "8 = U= 0U s b=0d

O'Bhed OB~ 0 g L H=0H ' 5=0d

O'0E=Ed00L=Eg'0"02= =015 '§=04

Yy eI r

i 24 M odod
P
=550

it (40 v v

08 =BL~Z4~ LU'T 00" =04
0'OI=gY=d= 1S 21=0H S p=02
(W W e
08=2H=Z4=}H'S H=0H 5 ™04
08 2H=Zd=H'S 0L =0U'S 0
00l =EH=E = 'y TH=0H G =0

TR T A R i v et
e e T DT
i R
1 F ekl ]
S i et il

- i 80 veuy

2 b= =24~ P L=0H"S =04
0GE=2H == 1 H'S 8 =0"G =0d
§LIREHRE =L U0 b O G0

R R e o e
R L L
e R

LI

TN AT o oc-cu=emissorsimovss's-os

U

sajqnog Ues D pue y
Libreyy (oW pue ojley Jejsues] peo uo BujpeoT sy o sousnjju)

132

{5@Buo1) SpECT Xy



(sielaun) Bupoelyio pasdg-ybiy Jusisugl ]

- ¥ ol b 20 g0
|

pr2iete IMNYI4

0 5

_u.mr..mm_a.mumn_wm.m—n_m“m._.—no_“_ mm,wu_.._.._ i
O¥L=2Y (0'6=2d'0'r 1= 1 07 =0H (5=0d
00 1=2H 0'6=2L 0o L=1H (0'9I=0H (5 =0y SN0 ViR ¥
$ '8 L=y (0'6=ZL'0'Bl= Y (08 Im0Y ‘G504
lap peliod  j0'0ge2d 00240 02" 1Y He2=0H 1§ 5=0d "
? . 0242k '0'6=Z4'02I=IH ‘§'LI=0H i§=0d E E .
012k 06=2L071=1H {0y I=0d 'Sy=0d |
0°01=2H «0'ome4:0901= 1 03 1=0d " §¥=0d se|qnog Upel), o
0'81=g4 '0'6=2L 08114 08 1=0d ' §5=0d
0'02=24 '0"01*2d 0°02=1H *0'0e=0Y ‘9'5=04
0'6=2H ‘0'6=24'0'6= 1t 1T =0H 'S P=0d 7
0°8=ZH ‘§'8*2'0°8= | H 'S0} =0 !§'v=0d so|qnag el v
0'01=2Y 00442001 = 1Y 52 1=0H 5 =04 -
‘ et
0°6=2H ‘0 6=2480°62 b G i =0H 15 =0
0:8=2H ‘0'8=2d'0°8~ 1Y "GO} =0H 'TF=04 s8iqneq uiel), 9
1131je0 ey (070 F=24070 1= bW 192 1=0 'S'¥=0]

133

(sauuoi) speoj sy

ololUaA eousIsy uBll-0 [
sJoyBA dousisiey Uity I

M Mooy o4

=0 15704
o G sajgnogy uesl v
0

FI
Fl
=04 0°'5=0d Er_.b, «
£=0d *5'5=0d ﬂ} ] b.ﬂ“_

|=2H 197221 1Y
l=2d ‘o'tz d0sl=i
AR ATE:
Z=zd '0'02=240'0Z=H D

0
)

s

¥
L]
L
i

[ g 3 2at]

...m.
o
g
o

SOINOET URIL O pue ¥ Ul

Bupoenjo peedg-ybiH esuel) uo Buppzo e|xy JO BILBN|U|



maneuver as a combined result of the greater rearwand amplification and the elevated
payload c.g. height of the highest load condition.

Shown in Figure 3.3.2e is the influence of axle loading on the braking efficiency of
A-mrain doubles. Since axle loading changes are introduced fairly uniformly along the
vehicle, Tather Bittle change in the braking efficiency level is seen from one case to the next.
Of course, we do see substantial differences in efficiency from the 0.1 to 0.4 g condition
because of the redistribution of load as a result of dynantic load transfer. The doubles
configuration shown at the bottom portion of the chart is less sensitive to deceleration level
because the "critical” axles (that is, the most "overbraked" axles, given the imposed loads)
are at the tractor tandem. Since there are typically rather small changes in load at the rear of
a tractor during braking (while Iarge load changas occur at the tractor front axle), there is
Little resulting change in braking efficiency with deceleration. The vehicle configuration at
the npper portion of the chart has the tandem set on the rear trailer as ifs “critical axles,”
where substantial reductions in axle load accrue with increased deceleration. Accordingly,
this vehicle shows a substantially reduced level of braking efficiency at the 0.4 g
deceleration level, relative to the 0.1 g condition.

3.3.3 Influence of Partial Loading. Shown in Figure 3.3.3a is the influence
of partial loading on the high-speed offtracking of A- mnd C-doubles. In general, the
results show the basic finding that follows from consideration of the tire mechanics
mvolved, namely that any reduction in Joad Jevel will improve high-speed offitacking. The
reduction in Joad on the truck tire causes the normalized comering stiffness level to rise,
thus reducing the outboard offtracking deriving from the lateral ship of tires in a turn.

Figure 3.3.3b presents the influence of the partial load variatons on the Joad
transfer ratio of A- and C-doubles. Again, this performance measure improves when
loading is reduced, although the sensitivity to various distributions of load has a certain
predictability, as follows:

1) The A-train exhibits higher values of the load tramsfer matio when the load is
biased aft in the tear fwailer [3,12]. Thus, we see that the A-train versions
having the 50% payload distributed at (0.25 X 1.1/ 0,75 X L2), that is, with
forward-biased Joad in the front trailer and aft-biased load mn the rear trailer,
exhibit higher vaiues of load transfei than the converse loading, (0.75 X 11/
0.25 X 1.2). This sensitivity derives from the basic dynamics of the pup trailer
of the A-double with its mass center moved far to the rear.
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2) The C-train exhibits the converse sensitivity, as seen in the data. That is, the C-
train having the forward-biased-front and aft-biased-rear loading exhibits a
lower value of load ransfer ratio than occurs with the aft-front, forward-rear
loading. The apparent reason for a reduced performance of the C-train witl,
both payloads biased toward the center is that this arrangement produces the
largest demands for lateral force developioent by the steerable dolly axle—and
produces roll moments across the heavily loaded first trailer and dolly axles at
nearly the same phase relationship so as to maximize the load tramsfer rato.

Shown in Figure 3.3.3c is the infleence of partial loading on the n'anmmn_mgb_:
speed offtracking measure for A- and C-doubles. We see that reduced loading always
benefits this response characteristic, although the distinetion between A- and C-train
combinations is not very marked. Jtis interesting to note that the worst partial loading case
with the A-train occurs when the front trailer is empty, while the C-train does somewhat
better with its front trailer empty than in other partial loading cases. This result can
apparently be related to the fact that the roll-stiff-coupling of the C-train enables a sharing
of load transfer at other forward axles of the combination, thus providing a reduction in the
net outboard offtracking at the rearmost axle of the vehicle,

The sensitivity of braking efficiency to the partial loading of doubles having single-
and tandem-ax}e trailers is shown in Figure 3.3.3d. While in the reference, fully loaded,
cases, braking efficiency levels around 70% are obfained, we see dramatic redections in.
efficiency with various partial loading arrangements. For the reference combination having
single axle frailers, the critical axle positions at the 0.4 g condition are at the tractor tandem
since it is these axles which are peculiarly underloaded. For the reference configuration
with tandem-axle trailers, the critical position at the 0.4 g condition is-at the rear tandem of
the second trailer. Accordingly, we see that either of the partial loading arrangements
which serve to lighten these respective critical axle positions relative to other axles degrades
braking efficiency the most. However, braking efficiency declines strongly under any of
these non-balanced load cases simply because some axle is being operated in a particularly
underloaded (or "overbraked") manner. When a full trailer is combined with an exmpty one,
braking efficiency is especially low because the overall vehicle mass is stﬂl quite large
while axle loads on the empty unit are so low that Tockup occurs ata very low deceleration
level. Also, with the empty tratler in front, tractor jackknife will be the loss-of-control-
mode--an outcome which is seen as the more generally hazardous of the varjous articulation
instabilities. Efficiency levels which are computed to be in the vicinity of 20 to 40%
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suggest an operating condition for which the probability of wheel lockup is extremely high
[28].

3.3.4 Influence of Order of Placement of Differing Configuration
Trailers Shown in Figure 3.3.4a is an illustration of the influence on high-speed
offtracking of the order of placement of the two trailers in mixed-trailer doubles
combinations. The two vehicle configurations used in this demonstration are the equal-
length trailers at the bottom of the figure having differing axle installations, and the Rocky
Mountain doubles configuration, at the top, having one long trailer with tandem axles and
one short trailer with a single axle. The results indicate reference cases, with the tandem-
equipped trailers placed in the lead position, and "reversed” cases in which the tandem-
equipped trailers are placed in the rear. With the equal-length trailers, a single-axle dolly
was employed in both cases of the vehicle, such that it was necessary to download the
tandem-equipped tratler when it was placed in the rear. With the Rocky Mountain double,
a tandem dolly was employed in the "reversed” case, thus reflecting industry practice and
maintaining the same gross weight conditon. Basically, the results in Figure 3.3.4a show
little change in performance with the reversal of order.

Similarly, in Figure 3.3.4b, we see that the reversed order case has a rather Little
mfluence on the load fransfer rafio measure. The modest differences in behavior which do
occur are due to fairly complex combinations of various influences, including (a) changes
in the effective rear overhang dimension at the rear of the lead trailer (the tandem-equipped
trailer incorporates a greater overhang dimension), (b) the substantial reduction in load that
18 necessary with the tandem-equipped short trailer when placed in the rear, in order to
avoid overloading the single-axie dolly, (c) the inherent differences in the role played by the
lead and aft trailers in the rearward amplification responses of A-train wnits [13] and, (d)
the differences in phase relationship beiween the lateral acceleration responses of differing
trailers in the lead and aft positions of C-trains (see Section 3.1.2).

Figure 3.3.4c shows the variations in frapsient high-speed offtracking deriving
from the reversed order of trailer placement. The greater extent of high-speed offtracking
with the short doubles having the single-axle trziler in the rear position results
predominantly from the influence of the higher axle loads carried in that configuration.
When the tandem-equipped trailer was placed in the rear, the reduced loading on the aft
trailer yielded the higher level of normalized comering stiffness which reduces transient
high-speed offiracking.
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The influsnce of the reversed order cases on braking efficiency are shown in Figure
3.3.4d. The results all follow a simple pattern, namely, with the single-axle trailer in the
lead position, the fractor tandem axles become overbraked due to reduced loading, such that
braking efficiency is imited. In the case of the short trailers, there is also an overbraking
on the tratler axles of the tandem-equipped trailer when it is downloaded for placement in
the rear. These observations support the general nile that changes in axle Ioad distibution
that reduce the degree of umformty of loading will degrade braldng efficiency
performance.

3.3.5 Influence of Tire Selection. The influence on high-speed offtracking
response of a change from new radial-ply tires, in the reference case, to' new bias-ply tires
is shown for A- and C-rain doubles in Figure 3.3.5a. We see that the approximate 32%
reduction in tire cornering stiffness involved in this tire variation produces almost exactly
the same percentage change in the high-speed offtracking measure, as would be expected
from simple analysis [11].

Shown in Figure 3.3.5b are the comesponding influences of tire installatior on the
load transfer ratio in the same rapid-steering maneuver. In this case, we see a much smaller
influence of the change from radial- to bias-ply tires than is manifest in the transient high-
speed offtracking measure. In the case of the C-train, the roll coupling between respective
trailers tends 10 moderate any of the influence of the tire cornering stiffness change on yaw
response properties. In the case of the A-train, it is assumed that the rather severe nature of
the response which brings the rear frailer near to its Jiftoff point is serving to also moderate
the net significance of the tire variation on load transfer matio.

Shown in Figure 3.3.5¢c is the influence of a change in tire constroction, and
primarily, the consequent cornering stiffness level, on the fransient high-g fftracking
response of A-and C-train doubles. 'We see that both the A- and C-trams indicate 2 much
larger degree of this transient overshoot measure when the lower-stiffness bias-ply tires are
instalied. In the A-train case, we see that the transient high-speed offtracking peak has
increased by 67% when bias-ply tires are used, allowing the rearmost traiier axles to swing
a maximum of 1.3 m (4 ft) to the outside of the tractor's path in this lateral excursion
maneuver. Given the dynamic character of the transient high-speed offtracking measure,
this result derives both from the reduction in yaw damping afforded with bias-ply tires and
from the static aspects of increased deflection with a lower stiffness cormering
characteristic. It is generally true to observe that bias-ply tires will categorically cause this
overshoot measure 1o increase and that the extent of the resulting lateral excursions with
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this vehicle configuration can be large enough to infrude beyond normally expected inter-
vehicnlar clearances,

3.3.6 Influence of the Steer-Centering Properties of B-Dollies.
Shown in Figure 3.3.6a is the influence of the parameters of C-train dollies on the high-
speed offwacking performance of a C-doubles configuration. The results are presented for
two lengths of the dolly drawbar, 1.83 and 3.05 m (6 to 10 ft). Firstly, it is obvious that
performance is improved when the dolly drawbar length is set at the shorter value, Other
conditions of the steering axle that indicate a significant change in performance are as
follows:

1) The free-castening dolly condition affords more outboard offtracking because the
lack of tire side force at the dolly axle requires that the tires on the lead frailer
must ron at 2 Jarger skip angle in order to satisfy the need for equilibrium in this
steady tom.

2) The "low stiffness” and "high friction” cases describing the dolly stearing system
constraint result in noticeable increases and decreases, respectively, in the high-
speed offiraclang response as a result of the net steer angle of the dolly axle
which is enabled in each case.

It is somewhat suprising that the doﬂy did not swing outboard through the large, 6-
degree, hitch lash angle when that parametric variation was introduced. Apparently, the
0.2 g level of lateral acceleration in this maneuver was insufficient to canse steering of the
dolly axle significantly off of center so as to ¢reate the proper polarity yaw moment across
the hitch to cause an outboard rotation through the lash angle, (Note thai the doily will be
normally articuiated through the lash angle, toward the inside of the tumn, until dolly
steering develops to the point to permit the dolly to take up the articulation lash toward the
outside. ) '

Shown ia Figure 3.3.6b is the remarkably insensitive array of results relating the
dolly steering properties of the reference C-train to the Joad transfer mtio. We see that this
measure 1s simply not influenced in a strong way either by the properties of the steering
apparatus on the dolly axle or by the other parameters investigated here. Inspection of the
time history data from the various cases studied reveals that the vehicle responses from one
condition to the pext can be wildly different, in terms of yaw rates, lateral accelerations,
and tre slip angle histories. Nevertheless, the load transfer ratio measure has the ability to
subdue these Jarge variations in time-domain behavior because of the combined infleence of
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a roll-coupled hitch and the phase lag in the response of the successive trailer [8]. These
results are also confirmed in the analyses and full-scale experiments reported in Reference
[17].

Consider, for example, the great conceptual difference between the case Iabelled
"dolly axle steer-disabled” (which means that the dolly axle is not steerable) and the "free-
castering dolly axle” (which means that the dolly axle is freely steerable and cannot sustain
lateral tire forces). In the steer-disabled case, the peak lateral acceleration level reached at
the rear trailer was 0.31 g's in contrast to a value of 0.42 g's in the freecastering case.
Farther, the slip angles developed at the tires on the lead trailer peaked at a value of 1.8
degrees i the steer-disabled case as opposed to a whopping 7.0 degrees with the free-
castering dolly. Of course, this latter phenomenon is attributed to the failure of the free-
castering dolly to generate lateral tire forces such that the tires op the lead trailer have to "do
all the work." Notwithstanding these tremendous differences in response details, the load
transfer ratio measures for these two cases are virtually identical since a considerably
greater phase lag develops between the responses of the front and rear trailers in the free-
castering case, thus tending to "flatten” the load transfer measure.

Moreover, it is important to observe that the illustrations shown in Figure 3.3.6b
represent one set of numerical results covering the very specific case of the indicated
vehicle configuration. One should not conclude that the ceatering properties of dolly
steering axles are gemerally inconsequential to the dynamic roll stability of C-train
combinations without more in-depth research into the basic mechanics of these complex
phenomena. Tigther, the more important, and very generalizeable, penalty arising from
msufficient centering stiffness on C-train dollies is iltustrated by the results in Figure
3.3.6¢. This figure shows the effect of variations in dolly properties on the fransient high-
speed offiracking response of the C-train. The results show that powerful deterioration in
this outboard overshoot measure derives from low levels of resistance to dolly steering. In
. the free-castering cases, at the top, the vehicle swings outward through a very large
excursion. It is also notabie that the magnitude of the outboard offtracking measure is
considerably larger when the longer, 3.05 m (10 £t) dolly drawbar is employed. Clearly,
there is ample evidence that increased spread between the dolly axle and the axles on the
lead trailer is undesirable. '

From the discussion above, it was apparent that the tire slip angles at the tandem
axle on the lead trailer reached the near-saturation value of 7 degrees in a fairly modest
avoidance maneuver (the peak value of lateral acceleration at the tractor is nominally 0.15
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g's). Itis alse important to indicate that 2 much more dramatic outboard excursion will
oceur with poorly-centered dolly steering hardware when a slightly more severe maneuver
is conducted such that side foree satmration is reached at axles #4 and #5. When side force
saturation occurs, there is no longer any "spring-like" property in the tire's response to
restore the proper yaw attitude in the lead tfrailer. In such circumstances, the lead trailer and
dolly can swing outward to sweep even a lane's width of waffic! Such a dolly system was
included in full-scale tests conducted during the study and is reported in Appendix E.

An additional issue which was studied specifically with the C-train doly involved
the potential for a yaw disturbance, while braking on a split-friction surface and during a
braking-in-a-turn manenver, in which dolly steering would be induced. This subject was
pursued i full-scale experiments and by means of analyses. Experiments conducted by
UMTRI and also cooperatively between UMTRI and the Ministry of Transportation and
Comumunications of Ontario showed that there were no anomalous disturbances in yaw
response during braking with doubles combinations having (a) an ASTL antomotive-style
dolly, and (b) 2 Westank-Willock turntable dolly. In either case, when braking application
arrived at the point of lockup of wheels on one side, substantial dolly-steering would
ensue, but without an attendant disturbance in the gross motion response of the vehicle.

During braking-in-a-turn, the first wheels to arrive at lockup are those on the
lightly-loaded side in the tumn. Following lockup of these axles, the dolly axle steers
toward the outside of the curve, but not to an extent that substantially distusbs the overall
vehicle. At higher levels of braking, in which lockup of all wheels on an axle occurs, the
motion response diverges in one of the classic modes of instability, depending upon which
axle(s) lock. Moreover, it was found that dolly-steering due to braking was not able to
signmificantly disturb vehicle motion response, short of the axle-lockup conditions at which
unstable motions will oceur, anyway.
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3.4 Illustration of Parametric Sensifivities for B-Type Doubles
Combinations

3.4.1 Influence of Trailer Length and Placement of the Imter-Trailer
Fifth Wheel. The influence of trailer length and rear fifth-wheel location on the high-
speed offiracking of B-train doubles is shown in Figure 3.4.1a. The results show the two
basic sensitivities discussed in earlier sections of the report; namely, (a) that the sensitivity
to trailer wheelbase involves a maximizing function such that trajler wheelbases in the
vicinity of 7 to & m (23 to 26 ft) will yield maximum high-speed offtracking, and (b) hat
overhang-type dimensions which serve to increase overall length without changes in
wheelbase will serve to increase high-speed offtracking. In the results of Figure 3.4.1a,
we see that the reference trailer length of 8.23 m (27 ft) yields 2 high-speed offtracking
value which i3 between those exhibited by shorter (6.71 m (22 £t)) and longer (9.75 m (32
ft) trailer lengths. When trailer length reaches the 12.2-m (40-ft) value, we see that high-
speed offtracking has fallen to the lowest level of the overall data set. On the other hand,
the jongitudinal offset of the rear fifth wheel is a monotonic determinant of high-speed
offtracking, with the offtracking response increasing as the offset value becomes
increasingly negative (i.e., with the fifth wheel moving rearward on the lead trafler).

Shown in Figure 3.4.1b is the influence of wmailer length and rear fifth wheel
placement on the load transfer ratio of the baseline B-train. We see, firstly, that the fifth-
wheel placement parameter produces a negligible change in the load transfer ratio. On the
other hand, of course, changes in trailer length are seen to have a first-order influence on
this measure due in part to the well-established relationship between trailer length and
rearward amplification. This relationship is illustrated in the lateral acceleration time.
histories in Figure 3.4.1c representing the best (L=12.2 m (40 ft)) and worst (L=6.71 m
(22 ft)) cases of wailer length variation. We see that, although there is a small increase in
Phase lag between the two trailers of the longer unit, providing some benefit for the load
transfer ratio measure, the primary distinction between the performance of the long and
short umits is in the amplitude of lateral acceleration peaks achieved. (Note that the results
for the shorter trailer are plotted on a condensed vertical scale.) As a result of both the
phase and amplification effects, the load transfer ratio measure, which effectively illustrates
the vector sum of the roll moments bome by the overall vehicle combination, shows a
decreased peak value with increasing trailer length,
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FIGURE 3.4.71.¢ Lateral acceleration time histories for 8-axle B-trains
having trailer lengths of 12.2 m (top) and 6.71 m {bottom).
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The influence of trailer length and fifth wheel placement on the ansient high-speed
Qfftracking of the B-train is shown in Figure 3.4.1d. Again the placement of the fifth
wheel is relatively insignificant, although greater rearward placements are mildly
detrimental to this measure simply because the overall length of the vehicle is increased.
Increased trailer length serves to reduce transient high-speed offtracking becauvse the
oscillatory overshoot in wheel paths is reduced. Shown in Figure 3.4.1¢ are the time-
history responses of lateral displacement for the cases involving 12.2 and 6.71 m {40 and
22 ft) trailers, illustrating the more underdamped behavior of the unit having shorter
tratlers. Moreover, an increase in the wheelbase of any vehicle unit leads to a more
powerfu] damping of yaw rotations generally, and thus a reduction in any yaw overshoot
property such as the transient high-speed offtracking response.

Shown in Figure 3.4.1f are results representing the sensitivity of the low-speed
offiracking measure to variations in (a) the equal length values for the trailer beds, and (b)
unequal length of trailer beds, as well as changes in the longitudinal offset of the rear fifth
wheel. The resulis show a strong change in the low-speed offiracking as a function of
changes in bed length for equal-length trailers. This quantitative result is virtizally identical
to that seen when the same variations in trailer length were examined in the case of the
baseline A-train double in Section 3.3.1.

The changes in bed length for the "unequal bed length” cases (3rd and 4th bars
from the top of the chart) represent a 1.52 1n (5 ft) reduction in the length of one trailer and
an equal increase in the length of the other trailer relative to the equal-length (8.23m (27 f)
bed length of both trailers' reference configuration. Both mnequal length cases show
virtually no change in low-speed offtracking from the reference value, except for a very
slight increase in the measure due to the "length-squared effect” of one longer trailer,

Changes in fifth-wheel offset represent a small longitudinal shift in the location of
the rear fifth wheel relative to the rear tridem axle in the centergroup. The most cotnrnon
location of this coupling in normal service would be the reference offset value of zero, with
the fifth wheel directly over the rear tridem axle. We see that thege small changes in fifth-
wheel offset do not produce a significant change in the low-speed offtracking.

Shown in Figure 3.4.1g is the influence of variations in trailer lepgth and placement
of the rear fifth wheel on the friction demand of the reference B-train. These results can be
summarized in two observations, namely,
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1) the peak friction demand is inversely related to the length, and thus wheelbase,
of the lead trailer. This observation simply confirms the key influence of the
(d2/L) characterization presented in Section 3.1. The length of the second trailer
of the B-train is basically inconsequential to this cutcome.

2) the rearward movement of the rear fifth wheel (ie., more negative values of
OFW1) serves to alter the pitch moment balance on the lead trailer, thus reducing
the load carried by the tractor and placing additional load onto the tridem
centergroup of axles. As a result, rearward movement of the rear fifth wheel
increases the friction demand at the tractor tandem both by increasing the yaw-
resistive moment, through increase of the absolute level of tire comering
stiffnesses at the tridem centergroup of axles, and by reducing the load on the
tractor tandem.

Notwithstanding the significant strength of these two mechanisms for varying the
friction-demand measure, the absolute level of friction demand obtained with the reference
B-train is seen as moderate,

3.4.2 Influence of Axle Loading. Shown in Figure 3.4.2a is the influence
of axle loading on the static rollover threshold of various B-wrain doubles configurations.
While the belly-axle B-train experiences load variations which simply redistribute the belly-
axle load onto the two fixed tandems, the other three vehicles are operated with vared total
load conditions which involve changes in both payload weight and payload ¢.g. height.
The influences of increased loading on static rollover threshold derive from the
destabilizing influences of both the weight and c.g. height aspects of the load variation.
The reader should note that the highest end of the load ranges employed in each of the load-
varied cases represents levels which are not currently allowed anywhere in Canada, except
perbaps under special permit operations.

Shown in Figere 3.4.2b is the influence of axle loading variations on the high-
speed offtracking of differing B-train combinations. The results show the increasingly
outboard offtracking which results with increased loading becanse of the greater static and
dynamic load excursions in tire loading, and thus normalized cornering stiffness levels. In
the case of the beliy-axle B-train at the top of the chart, increasing load on the belly axie
also serves to reduce the effective wheelbase of the second trailer, resulting in a greater
high-speed offtracking at the rearmost axle of the vehicle.
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The influence of axle Joad variations on the load transfer ratio measure for various
B-tramn combinations is shown in Figure 3.4.2c. The results show that increasing axle load
is accompanied by an increase in the load transfer ratio, as would be expected by the
associated increase in payload weight and c.g. height. Clearly, the increased loading and
elevated payload c.g. result in increased tire loading and dynamic Joad transfer such that the
vehicle combination experiences reduced levels of normalkized comering stiffness which, in
turn, tends to aggravate the amplification of yaw motions in this maneuver, Further, the
clevated center of gravity assures an increased peak level of load transfer ratio, even for the
same lateral acceleration responses,

The infiuence of axle load variations on the fransient high 1offfracking of B-
doubles is presented in Figure 3.4.2d. Increases in axle load produce rather regular and
predictable increases in the transient high-spead offtracking measure. For the three vehicles
shown in the lower portion of the chart, the load changes are simple enough that it is
straightforward to observe an increasing sensitivity of this response measure to axle Ioad
as the absolute level of the load goes up. OFf course, this observation is in keepmng with the
curved refationship between tire load and comering stiffness. ‘With the belly-axle B-train
shown at the top of the figure, a redistribution of load from the belly axle to the two
adjacent tandems produces a modest reduction in the wansiant offtracking response. Since
the tandem on the rear trailer has a more favorable lever arm lmgﬂ'x with which to resist
outboard articulation motion, the "investment” of a greater fraction of the trailer Ioad on
those rearmost axles serves to reduce the value of this response measure.

1Y ] Ak

Shown in Figure 3.4.2¢ is the influence of axle loading on the braking efficiencv
level. Since the loads are applied rather uniformly in each case, rather little influence on
braking efficiency is observed. Indeed. it is apparent that changes in loading which do not
alter the distribution percentages of load among axies will not cause a change in braking
efficiency except to the extent that a higher payload center of gravity accentuates the
dynamic load transfer response. Clearly, among the two basic influence mechanisms,
namely static load distribution and c.g. height, the static distribution issue is the more
powerful.

3.4.3 Influence of Partial Loading. Shown in Figure 3.4.3a are the results
illustrating the influence of partial loading on the high-speed offiracking of the B-double.
The three cases representing various half-loading schemes all serve to reduce the TESpOnse
sitmply as a result of the benefits of reduced tire loading and the consequent increase in
normalized cornering stiffness.
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In Figure 3.4.3b, results showing the influence of partial loading on the load
izansfer ratio of the baseline B-double are presented. All of the reductions in total load
serve to reduce the load tramsfer ratio, regardless of the load distribution. Nevertheless, the
vehicle indicates a higher value of the measure when the front and rear trailer loads are
biased toward the center group of axles (with the respective payload mass centers set 25%
of the way back from the front of the lead frailer and 75% of the way back from the front of
the rear trailer). Inspection of the lateral acceleration time bistories for the cases represented
in the second bar from the top in the figure reveals that considerably more amplification
occurs because of the rear-load-bias in the second trailer, but a greater phase lag in the
lateral acceleration response of this trailer renders a rather low valuve of the load transfer
ratio. Conversely, aithough the lateral acceleration peak at the rear wailer is lower in the
case of the top bar in Figure 3.4.2b, the load transfer ratio is sigaificantly higher becanse
the phase lag between trailers is considerably smaller. A simple overview of these
contrasting cases would state:

a) when trailer mass centers are moved closer together, for the same axle Iayouts,
the phase lag between trailers reduces, and,

b} an aft-bias in load placement especially on the rear trailer, causes the lateral
acceleration response of the rear trailer to become more amplified.

The aggregate effect of these two differing mechanisms determines the influence of 2 given
biased loading arramgement on the value of the load transfer ratio.

Shown in Figure 3.4.3c is the influence of partial loading of the B-train on its
transient high-speed_offtracking behavior. We see that all three of the partial loading
conditions produce substantial reductions in the value of this measure. The simple
explanation for the general reduction in the transient high-speed offtracking value with
reduced loading, regardless of load distribution, derives from the effective imcrease in tire
cornering stiffness per unit of tire load at the axles accruing reduced loading. Again, the
increase in normalized corneting stiffness level serves to reduce rearward amplification and
generally improve yaw damping. The incremental degradation in rearward amplification
that might be expected from a rear-biased payload in the rear trailer does not show up in the
transient high-speed offtracking measvre as a result of the overall dynanic propetties of the
roll-coupled B-train layout,

3.44 Influence of Compensator-Type 5th Wheel as the Inter-Trailer
Coupling. The compensator-type fifth wheel is a replacement for the conventional fifth-
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wheel assembly which infroduces a certain amount of roll freedom into the inter-trailer
coupling between the trailers of the B-train. The device which was represented in this
study was equivalent to a product marketed by the Holland Hitch Corporation under the
model name "Kompensator.” This device establishes a kinematic center of roll rotation
which is above the nominal surface of the fifth wheel itself. Since the elevation of this
“instant center” of roll freedom of the compensating fifth wheel is only 0.3 m (.10 ft)
below the sprung mass center of gravity, the steady-state roll moments arising from
I¥Alembert forces ave effectively transmitted through the fifth wheel more or less the same
as with a conventional style fifth-wheel coupling.

Shown in Figure 3.4.4a, for example, is the simple result that the static rollover
threshold of the baseline B-irain is essentially the same, whether a conventional or
compensating fifth wheel is employed. Thus, the static roll moments developed in the
steady-tumn manenver approaching rollover appear to be handled by the compensating fifth
wheel in virtually the same manner as with conventional hardware.

The influsnce of the compensating fifth wheel on the load temsfer ratio is shown in
Figure 3.4.4b. We see essentially no influence of this device on the key measure of
dynamic roll stability. The result indicates that the elevated kinematic center of rotation of
the compensator does enable the device to effectively transmit the amplified roll moments
developed at the rear frailer during this highly transient maneuver. This result confirms the
very popular usage of this type of compensating fifth whesl on B-train tankers in Canada.
The compensating fifth wheel has seen almost universal application to tank-type B-trains as
a meams of avoiding the high torsional stressing of the trailers which otherwise arises with
roil-stiff fifth wheels due to random disturbances in road profile. Although the roll
freedom of the compensating fifth wheel permits small random differances in the roll angles
of front and rear trailers, the kinematic constraint in the device quite effectively transmits
the: roll rnoment developed at the rear trailer during maneuvering.

Shown in Figure 3.4.4c is a small increase in fransie ] ackin
arising from the use of the compensating fifth wheel Alﬂmugh thc mcchamcs of the
influence are rather complex, the increased value of the measure is assumed to be the result
of the somewhat altered load transfer distribution which occurs in a transient manner during
the maneuver, thus serving to adjust the effective comering stiffnesses of tires at the
involved axles.
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3.4.5 Influence of Air Suspensions (at all axles). Although the
mstallation of an air suspension at all axles (other than the tractor steering axle) was
implemented as a variation in the simulation matrix, it was recognized that the resulting
variations in performance would derive from the sum of the specific properties that were
assigned to the reference leaf and air spring altematives. Thus, the reader should note that, -
while variations in performance are shown below, they derive primarily from artifacts of
the design of the selected suspensions and do not illustrate genr.ral distinctions between air-
and leaf-type suspensions.

Shown in Figure 3.4.32 is a reduced level of gtatic rollover threshold for the air-
suspension-equipped B-train. This result is seen as deriving primarily from the fact that the
trailer and tractor suspensions exhibited some 50% higher levels of roll stiffness in the leaf
as opposed to air suspension versions. In large measure, this contrast in roll stiffacss
values reflects the very high stiffness levels of the leaf suspensions which are poputar in
Canada (and whose properties are documented in Appendix B.3). On the other hapd, there
is nothing inherent to the design of air suspensions which precludes achievement of the
same high levels of roll stiffness, should that be desirable.

The influence of the air-suspension instaliation on the load ransfer ratio measure is
shown in Figure 3.4.5b. We see virtually no influence of the sum of the suspension
properties varied here on this dynamic roll stability measure. Of course, the fact that the
load transfer ratio is derived through a summation of wheel loads all along the vehicle
serves to mask any of the detailed differences in transient response through the maneuver,

Shown in Figure 3.4.5¢ is a substantial improvemment in the trapsient high-speed
offtracking performance in the case of the air suspension. This result can be traced directly
to the fact that the represented air suspension embodies a zero value for roll-sieer coefficient
while the trailer leaf suspensions of the reference vehicle exhibit a roll-steer coefficient of
0.23 degrees per degree. Since any high-speed offtracking measure will be strongly
influenced by the roll steer property of trailer suspensions, it is appropriate to observe that
the difference in performance between these two cases derives from this de:tazl in
mechanical characteristic apart from the nature of the springing med.mm,

3.4.6 Influence of Belly-Axle Installations. Vanancms in the parameters
defining the belly-axle installation of an eight-axle B-train are shown in Figure 3.4.6a to
produce rather small changes in the static rollover threshold. "The mechanism by which

- small changes in this property result from changes in the steering stiffness characteristics of
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the belly axie involves the nonuniform distribution of tire slip angles among the axies on
the involved trailer of the combination. That is, since tire slip angles camnot be imiform
due to the spread between these axles, the lateral force which is “passed through” the roll
center at each suspension becomes varied simply according to the spread [14]. When the
steering stiffness of the belly axle is varied, the magnitude of the lateral forces at these axles
is further disturbed, such that the total roll moments reacted through the respective axles are
altered. Depending upon the detail distinctions in load, roll center heights, and suspension
roll stiffness at each axle, the infinence of the steering properties of the belly axle on roll
stability can be either slightly positive or slightly negative. When the vehicle is driven
around a tumn having a much smaller radius than that represented by this high-speed
maneuver, the influence of the belly-axle steering properties will become more significant.

The influence of various treatments of the belly-axle installation on the high-speed
offtracking are illustrated in Figure 3.4.6b. In general, we see that the high-speed
offtracking response improves mikdly as the belly axle's steering mechanism is made more
resistant to steer motion. However, the examined changes have litfle overall significance
on this measure.

Shown in Figure 3.4.6¢ is the imfluence of variations in belly-axle instaltation on
the Joad transfer ratio response of a B-train combination. In gemeral, we see very lintle
effect of the examined variations on this measure. It is apparent that when the steering
stifiness or steering friction propexties of the salf-steering belly axle are increased, the belly
axle 15 less able to steer in response to lateral forces n the maneuver such that the effective
wheelbase of the trailer becomes shorter. Consequently, the rearward amplification
response increases and is manifested by an increased level of load transfer ratio for the
vehicle combination.

The corresponding influences of belly-axle variations on the fransient high-speed
offiracking measure are shown in Figure 3.4.6d4. Rather minor variations in performance
are seen in all cases except that for which the belly axle is installed vnder the lead trailer
instead of the rear. While a full explanation of this inflnence seems to be unavailable
without more extensive study, it would appear that the result derived in part from the higher
center of gravity of the lead trailer which resulted from the increased loading of this unit as
allowed by the belly axle. Since the lead trailer was configured with a shorter bed, the
achievement of the full-load condition with the belly axle ander the first trailer resmited in a
higher center of gravity than occumed on the rear unit with belly axle in the rear.
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Figure 3.4.6e shows the lack of influence on low-gpesd offtrackine of a shift in
belly-axle location from one trailer of a B-double to the other. The lack of influence derives
from the maintenance of essentially the same equivalent wheelbases of the Tespective
trailesr in both installations.

Shown in Figure 3.4.6f is the influence of belly-axle istallation parameters on the
fxiction-dempand response of the reference B-train. We see that with the belly axle installed
on the rear trailer, the steer properties of the belly axle are of no consequence to friction
demand and that, indeed, the B-train with a two-axle centergroup imposes 2 negligible
absolute level of such demand. ‘When the belly axle is mounted on the relatively short lead
trailer of a B-train, however, a substantial level of friction demand is developed.
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3.5 TIllustration of Parametric Sensitivities for A- and C-Type Triples
Combinations

3.5.1 Influence of Trailer Length and Hitch Placement Dimensions.
The influence of variations in hitch placement and trailer length on the load transfer ratio of
A- and C-train triples combinations are shown in Figuse 3.5.1a. The data show, firstly,
that the A-train triple exhibits decidedly poor performance in this rapid steering maneuver,
regardless of the variations in length dimensions which are employed and that the “critical
upit” of the vehicle in response to this maneuver is the rearmost trailer. We see that shorter
trailer lengths than the 8.2-m (27-ft) reference case simply produce a more severe dynarnic
roll response such that a roll margin value of zero is produced, with L1=1.2-J 3= 6.71 or
7.32 m (22 or 24 ft) trailer lengths. Conversely, the load transfer ratio does reduce
substantially when the trailer length is increased to 9.14 m (30 ft). Load transfer is also
seen to improve when the pintle overhang dimension, PH, is reduced and when the
drawbar length is increased to 3.05 m (10 ft).

Perhaps the most notable finding regarding the response of triples iu the rapid-
steering maneuver is the profound improvement in performance deriving from installation
of a dual-drawbar dolly, thus constituting a C-train combination. Here we see also that 2
reduction in trailer length does serve (o increase the value of the load fransfer ratio measure,
although the overall level of performance with the C-train is excellent for any of the
examined length values. The primary benefit of the C-train arrangment, of course, is that
the dunai-drawbar dolly roll couples the units together such that the entire vehicle
combination becomes the “critical unit” from 2 rollover point of view.

The infiuence of trailer length and hitch placement on the transient high-speed
offiracking of A- and C-triples combinations is seen in Figure 3.5.1b. In keeping with the
manifestation of high levels of load transfer ratio, the highly amplifying A-train triples also
exhibit large values of offtracking overshoots in this maneuver (note that the occurrence of
rollover in certain cases renders the transient high-speed offtracking measure invalid, and
thus unplotted). Further, although the sensitivities of this measure to changes in vehicle
longitndinal dimensions are qealitatively similar to those seen in the load transfer ratio
measuse, the C-traim triple certainly exhibits relatively large values of tansient high-speed
offtracking. Accordingly, one can observe that the berefits of the C-train arrangement are
most pronounced relative to the load transfer property, as was discussed in Section 3.1,
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while the secondary benefit relative to transient high-speed offtracking is substantal, if not
as profound.

Shown in Figure 3.5.1¢ are Jow-speed offtracking results showing the sensitivity
of this measnre to changes in trailer length and pintle hook overhang. The influence of
trailer length is seen to follow the typically expected pattern, yielding a rather large change
in offtracking as a result of the -20%, +10% variations in trafler length relative 1o the
reference value. Although varations in drawbar length and pintle hook overhang
dimensions produce relatively minor changes in low-speed offtracking compared 1o trailer
wheelbase vanations, these influences are not inconsequential to the total offtracking
performance,

Shown in Figure 3.5.1d are results indicating the pegligible influence of length and
hitch placernent parameters on the braking efficiency of the baseline triples corobination.
Since the obvious overbraked axle set in this vehicle combination is the tractor andem axle
pair, braking efficiency is unaffected by any dimensional changes which fail to alter the
loading on the tractor tandem. Of course, as explained in Seetion 3.1.4, this result and any
other fllustrated influence on braking efficiency is dependent entirely upon the assumed
distribution of brake torque gains and static axle loads. I the same triples combination
were outfitted with substantially de-powered brakes on the tractor tandem axles, such that
the rear axle on the last trailer became the "limiting axle," a substantial sensitivity to trailer
length would prevail. Similarly, if the dolly axle were to become the "imiting axle,” as a
result of redistributing brake torques, both trailer length and drawbar length would be
strongly influential in determining the braking efficiency level over the range of
deceleration.

3.5.2 Influence of Axle Loading. The influence of axle loading on the load
transfer ratio response of A- and C-train triples is shown in Figure 3.5.2a. The data show
that the A~ and C-train triples respond the same in terms of the sensitivity 1o both the higher
payload weight and the higher placement of the payload center of gravity, with higher
values of axle load. We see that increases in axle load at the trailer axle positions causes
load transfer ratio to increase. The increased response level is due both to the reduction in
normalized tire cornering stiffness with increased loading and the elevated payload c.g.
height which direcily increases the load transfer levels achieved in a given maneuver.

In Figure 3.5.2b are illustrations of the influence of variations in axle load on the

transient high-speed offtracking levels produced by A- and C-train triples. In cases
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involving an increase in axle loading relative 1o the baseline case, the reduction in

normalized tire cornering stiffness causas the fives to operate at greater slip angles such that

the physical dimensions of the net lateral excursions of the vehicle are increased. Also, a
reduction in the normalized tire cornering stiffness level results in trailer yaw motions
which are less well damped such that overshoot phenomena, as classically defimed, are
exaggerated.

Shown in Figure 3.5.2¢ is an illestration of the influence of axle loading on the

braking efficiency of the {riples combinations having single- and tandem-axle frailers, .

respectively. Two distinet sensitivities are evident. Namely, increased loading on the
trafler axle sets, R1, R2, R3, brings about a2 more favorable distribution of load for the
triples combination having tandem-axle trailers. The limitation in braking efficiency for this
vehicle is categorically the overbraking (or underloading) of the railer tandem axles.
Accordingly, increased load applied specifically to the trailer tandems improves the scaling
of brake torques to vertical Joad level at those axle positions.

Alternatively, the triples combination with single-axle trailers is limited in braking
eificiency by the lockup of the lightly loaded tandem at the fractor. Accordingly, additions
in load to the trailer axle positions, without an increase in load at the fractor tandem simply

increases the total mass of the vehicle combination without adding load to the critically
underloaded axles. Again, insofar as the specific numerical results here derive simply from
the fllustrative cases having a tandem-axle tractor with its rear axles underloaded, the reader
should note that these data do not establish a general finding. Rather, the mflnence of axle
loading on braking efficiency will be to improve performance whenever the load variation
results in an increased loading of axles which previously had tended toward early Jockup
due to underloading. To the extent that the tucking industry may fail to accommodate their
brake torque distribution practices to the corresponding distribution of loads, however, the
results do probe an important issue concemning the loss in braking performance that might
accompany a change in loading allowance.

3.5.3 Inflwence of the Steer-Centering Properties of B-Dollies. The
influence of B-dolly characteristics on the logd transfer ratio response of C-train triples
combinations is shown i Figume 3.5.3a. The results show that the excellent roll stability
of the C-irain triple in this maneuver can be substantially improved by mmplementation of 2
higher level of torsional rigidity in the dolly frame and hitch mechanism. Other changes in
the dolly centering mechanism exhibit a relatively minor influence on the load transfer ratio
measuse, especially given the dramatic initial improvement that came with the use of the C-
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train dolly, per se. Another result (see the data base in Appendix F, Case 4.1 C 6.08)
indicates that even with a fres-castering dolly axle, the load wransfer ratio only reaches a
load transfer ratio value of 0.38. Moreover, the centering properties of the C-frain dolly are
not of great significance to this dynamic roll stability property (but are powerfully important
in determining the transient high-speed offtracking, which is discussed next).

Shown in Figure 3.53bis the mﬂucncc of crude variatons in the properties of a B-
dolly on the transient b response of a C-train triples combination, We
see that large changes in ﬂus property were pmdnced as follows:

1) A very substantial reduction in the transient high speed offtracking measure

- oceurs when the torsional (or "roll™) stiffness of the frame of the dual drawbar
dolly is increased from a reference value of 3,400 to 10,200 N-m (30,000 to
90,000 in-1bs) per degree of roll angle subtended across the dolly. This outcome
derives from the attennation of dynamic changes n load tremsfer with Increased
torsional stiffness which, in turn, causes a recluction in normalized cornering
stiffness at the involved tixes. '

2) A large increase in the measure when lash, or free play, is present at the pinfle
hitch connections to the dual-drawbar dolly such that the dolly can yaw through
an angle of +/- 6 degrees within the 1ash zone. Such 2 mechanism may derive, in
the worst case, if pintle hitchs become excessively wom angd take-up devices are
not employed. The 6-degree yaw freedom in the dolly results in 2 total of 0.38
m (1 fty of lateral motion, summed across the two dollies—a value which
essentially explains the whole of the increase in the transient high-speed
offtracking measure, relative 1o the reference case.

2) The low steering friction condition resulis in 4 yather major amount of steer
motion at the dolly axles such that the offtracking overshoot is substantially
increased. The importance of the steering fiiction issue, per se, points up the
significance of friction as the principal mechanism serving to it the steer
activity of conunon automotive style converter dollies. When the friction level
redduces, the elastic, or spring-type devices which are used to achieve steer-
centering on such dollies are basically incapable of keeping the steer motion
within acceptable bounds. An extreme case Involving a freely-steering dolly axle
(not shown in the figure but presented in Appendix F, case 4.1 C 6.09),
indicates a whopping-big transient high-speed offtrackang value of 2.9 m (9.5
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fi)! Such 2 result uaderscores the fact that the centering properties of the C-train
dolly are highly significant to this performance measure, especially for triples.

4) The results obtained with either high steering stiffoess or high steering fiction
give evidence that the C-train triple can be made to exhibit 2 more moderate level
of ransient high-speed offiracking when it becomes more nearly a B-train--that
is when the stesr action at the dolly axle becomes essentially rigid, This result
shows an avenue for promise in achieving an overall attractive set of
performance qualities of the triples combination.

3.5.4 Influence of Partial Loading. In Figure 3.5.4a are results showing
the inflvence of various partial-loading cases on the load transfer ratio of A~ and CHrain
triples. Although the resuits generally indicate that this measure of dynamic roll stability

improves as load is removed from the trailers, ope interesting variation from this norm is .

observed when the first two wailers of the C-train triple are empty and only the rear trailer is
filled with freight. Namely, we see that the load ansfer ratio more than doubles relative to
the value obtained with the fully loaded C-train. The reason for this anomaly is that the
rearward amplification of lateral acceleration of the C-frain triple is still rather high in this
maneuver (around 2.0) while the roll coupling of the dual-drawbar dollies acts t0 provide
sharing of dynamic roli momernts among the respective units of the vehicles. When only
the rearmost trailer is loaded (2 practice which is avoided in real sepvice), the amplified
lateral acceleration at the heavy rear trailer provides for a peak level of dynamic load
transfer which approaches total load transfer on the otherwise very light set of trailers.
Thus, one rnight say that a sefficiently heavy "tail" may succeed in wagging 2 rather light
"dog."

Shown in Figure 3.5.4b are the corresponding influences of partial loading on the
transient high-speed offimacking measure. The large value of this measure which is seen in
the reference case reduces with virtmally any change which reduces the total load on the
vehicle. This outcome is again explained simply by the increase in normalized cornering
stiffness which accompanies a reduced tire loading. Also nofe that the C-train condition
having trailers #1 and #2 empty yields a much reduced level of transient high-speed
offtracking, notwithstanding the amomalous level of load transfer ratio cited above.

Figure 3.5.4c provides a graphic illustration of the wholesale reductions in braking
efficiency which acerue when axles are not uniformly loaded in proportion to the brake
torque levels being developed. When a 50% payload weight is placed in either a forward-
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or aft-biased position on the trailers, the load is redistributed between dolly and trailer axles
such that the braking efficiency level is reduced. In the top four illustrated bars in Figure
3.5.4¢, the full trailers having the payload placed 0.75 L aft of the front wall of the trailer
cavse braking efficiency to be limited through underloading of the dolly axle. Since the
dolly axle suffers a strong reduction in load with increased deceleration, 2 reduction in
static weight at the dolly axle sets up a condition in which early lockup of the dolly wheels
will occur. When the payload is placed rather forward in all three (railers, however, a
substantial improvement in braking efficiency relative to the aft-biased loadings accrues
since the otherwise critical dolly axles, as well as the underloaded fractor tandem, gain an
increased fraction of the ioad The reader should note, again, that the particular nature of
these resulis, and the identification of "critical axle” positions can be altered sirnply through
a redistribution of hrake torque gains among the axles.

The partial loading conditions i which some trailers are empty while others are full
produce the poorest levels of braking efficiency. For any of the cases in which at least one
trailer is empty, the braking efficiency of the combination falls into the vicinity of 30% - a
level which is exceedingly poor and which should be expected to result in frequent
incidences of lockup at the lightly loaded axles [28]. Given that the carriage of an empty
trailer at the rear of a triples combination is a common practice where triples are allowed,
there is reason for concern that the braking performance of the vehicle in such a
configaration is markedly deficient.
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3.6 Productivity and Dynamic Performance Profiles for each of the
Reference Vehicles

In this section, the general indicators of productivity and dysamic performance of
cach of the reference vehicle configurations is summarized by means of a disgram showing
how much "better” or "worse” the respective performance qualities of the vehicle are than a
fixed set of comparison performance values. Alﬂmugh these presentations provide a rather
simplistic view of overall performance, they do give a handy means of identifying the
strong and weak points in the productivity and performance characteristics of each vehicle.
The simple productivity indicators presented here cover only the magnitde of the payload
and do not refiect more subtle operating efficiencies which distinguish one vebicle type
from the next. Also, the comparative performance levels shown here give a namow view
of the propesties of each vehicle insofar as they only represent the reference, full load,
condition.

3.6.1 Introduction of Reference Values. Nine measures are preseated
characterizing each vehicle on a normalized scale showing percentage better or worse than
the reference value. By means of this format, the presentation does not infroduce an
absolute scale for "judgment” of vehicle performance, but simply assembles the differing
qualities on one chart so that others can make their own judgments on the relative merits of
each vehicle case. At the same time, the reference values for each performance measure
have been selected so that they do collectively represent a crude "target” for performance,
given curvent technology and the range of vehicle types of interest in Camada.

The reader will note, of course, that the Tespective measures of performance
constitute a collection of very dissimilar characteristics which cannot be simply “averaged
together.” For example, if a vehicle exhibits such a large degree of low speed offtracking
that it will not fit on the road systern, it is probably not importm that it otherwise shows 2
very high rollover threshold, or 2 high level of braking efficisncy. Moreover, individual
users of these data may well tend to apply differing emphases on the importance of one
measure over another.

Each of the nine measures are discussed below, in terms of the rationale for
selection of the "reference valve” of the measure. Also, some reflections are offered for the
Interpretation of each measure,
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1) Bavload Volume - The volumetric eavelope of the 14.6-m (48-ft) semitrailer
was selected as a reference value for showing the contrast in payload volume
from one vehicle to the next. The envelope is described by the outside
dimensions of the freight "box,” namely, 14.6 m (48 ft) long X 2.59 m (102 in)
wide X 2.74 m (108 in) kigh. The height dimension assumes that the floor
height of the wailer is 1.39 m (54 in) above the ground and that the overzall height
of the traileris 4.11 m (13 ft, 6in).

2) Payload Weight - The reference value for payload weight is equal to the 25
tonne (55,100 Ibs) payload which is carried in the baseline 5-axle tractor-
semitrailer combination. The payload weight reflects a gross combination weight
of 39.5 tonne (87,060 1bs) and an assumed tare weight of 14.5 tonne (31,960
1bs). Together, the payload volume and weight values provide for assessing the
nominal contrast in productivity between vehicles. It is recogmized that some
vehicles which are, perhaps, high in volumetric capacity refative to payload
weight may appeal to the haulers of low-density commodities and thus offer
substantial benefits for productivity in that application. Those typically hanling
dense commodities, such as bulk liguids, will rate productivity with a focus
upon the payload weight benefits. Moreover, greater values of payload weight

" and/or volume should mmply a safety gain insofar as fewer truck-trips will be
needed to camry the same quantity of freight, thus reducing accident exposure.

3) Braking Efficiency - The reference braking efficiency level was placed arbitrarily
at 70% and applies to a deceleration level of 0.4 g's. Although the computed
values for this measure are incloded here, the anthors recognize that these results
provide a gréaﬂy simplified view of braking performance. In practical terms,
these results only serve to identify a few cases in which the tractor tandem axles
are pecubiatty over- or under-loaded in the vehicle combination such that, lacking
special freatment of brake torque gain (which seems fo be rarely dome in
practice), would render the vehicle lower in braking efficiency capability. The
reader will note that braking efficiencies were not compuied for any vehicles
having more than twe axles in a group. Also, please pote the data presented in
Section 3.1 regarding the braking efficiencies of differing reference vehicles in
their unladen condition. While it is clear that braking efficiencies are typically
lower in the unladen vs. laden state, the absolute levels of braking efficiencies
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for erapty vehicles are seen as even less dependent upon weights and dimensions
constraints than in the loaded state and, instead, more dependent upon the design
philosophy which disiributes brake torque gains.

4} Eriction Demand in a Tight Tuiy - The friction demand measore was given a
reference value of 0.10. This value is suggested as a reasonable target for a
maximutn level. That is, for vehicles which demand greater than a 0.10 value of
tire/toad friction during tight furning, it is expected that incidents of tire force
saturation, with potentia] for loss-of-Control, will occur at tractor drive axles on
ice- or snow- covered surfaces. This reference level reflects concem for the need
to simuitaneously generate longitudinal forces for accelerating the vehicle
through an intersection turn, as well as the lateral forces which arise from the
conflicts of turning multiple non-steered trailer axies. A frictional coefficient of
0.2 for snow-coversd pavement [29] has been assumed. Since the Canadian
environment is characterized by an extensive period of wintery driving
conditions each year, the need to keep friction demand performance within thc
rather low value of 0.1 may be pamculaﬂy compeliing.

5) Low-Speed Offtracking - The reference value for low-speed offtracking has
been set at 6.00 m (19.7 ft). As defmed in Section 2.3, the low speed
offtracking measure is premised upon a 90-degree turn using a reference arc of
11 m (36 ft) radius. The 6-m (20-ft) value for reference performance was
selected recognizing that such 2 performance essentially “consumes” all of the
available space which was originally designed into intersections which are
common in the general U.S. (and, it is assumed, Canadian) road system. The
highway design protocol employed in this assumed "common" intersection is
defined in the policy of the American Association of State Highway and
Transportation Officials (AASHTO), using a WB-50 design vehicle.[22] The 6
weter offiracking performance implies that all of the right- and left-boundary
margins imcorporated in the advisory design policy are “used up” and the vehicle
must operate at the extremities of the provided pavement in order to make a right-
hand turn.[20] It is suggested that vehicles registering “worse" than the 6-m
(20-ft) performance level be looked upon as severely pressing the geometric
limits of the general road system.

2 | 3 firacking - The transient overshoot in
offu-aclcmw 1s seen as md.tcahng 1 potenual for collision, curb-strike, or intrusion
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off of the paved roadway resulting from a rapid path-change maneuver. Ina
broader sense, it reveals a vehicle property that may be excited to some degree in
response to any abrupt steer input at highway speed. A value of 0.8 m (2.6 1)
has been arbitrarily selected as the nominal mid-range of performance by vehicles
examined in this stady. ‘While no specific guidance can be given for scaling the
importance of this measure, it seerns that high values should be looked upon as a
matter of safety concern, especially for vehicles that may be operated in demse
teaffic at highway speeds.[21]

7) Anmplification-Induced Rollover - The load tramsfer ratio measure has been esed
to indicate the potential for amplification-induced rollover, using a reference
value of 0.60. This value is arbitrarily selected as representing, agéjn, a mid-
range level that is achieved only by roll-coupled vehicle combinations.
Recognizing that substantial evidence exists implicating higher amplification
tendenciss in rear-trailer-roliover accidents [12,30,31,32], elevated levels of this
measure should be looked upon as forecasting a potential for rollover in dynamic
steeTing Mmaneuvers.

(It should be noted that some operators may compensate for poorly-performing
vehicles by placing their best drivers on those vehicles. While the net safety
record of such driver/vehicle systems may be as good or better than average, the
vehicle part of the system is stifl poor. Thus, one could surmise that the safety
record of those good drivers in better-performing vehicles would have been even
better.)

‘ rine - Although the steady-state measure of high speed
offtmckmo 15 somﬂwhat redundant o the transient value, there are sensitivities of
each that are hot common to the other. Thus, this measure is Included in the
overall vehicle profiles as a supplement to the other information. A value of 0.46
mm (18 in) has been arbitrarily selected to depict the condition in which a minimal
clearance of 0.15 m (6 in) remains between the trailer tires and the outside of 2
3.66 m- (12 ft)-wide conventional traffic lane, with a 2.44 m- (96 m)y-wide
tractor following a path down the centerline of the lane. This reference condition
provides some registry on the relative threat of curb strike which may be
experienced during operation at a moderate level of lateral acceleration through,
say, a curved freeway exit ramp.
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9) Static Rollover Threshold - Although it is recognized that a wide range of
rollover threshold values can emsue from differing payload placements, the
measure presented here ts useful for illustrating the general influence of the
combined weight and volume capacities of each vehicle on roll stability. The
reference value of 0.4 g's was arbitrarily selected to represent a mid-range
performance.. As stated earlier in the text, while there is a clear, powerful,
relationship between rollover threshold level and the likelihood of mvolvement n.

- vollover accidents, this property does not genexally distingnish one basic vehicle
configuration from another (unless the weight/volume characteristic strongly
drives the mass center of the typical loading condition upwards). Rather,
individuat vehicles vary greatly in static roflover threshold as a result.of loading
and the variety of design details influencing roll compliances.

3.6.2 Presentation of Profiles. On the following pages, Figures 3.6.2a
through 3.6.2v present graphical illustrations of the performance profiles for each of the 23
reference vehicle configurations. The reader will note that certain entries in the various
charts are identified by an asterisk indicating that the value of the enitry was estimated.

- Egtimations were necessary in a few cases because of special computational difficulties and

to avoid the computation of trivial results that could be direcily estimated. The following

specific estimation items appear:

- The friction demand level produced by a single-axle trailer 15 estimated to be equal
to .00, recognizimg that the only mechanisim contributing to the fricion demand
measure, as defined, is the yaw-Tesistive moment aristng from. the scrubbing of
the dual-tire pair. [19]

| - The friction demand level prevailing with a vehicle configuration having an
identical axle layout but slightly differing loads than those of a corresponding
vehicle was estimated to be equal to the demand level computed on the
corresponding vehicle. (For example, the friction demand performance of an A-
train triple was made equal to that of the corresponding A-double, despite slight

differences in axle load. Note that the friction demand measure involves an

nteraction ondy between the tractor and lead semitrailer such that differences in
other A-train trailers is superfluous). '

- The static rollover thresholds of C-train doubles were made equal to the
performance levels for corresponding A-train doubles.
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- The low-speed offtracldng for C-train triples was extrapolated from. that of the
corresponding A-frain triples, using 2 technique of pro-rating the differences
between A- and C-train performances seen with comresponding doubles.

- Likewise, the high-speed offtracking for C-train triples was extrapolated from that
of corresponding A- triples, using a scaled pro-rating of the contrast in A- vs. C-
performance seen with doubles.

The figures presenting the performance profile for each vehicle appear on
subsequent pages in the following order:

Figure Number Vehicle Description
3.6.2a 7 Baselipe Tractor and 2-Axle Semitrailer
3.6.2b Tractor and Close-Tridermn Semitrailer
3.6.2¢ Tractor and Wide-Spread 3-Axle Semitrailer
3.6.2d Tractor and Quad-Axle Semitrailer
3.6.2e Tractor and Belly-Axle Semitrailer
3.6.2f Baseline 8-axle Doubles (A~Train)
3.6.2g Baseline 8-Axle Doubles (C-Train)
3.6.2h 6-Axle Doubles (A-Train)
3.6.21 6-Axle Doubles (C-Train)
3.6.2§ Mixed 7-Axde Doubles (A-Train)
3.6.2k - Mixed 7-Axle Doubles (C-Train)
362 Turnpike Doubles
3.6.2m Rocky Mountain Doubles (A-Train)
3.6.2n Rocky Mountain Doubles (C-Train)
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3.6.20 Baseline 8-Axle B-Train

3.6.2p 7-Axle B-Train

3.6.2q 6-Axle B-Train

3.6.21 Belly-Axle B-Train

3628 Baseline 8-Axle Triples (A-Train)
3.6.2¢ Baseline 8-Axie Triples (C-Train)
3.6.2u 11-Axle Triples (A-Train)

3.62v 11-Axle Triples (C-Train)

The charts are presented without further comment here, although the reader is
referred back to the discussion in Section 3.1 for explanations of the differences in stability
and control among the various reference configurations. Conclusions to be drawn from the
confrasting profiles are included within the various statements presented in Section 5.0 -
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4.6 PERFORMANCE EVALUATION TECHNIQUES

This section of the report addresses certain generalized techniques that may be
applied by Canadian practitioners in the future to evaluate the stability and control
properties of heavy-duty vehicles. To a large extent, this discussion merely examines the
practicality of implementing the same measures of performance as were used for comparing
vehicle response properties in this study. The discussion also comments on the warrants
which exist for implementing any such performance ﬁmasurcs for the sake of either
assuring improvements, or avoiding deterioration, in traffic safety on the occasion of
allowing new truck configurations to operate on public highways. The presentation will
follow an outline form, covering the basic elements upon which an evaluation technique
might be zationalized |

4.1 Static Rollover Threshold

Defipition: The static rollover threshold (SRT) is that level of steady lateral
acceleration which the vehicle can sustain without suffering a divergent roll response, i.e.,
rollover.

Warrants: Assurance that heavy-duty ttack combinations exhibit at least some
minirmnm level of static Tol) stability seems warranted by the fact that ‘(a) loaded trucks
exhibit very low levels of the SRT measure, (b) this measure has been shown to cotrelate
in a profound manner with rollover accidents [8,23], and {¢) truck rollovers are known to
cause the majority of ttuck dnver fatalities, are responsible for some 95% of the incidents
in which bulk spillage of hazardous commodities ocenrs [8] and create extended traffic tie-
ups. Shown in Figure 4.1a is a plot of accident data analyzed in Reference [8] which show
the relationship between the percent of rollovers occurring among single-vehicle accidents
involving tractor semitrailers and the computed static rollover threshold of each vehicle.
This plot represents some 2,000 rollovers mvolving 5-axle fractor-semitrailer
combinations, having van-type trailer bodies and carrying general freight, and which were
being operated by interstate carriers n the United States over the years 1976 through 1979.
These data show that the rollover of fractor semitrailers is highly sensitive to the vehicle's
inherent rollover threshold, especially in the range below 0.4, or so, which pertains to
many loaded vehicles. Because of the profound relationship between the vehicle's basic
roll stability level and the likelibood of involvement in roHover accidents, there is reason to
exammine the roll stability of vehicles in operation on behalf of traffic safety.
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‘ A crating itions: Since the greatest reductions in roll stability
occur when the vehicle is fully loaded, the operating condition most pertinent to the rollover
problein involves the maximum gross vehicle weight level. Further, for vehicles
configured with van or flat-bed trailer bodies, the pertinent payload ¢.g, condition would
appear to be that highest payload elevation occwrring with reasonable frequency in common
service. For vehicles in general freight service, having a maximum overall vehicle height
of 411 m (13.5 ft) and 2 bed height of approximately 1.37 m (54 i), the highest
practicable payload c.g. position is 2.67 m (105 in), occurring with a full-cube load of
homogeneous freight With bulk fank vehicles, the maximum c.g. height condition is
deternined by tank configuration and is achieved when the vessel is fully loaded with that
maxirmum density commodity which is hanled in a vohunetrically-full condition, Thas, for
example, with petroleum tankers which may carry a wide range of distillates having widely
differing densities, that particnlar fluid which achieves the maximum gross weight level
while also filling the vessel (except for the minimum ullage space) establishes the highest-
¢.g loading. (Note that the "highest c.g." condition implies the highest payload weight at
the greatest height so that the tare and payload masses combined to vield the highest
elevation for the c.g. of the composite sprung mass.)

Evaleation Method: The prefemred test method for characterization of the static
rollover threshold is by means of a tilt-table device.[8,15,25,33-36]. While a coincident
CRTC project [37] has aiready focussed upon development of a tilt-table device and
associated test procedure, some supplementary comments are offered below:

1) Firstly, there is 2 need to closely examine the issue of the overtmning moments
generated statically by tires on the tilt table versus the condition prevailing with
the rolling tire. The particular concern is that changes in tire tachnology, or
perhaps the use of wide-base singles as a replacement for dual tires, may so
adjust the relationship between the overturning moment responses under static
vs. rolling conditions as to introduce an anomalous measurement on the tilt table.
Such an examination may seek to identify any special treatment in the
tire/platform comtact relationship which can assure fidelity in the overturning
moment response.

2} A related issue pertains to the lateral constraint of the tires on multiple trailer or
tractor axles having substantially differing suspension roll center heights. Since
soch vehicles, when approaching rollover in an actual steady-tem condition,
would be free to translate axles laterally relative to one another as the sprong
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mass rolled, the roll stability outcome may be significantly different than that
which prevails on the tilt table, with all tires loaded onto a rigid deck. (An
example of such a vehicle is examined in Reference [14].)

3) Air suspensions having self-levelling systems should be dealt with on the tilt
table such that self-Jeveling, right/left, is prevented during the test. This should
be accomplished in a way that still assures that the sespension is operating at a
representative static ride height.

4) It should be recognized that fiat bed and other torsionaily compliant trailers may
introduce substantial reductions in roll stability and great variation in the apparent
effectiveness of differing tractor and trailer suspensions relative to the roll
stability levels achieveable with a more torsionally suff trailer. Thus, caution
must be taken to avoid gemeralization across trailer types on the basis of
parametric sensitivities observed with one type. Recognizing that van and tank
trailers are effectively rigid in torsion, relative to flat bed trailers, and that they
comprise together approximately 709% of the trailer fleet [38], the most generally
useful data regarding the sensitivity of roll stability to parametric variations
would derive frotn studies nsing torsionally rigid traflers.

5) Concerning the procedure for aciually determining the maximum tilt angle
beyond which rollover occurs, it should be recognized that some vehicles will
become unstable immediately following the first axle liftoff event while others,
especially those having €a) substantially differing suspension roll properties, and
(b) torsionally stiff trailers, will remain roll-stable beyond the first liftoff
condition. Thus, it is desirable to develop a general ilt table test methodology
that assures that an unstable response has been observed, regardless of the
number of axles that may be lifted off of the platform to achieve it. On the other
hand, if the table is being inclined very slowly and, yet, the passage through a
suspension lash zone or some other response discontinuity leads to a transient
roll motion culminating in vehicle instability, the point of the discontinuity
certzinly defines the rollover threshold. {One can reasonably assume that the
slow rate of change of tilt angle introduces much less dynamic input than would
derive from the random accelerations occurring during any moving operation of
the vehicle.)
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The measure of the static rollover threshold is, of course, the equivalent level of
lateral acesleration, (Ay/g) = tan (max. tilt table inclination angle), expressed in g's. In this
study, a "reference value” of 0.4 g's was used for illustrating the contrast betwean differing
vehicles in Section 4.0 of the report. While many Canadian vehicles can approach the 0.4-
g rollover threshold, given the 2.59-m (102-in) width across the outside of the trailer tires
and the very high levels of suspension stiffness, most tractor semitrailers in the U.S.
would be unable to achieve such 2 level of rollover threshold in typical fully-loaded
conditions. ‘ '

4.2 Tractor Understeer Coefficient at 0.25 g Lateral Acceleration

Definition: The understeer coefficient of mmterest, (U 25g) in "degrees per g" .is
defined by the expression: |

Ussg= 573 x d[(1/R ) - (delta /N / d (V2/Rg)
where, 1 = tractor wheelbase

R = path radius

delta = steering wheel angle

N; = nominal steering ratio between the front wheels aﬁd the -
steering whesl (a nimmber between 18 and 35, typically)

V = vehicle velocity

g = acceleration due to gravity

This definition establishes that the understeer coefficient is evaluated at a centripetal
acceleration Ievel of 0.25 g's and is determined by the slope of a difference between two
steer-related angles with respect to centripetal aceeleration. The angles of interest are (1)
the so-called Ackerman angle, (1/R), which is precisely the front-wheel steer angle needed
10 negotiate a twn of radius, R, at zero speed (for a simple 2-axie truck), and (2) the
equivalent fromt-wheel steer angle, (delta / N ), which is not quite equal to (1/R) as 2

- result of all of the factors which influence steady state yaw response at speed. ‘In layman's
terms, the defmed understeer coefficient indicates how much more aggressively a truck will
respond 1o steering when operated in a moderately severe tmrn,

Warrants: The understeer behavior of heavy duty vehicles has been seen to vary
markedly over the range of centripetal acceleration. [14.26] It has been hypothesized that
this matked change in response to steering may make the vebicle difficult to control when
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the driver negotiates a curve at a higher-than-prudent speed, but still short of the roliover
limit Low, and particularly, negative values of the understeer coefficient are of concern if
they do, in fact, lirnit the usable maneuvering envelope of the vehicle to less than that range
which 1s otherwise limited by the rollover threshold. The hypothesized significance of the
cited research observations has not been demonstrated, nor is there any direct way to link
the understeer characteristic to the accident record. Accordingly, it seems premature at this
point to suggest that policymaking bodies evaluate and regulate truck configurations on the
basis of the understeer property.

4.3 High-Speed Offtracking in a Steady State Turn

Defimiion: High-speed offtracking is defined as the extent t0 which any trailing
axles in a vehicle combination track toward the outside of the path of the tractor steering
axle in a steady turm,

Warrants: The involvement of ovtboard tracking of trailer axles in certain types of
truck accidents has been inferred in recent research examining the accident problems of ‘
tractor semitrailers on interchange ramps. [39] This study isolated various cases of truck
rollover on ramps having a curb installed along the outside of 2 curved lane. In some
cases, the truck rollover problem at the site essentially disappeared when the curb was
removed. Although curbs can aggravate the occnrrence of rollover regardless of outhoard
tracking phenomena, the possibility of trailer axles operating at larger radii than the tractor
fundamentally increases the probability that curb-strike would occur. In a major accident
involving a tractor semitrailer hauling hazardous liquids, (reported in. [40]), followup
analysis revealed that the minor high-speed offtracking of the semitrailer axles produced a
curb strike which precipitated a catastrophic rollover. Moreover, the authors' view is that
high-speed offtracking is patently undesirable and that attention should be given to
minimizing it, wherever practicable.

! e Ope : : As mdicated in various portions of Section 3.0 of
this reporf, the h:gh~5ptcd offracking response is maximized when both the payload
weight and the payload c.g. height are maxinyized, as a result of their combined influence
on the normalized cornering stiffness level of the tires. Further, since high-speed
offtracking only achieves a net “outboard” displacement (relative to the tractor's path) when
the initial mboard (ow-speed) offiracking displacement s minimized, the eritical conditions
for high speed offtracking involve relatively large-radius turns. Also, high-speed
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offtracking occurs only when the lateral acceleration has become sufficiently large as to
create the substantive levels of tire slip angle needed to obtain an cutboard deflection.

Evaluation Method: In order to assure that a measurable high speed offiracking
response is obtained, the vehicle is operated in a shallow turn of radius, 393 m (1,290 ft),
at 2 speed of 100 kan/h (62.5 mph) thus attaining a lateral acceleration level of 0.2 g's.
With the outside front wheel of the tractor following this path, the lateral displacement of
the paths of trailing outside wheels is observed. Such paths can be traced on the pavement,
in full-scale tests, using a pressurized water stream or another marking medinm.
Recognizing that wansient responses may tend to dominate i the more lightly-damped A-
doubles and triples, care is required to assure that the "steady-state offtracking” measure is
truly derived from steady-state behavior.

If this property is to be assessed through sirpulation, it is important that nonlinear
tire behavior be represented. That is, it is quits clear from the forther exploration of this
subject during the current study that linear tire representations will substantially
underestimate the extent of high-speed offtracking. Also, it appears important that the roll-
steer behavior of suspemsions be properly accounted in computations of high speed
offtracking.

'The pertinent measure is the radial difference in wheel paths between the outside
tires on the trailing axles and the ontside tractor tire. In general, the trailing axle of interest
will be the rearmost axle on the vehicle combination. However, it tmay be that an axle other
than the rearmost axle would render a most outboard path in some unusual configuration.
In this study, a value of 0.46 m (18 in) has been identified as the "reference value” for
steady-state high-speed offtracking. This value was arbitrarily selected as providing a
minimal remaining clearance of 0.15 m (6 in) to the outside of a 3.66 m- (12 ft)-wide
conventional traffic lane if a 2.44 m- (96 in}wide fractor followed a path down the
¢enterline of the lane. The simulation results in this study showed that some vehicles
substantially exceeded this reference value.

4.4 Amplification-Induced Rollover

Definition: The classical measure used to define the tendency toward rollover
deriving {xom rearward amplification in 2 rapid path-change maneuver is the amplification
ratio. The amplification ratio measure is defined as the ratio of the peak value of lateral
acceleration achieved at the mass center of the rearmost trailer to that developed at the mass
center of the ractor in 2 maneuver causing the vehicle to move faterally onto a path which is

245



parallel to the initial path. Certain shoricomings in this definition are known to develop
when the lateral acceleration response at the (ractor is rather asymmetric during the
transition from the initial to final path. In such cases, it has been found preferable [4] to
replace the tractor-based denominator term in the ratio with an equivalent lateral acceleration
defined by a predetermined path. That is, a transition path is layed out so that, if followed
exactly,it would produce a symmetric sine wave of tractor latera) acceleration. The tractor
of the subject vehicle is caused to track this path such that the amplified lateral acceleration
of the rearmost trailer can be ratioed to the pre-established amplitude of lateral acceleration,
thus yielding an immproved measure of rearward amplification.

While the above measure is highly informative for evaluating the behavior of A-
train combinations, it fails to account for the benefits of roll-coupled hitching arrangements,
such as with B-trains and C-trains. Accordingly, in this study a new measure has been
developed called the "load wansfer ratio”" (LTR). The LTR measure serves io evaluate the
dynamic load transfer from all of the tires on one side of a rolling unit to the tives on the
other side. The result is a ratio of the absolute valve of the difference in fotal right/left loads
to their sum. On a roll-coupled B- or C-train combination, the sum of the right-side wheel
Ioads, except for the tractor’s steering axle, are subtracted from the sum of all left-side
wheel 1oads (except for the fractor steering 2xle) throughout the maneuver, and are ratioed
to the total vehicle weight (less the tractor axle load). The maximum vaiue of the right/left
difference, at a particular point in the maneuver, establishes the condition of greatest
transfer of load from one side of the vehicle to the other, tending to produce roliover.

Warrants: There appear to be substantial warrants for assuring that vehicles
exhibiting a poor level of dynamic roll stability in rapid path-change maneuvers be
discouraged or prohibited. Various research studies have found persuasive evidence that
highly amplifying vehicle types are heavily involved in rollover accidents and that, forther,
a substantially greater-than-random portion of these rollovers have involved the rearmost
unit rolling over alone.{12,30,31.32}.

The underlying hypothesis which would explain the safety-significance of the
vehicle's resistance to amplification-induced rolover is identical o that which would be
offered regarding static roll stability. Namely, vehicles providing a narrower range of
survivable maneuvers will experience an increased rate of involvement in accidents deriving
from more frequent exceedance of that range. For those who would argue that the track
driver will learn the extent of the "survivable range” in his vehicle and provide all of the
necessary compensation, the data shown earlier in Figure 4.1a suggest that whatever
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compensation the driver does introduce is grossly inadequate for subduing the powerful
effects of performance limnits which approach the normal operating range. Indeed,
amplification-induced rollover involves even more subtle mechanisms, most of which
cannot be felt by the driver because of the effective decoupling provided by the single pintle
hitch connections in A-trains. Thus, it seems even less likely that drivers will obtain the
needed feedback from A-train amplification responses such that a “"compensatory” control
practice could be developed over time. Moreover, the authors hold the conviction, based
upon persuasive technical evidence and common sense, that the tendencies of multi-trailer
vehicles toward amplification-induced rollover should be subject to controls.

Applicable Opemting Conditions : Again, the most important operating condition
involves the fully loaded vehicle. The most demanding payload types will be those
rendering the highest center of gravity position. Since rearward amplification increases
with increasing speed [3,12], the velocity at which the pertinent properties are evaluated
should be the highest value at which the subject vehicle will be commonly operatad.

M: Based upon the. findings of this study concerming the
development of the dynamic rollover response over a range of excitation periods, it appears
that a period value of 3.0 seconds is the appropriate choice for evaluation of amplification-
induced rollover responses. (Although it is always possible that a peculiar vehicle might be
presented, having substantially differing period sensitivities than the vehicles examined
here, it seems a practicable choice at this juncture to simply employ 2 3.0-second period in
evaluating any vehicle which is nominally embraced within the range of vehicle types and
dimensions examined in this study.) :

The: performance of A-train combinations can be suitably evaluated by means of the
rearward amplification ratio. This characterization can be obtzined through either
simulation or test by conducting a path change maneuver from 100 kmh (63 rph), yielding
a lateral acceleration amplitude at the tractor of (.15 g's and a thme period of 3.0 seconds.
Since a full-scale test of this type is much simpler if a symmetric input of steering is used,
with the aid of an adjustable steering-stop device, this method would be preferred as the
first trial step. Should the rasulting lateral acceleration response of the wwactor appear
excessively asymmetric (say, more that 10 or 15% difference from the {+) to {-) Jobes of
the waveform) then additional steps will be necessary to obtin a suitably symmetric
response from which to derive a rearward amplification ratio.
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Two simple options for such "additional steps” ave (a) to implement a harmonic
reference path such as defined for simulation of the rapid path change maneuver in
Appendix C. or (b) to iterarively adjust an asymmstric steering input $o as fo yield a
symmetric lateral acceleration response from the tractor. Although the latter of these
options may sound awkward, it is a relatively simple process if the test is facilitated with an
adjustable steering-siop device which permits independent adjustrent of both the clockwise
and counterclockwise steering limits. Note, again, that the total test burden is not excessive
since the A-train vehicle can be reasonably characterized at a single test condition, namely,
with lateral acceleration amplitude = 0.15 and the time period = 3.0 seconds.

Regarding the evaluation of amplification-induced rollover response in roll-coupled
B- and C-trains using simulation, the technique exployed in this study appears to be quite
acceptable. The load transfer ratio algorithm is bug-free and permits a totalized assessment
of the net benefits of roll conpling. The computation used in the LTR algorithrn requires,
however, explicit knowledge of the instartaneous wheel loads at all wheel positions except
at the front of the tractor. Thus, it is not clear how such a measure could be obtained in a
practical full-scale test scenario. Of course, one alternative is to simply increase the
amplitude of the input at the tractor until total liftoff is achieved. For most roll-coupled
combinations, such a test condition would involve a remarkably severe maneuver -- one
which might ;;ose a rather exaggerated risk of tire or wheel failgre and, potentially, fajlure
of a coupling elernent At this stage, there is an insufficient amount of experience with
testing at such levels of severity to deduce the risks involved.

One option which was examined for possible use as a crude approximation of the
load transfer ratio measure, using sub-limit test data, involved the derivation of a "vecior
sum of roll moments,” (VSM), using instantaneous lateral accelerstion signals from
mstrumentation on each umit of the vehicle train. Ratioing this vector sum of roll moments
to the "total moment capacity” (TM) of the vehicle combination yields 2 nondimensional
variable which is directly analogous to the load transfer ratio measure, although it lacks
treatment of certain load transfer mechanisms. This altemative "moment ratio” measure is
defined by the relation,

VSM/TM = [Z(W; Ajhi/g)] / [Z(Wi4)]

where, W; = weight of vehicle unit, (i), (ie. tractor, 1st semi, 2nd semi, etc. -
train trailers aft of the 1st semitrailer would include the weight of the
dolly in the trailer weight term.)
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A; = instantancous lateral acceleration at the mass center of unit, (i),
h; = nominal height of the sprung mass center of unit, (i).
& = acceleration doe to gravity.

t; = half-track width at unit, ().

An example computation of this measure can be illustrated by reference to Figure
4.4a (shown earlier, also, in Section 3.1). This figure shows the sequential lateral
acceleration responses for the units of the reference C-train triples combination in the path
change maneuver. Taking the W, b;, and t; values characterizing sach of the four units of
this vehicle combination from Appendix D, and evaluating the instantaneous levels of
lateral acceleration, A;, at the time of the peak response for the rearmost trafler (see vertical
line drawn on the figure), a "moment ratio” valve of 0.42 was obtained. Comparing this
reselt to the value, 0.29, which was computed by simulation for the rigorously-defined
load transfer ratio in this same manenver, indicates that various details have caused the
crude approximaton to overestimate the load transfer response. Considering that the load
transfer ratio of the rear trailer of this combination, alone, comes out to a value of 1.20, we
could observe that the crudely approximated value of 0.42 "isn't half bad" as a rough
indicator of the influence of roll cdupling. Nevertheless, it is possible that a somewhat
more complex version of the moment ratio type of measure could be practicably
implemented as a more accurate means of reducing full-scale test data for mll-coupléd
tratler combinations.

When simulation methods are to be used to evaluate the load transfer ratio response
of roll-coupled vehicles, it should be recognized that a rather comgplete simulation model
must be employed, such as the UMTRI Yaw/Roll model or its equivalent. Further, data are
needed representing the noniinear the sensitivities in producing lateral force over a wide
range of vertical Joad. Suspension properties must be defined both in terms of stiffness
characteristics and roll-steer kinematics. Finally, in addition to all of the obvious inertial
and geometric data describing the tare vehicle and its loading, it is necessary to have a
rezsonable approximation of the torsional stiffness of the roli-coupling connections. The
torsional stiffness of a C-train dolly, for example, is relatively important as a determinant of
the total load ransferred in the path-change mannever.

Although not explicifly addressed in this study of stability and control, it should
also be recogmized that, since the roll-coupled trains achieve their very high levels of
dypamic stability by managing to transmit large roll moments across their hitch points, it is
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imperative that such hitching elements be able to develop the imposed moments. In this
regard, it is not only the strength of pintle-hitch and fifth-wheel assemblies that warrant
scrutiny, but also the strength of B-train and C-train dolty frame structures. Methods for
assuring the needed strength characteristics were not addressed in this study.

A, "reference value" of 0.60 for the load transfer ratio was employed in Section 3.6
for scaling the performance of differing vehicle combinations in the 0.15-g, 3.0-second, ‘
rapid path-change maneuver. This level can basically be met only by B- and C-train
doubles and triples, the turnpike doubles A-train, and the more conventional style tractor
semitrailers. It is estimated that the maximum level of rearward amplification which could
be developed by an A-train, while still remaining within a 0.60 level of load transfer ratio,
as defined here, is approximately 1.40. Such a level falls about 40% of the way between
the performanee of a turnpike double and 2 Rocky Mountain double.

4.5 Transient High-Speed Offtracking

Definition: Transient high-speed offtracking is the peak value of offset, normal to
the path, between the path of the outside front tire on the tractor and the path of the most
outboard trailing axle in response to a transient steering maneuver.

(This study has, to the knowledge of the authors, introduced for the first time a
quantification of the transient overshoot in high-speed offtracking response. The method
of quantification implemented here involved characterization of the path overshoot
occurring in the rapid path-change maneuver—a maneuver exercise which was designed
primarily for exarining the dynamic rollover phenomenon. Thus, it was simply efficient
to derive the transient overshoot data, given that simulations of this highly transient steering
maneuver were already being conducted for other purposes. The question of a generally
suitable means of characterizing transient high-speed offtracking has not been resolved,
however. On the one hand, any test or simulation exercise conducted under the subject of
"ampiification-induced rollover” could simply "tack on" the determination of wheel paths
50 as to yield a measure analogous to the transient high-speed offtracking results reported
here. On the other hand, it seems attractive to develop a simpler method which looks,
explicitly, at the offtracking transient occurring when a vehicle is brought abruptly from a
tangent to a curved path. It is this scenario which would appear 1o most readily represent
the problern involving truck rollover on exit ramps following contact between trailer tires
and an outboard curb, as outlined in Section 4.3.)
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Warrants: The transient high-speed offtracking results which were computed in the
rapid path-change maneuver of this study have clearly shown that very large dynamic
overshoots in wheel paths can occur. The magnitmde of the overshoot is so much larger
than the steady-state offtracking response, in certain cases, that this phenomenon seems to
patently warrant attention as 2 safety issue. While this study has not explored the
development of 2 maneuver specifically to look at the "ramp entry” transient, the findings
of the study of truck accidents on ramps, cited in Section 4.3, clearly support the
application of such a measure. Although the matter has not been studied, there is reason to
believe that tractor semitrailers having 2-axle tandem and 3-axle tridem trailer mstallations,
which showed virtually no difference between their steady-state and transisnt high-speed
offtracking in the rapid path change maneuver, would show sorme measurable overshoot n
a "ramp entry” transient.

Moreover, the aunthors' view is that transient high-speed offiracking response
should be looked upon as a potentially serious safety concern and that further development
of characterization methods is warranted. At the present time, however, no generalized
method is proposed.

4.6 Low-Speed Offtracking

Definition: Low-speed offtracking is defined as the peak offset in wheel paths,
measured from the outside of the onter front tire on the fractor to the inside of the
innermost-trailing trailer tire, when the tractor conducts a 90-degree turn with the outside of
its outer front tire tracking at a radius of 11 m (36 i), and exits along a tangent to this
curve. A suppiemental measure of the low speed kinematic motions is- the "swing out”
excursion [21], defined as the maximum outhoard intrusion of the outer rear extremity of
any trailing element, measured, as shown in Figure 4.6a, from the mitial tangent approach
of the 11-m (36-ft) curve to the point of greatest outboard intrusion,

Warrants: The problems posed by the low-speed offtracking response derive from
the conflict between the space demands of the vehicle and the space which has been
provided in the geometric design of the roadway, especially at intersections at-grade and
tight-radius curves. Among the apparent issues posed by excessive offtracking are:

a) abuse of the roadside when wailer wheels track off of the provided pavement,
perhaps in contact with an inside curb,
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b) intrusion of the tractor over the road centerline into the space occupied by other
traffic, as a result of the truck driver negotiating to avoid intrusion by traiier wheels on the
mside of the turn.

¢) traffic delays associated with the slower, and possibly intrusive, movement of
stongly offtracking track combinations at sites baving confining geometry.

d) the potential for Iow-speed collisions with smaller vehicles which attempt to turn
ingide of combination trucks at intersections.

Although the total burden associated with these problems is not known, both the
nature and extent of such problems is expected to stongly increase as offtracking
performance degrades beyond that exhibited by the baseline combination of a 3-axle tractor
with 14.6 m- (48 ft)-long, 2-axle semitrailer, which was examined in this study. In recent
research [20] examining the introdection of longer semitrailers into seneral service in
Michigan, it was observed that the 14.6-m (48-ft) semitrailer which is currently 2 common
configuration in both Canada and the U.S. "uses up” all of the margins which were
employed in the design of typical at-grade intersections. In reference to the policy of the
American Association of State Highway and Transportations Officials (AASHTO) for
geometric design [22], the common protocol for intersection design in much of the U.S.
has, since the sixties or so, involved the so-called WB-50 design vehicle. By means of this
protocol, certain space requirements were established, with margins provided for the
vehicle to ciear both the lane centerline and the mboard pavement edge. Except in new
construction and at rehabilitated sites where modernization of the availabie space has been
achieved, the 14.6-m (48-ft) semitrailer, with tandem bogie in the full rearward position,
constitutes the most strongly-offtracking vehicle that can be tolerated without mnavoidable
intrasions over the centerline and beyond the pavement edge.

Accordingly, to the degree that the Canadian road system involves similar geometric
space constraints, especially at intersections, there are clear warramts for scrotinizing the
ofitracking demands of alternative truck combinations. Although arguments may be made
that originally provided clearance margins were unnecessary, the fact that all of the margin
is mow consumed by the most common truck combination in operation suggests that
resistance to even greater offtracking demands without & major program to widen
intersections may be in order. |

Regarding the swing-out phenomenon, there is no known documentation of 2
safety problem arising from intrusions of this type. Nevertheless, there are clear pressures

253



for (a) the further extension of semitrziler length without (b) the accrual of additional
offiracking response. The resolution of these conflicts may well be embodied in
semitrailers having their axies set substuntially far forward of the rear extremity, such that
the ratio, (A/B), in Figure 4.6a becomes rather large. Recognizing that values of (A/B)
exceeding 1.5, or so, will yigld a swing-out dimension on the order of 0.5 m (20 in) in an
11-m (36-ft) torn, a clear safety concern is raised by vehicles that are currently being
promoted for use in differing parts of North America. The safety issue is posed by the
scenario of a track driver who (a) begins his intersection maneuver rather near to the Ieft
edge of this lane while (b) putting his attention on tractor path and the inboard offiracking
of right-side trailer wheels, the left rear corner of the trailer can swing across the centerline
into the opposing traffic lane. The swing-out motion thus would occur without particular
aote by the truck driver. Further, the height of the typical trailer bed is such that the swing-
out motion threatens contact with automobiles at the vulnerable elevation of the windshield.
Moreover, there appears to be a clear warrant for examining the swing-out potential of
candidate truck configurations, at least from the viewpoint of the (A/L) geometry of axie .

2 : fions: The offtracking reponse of vehicles having single
or closely-coupled taudem axles is essentially independent of vehicle loading or the
pavement friction level. Although analysis indicates [18,19] that there are mechanisms by
which spread axles can influence the offracking reponse, relative to single axies placed at
the same geometnic centers, there is a complex and non-monotonic relationship between
vehicle load and the inctemental changes in offiracking due to tandern spread. Given that
the tandem effects are generally small and that the load influence on this effect is variable, it
is reasonable to simply adopt a test practice which evaluates offtracking response in the
empty condition.

Evalvation Method: Low-speed offtracking is evaluated by first lining up the
articulated units such that initial articnlation angles are zero, The tractor is then steered such
that the outside of its outer front tire tracks through 90 degrees of a circular path 11 m
(36ft) in radius, exiting the curve along 4 tangent. The maximum inboard offtracking of
any trailer axle is established, over the duration of the maneuver. This peak inboard
excursion typically occurs at a point in the arc which is beyond the 45-degree position.

It is suggested that the swing-out response of a vehicle can simply be observed and
characterized at the time of studying low-speed offtracking. Additionally, simple

254



~=—| — SWING OUT

FIGURE 4.6.a The swing-~out phenomenon occuring in a low-speed
‘ turn with a semitrailer having & relatively high
value of A/L. ‘
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examination of the (A/L) quantity, defined above, will indicate whether the vehicle is 2
candidate for substantial low-speed swing-out.

The measures obtained from the suggested low-speed offiracking and swing-out
1esponses are simply dimensions of vehicle excarsions, in meters. The reference value for
low speed offtracking used in the rating of differing vehicles in this study is 6.00 m (20 )
—a rounded-~off value which approximates the offtracking demands of the tractor and 14.6-
m (48-{t) semitrailer. To the degree that at-grade intersections were designed to a protocol
that approximates the AASHTO WE-50 provision, the 6-m (20-ft) offtracking performance
should be looked upon as completely consuming the available space. While no
corresponding refevence value for the swing-out response has been employed in this study,
it is suggested that a 0.3 m (12 in) intrusion be looked upon, temtatively, as a value beyond
which a serious safety hazard may begin to acerue.

4.7 Friciion Demand in a Tight Turn

Definidon: The friction level demanded of the tires on the rear of the tractor, in a
tight-radius tum, is defmed as the ratio of the resultant shear force ansmg simply due to the
curvilmear travel, to the vertical load imposed on those tres.

Warrants: The loss of traction capability at the tractor drive wheels, during tight
radius turning with 2 trailer having a widely-spread axle set, will result in a low-speed loss-
of-control, possibly culminating in tractor jackknife and possibly risking Iow-speed
collisions with other vehicles. It is apparent that the cited phenomenon has been observed
by the trucking community, especially in jurisdictions such as the Staie of Michigan and the
Provinces of Ontario and Quebec where trailers having very widely-spread axle layonts are
in broad use. Concern for this phenomenon (as well as excessive tire wear) is precisely the
reason that such vehicles are commonly equipped with air-lift 2xles such that mtersection
trns can be negotiated with one or more axles lifted. Further, the problem with friction
demand obviously becomes of greatest significance when the prevailing tive/road friction
condition is lowest--namely, in wintertime with ice- or spow-covered surfaces. In
Michigan, many operators of a semitrailer having an 8-axle array are known to simply park
the vehicles in winter, recognizing that the friction demand frequently exceeds the available
friction level at that time of the year. Regardiess of the covntermeasure practice which may
be selected to deal with this phenomenon, the prospect of loss-of-control with heavy-duty
vehicies, even at Jow speed, is sufficiently sobering that concern for the friction demand
performance seems warranted.
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Applicable Operating Conditions: The friction demand level maximizes when the

vehicle is fully loaded and, especially, when it assumes whatever load biases as cause an
mereased loading on the trailer axles and/or a decrease in loading on the tractor rear axle(s).
As stated above, the most roublesome environmental condition causing actual Joss—of-
control involves low-friction pavernent. Nevertheless, the performance of a given vehicle
is most reasonably characterized, twough either test or simulation, on dry pavement.

Evaluation Method: The friction demand response of a given vehicle can be
characterized in a maneuver which is identical to that outlined above for low speed
offtrackang; namely, involving a 90-degree intersection turn, with an 11-m (36 ft) reference
radius. In the case of a simelation method, it is straightforward to obtain either the shear
forces developed at the tractor rear axle(s), directly, or the Iateral component of the reaction
force at the fifth wheel coupling to the tractor. Either of these variables may pose
difficulty, however, relative to measurement in a full-scale test. That is, such
measurements require specialized wansducers which are very expensive and are rarely
available. Thus, for the present, it would appear that the friction demand evahiation canmot
be generally practiced through a physical test.

On the other hand, results presented in this study showed that the friction demand
Ievel was rather Yinearly related to the term, {Z (d;2 / L)}, where d is the spread of each (G-
th) trailer axle away from the geometric center of the armay of trailer axles and L is the trailer
wheelbase measured to that geomeiric cenfer. As was seen in Section 3.1, the d2/L term is
quite a useful predictor by itself, and could serve as a crude screen for detecting vehicle
. configurations likely to pose an wmusually high level of friction demand.

The reference value of friction demand employed for rating vehicles was 0.10.
This level was selected to give some margin for the development of additionsl foction
demand dug to drive thrust, recognizing that friction Jevels on snow-covered smrfaces fail in
the range of (.20 to 0.40 for passenger car tires[29] (data for heavy truck tires are not
known to exist). Considering that d%/L for a friction demand of 0.10 is approximately 0.50
m (1.6 ft), one could say that the "reference value" for the d2/L term is 0.50 m (1.6 ).
For vehicles having wnusuzl axle load distributions or steerable trailer axlm, the use of this
dimensional term is not suggested. Rather, a simmlation technique such as that used in this
study is recommended. ‘
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4.3 Braking Efficiency

Definition: The braking efficiency of a vehicle at a given braking level is defined as
the ratio of the deceleration attained, in g's, to the minimum tire/pavement friction level
required to achieve such a deceleration level without wheel lockup.

Warrants: The warrants for efficient braking performance seem intuitively
apparent, although it is very difficult to demonstrate the relationship between such
performance and accident rate. It suffices to say that braking performance is the primary
controllability feature of vehicles that has been regulated around the world. Insofar as
heavy duty trucks are known to be decidedly deficient in emergency braking capability
relative t0 passenger cars [41,42] the warrants for evaluating and controlling for the
braking «fficiency aspects of truck braking performance seem axiomatic.

Applicable Operating Conditions: The matching of brake torques with wheel loads
is as much needed in the full state as it is in the empty condition. North American vehicles
which incorporate fixed distribution of braking effort among the axles are typically
designed so that the brake torque gains are roughly proportionsal to the static load
distribution when fully loaded. As a consequence, the brake proportioning renders a low
level of efficiency when the vehicle is empty. This study has also provided results which
indicate the extremely low level of braking efficiency which can occur under certain partial
loading conditions. For example, we saw that efficiency levels in the range of 20 to 30%
were obtained with doubles and triples combimation with one trailer empty and the other(s)
full Moreaver, the applicable loading levels, from the viewpoint of characterizing brakimg
efficiency, cover essentially the entire spectrum of load levels and distributions whick will
oceur in normal service. Indeed, it is primarily because of the difficult compromises that
must be made in distributing a fixed-proportioning braking system that variable
proportioning and antilock technology are especially of interest for trucks.

Evaination Method: While the braking efficiency measure is an attractive analytical
scheme for portraying the utilization of available adhesion, or friction, at the respective
axles of a vehicle configuration, the results certainly offer only a tenunous guess at the actual
pexformance limits of a real commercial vehicle. The reason for the tenuous nature of this
prediction is that truck brakes are tremendously variable in their torgue response and truck
air delivery systems frequently incorporate valves which vary substantially in their
threshold "crack pressures.” Accordingly, therse is reason to be cautious with the utility of
a braking efficiency computation method as a means of predicting the performance of a
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given vehicle. Notwithstanding the need for such caution, there is distinct value
showing that the basic design approach taken to distribute brake torques among the axles of
a vehicle is at least conceptually sound, By such reasoning, there are standards in the
European community requiring so-called “type approval” of brake system designs. The
braking efficiency model used in this study provides an evaluation which is conceptually
the same as those used in efficiency type type approval standards.

Moreover, while the braking performance of heavy duty vehicles is seen as a
complex subject evoking much controversy within the technical cormmunity, there seems a
clear need for improvement in hardware technology and maintenance practices. The reader
is referred to a broad consideration of the related issue in Reference [43],
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5.0 CONCLUSIONS AND RECOMMENDATIONS

The most significant finding of this study is that there exists a very large range of

stability and control performanee among the differing truck configurations currently - |

operating in Canada. Many of the differences in performance are seen as implicating safety
issucs. Although it is not generally possible o quantify the magnitude of the safety risks,
there is good reason to believe that the probability of mvolvement in certain kinds of
accidents is significantly higher with some types of vehicles than others, when operated
under identical conditions.

On the basis of the dynamic performance considerations alone, the matrix of vehicle
configurations has been broken down into four rough categories, namely,

T 3 38, O : alues” defined
herein, Placemcnt in ﬂns category indicates that the velncle conﬁguratmn
compares favorably with the baseline five-axle tractor-semifrailer in terms of
dynamic behavior. This level of overall performance is not looked upon as
optimum or even "high,” in an absolute sense, but merely as the better end of the
specttum of contemporary performance. The qualifying vehicles are:

3-axle ractor semitragler

Tractor and close-tridem semnitrailer
8-axle B-train (tridem center-group)
7-axde B-train (tandem center-group)

6-axle B-train (tandm center—groﬁp)

] ; ations. This category includes vehicles which have
margmal reductions in perfmance below the reference values. Limitations
derive from either: (a) higher demand for friction level in tight turms, (b) larger
steady-state or trangient high-speed offtracking. There is a reasonable prospect
that evolutions in technology will resolve the deficiencies in high-speed
offtracking. The vehicles in this group are identified below, with their respective
'types of deficiencies, as in (a) and (b), above:
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Tractor and wide-spread 3-axle semitrailer (a) .
B-axle C-train doubles (b) .

T-axle C-train doubles (b)

6-axle C-train doubles (b)

Belly-axle B-train (tzndem center-group) (b)

C) 2nd-1 evel Performance Limitations. This group includes vehicles which, to a
rather major desree: (a) violate the geometric limits of the general road system,
(b) demand apparently excessive friction levels in tight turns, (¢) amplify lateral
acceleration (fo a point kmown to yield observable incidents of rear-trailer
rollover), or, (d) exhibit a large transient overshoot in high-speed offtracking.
Certain of these limitations may be resolved through developing technology.
The included vehicles are listed below, together with indication of the key
himitation (per the designation, a,b,c, or d, above):

S-axle tractor semitrailer plus fixed belly-axle (b)
8-axle A-rain doubles (c)
7-axle A-train doubles (¢)
O-axie A-tram doubles (c)
Rocky Mountain A-train doubles (2)
Rocky Mountain (l:—train doubles ta)
8-axle C-train triples (d)
11-axle C-main triples (d)

D) 3rd-1.4 rmamce I ations. This group includes vehicles which, to a
rather profound d:grcc (a) violate the geometric limits of the general road
system, (b) demand excassive friction levels in tight turns, (¢) amplify lateral
acceleration, (3) exhibit a large transient overshoot in high-speed offtracking, or,
(e} exhibit an unusually Jow static rollover threshold. Again, some of these
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deficiencies may yield to technological development. The vehicles are listed
below, together with indication of the key limitations:

Tractor and quad-axle semitrailer (b) (&)
Turapike dovble (2)

g-axle A-train triple (¢) (d)

11-axie A-train triple (c) (&

The authors recognize that the construction of a breakdown such as this involves
some judgement as to the relative seriousness of differing performance limitations. Apd
yet, insofar as this project was explicitly designed to assist the formulation of a prblic
policy, it is expected that the categorization will have valve for dacisionmakers. Tt must be
pointed out, however, that stability and control properties are only part of the traffic-safety
picture and safety is certamly only one consideration in the formulation of road-use
regulations. Relative to the specific categorization that is used here, the following
recommendations and additional comments are offered: ‘

1) It is recommended that hazardous commoditics be transported in bulk only in
those vehicles exhibiting superior dynamic performance qualities. In particular,
the nisk of spillage of hazardous bulk products is reduced in vehicles having a
higher level of both static and dynamic roll stability. It is recommended that snch
transportation be confined to vehicles in category A,

2) The tractor with close-tridem semitrailer provides improved productivity at no
significant cost to stability and control performance, relative to the baseline
tractor and two-axle semitrailer. Indeed, the close-tridem axle group, whether
incorporated on the single long semitrailer or the center-group of a B-train,
introduces improved stability insofar as these axles are characteristically
underloaded relative to two-axle tandems and insofar as more nearly level-

‘loading of freight is permitted (given details concerning load distribution
constraings).

It should be noted, however, that the use of tridems on long semitrailers may
encourage & more frequent forward-placement of the trailer axle group, on behalf
of load distribution. Such practices may exacerbate the occurrence of the lethal
rear-underride type of accident and potential "swing-out” motions of the trailer
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during intersection turning. To overcome these problems, it may be prudent to
require rear-vnderride protection and/or limit the minimum trailer wheelbase
when tridemn-axle arrays are installed on long semitrailers.

3) The B-train doubles combinations is a superior basic configuration for
applications whick (2) require the higher productivity and maneuverability of
multiple trailers, and (b) can tolerate non-interchangeable railers. Among the B-
doubles, the eight-axle variety, with tridem center-group, offers the greatest
productivity advantages while suffering no significaﬁf loss in dynarn.ic
performance (ralative to the five-axie ttactor-semitrailer). Recognizing the safety
benefits of the reduced exposure which accompanies increased payload capacity
plus the high performance, yet simplicity, of this vehicle, the eight-axle B-train is
looked upon as the closest-to-ideal configuration of the overall group of vehicles.
If one vehicle configuration were to be encouraged for transporhng all hazardous
materizls in bulk, for example, it 1s the authors' view that this is it ‘

4) The C-train. combination, with a steerable-axle, dual-drawbar, dolly installed in
- place of the conventional A-train dolly, offers great improvements in dyﬁﬂnﬁ-::
response characteristics over the A-train, particularly in the range of 8.2-m (27-
ft) trailer lengths. Nevertheless, the rankings of such vehicles would be
substantially improved, especially in terms of steady-state and tansient high-
speed offfracking, if doliy-steering schemes were both improved and closely
reguiated. At the current juncture, the total lack of regulatory control over dolly-
steering behavior (except in certain Provinces granting special permits), together
with the potential for performance degradation due to dolly pmpemes, gives the
C-train a somewhat unresolved status.

5) The C-train triples combination, particularly in the dghtvaﬂc version, holds
promise for the future. Firstly, the triple with 8.2-m (27 ft) trailers is a
particularly productive combination for the transport of low density freight,
Secondly, the C-train implementation resolves most of the severe deficiencies in
performance exhibited by the A-train triple. Nevertheless, in its current
implementation, the C-frain miple does exhibit a disturbingly high level of
transient high-speed offtracking. Resolution of this remaining shortco:ﬁjng,
perhaps together with regulation of the stecrable dolly to assure its performance
gualities, would render the C-train triples highly attractive (simply cons:denng
productivity and dynamic performance).
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6) An additional vehicle configuration which qualifies for group (B), above, is the
tractor and belly-axle semitrailer, with the beily-axie steerablie rather than fixed
In this impiementation, all of the performance characteristics of the vehicle are as
good or better than those with the rigid (non-steerable) belly axie. Additionally,
this vehicle is not perceptibly sensitive to the centering properties of the steerable
axle.

7) The quad-axle semitrailer is seen as exhibiting a major performance Kmitation in
the fuction demands which it develops during tight fuming and in its roll stability
charactenistic. The friction demand deficiencies can be, and are, overcome
service through the use of "lft" axles. This study has not evaluated multiaxie
trailers with axles lifted, however, since such a practice introduces gross
overloading of the other axles. It was not assumed that such a practice is
justified, thus warranting inclusion of the axles-lified cases in the stmdy.

The large payload weight capacity of this vehicle suggests that the roll stability
level would be regularly quite low because of the high payload center of gravity.
Although the payload c.g. height is determined, in practice, by the payload
densities hanled, there is certainly a high probability that the quad-axle frailer will
experience unusually high c.g. positions, from day-to-day, thus posing the threat
of more freqguent rollovers,

3) Rocky Mountain doubles exhibit only modest limitations in all parformance
qualities, relative to the reference values, except in the case of low-speed
offiracking performance. Although this vehicle was placed in category (C),
above, its dynamic properties would merit 3 considerably higher "rating” if the
concerns over limitations in roadway geometrics did not apply--that is, if more
gemerous geometric provisions were available in the selected road system.

9) Likewise, the turnpike double exhibits such high levels of dynamic performance
that it would merit inclusion in group (A), if the concerns over limitations in
roadway geometrics did not apply. For example, the use of turnpike doubles on
turnpike facilities in the U.S., where easy access to breakdown arcas are
provided at the perimeter of the turnpike, appears to be a practice which is in
harmony with the findings on the total performance characteristics of this
vehicle.
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Concerning the results of the parametric sensitivity studies, the following
generalized conchsions can be drawn:

1) Variations in tractor wheelbase values should be considered as a significant
element in determining the low-speed offtracking performance of truck
combinations.

2) The "friction demand”, T, experienced by fractor semitrailers during tight turning
is found to be proportional to the term, T (d;?/L) , assuming that all trafler axles
are equally loaded-- where (d;) is the spread of each (i-th) individual railer axle
from the geometric center of the trailer axle group and L is the geometric
wheelbase of the trailer.

3} Substantial variations in the dynummic response of tmick combinations vsed in
Canada occur due to differences in the mechanical properties of the altermative
suspensions which are purchased.

4) An increase in the outside width across tractor axlés from the corremt 2.44 m (96
cim) 10 2.59 m, (102 in), thus matching the Iegal overall width allowance, would
vield substantial improvements in dynamic performance.

3) Increased allowances for axle load yield substantial degradations in dynamic
performance, unless the mechanical properties of suspensions and tires are
altered to provide the needed compensation.

- 6) The dynamic performance of C-train doubles and triples degrades whenever the
distance from the axle ahead of a dolky to the dolly axle, iself, is increased.
This sensitivity applies to increases in both the overhang dimension (from trailer
axle(s) to pintle hitches) and the length of the doliy drawhbar (from. pintle hitches
1o dolly axle(s)). It is particularly problemmatic 1o place the axle(s) on the lead
trailer in 3 more forward position, such ag with slider-bogie equipment. Such
dimensional variations were shown to produce a divergent oscillation in the case
of one C-train dovbles combination having 2.2-m (27-ff) frailers. It is clear,
however, that sensitivity to small changes in the location of hitches and axles
declines with mereasing trafter length.

7) Dolly devices which effect a roll-coupling between successive trailers of a
vehicle combination will provide great benefit for dynamic roll stability in a
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rapid path change mzaneuver as long as the coupling elements are sufficiently
stiff In fransmitting roli moments.

) Operation of partially-loaded vehicles can introduce a profound loss in braking
efficiency, especially in the case of doubles and iriples combinations when one
trailer js full and another is empry.

9) The almost-exclusive use of tandem-equipped tractors i lomg-haul trucking
operations in Canada renders a siteation in which the tractor's tandem axles are
peculiarly underloaded, and thus overbraked, when single-axle trailers are
hauled. Together with the practice of operating without front brakes, such
arrangements pose rather severe limitations in braking performance. Indeed,
there appears 10 be a need for educating the trucking community to adopt a more
rational proporiioning of brake torques to axle loads, generally.

10) An increase in trailer length and in particular, trailer wheelbase, will generally
serve to improve the dynamic qualides of truck systems. Practical limits are
imposed upon trailer lengths, however, by the need to avoid excessive levels of
low-speed offfracking.

11) The compensating fifth wheel, in the version studied here, does not
significantly degrade the stability and control performance of B-trains which
incorporate the device as the inter-trailer coupling.

Concernimg the study of vehicle dymamics, the following observations and
recommended future study areas deserve special note:

1) When many differing multi-trailer combinations were examined for their most.
severe dynamic roll response to a hapmonic steer input over period values
ranging from 2.0 to 3.0 seconds, the great majority of cases showed the largest
roll response at the 3.0-second valve of input period. This result indicates that
the: phenomenon of rearward-amplified responses, which characterize A-traing
with relatively short trailers, is more likely to be stimuiated in day-to-day truck
operations than previously thought (since an input period of 3.0 seconds is
thought to be much closer to the normal spectrum of steer-input frequencies than
the previonsly-studied 2.0-second input.)
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It is_recommended that the steering behavior of fruck drivers be studied in real
service so as to characterize the magnitude and frequency of the maneuvering demands
which are imposed through steering control. Such a study would permit a clearer
projection of the risks posed by specific vehicle responses and the potential safety benefits
which would accrue from new developments in performance.

2) The transient overshoot in high-speed offtracking can be much larger than the
steady-state value, particularly for vehicle cases which exhibit large levels of
rearward amplification. Further, the noplinear aspects of tire rasponse to static
loading and Joad transfer across an axle yield substantial degradation in high-
speed offtracking performance beyond that predicted by linear models. These
findings suggests that the potential for accidents involving this property may be
considerably greater than previously assumed.

Itis recommended that the significance of the high-speed offtracking response to
safety be more vigarously examined, through closer scrutiny of the detailed accident record
and through assessment of driver tracking sirategies on curved roadways and ramps.
There is a need for development of a method, and characteristic response data, for
evalvating the extent of the transient overshoot in high-speed offiracking occurring when a
vehicle makes an abrupt transition from 2 tangent to a curved path. Further, the transient
overshoot response should be included on the list of important response categories, when
characterizing the dynamic behavior of multi-trailer combinations.

3) The roll-steer kinematics of traﬂer suspensions play am important role in
determining various yaw response characteristics of both single and multi-trailer
combinations. Because the roll-steer mechanism is an exceedingly simple
bardware matter, its optimization on behalf of improved dynamics in fruck and
trailer systems should be straightforward.

It is recommended that a systematic study be made of both the positive and negative
influences of various roll-steer arrangements among trailer and dolly axle positions, with
the prospect of recommending a standard practice for implementing roll-steer in the design
of suspensions for trailing axles.

- 4) The mechanical properties of the truck tire play a fundamental role in determining
almost every response property examined in this study. Research on various
aspects of truck tire behavior has lagged, in the public arena, such that work is
nesded on a range of issues, ‘
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It is recommended that studies be made of the following aspects of truck tire
mechanics:

- the relationship between lateral force production and vertical load at high levels of
overload (such as correspond to the heavily-loaded tize during intermediate and
severe maneavering of trucks) for differing tire constructions and treadwear
conditions. Also, the overturning-moment response of differing truck tires at high
overload, with combined slip angle and inclination angle deserves study as part of
the developing understanding on roll stablility.

- the problem of taction limits of truck tires under conditions of light Joad and
. wetted gnrfaces.

- the mechanical characieristics of modern wide-base single tires and the
implications of that behavior on the full range of vehicle dynamic response
properties (recognizing that it is simply 4 matter of time before track operations n
North America begin to employ wide base tires as a replacement for dualg).

5) The only significant performance limitation that was peculiar to the C-train
configurations involved both steady-state and transient offtrackdng. It is clear
that this response characteristic is heavily dependent upon the steercentering
properties of the C-train dolly. Further, the C-train configuration appears to
warrant development as the obvious alternative to A-trains in general freight
transportation {recognizing the desire for interchangeable traflers, detachable
dollies, and van trailer configurations that can be conveniently loaded from the
rear, at conventional loading docks).

It is recommended that 2 major effort be launched to wring out the various
performance requirements for the C-train dofly and to seriously take on the development of
this technology so as to achieve a broadly acceptable alternative to the A-dolly. This work
should follow upon the results of the recent study of dolly concepts sponsored by the
Federal Highway Administration in the U.S. [17]. The trucking industry should be
encouraged to support such developments as a significant step toward improving the safety
performance of multi-trailer combinations (and even as a step toward removing
impediments to the wider acceptance of triples).

268



6.0 References

10.

11.

12,

13,

. Fancher, P.S_, et al. "Retarders for Heavy Vehicles: Evaluation of Performance

Characteristics and In-Service Costs.” Final Rept., Phase I, Contract No. DOT-HS-
9-02239, Highway Safety Res. Inst., Univ. of Michigan, Rept. No. UM-HSRI-81-
3, Fehruary 1981,

Ervin, R.D. et al. "Influence of Size and Weight Variables on the Stahility and
Control Properties of Heavy Trucks.” Final Report, Contract No. FH-11-9577,
Transportation Res. Inst., Univ. of Michigan, Rept. No. UM'I"RI 83-10, March
1983.

Hazemoto, T. "Analysis of Lateral Stability for Doubles.” SAE Paper No. 730688,
June 1973,

Ervin, RD. and MacAdam, C.C. "The Dynamic Response of Multiply-Articulated
Truck Combinations to Steering Input." SAE Paper No. 820973, August 1982,

Gillespie, T.D. and MacAdam, C.C. "Constant Velocity Yaw/Roll Program: User's
Manual™ Final Report, Transportation Res. Inst., Univ. of Michigan, Rept. No.
UMTRI-82-39, October 1982.

MacAdam, C.C., et al. "A Computerized Model for Simulating the Braking and
Steering Dynamics of Trucks, Tractor-Semitrailers, Doubles, and Triples
Combinations — User's Manual, Phase 4" Highway Safety Res. Inst., Umv of
Michigan, Rept. No. UM-HSRI-80-58, September 1, 1980.

Mathew, A. "Simple Models — User's Manual” Transportation Res. Inst., Univ. of
Michigan, February 1986.

- Ervin, R.D., Mallikarjmarao, C., and Gillespie, T.D. “Futere Configuration of

Tank Vehicles Hauling Flammable Liquids in Michigan.™ Final report. HSRI,
December, 1930. 2 vol. UM-HSRI-80-73. Sponsored by the Michigan Department
of State Highways and Transportation,

Fancher, P.S., et al. "Tracking and Stability of Multi-Unit Truck Combinations.”
Finzl report. UMTRI. July 1984. 54 p. UMTRI-84-25. Sponsored by MVMA,

"Offtracking Characteristics of Trucks and Truck Combinations.” Western Highway
Institate, February 1970,

Bemard, JE. and Vanderploeg, M. "Static and Dynamic Offtracking of Articulated
Vehicles." SAE paper No. 800151, 1980.

Ervin, RD., et al. "Ad Hoc Study of Certain Safety-Related Aspects of Double-
Bottom Tankers." Final Rept, Highway Safety Res. Inst,, Univ. of Michigan, Rept.
No. UM-HSRI-78-18, Sponsored by Mich. State Office of Highway Safety
Planning, Contract No. MPA-78-002A, May 7, 1978.

Fancher, P.8. "The Transient Directional Response of Full Trailers.” SAE Paper
No. 821259, November 1982.

269



14. Winkler, C.B., et al. "Parametric Analysis of Heavy Duty Truck Dynamic Stability.”
Vol. I, Technical report. Transportation Res. Inst., Univ. of Michigan, Rept. No.
UMTRI-83-17, March, 1983. Sponsored by NHTSA, Contract No. DTNH22-80-C-
(7344,

15. Su'andberg, L et al. "Safety Problcms 1n Comme:rclal Ve:hmlc Handhng "

I-Iinhway Safety Res. Inst, Univ. of Michigan, May 5.7, 1975Rept. No. UM.
HSRI-PF-75-6, 1975, pp. 463-528.

16. Mischke, A., et al. "Contribution to the Development of a Concept of Driving
Mechanics for Commercial Vehicles.” SAE Paper No. 830643, February 1983.

17. Winkler, C.B., et al. "Improving the Dynaric Performance of Multi-Trailer Vehicles:
A Study of Innovative Dollies.” Final Technical Report. Transportation Res. Inst.,
Univ. of Michigan, Rept. No. UMTRI-86-26 (expected September, 1986).
Sponsored by FHWA, Contract No. DTFH61-84-C-00026.

18. Morrison, WR.B. "A Swept Path Model Which Includes Tyre Mechanics.”
Proceedings. 6th Conference, Austarliam Road Research Board, Vol. 6, Part 1,
Canberra, 1972,

19. Gillespie, T.D. and Winkier, C.B. "On theDirectional Respcmse Charac:ermncs of
Heavy Vehicles.” Procesding: :
Austria, September, 197‘7, pp 165-183.

- 20. Ervin, R.D., and Gillespie, T.D. "Safety and Operational Impacts of 53-foot Truck
Trailer Combinations.” Final Report. Transportation Res. Inst., Univ. of Michigan,
Rept. No. UMTRI-86-13, ‘March 25, 1986, 208 p. Sponsored by the Michigan
Department of Transportation,

'21. Ervin, R.D. and Guy, Y. "Axioms Relatine Size and Weight t0 Vehicle
Confrollability” (Presented af the International Syrmposinm on Heavy Vehicle
Weights and Dimensions, June 8-13, 1986, Kelowna, B.C., Canada.),

22. "A Policy on Geometric Design of Highways and Sgeets.”, 1984. AASHTO,
Washington, D.C. 1087 p.

23. Ervin, R.D. "The Influence of Size and Weight Variables on the Roll Stability of
Heavy Duty Trucks." SAE Paper No. 831163, August 1983,

24. Ervin, R.D. and Nisonger, R.L. "Amnalysis of the Roll Stability of Cryogenic
Tankers.” Final Report Highway Safety Res. Inst., Univ. of Michigan, Rept. No.
UM-HSRI-82-32, September 1982. Sponsored by Union Carbide Corporauon
Linde Division.

25. Mazi, L. and Sweamman, P. "Asticulated Vehicle Stability - Phase H: Tilt Tests and
Computer Model.” Austarlian Road Research Board, Rept. No, AIR 323-2, March
1984/

26. Ervin, RD., et al. "The Yaw Stability of Tractor-Semitrailers During Cornering.”
Final Repost, Contract No. DOT-HS-7-01602, Highway Safety Res. Inst., Univ, of
Michigan, Rept. No. UM-HSRI-79-21, June 1979.

270



27. Woodrooffe, FILF. "Accident Investigation Report.” National Research Counc:l
Division of Mechanical Engmeezmg, chor: TR-RW-1, hme 1984,

28. Ervin, R.D., and Winkler, C.B. ' ton of th ili Whaeel
: (Presented at the Third International Association of Vehicle Design Congress on
Vehicle Design and Components, Mach 3-6, 1986, Geneva, Switzerland.).

29. Clark, S K. "Mechanics of Poeumatic Tires.” Univ, of Michigan / NHTSA, DoT-
HS5-805-952, Aungust 1981 (U.S. Government Printing Office, Washington, D.C.
20402),

30. Heath, WM. T"California Tank Truck Accident Survey - February 1, 1980 to
January 31, 1981." California Highway Patrol, Sacramento, December 1981.

31. Consolidated Freightways Corp. of Delaware vs. Larson, et al., Civil No. 81-1230
M.APA_, Filed October 27, 1981), Exhibits 1010 through 1024 and 1070 through
1094.

32. Ervin, R.D. and Winkler, C.B. “Private Communications with Operators of
Petrolenm Transport A-Trains in Western Canada.”

33. Kemp, R.N,, et al. "Articulated Vehicle Roll Stability: Methods of Assessment and
Effects of Vehicle Characteristics.” Transport and Road Research Laboratory, Rept.
No. TREL 788, Crowthome, England, 1978,

34. Miller, D.W.G. and Barter, N.F. "Roll-Over of Artculated Vehicles.," TInst. of
Mech. Engrs., Paper No. C203/73, March 1973.

35. Isermanm, H. "Overturning Limits of Articulated Vehicles with Solid and Liquid
Loads." Motor Indusiry Research Assoc., Translation No. 58/70, 1970.

36. Nordstrom, O. and Nordmark, S. "Test Procedures for the Evaluation of the Lateral
Dynamics of Commercial Vehicle Combinations.” Mmunéum Vol. 23, No.
2, June 1978, pp. 63-69.

37. Delisle, G. "Inye Articulate 1 : 2
{Presented at the Intematmnal Symposlum on Hcavy Vehlcle: We1ghts emd
Dimensions, June 8-13, 1986, Kelowna, B.C., Canada.).

38. "Truck Trailer Shipments.” (Source: Current Indusirial Reports of 17,5, Bureau of
Census) Compiled by the Truck Trailer Manufacturers Assoc., Alexandria, Virginia.
Published Anmually.

39. Ervin, R.D., etal. "Impact of Specific Geometric Features on Truck Operations and
Safety at Interchanges." Final report. UMTRI, Aug 1985. 2 vol. UMTRI-85-33.
Sponsored by FHWA.

40. "Highway Accident Report, Houston, Texas, May 11, 1976." NTRE Rept. No.
NTSBE-HAR-77-1, Washington, D.C.

41. Olson, P.L., et al. "Parameters Affecting Stopping Sight Distance.” UMTRL
National Cooperative Highway Research Program Report No. 270, June 1984,

271



42,

43,

Radlinski, R.W. and Williams, S.F. "NHTSA Heavy Duty Vehicle Brake Research
Program: Report No. 1 -- Stopping Capability of Air Braked Vehicles; Volume 1 —
Technical Report.” NHTSA, Interim Report DOT-HS-806-738, April 1985.

Pending Report entitled, "Heavy Truck Study” by NHTSA o the U.S. Congress,
pursuant to Section 216 of the Motot Carrier Safety Act of 1984 — Publication
expected September, 1986.

272



