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PREFACE AND ACKNOWLEDGEMENTS

This document is a revised version of a preliminary handbook that was developed i the firsi
phase of this project. The resulting handbook represents an initial effort to present a wealth of

vehicle dynamics knowledge pertaining to heavy trucks.

Although we have had mathematical simulations of heavy trucks for many years, those
simulations have not been previously used to develop a generalized knowledge base
defining the braking and steering performances of heavy trucks. After exercising the
simulations, developing specialized analysis procedures, and preparing this handbook, we
believe that this project has made sigmficant progress towards focusing future evaluations
of the dynamics of heavy trucks on pertinent performance measures.

The preliminary draft of the handbook was reviewed by people who specify vehicles
for fleets and by people who build trucks. We have made revisions in response to the
conmments of these réviewers. Even so,. the reviewer's comuments indicate that furthe r work
could be done to prepare a document that would be easier for the trucking industry 15 use.
Ve wish to thank the following individuals for their comments and suggestions:

Mr. Blaine Johnson Ryder Truck Rental, Inc.
Mr. Loren Swenson PIE Nationwide, Inc.
Mr. Arthur Ball Fruehaut Corporation
Mr. Bill Giles Ruan Companies
Mr. C. F. Powell Navistar International Corporation
Mr. Larry Strawhorn American Trucking Associations
| Mr. Gary Hu PACCAR, Inc.
Mr. Donald Dawson Roadway Express, Inc.

With regard to the maneuvering situations analyzed, we have covered situations that
are rwated to avoiding accidents. One additional situation, that was suggested by the
reviewers, has to do with the turning resistance produced by vehicle units with numerous
axles. This subject has recently been studied in connection with vehicles used in Canada,
and it could become important throughout the United States if we start to allow heavier



vehicles with more axles. We think that the analysis of this subject would be a worthwhile
addition to the handbook.

From another point of view, the reviewers pointed out that recommended levels of
performance are not presented in the handbook. In the authors' view, the handbook is
intended to provide the basis for synthesis studies in which designers or assembilers o1
heavy trucks set performance targets. Without targets, the exercise of evaluating
performance lacks incentive and direction. Nevertheless, the matter of selecting levels of
performance is beyond the scope of this document.

Another suggestion involves a condensed document of only a few pages summurizing
the most important considerations. The general idea is expressed in the question, "ese how

do we transition from this handbook to a handbook of simple recommended practices?”

Finally, in the preliminary draft, the diagrams used to display performance sensitivities
 were difficult for the reviewers to interpret. We have changed the labels on all of these
diagrams to improve their readablilty., We believe that this effort has made the results easier
to understand.
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1.0 INTRODUCTION
1.1 Information Concerning the Development of This Handbook

This handbook has been prepared by The University of Michigan Transperiation
Research institute (UMTRI) under sponsorship of the National Highway Traffic Safety
Administration (NHTSA) during a project entitled " An Evaluation of Factors Influencing
Heavy Truck Dynamic Performance.” |

The purposes of this handbook are (1) to summarize the effects of the mechanica!
properties of vehicle components and configurations on the braking and stcering of heavy
trucks and thereby, (2) to aid in predicting the improvements in dynamic performance that
might be developed through the judicious selection of component properties.

The results presented here were obtained using mathematical models that provide
basic undeistanding of the dynamics of single-unit and articulated trucks [1]. These
models ran;e in complexity from very simple calculation procedures for offtracking and
braking efiiciency to simulations that include detailed representations of the pertinen:
components of the driver-vehicle system.

Parametric information describing the mechanical properties of heavy trucks is
required in applying these mathematical models and simulations. Information corcerning
the mechanical properties of typical components currently employed in heavy tnicks and
combination vehicles operating in the United States may be found in a companion
document {2] entitled "A Factbook of the Mechanical Properties of the Components for
-Single-Unit and Articulated Heavy Trucks." (The "Component Factbook" was also
prepared during this project.’

1.2 Scope of the Handl sok

The scope of this handbook encompasses the following vehicles and "d iving”

conditions:
Vehicles

1. Single-unit truck - no articulation points _

ot



2. Tractor-semitrailer - one articulation point
3. Truck-full trailer - two articulation points
4. Tractor-semitrailer-semitrailer (B-train or C-train) - two articulation points..
5. Tractor-semitrailer-full trailer (Double) - three articulation points
6. Tractor-semitrailer-full trailer-full trailer {Triple) - five arﬁculation points
Driving Conditions
(a) Cons ant-acceleration cases
1. braking - constant braking force
2. steady turning - tracking
3. steady turning - roil
4. steady turning - handling
(b) Transient maneuv;rs
5. turning a corner at low speed

6. initiating a curved path

-3

. change of lateral position - obstacle avoidance

o0

. braking while turning
9. response to external disturbances
1.3 Organization of ‘the Handbook

The methodology used to derive and present results is described in Section 2. The
results obtained by applying this methodology are presented in Sections 3 through 8, which
correspond to the six vehicle types listed in Section 1.2. Results for a single-unit truck are
presented first in Section 3, followed by sections that treat vehicles with increasing
numbers of articulation points. In this way, material presented earlier can be referer ced
when considering articulated vehicles. (That is, the reader interested in articulated veh'cles



may need to read both Sections 2 and ¥ in order to obtain u detailed understanding of the
methodology employed in the Handbo k.)

Within Sections 3 through 8, resuits for the various driving conditions are
presented in 4 sequence going from th »se maneuvers whose analysis requires the least (but
most fundamental) information on the individual units of a vehicle to those maneuvers that
need detailed parametric data desc ibing the mechanical properties of the vehicie's
components. [his arrangement of :esults is intended to fac ilitate & vehicle synthesis
process in which a person specifying or assembling a heavy truck or combination vehicle
can proceed from basic (first-order) considerations to matters requiring more sophisticated
analyses.

Section 9, entitled "A Procedure for Using the Handbook to Evuluate a Proposed
Vehicle Configuration,” provides a discussion related to the process of specifying vehicles
that are intended to satisfy selected levels of braking and steering performance.

Finally, several appendices document the simplified models employed in this study.
The vehicle dynamicist may find these models useful for analyzing vehicles having
components with mechanical properties that are substantiaily different from those ireated
here.

L]



2.0 THE APPROACH USED IN SUMMARIZING THE BRAKING AND
STEERING PERFORMANCE OF HEAVY TRUCKS

2.1 Synopsis of the Methodology Employed

As illustrated in Figure 1, the methodology for developing perfermance evaluations
progresses conceptually from the first objective of the project (that s, summarizing the
effects of mechanical properties) through (a) assembling data scts desc ribing vehicles and
marneuvers to (b) performing analyses, and then, to (¢) processing anc presenting results

for each member of a set of selected driving conditions.

The data sets describing vehicles and their components were based on those
available from previous research investigations [3] and laboratory tests [4]. In this project,
suitable parametric data have been assembled into a component factbook [2].

The driving conditions and control inputs were selected from a review of past
studies of braking and steering performance [1]. A family of braking and steering
"maneuvers” was chosen to provide a basis for quantifying the sensitivity of performance

to changes in pertinent mechanical properties of heavy trucks.

Computer-aided analysis techniques and computer simulations were then used to
predict the performance of benchmark vehicles. Special-purpose models for tracking [5],
braking [3], rolling [6], and directional response [7,8] were adapted, simplificd, and
refined for the purposes of this handbook. The resulting simplified models represent
quantifiable "rules of thumb." Existing computer simulations [9,10,11] were used to make
detailed analyses of transient situations.

The selected set of maneuvers provided the foundation for the types of analyses
performed. For each maneuver, an output or set of outputs was selected to be a
"performance signature" that characterized vehicle performance in that maneuver. The
performance signatures were rocessed (examined) 1o derive safety-relevan: "performance

measures” for each driving sit :ation.

Results of analyses of benchmark vehicles, but with variations in pertinent

mechanical properties, were used to construct performance sensitivity diagrams that
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indicate the influence of feasible variations, corresponding to currently available mechanical

properties, on the performance measures seiected for each maneuver.

The remainder of this section provides more detailed explanations of the factors
confributing to the methodology employed.

2.2  The Types of Mathematical Modeis and Simulations Used in
Quantifying Braking and Steering Performance

The results presented herein are based on models developed during studies
éupported by the Motor Vehicle Manufacturers Association (MVMA), the Federal Highway
Administration (FHWA}, the State of Michigan, and the National Highway Traffic Safety
Administration (NHTSA). Table 1 provides correspondences between open-loop vehicle
maneuvers, comp iterized models, and published references. Simulated vehicle maneuvers
have been used ¢ make design evaluations similar to those that might have been obtained
from typical vehicle tests [24,25,13].

2.2.1 Equilibrium Analyses. The equilibrium analyses used here are
simplified calculation procedu:as that have been programmed in BASIC to operate on
Apple Macintosh computers. (They have also been revised to operate on other personal
computers.) These programs are operated interactively and they are "user friencly."

Three types of vehicle maneuvers are studied with the aid of thesc simplified
analyses; namely, steady turning at constant velocity (and constant lateral acceleration),
constant deceleration braking, and turning a tight corner at low speed. In the steady turiing
situation, three different analysis procedures are used to study tracking, rolling. and
handling (steering). The procedures pertaining to braking and turning a tight corner
address friction utilization {braking efficiency) and offtracking, respectively. Descriptions
of the five available types of calculation procedures foliow,

1. Low-Speed Offtracking. This type of procedure provides a simplified, quasi-
static analysis of a vehicle turning a tight corner at low speed {(see Figure 2). The first unit,
the towing unit, is assumed to be steered such that the front axle follows a preselected path,
typically a 90-degree or 180-degree segment of a circular arc with tangent sections

preceding and following the curve,

There are two versions of this type of analysis. In one, which has been delivered to
FHWA {28], the program can plot overlays of vehicle positions for use by highway
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engineers in evaluating intersections. In the other, which was used in developing this
handbook, a simple algorithm is used to compute the offtracking of the various units of any
vehicle that can be modeled as a’train of semitrailers. Given wheelbases and hitch
locations, the computer programs have been applied to tractor-semitrailers, doubies, triples,
and truck/full-trailer combinations.

These programs are limited in scope in that they do not include scrubbing of wheels
and the influences of low friction. Vehicle units with many axles and/or "belly" axles wili
require more complete models to obtain reasonably accurate predictions. One can use the
yaw/roll simulation (to be discussed later) to handle those special situations. However, the
representation of typical tandem-axle pairs by a single (centrally located) axie is 2
reasonable approximation for predicting the operation of conventional vehicies on good

road surfaces.

2. High-Speed Offtracking. This analysis procedure applies t¢ operation on
highway curves at highway speeds. Besides offtracking dimensions, this procedure
utilizes the cornering compliances applicable to each suspension location, that is, the ratio
of vertical load on the tires to the sum of the cornering stiffnesses of al} the tires mounted
on that suspension's axles,

The result of this calculation is the offtracking at each axle as a function of lateral
acceleration in steady turns at specified radii. At low speeds, the units of a comb nation
vehicle will track towards the insid : of the curve, but as speed increases the ires must
operate at non-zero slip angles to zenerate the lateral forces required for equilbrium
turning. In order to generate these slip angles, the trailing units of the vehicle tend 1 » track
tovzards the outside of the turn (see Figure 3). For typical vehicles, the transitic © from
in: de to cutsice offtracking often cccurs at speeds less than 55 mph, such that at 35 mph
the rear units tend to track outside oi the path of the tractor.

The scope of this procedure is restricted by the assumptions made to obtain a
simplified model. These restrictions include (1) working with large radius turns such that
sraali angie assumptions apply (this is not a problem for analyzing the performance of
heavy trucks on typical highway curves or interchange ramps) and () ensuring that the
axles on a unit to be studied are closely spaced with a separation much ess than the engh
of the unit. For vehicles with large axie spreads, the yaw/roll moc.el may be usec o
calculate high-speed offtracking, however, much more information is required to use the
yaw/roil model and a large computer is needed to perform the calfculations.
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3. Constant Deceleration Braking. This procedure examincs the proportioning of
the braking system by calculating the friction level required at each axle to prevent whee!
lock at that axle. The ratio of deceleration to the highest friction level, required at any axle,
is the braking efficiency of the veh.cle at that deceleration level.

This procedure uses the following information to predict friction utilization zf each

axle:
1) applied braking force as a function of trcadle pressure
2y wheelbases
3) hitch locations
4) center of gravity heights for each unit of the combination vehicle
5) interaxle load transfer for tandem suspensions

Results may be obtained for a range of decelerations, for example, 0.1 to 0.5 5.
These results are expressed in term: of (a) braking efficiency as a function of deceleration

level and, also, (b) friction utilizatio: s at each axle as a function of treadle pressure.

This is a very simple model of the braking process. It only considers first-order
effects. Nevertheless, the results are very useful for illustrating braking arrangements ana
situations that will lead to low braking efficiencies, that is, poor deceleration performance
compared 0 the frictional capability of the tire/road interface.

4. Static Roll. These calculations represent the rolling per: ormance ob:ained
during steady turning at various levels of lateral acceleration (see Figure 4). They represent
analytical equivalents of tilt-table experiments.

There are two versions of this type of analysis. The comprehensive version
includes representations of non-linear spring rates and spring lash, fifth wheel compliance
and separation, frame compliance, and the influences of tire deflections. This version s
written in FORTRAN and is too large to operate efficiently >n our currently availzoie
personal computers. This comprehensive equilibrium model is often used for cetailec
studies of the influences of component characteristics on the rollover threshold because the
resuits are much easier to interpret than those obtained from comprehensive simulations

such as the yaw/ioll or the comprehensive braking and steering models.

11



A HEAVY TRUCK IN A LEFT TURN.
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Figure 4. Static roll
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The other version (the simplified static roll model) incluces the primary factors
mnfluencing the ability of the vehicle to remain upright during severe turns, namely, it
includes c.g. heights for sprung and unsprung masses, axle track widths, spring spreads,
spring rates, suspension roll center heights, auxiliary roll stiffnesses for the suspensions,
and tire vertical stiffnesses. The model provides the méans for estimating the level of
lateral acceleration at which rollover wiil occur. The calculations also compute axle and
suspension roll angles and the conditions for wheel liftoffs:

The simplified static roll model is very useful for comparisons of major changes in
vehicle components. Detailed effects, such as suspension lash, become important for
vehicles with low rollover thresholds and, also, for improving the accuracy of predictions.
SGenerally, each of the items omitted from the simplified modei tends to lower the rollover
threshold to the extent that simplified calculations may predict 5 to 10 percent hiy her
rollover thresholds than those obtained from the more complete model.

5. Handling (Steady Turn). "Handling" calculations are concerned with the
steering angles required for a given iype of steady turn (see Figure 5). In addition to the
level of steering, these handling cale: lations indicate the possibility for the steerin g zain ic
become infinite, that is, the possibility for the vehicle to become statically unstable.

The previous tracking models have assumed that the vehicle is steered appropriately
to perform the desired maneuvers. The tracking calculations indicate the extent to which
the rear end of the vehicle follows the front end. In the handling context, the driver steers
the towing unit and the rest of the combination vehicle is expected to follow the path o the
towing unit. Handling is related to the ability of the driver to steer the lead unit of the
vehicle,

For straight and articulated heavy trucks, the handling .calculations are ccmplex.
The vehicle's response to steering may be linear only up to 0.15 g of lateral accelerarion,
Due to (a) nonlinearities in tire comering stiffness as a function of vertical load and [b) the
distribution of roll stiffnesses at the various suspensions, some heavy trucks may tecome
directionaily unstable at lateral accelr ration levels above 0.15 g, but below their “silover
thresholds. h

The mosi important parametric quantities for this handling analysiv pertain o the
properties of the towing unit--its tire characteristics, suspensions, vertical axle loads, znc
geometric layout. The simplified static roll model is incorporated into this analysis in order
to compute side-to-side load transfer at each axle. Hence, all of the parametric infcrmation

13



‘SISABUR DuijpueH G o4i iy

alel meh o|Xe JUOJ} 8U} U0 sal1l ay) j0 $Sauy)iis Bullauiod (110D
oibue diis spis Jun 1 JUIBJISUOD JO $9210) & 1A
4oy Jeas pue ‘60 usesmioq sour)sip : 1Hy YONY premio) pue 60 ussmiaq doUBLSIp 11y -
sonsadosd [eotueyoaw Jo seouew : [y AID0IBA PIEMIO) N
n _uHm J
o>~ J { B b
Q10| | Hx Hy ENGLS Y Hx 1y X
Ny :ﬁ [v] fed L] e [*v] Fe [v]
=*A
o~L_ 1010811 wosg Ao ueg
4 v v ¥
H °g °d vy

a

Q “UTONV ONIIAILS ONLLV TN TVD NI GHATOANI SENIWA T dH.L

14



needed for the static roll model is required for the handling analysis. Information
describing the layout, suspensions, and tire properties of the towed units of a combination
are also used in this model.

The results from the handling analysis are presented in diagrams summarizing the
influences of changes in velocity and lateral acceleration on the steer angles required for an
equilibrium turn. In addition, if the vehicie can become unstable, a stabiiity coundary iu
plotted in a graphical space deiined by coordinates representing lateral acceleration anc
velocity.

This handling analysis applies to straight trucks, tractor-semitrailers, and tractor-
semitrailer-semitrailer vehicles. It also applies to doubles and triples in which the pintle
hitch connections used in these vehicles "analytically uncouple" their full trailers from the
. tractor-semitrailer units towing these full trailers.

2.3.2 Simulations. A hierarchy of simulation models is currently used to study.
the directional performance of heavy trucks. These models progress in compiexity
depending upon the number of modes of motion allowed in them. The least complex
simulation (called the "yaw-plane” model) is a linear model that allows constant velocity
movements of the vehicle in a horizo 1tal plane; rolling effects ind side-to-side load wansfer
are not treated in the model. The "yaw/roll” model, which is considerably more complex
than the linear yaw-plane model, includes both yawing and rolling motions of the vehicle.
It is again a constant velocity model, but nonlinearities in tires, suspensions, and the
equations of motion are carefully represented. The comprehensive braking and steering
model (often referred to as "Phase 4") is capabie of sirnulating ail types of vehicle
maneuvers. It adds braking and longitudinal deceleration to the factors considered in the
yaw/roll model.

The simulation programs are al! written in FORTRAN and they are structured o be
operated on a large computer system. Brief summaries of these models follow.

!. Linear Yaw-Plane Model. This model offers a first look at the response of
combination vehicles to rapid changcs in steering. Since the model is linear, cornp.iaziona
procedures have been developed fo: both the time and frequency domains. In ire time
domain, a quick obstacle-avoidance maneuver is used to assess the amount of resrwerc
amplification {that is, "whipping") that occurs for a particular combination vehicic {sco
Figure 6). Frequency-domain calculations are also used to study rearward amplificasion,
which is technically defined as the ratio of the lateral acceleration of the last unit ¢ the

15
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lateral acceleration of the first unit of a combination vehicle. In Jhis contexi. the lateral
acceleration of the first unit may be viewed as the independent input variable used in

evaluating the extent to which the motion of the last unit exceeds that of the first unit.

This type of analysis has been applied primarily to the study of rearward
amplification in doubles combinatiors. Since the maximum rearward amplification is a
function of the period of the steering input, or equivalently, the frequency conten: of the
input, calculations are made for a range of periods or frequencies, for example, “o-
frequencies ranging from 0.1 to 0.5 Hz. Experiments have shown that drivess can easiy
apply steering inputs at 0.5 Hz (2-second period), however, ahalyses indicu.te that drivers
only need to apply these rapid inputs in nearly emergency situations. In this sense,
rearward amplification is an obstacle-evasion problem.

If the last trailer has a heavy load with a high cenier of gravity, the ultimate outcome
of an avoidance maneuver, involving high levels of rearward amplification, is likely o0 be
the rollover of the last trailer. The yaw/roll model is used to study the rollover phenomena

involved in rearward amplification situations,

A simplified version of the frequency-domain analysis derived from the yaw-planc
model has been developed. This analysis procedure is impleinented On persona:
computers. The fact that the lateral forces at pintle hitches are practically negligible aliows
us to "analytically decouple” the influences of full trailers upon the units towing them,
thereby allowing individual analyses of the contribution of each vehicle unit to the overal:
rearward amplification.

2. Yaw/Roll Model. This model can simulate the directional and roll respenses of
straight and articulated vehicles during steering maneuvers up to those that approach the
roliover threshold of the vehicle. Typical steering maneuvers that have been siiaiclated
range from low-speed turning of a tight corner to sudden obstacle-avoidance maneuvers a
high speec. A maneuver of current interest is a gradually tightening turn from which one
. can determine high-speed offtracking, the rollover threshold, and handling characteristics--
all from one computer run.

This model requires a compiete description of all of the vehicle's comnoneny
except the brakes. It contains provisions for including multipie-axle suspensions and
special hitching arrangements between units (features not available in the comprehensive
braking and steering model). The model treats combination vehicles as a "trai1” o



semitrailers. For example, it can be used to simulate a B-train without any special
modifications to the computer code.

The results of the simulation are time histories of response variables such as “aw
rates, lateral accelerations, roll angles, wheel loads, etc. To interpret these results, one
desires performance measures that indicate the quality of selected responses--for exam ple,
the level of luteral acceleration at which rollover occ s, the amount of ciftracking ¢ the
rear unit, or the maximum amount of rearward amp] ‘ication. Clearly, the processing of
simulated time histories is comparable to the processiny, of data obtained in vehicle tests.

3. Comprehensive Braking and Steering Model (Phase 4). This is the largest and
most complex model. It simulates the braking and steering performance of straight trucks,
tractor-semitrailers, doubles, and triples combinations.

Since the yaw/roll model provides a convenient means for simulating constant
velocity maneuvers, the Phase 4 model is currently applied to situations in which braking is
involved, for example, braking-in-a-turn maneuvers, antilock braking on slippery surfaces,
or exarmninin 3 jackknifing rates when tractor rear wheels are locked.

Besides the input information needed for predicting directional response, the
following braking-related iterr's can be represented in the simulation: (1) interaxle icad
transfer in tandem suspensior s, (2) brake proportioning, timing, and hysteresis, (3)
antilock control logic, and (4) thermal properties of brake druras and linings.

As with the yaw/roll model, the direct results of the simulation are time histories of
pertinent response variables. The basic outputs of the simulation are comprehensive tables
of response variables. These outputs need to be processed into graphical form or into
derived performance measures to provide convenient means for evaluating the results.

The computerized model contains many degrees of freedom including () rotational degrecs
of freedom for up to 26 wheels, (b) vertical and roll degrees of freedom for up to 13 axles,
(c) 6 degrees of freedom of the tractor/truck sprung mass, and (d) degrees of freedom for
the semitrailer and each full trailer.

2.3 Geaeral Goals for Braking ard Steering Performance

Now consider the application of the vehicle models, just described, to the
evaluation of the braking and steering performances of heavy trucks.

18



Stated in practizal, everyday terms, the goals pertaining to the braking and steering
performances of heavy trucks are that:

1. the rear end of the vehicle should follow (track) the motion of the front end with
adequate fideliry;

2. the vehicle should atain a desirable level of deceleration during traking (withoi:

losing directional control or stability);

3. the vehicle should remain upright on its tires (not rollover) during severc

maneuvers; and

4. the vehicle should be controllable and stable enough to follow a desired path in

response to steering.

The vehicle should be capable of performin acceptably with respect to these goals
over appropriate ranges of loading, roadway "fr.ction," speed, tire wear, brake work-
history, and other operational factors,

2.4 Descriptions of Maneuvering Conditions, Performance Signatures, and
Performance Meaasures

2.4.1 Discussion of the Selected Maneuvers. The maneuvering and
operating conditions given in Table 2, have been selected for use in predicting how well

vehicles wiil perform relative to the four general goals stated in Section 2.3.

Three of these maneuvers (turning a corner at low speed, steady turn, trackinz; anc
obstacle avoidance) challenge the ability of the trailing units to follow the motion of th

towing unit.

Rellover immunity in a steady turn has been chosen as the primary test of voll
stability for all heavy trucks. | However, curing obstacle-avoidance maneuvers the rearmost
trailers in multi-articulated combinations are susceptible to rolling over if the metic . o7 Ui
towing unit is greatly amplified at the rear of the vehicle. Vehicles that are ros overly
susceptible 10 roiling over in either the steady-tumn or the obstacle-avoidance maneuver 2re

not as likely to have rollover accidents as those that do pocrly in these situations.
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T:ble 2. Performance Signatures and Measures for various marcuvers

Maneuvers

Performance Signatures
{or Operating Condition)

Performance Measure i

i

1. Low Speed Cornering
{In-Town Cornering)

2. Constant-decelcration
stopping

3. Steady Tuming

a. Tracking

b. Rolling
c. Handling
4, Transient turning

(Ramp-step steer or
lange change)

5. Obstacle avoidance
{Rearward amplification)

6. Braking ina mrn

7. Responding to
External Disturbances

(41 ft radius, 90° corner) Trajectory
tof the rear axle-Tracfrix

‘Friction utilization and deceleration
iversus pressure

[
{1200 ft radius at 55 mph) Trajectory of
the rear of the vehicle

Lateral acceleration versus roll angle

Handling curve and critcal speed versus
lateral acceleration

(Steering wheel angle 200°/sec to 28°)
Lateral acceleration time history

Transfer function: lateral acceleration
of last unit to that of first unit

(0.8-second braking pulse while
following a 1200 ft turn at 55 mph) Yaw
rate and sideslip angle time histories

Transfer function: steering control to
equivalent disturbance input

Maximum Offtracking [

Braking efficiency at 0.2 and 0.4 g's

Offtracking

Rollover threshoid

. Steering gain at 55 mph and 0.3 g s
2 Critical speed at 0.3 g's

Lateral acceleration response times
(30% steering to 90% of sieady :
siate) or average time lag between :
steering input and lateral
acceleration output

I3
Muximurn rearward amplification !
(steering frequency < 0.5 Hz) g
|
Open loop: maximum changes in vaw i
rate and sideslip.
Closed loop: deviation from a refer. nce;
yaw rate. ’ !
j
Maximum closed-loop steering gain

i
i
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Heavy-vehicle handling and stability are evaluated by porformance in steady
turning, initiating curved paths, braking while turning, and in response 1o external
distarbances. The gain of the response to steering in a steady turn is an indicatio of the
stability margin that the driver has in negotiating a highway curve. The response time of
the vehicle in initiating a turn is ir .portant in determining the performance of the driver-
vehicle system. The quality of criver control depends upon the response time of the
vehucle. Zxiernal disturbances, for example, wind gusts, road bumps, eic. may excite
vehicle motions that are difficult for the driver to damp out. Braking-while-turnin
situations can be very difficult to control if wheels become locked or approach lockip. Al

of these maneuvers provide information as to vehicle controliability,

Braking performance can be eva'uated from a constant-deceleration apalysis. The
results from this type of analysis cover the entire range of tire/road friction and shouic oe
performed for the vehicle in both its fully laden and empty condition. The important matter
here is to stop quickly without locking any wheels. If wheels lock, the vehicle wiil become
either unsteerable if the front wheels lock or directionally unstable if the wheels on other
axles lock. Braking performance in terms of stopping distance is much the sarme in brakin :
in & turn 4s it is in straightline braking. However, the control challenge is much greater i
brakmg while turning. The braking-while-turning maneuver is the ultimate challenc ge ol
vehicle design characteristics with regard to the driver's ability to maintzin directional

control.

There may be reason to argue that this set of maneuvers could well be expanded &
include other tests of vehicle performance. On the other hand, only low-speed offtracking
ard straightline braking have received attention in vehicle standards. Operators know that a
vehicle must not cut corners by such a large amount that the vehicle is not usable .n IOWR OF
in loading areas. Highway engineers design roads with offtracking in mind., Vehicle
safety standards address braking performance, but, even in this ieemingly straightforward
context, universal agreement and acceptance of braking requirements has not beer achievad
in the United States. The set of maneuvers and operating conditions selected for thig
handbook are intended to provide the basis for developing vehicles with good averzl
braking and stecring performaiice. If heavy trucks do well in the selected maneuvers, it is
expected that they will be safer if they are driven prudently.

Sorne of the maneuvers are open loop such that a "tesc-driver” would perforrm
predetermined control actions which are independent of the instantaneous position or paih
of the vehicle. Constant-acceleration maneuvers are inherently of this type. Transient
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maneuvers (in that they involve changing from one path or operating stai¢ to another) may
have either open- or closed-ioop versions. In this case, the ramp-step and low-speed
cornering maneuvers are treated in an open-loop fashion; obstacle avoidance and braking in
a turn are investigated using both open- and closed-loop analyses: and the response to
external disturbances is studied through closed-loop calculations,

Open-loop results serve to define the accident-avoidance capabilities of he vehicles.
In this analysis, 4 "driver” representation [12] is used to steer the vehicles to attemyt to
follow preseiected paths in simulated c.osed-loop situations. These closed-loop analyses
aid in understanding the influeuces of open-loop vehicle properties on the pred cted
performance of the driver/vehicle system.

2.4.2 Performance Signatures and Measures. For the mane :vers
employed here, a performance “"signature” is obtained for each type of vehicle. Then,
performance "measures” are ¢valuated at safety-relevant levels of the performance
signatures of the various vehicles. For example, in a steady-turning maneuver, the rolt
angles of the vehicle's units increase as the lateral acceleration of the turn increases. At the
limit of perform ance, one of the vehicle's units rolls over at a level of lateral acceleration
called the "roilc cer threshold.” In this cise, the roll angle versus lateral acceleration grapn
1s the performarnce signature and the ro'lover threshold is the safety-relevant performance
measure. The following subsections yresent descriptions of the performance signatures
and measures used in examining vehicle capabilities in the selected maneuvers.

Low-Speed Cornering. The te'm "tractrix" pertains to the path of the axies of a -
semitrailer while it Is turning a corner a: low speed. To evaluate transient offtracking at fow
speed, articulated heavy vehicles are treated as a train of semitrailers in which the path of
each hitch is the general curve foilowed by the attached semitrailer.

For example, the tfrajectories (tractrices) of the various axle sets of a truck-full trailer
are shown in Figure 7. The center of the steering axle is assumed to follow a 90-degree
turn with a radius of 41 ft. The rear axles of the truck are treated as a single axle. The
dolly axle does not offtrack far from the path of the truck's rear axle (see Figure 7). Ths
rear axle of the trailer has a maximum inboard offtracking ol 9.6 ft which occurs when (¢
rear axle has turned through 59 degrees.

The maximum offtracking of the rear axle of the last unit has been used to quantify

low-speed turning performance of the protorypical vehicles (see Table 3, row [ ).
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THE TRACTRIX OF THE VEHICLE IS:

X

1 truck front axle
2 truck rear axle
3 dolly axle

4 trailer rear axle

$
41 ft ————CENTER

Figure 7. Tractrices for a truck-full trailer
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Tuble 3. Summary of Performance Measures for Benchmark Vehicles

Tractor and | Truck and :
Straight | Semitraifer | Full Trailer | B-Train Double Triple
Performance Measure Truck (3) {3-82) (3-2) (2-82-51) {2.81-2y | {2-81.2-2)

f. Maximum ransient {fow-speed)
offtracking {ft} - 41 11 and 90° 4.94 14.36 9.m - 11.36 15.90
2. Braking efficiency at 0.4 g's

- Loaded 0.826 0.890 0.780 - 0.840 0.830

- Empty 0.514 0.550 0.550 - 0.590 (.660
3. High-speed offtracking (ft)
- 1200 ft at 55 mph

- Atlast axle 0.37¢ 0.650 1.270 - 1.210 1.330

- Atend of last unit 0.510 0.732 1.366 - 290 1.920
4. Rollaver threshoid (g's) 0.368 0.368 0.399 0.395 0.394 1384
3.4, Critical speed at 0.3 g's {mph)] - 221.7 Nonexistent | Nonexistent 95.3 97.3 7.5
5.b. Steering sensitivity at 0.3 g's
and 55 mph (radians/g) 0. 95 0.097 0.146 0.029 0.034 3.034
6. Lateral acceleration response 0. 44 0.800 G.760 - 0.980 3.98C
times - ramp step {sec}
7. Maximum rearward 1.080 2030 - 2.070 2,960

ampiification

24




Constant-Deceleration Braking. The performance signature selected for ¢ mstant
deceleration braking is a family of curves (one for exch axle) showing the friction, r :quired
ty avoid wheel lock (that is, the "friction utilizatio "), displayed as a functon of treadle
pressure (see Figure 8). Also superimposed on this plot is a graph of deceleration in g's
versus treadle pressure. Braking efficiency is the ratio of deceleration divided by the
highest required friction coefficient (i.e., the results for axle 4 in Figure §). The braking
efficiency az 0.4 g has been used to provide the performance measures listed i ow 2 of
Table 3. These resuits indicate that empty heavy vehicles have braking efficiencies that are
less than 0.6.

In the example shown in Figure 8, the brake torque acting on the tandem
suspension of the tractor does not cause interaxle load transfer. Hence, the curves labeled
2 and 3 coincide in Figure 8. Curves 4 and 5 do not coincide because, in this example, a
significant amount of load is transferred from axle 4 to axle 5 during braking. The effect of
this interaxie load transfer is to reduce the braking efficiency at 0.4 g from 0.59 for &
vehicle wittout interaxle load transfer to 0.43 for a vehicle with a semitrailer whose tandem
suspension has a large amount of interaxle load ansfer.

Tracking. 1deally, the trailing units in an articulated vehicle would be expected to
follow exactly the path of the front axle of the towing unit. Practical vehicles come close w©
achieving this type of performance at highway speeds on highway curves. However, small
deviations from the path of the front axle have caused trailer wheels to swrike curbs and
other roadside obstacles and thereby precipitated rollovers or control difficuliies.
Recugnition of this danger has prompted the recommendation of a tracking test [13].

In this maneuver, a complete performance signature has not been sought. Rather, a
specific tura has been selected as being representative of a high-speed exit ramp. The
simulated man uver is performed at a velocity of 55 mph on a flat turn with a radius of
1200 ft. The ¢ uthoard offtiracking anained by the rear axle of the lust trailer has been
selected as the performance measure. '

Figure 9 is a performance sensitivity diagram showing tre influences of (a) the
cornering stiffnesses of the tires and (b) the wheelbase of the third rrailer on the higa-speec
offtracking of a twiples combination employing 27-ft trailers. The abscissa values
correspond to deviations from the base line vaiues of wheelbase and cornering stifiness.

These deviations cover a representative range of values.
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Figure 8. Friction utilization and deceleration, empty tractor-semitrailer
(interaxle load transfer for the semitrailer's tandem is equal ic
20% of the braking torque divided by the tandem spreac.)

26



High-spaed offtracking (ft) [1ft = 0.305 m.]
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Figure 9. High-speed offtracking, performance sensitivity diagram.
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For example, the large value represents a cornering stiffness typical of radial tires,
the middle (baseline) value corresponds to bias-ply tires, and the small value represents
lug-type tires. Although lug tires are not usually used on trailers, the performance
sensitivity diagram shows the adverse effect of low comering stffness. (Specifically, the
tire data involved here are based on measurements of a Michelin XZA 10x20G radial tire
with rib tread. a Goodyear Super Hi Miler 10x20 bias ply tire with rib tread, and a
Uniroyal Fleetmaster 10x20 bias ply tire with lug tread.)

The triple tracks outboard of the double by an amount that is equal to the
contribution of a full trailer, since the double and triple are made up of identical units. The
triple has the largest offtracking amongst the benchmark vehicles (see the third row of
Table 3).

Roll. Equilibrium values of roll angle are a function of lateral acceleration, as
illustrated in Figure 10. This performance signature has a discontinuity in slope at the point
(0.36 g) where the semitrailer's inside wheels lift off the ground. The maximum value of
lateral acceleration, the rollover threshold, occurs at 0.39 g when the tractor's inside rear
wheels lift. Above 0.08 radians of roll angle, the slope of the curve (lateral acceleration
versus roll angle) becomes negative, indicating points of unstable equilibrium.

The roll performance signatures of vehicles with full trailers include additional
acceleration versus roll angle curves for each full trailer. Non-linear spring characteristics
and free play when leaf springs go into tension cause more complicated-looking
characteristics than those shown in Figure 10. Nevertheless, the rollover threshold is
readily identified as the maximum anainable level of lateral acceleration before rollover of
any unit of the vehicle.

The fourth row of Table 3 provides first-order estimates of the rollover thresholds
of fully laden versions of various types of articulated commercial vehicles. In addition to
the ratio of ¢.g. height to track width, these estimates are influenced by those conditions
which allow the c.g. of the sprung mass to translate laterally; specifically, low suspension
roll rates, free play, and low roll center heights {7]. Accident data have been used to show
that small changes in rollover threshold can have a large influence on the number of
rollover accidents for heavy vehicles having values of rollover thresholds in the vicinity of
those given in Table 3 [3].

Handling. In this context (i.e., steady turning), handling refers to the response of
the towing unit to steering inputs. In the initial phase of this project, handling diagrams
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[14] (sec Figure 11a) were constructed at 50 mph to obtain performance signatures. The
handling diagram shown in Figure 6a contains a handling curve which displays steady-
turning properties as a function of lateral acceleration, yaw rate,r, forward velocity,U, a
reference wheelbase, L, and a reference front-wheel angle, Delta (in this case, steering-
wheel angle divided by steering-gear ratio).

Vehicles with tandem axles on the tractor or the first semitrailer do not have a
unique handling curve that is applicable at all speeds {15]. However, vehicles without
tandem axles do have unique handling diagrams analogous to those used in the study of
passenger cars. Figure 11a contains handling curves for a truck-full trailer and a doubles
combination. The handling curve for the double is applicable to all speeds since this double
has single-axle suspensions. The truck in the truck-full trailer combination has tandem
axles at the rear of the truck. For the truck-full trailer, the handling curve only zpplies at
50 mph because, due to the tandem axles, the effective wheclbase changes with velocity
715]. (The wheelbase used in Figure 11a is the distance from the front axle to the center of
the rear suspension of the towing unit (i.e., the truck).)

Although handling diagrams have been used in previous éxperimental scudies of
truck dynamics [8], they have been judged to be more complicated than desired for the
purposes of this Handbook. Conceptually simpler graphs, showing steering wheel angle as
a function of lateral acceleration at a velocity of 55 mph, have been selected as the
performance signature for handling. (See Figure 4la for an example of a typical
verformance signature.) The rate of change of steering angle with respect 1o lateral
acceleration (that is, the "steering sensitivity”) evaluated at 0.3g’s of acceleration and ar 55
mph has been selected as a performance measure indicating the margin of directional
swability. (Figure 41b contains a graph illustrating how steering sensitivity changes with
speed and lateral acceleration.) If the steering sensitivity is zero or less, the vehicle 1s
statically unstable with an exponentially divergent directional response. A steering
sensitivity equal to zero corresponds to the situation in which the vehicle becomes
divergently unstable and the driver will need to continuously adjust steering to maintain

control of the system.

For vehicles that exhibit divergent instability at lateral acceleration levels below their
rollover thresholds, critical speeds (the speeds at which instability commences) have been
computed. For these vehicles, a stability boundary can be plotted in a space defined by
critical speed and lateral acceleration (see Figure 11b). This stability boundary is a speciai
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type of performance signature that provides an indication of the conditions under which the

driver would have to control an unstable vehicle.

For the baseline (benchmark) vehicles, the results indicate that ail of them remain
stable at speeds up to 55 mph and lateral acceleration levels below 0.3 g. Row 5a of Table
3 lists the critical speeds obtained at 0.3 g of lateral acceleration. Row 5b lists steering

sensitivity levels in a severe turn at 55 mph and 0.3 g.

For vehicles with full trailers, the handling results are similar to those that would
have been obtained if the full trailers had been removed. That is, conventional doilies
nearly "decouple” the full trailer from the unit towing it, because the laterai force at the
pintle hitch is very small compared to the tire forces acting on the towing unit {14]. For
example, the handling results for the double and triple are practically identical to those
obtained if only the tractor-semitrailer portion of these vehicles were to be analyzed. (The
handling results for the double and triple are identical to each other since these vehicles
employ the same tractor-semitrailer as their towing unit.)

At turning levels above 0.15 g, lateral load transfer has an important influence on
truck tire characteristics. The curvature of tire cornering stiffness with respect to vertcal
load bec omes especially important for the drive axles of the lead unit since a large poz-*:i.on
of the L teral load transfer takes place at these axles on typicaily suspended heavy vehicles
in the U S. Given a bias in roll stiffness distribution, the level of oversteer at high g levels
depends o a large extent upon the curvature of the tire characteristics. The baseline results
presented here are for vehicles with typical bias-ply truck tires, having a moderate amount
of curvatwre in their characteristics. However, sudden transitions to large oversteer imay
take place for vehicles with tires that have considerable curvature in the relationship
between cornering stiffness and vertical load. ‘ '

Ramp Step Steer. This maneuver is used to establish the quickness of the lateral
acceleration response of the first unit in a combination vehicle. Response times are
measured between the time when a rapid steering input reaches 50% of its final vaiue and
the time when the lateral acceleration response reaches 90% of its steady-state value. " he
magnitude of this response time depends upon vehicle loading, speed, and the ampiitas ¢f
the steering input. The results given in Table 3, row 6 are for low-amplitude steerin:;-
wheel inputs (28 degrees) applied to “ully laden vehicles traveling at 50 mph on high
friction surfaces. The response times of the basic vehicles range from 0.79 to 0.98 sec.



The lateral acceleration response time is believed to relatc to the manner in which
drivers correct for external disturbances. A computational method, similar to cne used in
vehicle testing [17], has been devc loped by MacAdam [18] for assessing closed-loop
response to external disturbances. I esults from these computations for the basic vehicles
indicate that drivers, represented by : delay time of 0.25 sec and a preview time of 1.5 sce.
will increase, by a factor of approx  mately 2, the magnitude of the influences of »xterm.
disturbances, occurring at approxin itely 3 rad/sec. These results are sensitive t¢ driver
control characteristics (delay time : nd preview time). Shorter delay times and/c ¢ longer

preview times will reduce the gain of the closed-loop res onse.

Obstacle Avoidance. The obstacle-avoidance maneuver is based on ‘raffic « suflicts
in which another vehicle stops or suddenly puils out in the path of a heavy wuck. Tae truck
driver is assumed to attempt to avoid a collision by suddenly swerving in'o another iare.
Vehicle performance in this type of situation depends upon the périod of thz maneuver anc
the forward velocity of the vehicle. Quick maneuvers, in which the major steering activity
occurs within 2 seconds, have been found to excite amplified responses at the last units of
combination vehicles with full trailers [9].

These amplified responses, referred to as "rearward amplification,” have been
studied in both the time and frequency domains. The frequency-domain approach has been
found to be effective because (1) the "worst" frequency, the one causing maximum
amplification, can be readily observed and (2) the mugnitude of the amplification
determined by frequency domain methods has pfoven to be a fairly good indicator of the
magnitude of amplification predicted by time domain analyses (simulations) that inctuds
nonlinearities in the vehicie system [9].

Rearward amplification not only has tracking or swept-path implications, it also
indicates situations in which fuil trailers with high c.g. loads are likely to roil over. Since
the rollover threshold is expressed in terms of lateral acceleration, the ratio of the zters!
acceleration of the last unit ivided by the lateral acceleration of the first unit of a
combination vehicle h.s been used to quantify rearward amplification. In the frec iency
domain, th’s ratic is displayed as the amplitude of the transfer function between te ovic;

3

of the center of gravity (c.g.) of the towing unit and the motion of the ¢, g. of the last uniz
(see Figure i2). The maximum value of this transfer function has been selected as a

performance measure for this maneuver.
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1.0 INTRODUCTION AND GENERAL INFORMATION

L1 INTRODUCTION

The simplified models discussed in this report were develnped by the University of Michigan
Transportation Research Institute (UMTRI) under sponsorship of the National Highway Traffic
Safety Administration (NHTSA). This document contains instructions for using the vario.s
computerized models and provides the specific information required for performing a simuiation.
It also contains a detailed description of the simplified models employed in this study.

The equilibrium analyses used here are simplified procedures that have becn programmed in
BASIC for use on Apple MacIntosh computers. The analyses address three types of vehicle
Maneuvers:

1. Steady turning at constant veloci ty and constant lateral accelera-ion,
2. Constant deceleration braking, and
3. Turning a corner at low speed.

During steady turning maneuvers, three different procedures are used to study tracking,
rolling and handling,
The objectives in developing the simplified models were to,

- provide a tool for the first-order analysis of the performance of an articulated
vehicle, and _ _

- narrow the models’ data requirements to only those vehicle parameters that affect
the tracking/braking/rolling/handling performance of the vehicle. '

With the first order estimates obtained from these models, the vehicle dynamicist is in a better
position to use the more complex simulation models that include detailed representations of the
components of the driver-vehicle system. '

The outputs from these simulations are specific to the models used and could be numerical
and/or graphical. Even at the output stage, repot ting of the results is restricted to include only
pertinent information.

1.2 ENGINEERING AND COMPUTER REQUIREMENTS

Throughout the models, the English system of units is used.  With the exception of forward
velocity which is entered in feet/second and turn radius which is entered in feet, all input data are
given in the units of pounds, inches, degrees, and seconds. Masses and weights are in units of
pounds, with a gravitadonal constant of 386 in/sec/sec assumed.

The simplified models are programmed in Microsoft Basic for use on an Apple Macintosh
computer having a minimum of 512 Kilobytes of random access memory (RAM) All printer
control instructions have been written for an Apple ImageWriter 1.



2.0 USING THE MODELS

2.1 { THE DESKTOP
The disk "Simple Models" consists of four folders and a BASIC program called "Maodels”.

- The System Folder contains seven files which are required for the error-free
execution of the various models. These files should remain on the cisk atali tmes,
- The remaining folders named Brake {for straight-line braking), T/R (for harclin
and static roll), and Offtrack (for high and low speed offtracking) each contain the:
res»ective models and a selection of example data sets.

- The program "Models", which can be opened from the desktop, ullows the user io
access the different models (Figure 2.1).

¥
™
H

2.2  ACCESSING THE VARIOUS MODELS

Selecting a particular model is as easy as pointing to the desired name (in ~igure 2.1, the
Braking model) and clicking the mouse button. The circle to the left of the model gets filled to
confirm the user's choice. Clicking on another model would automatically deselzct the previous
choice. A simulation is launched as soon as the OK button is selected.

Two points are worth noting at this point,

- the OK button cannot be sclected until a menu selection has been made, and
- selecting the CANCEL bu ton returns the user to the desktop.

2.3 PRE-SIMULATION PROCESSING

To reduce confusion and any additional programming effort, the different models use similar
pre and post precessing procedures. The starting menu of each simulation looks very similar to the
one shown in Figure 2.2.

2.3.1 New Darta, If a data set has not been defined (as is the case soon after entering the
pre—processor) the starting menu looks a little different from the menu shown in Figure 2.2 - the
user 1§ restricted to selecting,

- New [rata,
- Other Models (see Section 2.3.6), or
- CANCEL (which returns the user to the desktop).

Selecting the first button in Figure 2.2, gives the user the option of entering data from the
keyboard or accessing data from an existing data file. In the case of keyboard entry, the
pre~processor guides the user through the different parameters required by the models (the models’
data requirements are discussed in Chapter 3).

Due to the difference in the parameters required by the various models, each simulation has
its own data set. As a ~esult, each model car only read disk files that were creared by itself (in
other words, each moedei can only access datu sets that it considers to he "vaiid"). Therefore, three
data sets (for Broking, Offtracking, and Roll/Handling) are required to completely describe a given
vehicle. To dif.crentiate between themselves, the names of the example datu sets bave been
prefixed with B, O, or T (for Braking, Offtracking, and Roll/Handling). For example,
B.Tract./Semi is the name given to the Braking model's data set for a tractor and semi-trailer.

If the case of accessing data from a disk file, the pre—processor gives the user a list of all the
text files on the disk (see Figure 2.3). The pre—processor continues to display these text file names
until a "valid" data set is chosen or until the CANCEL button is selected.
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232 View/Ed Data. The second menu item in Figure 2.2 gives the user the opportunity to
see and change values of parameters. Figures 2.4 and 2.5 are examples of one such exercise
where the parameters pertain to the wheel and brake information of a particular axle. Though the
menu shown in Figure 2.4 might differ amor g the models (depending upon the organization of the
data), the menu of Figure 2.5 is standard.

Clicking the mouse button with the pointer on a particular parumieter, selscts the variable tor
change (Refer to the brake gain in Figure 2.5). Once a number has teen selectec, the keyboard cun
be used to enter the new value.

2.3.3 PrintData. This option uses a printer to generate a hard copy of ihe current data set.
Note: All printer control instructions have been written for an Apple Imagewriter L

2.3.4 Save Data. The fourth menu item of Figure 2.2 allows the user to save the current
data set as a disk file. The pre—processor prompts the user for a file name and allows hinvher to
switch between floppy disks.

~ 2.3.5 Simulation. This option transfers control from the pre~processor to the speciiic
simulation program. Section 2.4 addresses the simulation process in more detail.

2.3.6 Other Models. Selecting the last menu item returns the user to the menu of Figure 2.1,

2.3.7 OK and CANCEL. As mentioned earlier, selecting CANCEL would return the user 1o
the desktop. Also, the OK button remains inactive until a menu selection has been made. '

2.4 THE SIMULATION PROCESS

Before a simulation can begin, the user must define the simulation parameters. Simulation
paramcters vary depending upon the model being used.

Model Simulation Parameter
1. Low Speed Offtracking -~ Radius of the turn

- Angle of the turn
- Increment of the calculation
{distance along the track in fect)

2. Straight-Line Braking - Printed copy of the resulfs
- Increment of the calculation
" (treadle pressure in psij

3. High Speed Offtracking - Printed copy of the results
: - Radius of the turn
- Forward velocity

4. Static Roll - Printed copy of the resulis
- Tncrement of the calculation {total
roll angle m radians)

5. Hanwing - Printed copy of e resuls
- Method of computation (partial
derivatives vs. {inite cifferences)
- Forward velocity
- Increment of the calcuiation
(lateral acceleration in g's)

3:20 4



View/Edit

Unit No. Suspension Number Axle Number Type of Information
® Unit 1

Cunitz - O Generatl

Ounit 3 (O Suspension No. 1 Leading tandem O Suspension

O tnit 4 Suspension No. 2 (O Trailing zgm;g@m ibheei/Brake
Ounit s ‘ O Brake Tabies

O umt 6

{ CANCEL ]

Figure 2.4 Selecting the type of information to be viewed/changed

Unit No. 1,Suspension No. 2 Axle No. i- Wheel/Brake Informaiion

Redius of a tire (in) 195
Pushout pressure (psi) /
Brake table key : No table = 1 ; Brake table = 2 - 1
Size of brake table (Between 1 and 10) 0
Brake gain (in.1b/psi) 3@?

{ 0K )

Figure 2.5 Special windows allow the use of the mouse and the keyboard
while changing variables on the screen



The simulation parameters zre assigned default values but can be set with the help of a2 menu,
very simila- (o the one shovwn i Figure 2.6 It should be easy to determine {sat the menu in
Figure 2.6 pertains to & brak:ng simulation.

All the increments of calculation are additive and play a fairly important role in the simulation
procedure. Decreasing the size of the increment increases the accuracy of the results but would
also increase the time required for computation.

Once a simulaticn gets underway there is very little interaction between he user and the
program. In addition :o the results displayed on the screen (see Figure 2.7) and possibiy on paper,
the simulation program saves selected results on the disk for future processing. 1iis therefore
good practice to have at least 10 Kilobyifes of disk space before starting a sirmuilation.

The simulation procedure can be terminated in one of two ways,

i. by the simulation program itself, or
ii. by the user (see Figure 2.7)

The following table displays the rules for an internal termination of a simulation,

Model Rule
1. Low Speed Offtracking - Compietion of the tumn,
2. Straight-Line Braking ‘ - Treadle pressure equal t¢ 100 ps:

- A friction utilization becomes
greater than one or becom:s
negative.

3. High Speed Offtracking - Compietion of tre turmn,

4, Static Roll - L.ateral acceleration starts (o
decrease with increasing total roll
angle.

3. Handiing - An axle lifts off

At the end of a simulation, the srogram gives the user the option of returning to the
pre-processor (Section 2.3/Figure 2.2) or of transferring control to the posSt—-processor.

2.5 THE POST-PRUCESSOR

The models use a general purpose plotting routine which produces grapis of variables
generated during the simulation procedure. The post—processor allows the user to create both
single and multiple plots. .

Figure 2.8 displays the menu that the post—processor generates after a braking simulation.
The round butions determine the variables available for plotting. The square buttons, on the other
hand, are plot control variables. Selecting "Scatter” forces the post—processor (o locile points on
the chart without connecting them with line segments. Selecting "Multipic” aliows e user 10
select the variabies for a multiple plot. The sauare buttons are of the "Cn/OH” variety, in that, they
get selected and deselented by alternaie mouse icks. :

The first step in creating = chart is (o determine the variables 0 be plotied. For . Lingle piog,
the posi—processor allows the user to select any two variables and ne the maost recentiy picked
variable o the X axis (see Figure 2.8). For multiple plots, the program allows the user to select
any number of variables to be plotted against the first variable in the list (in Figure 2.9, Pressure 18
the independent variable). The procedure to clear a selection of variables is to toggle between
single and multiple plots (Note: CANCEL will return the user to the pre—~processor - Section 2.3
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Qutput to Printer ?

Treadle Pressure Increment (psi)

[]¥es
X No

(

EANCEL

)

it TR, or

Figure 2.6 Setting simulation parameters
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0.00
0.00
0.00
0.00
0.00

AN TO

10007.96
17486.90
17505.14
17500.00
17300.00

Treadle Pressure = 10 psi
Deceleration = 2.692308E-02 g's
Breking Efficiency = .8989313

Suspension
Unit No. No. Axle No.

Brake Force (ib)

] ] 1

!
2
3

—_ e N

1
!
1

307.69
461.54
4€1.54
401.24

Vertical

Load (1b)
10273.50
1741211
17314.39
17782.24

Figure 2.7 Window displaying results
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0.0000
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0.6000
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Choice of Yariables.

Pressure - psi ( J-Coordinatle B
Deceleration - g's { 4-Coordinate )
(O Braking Efficiency

O Frict. Util.-Axrie 1

O Frict. Ytil.-fiznie 2

O Frict. Util.-Bxrie 3

O fFriet. Util.-Anie 4

O Frict. Util.-Axle 5

[Jscatter [JMultipie [ 0K 1 CANCEL )

Figure 2.8 Choosing two variables to be plotted against each other

Choice of Variables.

@ Pressure - psi ( K-Coordinale 1
Deceleration - ¢'s ( Uariable # i )
Braking Efficiency { Jariable # 2 )

O Frict. Utif.-fAxle 1
O Frict. Util.-Axle 2
O Frict. Util.-Axle 3
O Frict. Util.-RAxle 4
O Frict. Utit.-Axi2 S

[ scatter [X] Multiple f CANCEL __)

Fig 2.9 Choosing more than one variable to be plotted against Pressure
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Figure 2.11 Getting a hard copy of the plot 9
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and Figure 2.2). As usual, the OK button can be selected only after 4 "valid" menu selection has
been made.

The post-processor automatically scales the plot and creates the displays shown in
Figures 2.10 and 2.11. The lower section of Figure 2.10 shows the parameters that can be
controlled by the uscr. The "Plot Parameters” define the size of the plot in pixels (X dimension.
Y dimension of the ox). The "Variable Parameters" define the variable ranges for the two axes
(X minimum, X maximum, Y minimum, and Y maximum). The two square buttons are plot
parameters which are used in the same fa hion as the square buttons of Figure 2.8, Selecting OK
returns a chart with the most recent choics of the plot settings. Selecting CANCEL, on the other
hand, would return the user to the menu of Figure 2.9.

A printed copy of the chart can be generated by selecting the menu item "Imagewriter” as
shown in Figure 2.11.

Note : Every effort has been made 1 ensure that the program statements dre correct and result
in a solution of the problem to a reasonat le level of precision. Nevertheless, if programming
errors are discovered, the user should contact the Enginecring Research Division, The University
of Michigan Transportation Research Institute, Arn Arbor, Michigan 48109,

If any of the simulations should "crash", the user should press the Control (the key to the
immediate left of the Space Bar) and Period (.} keys together. To return to the Desktop, the user
should type the words Systen: in the "Command Window" that appears.
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3.0 DATA REQUIREMENTS

3.1 W 2 N

3.1.1 Data Required, The Low Speed Offtracking Model incorporates a simple algorithm
that computes the offracking of the vanious units of any vehicle that can be modeled as a train of
semitratlers. The analysis makes use of the most fundamental of vehicle parameters - the
“offtracking dimensions”.

The "offtracking dimensions™ are defined 2s follows |

1. Wheelbase:; Distance |in inches] between the rear suspension and
- the front suspension (for trucks and tractors),
- the forward articulation point (for semitrailers and dollies).
2. Hiich location: Location of the rear articulation point [in inches} with respect to,
- the front suspension (for trucks and tractors)
- the forward articulation point {for semitrailers and dollies)

The "offtracking dimensions" described above are to be entered into the model in inches.
Exhibit 3.1 contains a low speed offt-acking data set for a tractor and semitrailer.

3.1.2 Qverlap with the High Speed Offtracking Mode!, To conserve disk space, the High
and Low Speed Offtracking models share the same data set. Suspension loads and cormering
stiffnesses are vehicle parameters that are used solely by the High Speed Offtracking model.
Setting these vanables to zero, before running the Low Speed Offtracking model, is perfectly
acceptable. Note: Zero values for tese parameters would cause the High Speed Offtracking
model to "crash”.

3.2 BRAKING
3.2.1 Darta Required, This constant deceleration braking procedure examines the

proportioning of the braking system by calculating the friction level required at each axle o prevent

a wheel lock at an axle. The ratio of deceleration to the highest friction level, required at any axle,
is the braking efficiency of the vehicle at that level of deceleration.

‘This procedure distinguishes between single suspension (semitrailers and dollies) and dual
suspension (tractors, trugks and full trailers) units and uses the following information to predict
friction utilization at each axle: '

For each unit;
1. Tota: (Sprung + Unsprung) weight [in pounds].
2. Height of the totai (Sprurg + Unsprung) center of gravity [in inches).
3. Longitudinal location of tie front and rear articulation points with respe 't to the
total center of gravity (discussed above) [in inches].
4. Height of the front and rear articulation points with respect to t e groun -
{in inches]. :

For gach suspension:
5. Longitudinal location of the suspension with respect to the ttal cen er of
gravity 1 inches).
6. Tandem axle separation [in inches).
7. Dynamic load transfer coefficient {-1 < Coefficient < 1].

Foreach axle/wheel/brake:
8. Radius of a tire on the wheel [in inches].

32
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Exhibit 3.1

OFFTRACKING SIMULATIONG

Date: 1.-20-1785 Simpie ModelstO,Trac ,luem _ ) Cime s

The following information refers to Unit # 1

General Information
# lheelbaze {17y = 144
¢« Distance of -eap srticuiation poi b orpam front Sustpersion LR G oo
¢ Load of the +ront suspension (lhy = B
Total cornmer ng stiféness of tires on toe front suspension {ibfdegl = O
% Load on the regr suspepzion ~ihy o= 0
% Total cornering stiffness of tires on the rear suspension (lbsdegy = 0

The fallowing information referce to lnit # 2

General Information
% Wheelbacse ¥iny = 43&
L5

% Dietance of rear hitch Tocation @ ~om forward articulsztisn point o ins = 484
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Y. Pushout pressure [in psi].
10.a. Brake gain for the axle [in inch.pounds/psi per axlc |, or
10.b. Brake table for the axle [[psi vs. inch.pc inds per a: le]

Note: The brake table is limited to ten pressure/brake torque cntries. Exhibit 3.2 contains a
braking data set for a tractor and semitrailer.

3.3 HIGH SPEED QFFTRACKING

3.3.1 Data Required. This analysis applies to operation on highway curv s at highway
speeds. Besides the "offtracking dimensions” (see Section 3.1.1), this procedu e uses suspension
loads and suspension cornering stiffnesses.

Therefore, in addition the the "offtracking dimensions"”, the High Speed Offtrackin» model
uses:

3. Suspension loads: The total suspension load (the sum of the lo: 1s on al. the axles
of the suspension) is entered [in pounds].

4. Suspension cornering stiffnesses: The sum of the cornering stiifnesses of all the
tires on the suspension is entered [in pounds/degree].

As the analysis makes several small angle assumptions, this model is limited to high speed,
large radius maneuvers. Exhibit 3.3 contains a high speed offtracking data set for a tractor and
semitrailer. _

3.4 STATICROLL

3.4.1 Deta Reqguired. The Static Ro!l model makes calculations that represent the rolling
performance obtained during steady turning at various levels of lateral acceleration. They represen:
analytical equivalents of tilt-table experiments. The Static Roll model uses the following
information to estimate the "rollover threshold” of any vehicle that can be modeled 2s 2 train of
semitrailers (though the pintle hook of a dolly decouples various units in roll, it is still modeled as a
semitrailer with a short wheel base and a low center of gravity).

For each unit;
1. Total (Sprung + Unsprung) weight {in pounds].
2. Height of the total (Sprung + Unsprung) center of gravity fin inches].

For each axle;
3. Track width of the axle [in inches].
4. Load borne by the axle [in pounds].
5. Weight of the axle/Unsprung weight [in pounds].
6. Height of the roll center [in inches].
7. Spring stiffness [in pounds/inch/side].
8. Spacing between springs [in inches].
9. Auxiliary roll stiffness for the axle [in inch.pounds/degree].

For each wheel:
10. Radius of a tire on the wheel [in inches].

11. Vertical stiffness of a tire on the wheel [in pounds/inchl.

3.4.2 Qverlap with the Handling Model. D1 e to the similarities in their respective data
requirements, the Static Roll and Handling model . share the same data set. The steering system
and comering stiffness information and the "offtracking dimensions" are used solely by the
Handling model. These variables can be set to zero, before running the Static Roll model. Note:

13
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Exhibit 3.2

'

¥

Simple Models:B.Tract. /Hem

STRAIGHT LINE BRAKING SIMULATIONS

Datey (2-04-1784 Time, 07
The following requests refer to a dual suspension unit (Unit # 1O
General Information
« Togral weight ¢1fy = {5300
s Tptal c.g. height Tsnd = 34,83
¥ Location fwrt C.G.) of rear articulation point - & ax:s Tind = £F.E
% Location twrt ground) of rear articulation point = J om¥:g nio= 4d
Sugpension # 1
% Location {wrt C.G.) of supension - X axis ‘int = 0.8
Wheel /Brake Information : Unit 1 Suzpension 1 Axte |1
% Radius of a tire {in) = 19.5
# Pushout pressure (psi} =7
# Brake table Kev : No brake table = 1 j Brake table = 2 |
% Brake gain {in.lb/psi) = 2000
Suspension # 2
% Location ‘wrt C.0G3.) of supension - X axis <(in) = 83.7
% Tandem axle separation (in) = 48
% Dynamic load transfer coefficient (Between -I and 1y = 0
Wheel/Brake Information 3 Unit 1 Suspension 2 Axie |
% Racdius of a tire ¢{in) = 19.3
# Pushout pressure (psi) = 7
% Brake table Kev : No brake table = 1 ; Brake table = 2 2
% Size of brake table (Between ! and 100 = 4
Presaure vs, Brake torque Table
Point 1
% Treadle pressure ipsi) = 20 % 7, Brake torque Cin it = 3700
Point 2
% Treadle pressure ipsi) = 40 % 2, Brake targue fin,lb) = %000
Point 3
# Treadle pressure (psi) = 40 € 7, Brale torque ¢in.lb) = 159990
Paint 4
% Treadle pressure (psi) = 80 % 2. Brake torque <in.lhb) = 2170040
Wheel/Brake Information : Unit 1 Suspension 2 Axle 2
% Radius of a tire (in) = 19.3
¥ Pyshout pressure (psi) =7
% Brake table Key : No brake table = { ; Brake table = 2 1
% Brake gain (in.lbspsi) = 3000
The following reguests refer to a single suspension unit (Unit &
General Information
¥ Total weight ¢1br = 44300
# Total c.g. height Cind = 81.44
% Location ‘wrt C.G.) of front articulation point = X axis tind) = 227.7
% Location ¢wrt ground) of front articulation paint - 2 axis {in} = 48
Syzpension # 1 14
% Location fwrt 0.G.) of supension - X axis timd = 204.3

330



4

* Tandem axle senaration (in’ = 48
® v

viamic load transfer coefficient (Fetween -1 ang 13 = .2
Whies ! "Srang intormation ¢ Unit 7 Suspencion 1 @Axles
¥ Radiys of a tire <iny = (9.8

# Pushout pressure (psi) = 7
# Brake table Key 1 No brake table = | ; Brake table = 2
# Brake gain <in.lbspeiy = 3000

bihes ! Brale Intormation ¢ Unit 2 Syspensian ] fxle 2
# Fadrus of a tire finy = 1%.8
# Fuzhout pressyre (psi) = 7

# Brake table Key : Mo brake table = 1 ; Brake table = 2 |
# Brake gain (in.lbspsiy = 3000

131



Exhibit 3.3

OFFTRACKING SIMULATIONS

Date; 12-20-1983 Simple Models:0.Tract./Semi Time: 12:13:14
The following information refers to Unit & 1
General Information
# lWheetbase (in) = 144
% Distance of rear articulation point from front suspension {in} = 129.4
# Load on the front suspension (lb) = 12000
% Total cornering stiffness of tires on the front suspension {lb/deg) = 703.34
¥ Load on the rear suspension ¢(1bd = 17000
% Total cornering stiffness of tires on the rear suspension (1b/deg) = 1872
The foliowing information refers to Unit # 2
General Information
% Wheelbase (in) = 432
% Distance of rear hitch location from forward articulation point <in) = 448
% Load on the rear suspension (1b) = 17000
% Total cornering stiffness of tires on the rear suspension (ib/deg) = 1872
16
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Zero values for these parameters would cause the Handling model to "coash”. Exhibit 3.4 contains
a static roll data set for a tractor and semitrailer,

3.5 HANDLING

3.5.. Daia Required. "Handling" calculations are concemed with the steering ungles
required for a given type of sieady turn. In addition to the level of steering, these celculadons
predict the level of lateral acesleration at which a vehicle might become statically unstabl:.

In addition to the cata wentioned in section 3.4.1, the Handling model recaires the Joliow o
information (sce sect.on 3.4.2).

Foreach vt
12. Longitudinai location of the front and rear articulation points with respec. w the

total center of gravity [in inches].

Foresch axle-
13. songitudinal location of the axle with respect to the total ceater of gravity

[in inches]. Axles located behind the center of gravity are given negative valu2s.

For =ach tire:

i4. Cornering stiffness vs. Vertical load [pounds/degree vs. poundsl, Three
pairs of values are required to completely describe the cornering stiffness
variation (with respect to vertical load) of a tire.

15. Static or Nominal load [in pounds].

For the steering svstern:
16. Steering gear ratio.
17. Swering system stiffness [inch.pound/degree].
18. Tie rod stiffness [inch.pound/degree].
19. Mechanical trail [inches]. :
20. Aligning moment for a tire on the front axle [inch.pounc/dzgree).

Exhibit 3.5 conizins the Handling model's data set for a tractor and semitrailer,
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Exhibit 3.4
STEADY TURN/STATIC ROLL STMULATIONS

Date: |2-20-192% Simple Models:T . Tract . /Gemi Time: 1219410
The following information refers to the towing unit (Unit # 1)
General Information
w Tatsl Lieight 1k = 15500
RV & ; Cimr o= 34,83
% L, articulation point distance fano = 2
# Total numbﬁ ot axles pn the unit vi-8¥= 3
Steering System Information
* E‘Eﬁr%ﬂq qear ratio = 0
% Steering stiffress tin.lbldeqd = a
* Tie Pod st ffneszz (in.lhideg: = 0
# Mechanical trail diny =19
# &) igring moment per tire (in.lh/degy = &
pxle #
gule Information
¢ . G-fnie distance (ind {-ve if axle is rear of C.G.0 =10
s Track width of the axle (in) = 80
» puie joad flb: = 12000
= Un:pr‘rg mass of the axle (1b) = 1200
% Elth 0 the rell center {ind = 23
% cign stiffness - per Spring {1bsiny = 1200
3 . Acing b tiseen suspensicon springs (in) = a2
e Guwxiliary roll stiffness (in.ib/degr = 1072.33
Tire Information
% Mumber of tires on the axie = 2
w”nr?;;ﬂt ztiffnessz of a tire (lb/in) = 4540
# figs oof oz tire Cind o= 19,307
b s Maminal isad for the tire (lby = 9
Cornering Gtiffness Table
Pgint 1
e 1, Cornering atiféness (lb/deg) = 0 ¥ 7. Yertical Load (b =10
Point 2
%+ 1, Correring stiffnesze (ib/deg) = U % 2, Yertica) Load ity =0
Point 3
% i, Dornering stiffness <lb/deg) = g ¥ 2, Yertical Load (ib) = 0
bion
i stance (ind {(-ve if axle is rear of C.G.2 =8

=1
it of the axie (in) = 72
= {7000
ot the axte ¢1b)y = 2300
Futl center Tind = 27
iifpese - per spring CibS.no T AT
cing between SUspension springs (in) = 38
rall ctiffress (in.lbfdeg) = 7540.74

ire Information
« Mumber of tires on the axle = 4
¢ Jsrtiral etiffness of 3 tire {lbsin) = 4300

% Wadius of & tire (in) = 19.5
r ﬂv Y
Li-ji t
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# fraxtvic or Nominal ioed for the tire <lby = 0

Cornering Stiffness Table
Point |

%= |, Cornering stiffness {1bsdeg) = 0 ¥ 2, Yertical Load (ik3 =
Point 2
¥ . Larnering stiffpess (lb/deg) = 0 ¥ 7, Yertical Load <ibd = 0
Foint 3
% 0. Lornering stiffnese (lhvdeg) = 0 ¥ Z.o Mertical Lead ol = 0
# o3

tormation

-Axle distance <in) {-ve 4 axle iz rear of C.6.3 = 0
= Track owidth of the axle tiny = 7

»oavie load (lbr = (7004
= Upsprung mass of the axle <1b) = 2380
# Height of the ro’ ) o

spension stiffnezs - ger sof Thsind = &008
ctal spacing between cucpenzion springs (in) = 38

s i
stwibiary roll stiffness (in.ib/deg) = 7346.74

= Information
= Mymber of tires on the axle = 4
rtical stitfness of a tire (1b/iny = 45040
digs of a tire +“iny = 9.5
tatic or Nominal load for the tire (1b) = 4

Cornering Stiffness Table
Point 1

0 "% 2, Wertical Lead flbd = 3
Point 2

It

carnering stiffness (lb/deg)

H
o=l

£ 1. Lornering stifiness (lb/deqgl # 2, Yertical Load (it = {0
Paint 3

“Corpering stiffness (lb/deqs i ¥ 2. Yertical Load (10 = &

i
3

The following information refers to the semitrailer (Unit # 20

SeEperal Information

# Total Weight <iby = 44500

# T.3 Height {ipn) = 78,47

- i - Frant articulation point distance (ind = 0
1 number of axiez on the unit {1-83= 2

mxle § 1
wo rformation

axle distance
o width of the
Togd 1k = (7009
rung mases of the axie (1D =
bt ot the rril center Jind =

E—

f-ye if axle i rear of 2.6.2 = 0
iy = 7%

FIH

-

ension stityne
Tontal spacing betw
s Ayxijiary roll st

= - opErospring SRS = 2000
gre cuTpencian springs find = 38
tress din.lhsdegy = 11341.15

s Information

Mumber of tires on the ax
Vertical stifdness of a ti
Hadius 0f a tire Cind = |
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Static or MNominal load for ¢

Carnering stiffness (b /deq)
Cornering stiffness (thsdeg)

Cornering stiffness {lb deq?

Sl distance Liny {-ve
rack widith of the axite (im
@xle load Clby = 17000

Unzprung mass pf the axie (1
Meight of the roll center (i

he tire T1b» = G

Cornering Stiffness Table

Point 1

= # 7, Mertical
Point 2

= § ¥ 2. Vertical
Foint 3

= 0 # 2, Yertical

it axle is rear of C.G.,3 = 0
= 72

by = 1500
n) = 29

Suspension stiffness - per spring (1b/in) = 7000
Totsl spacing hetween suspension springs (in) = 38

duxitiary roll stiffness (in

Information

Mumber of tires on the axle

Ab/deg) = 11341,15

= 4

ertical stiffness of a tire {1b/7ind = 4500
Radiuzs of a tire in) = 19.5

Static o Mominal lpad for

Cornering stiffness (lb/deg)

. Cornering stiffness {1b/deg)

i, fornering stiffress (1b/deg)

ke tire (1h) = 0

Cornering Stiffness Table

Foint |

= ( - # 2. Vertical
Point 2

= 0 ¥ 2, Vertical
Paint 3

= 0 ¥ 2, Vertical

Load ©1b:

Load <1t

Load (ibo

Load (1D?

{oad {(1hb)

Load cib?

H

i

336

20



Exhibit 3.5

STEADY TURN/STATIC ROLL SIMULATIONS

Date: 12-20-1985 Simpie Models:T.Tract. Gemi

Time:

12:29

The following information refers to the towing unit (Unit # 1D

Genperal Information
« Total Weighe Jibr = 5500
€« 0.6 Heyght Jiny = 34,83
.0 = Rear articulation point distange finy = $8.8
¥ Totzl nmumber of axles on the unit (1-83= 3

&

Steering Srstem Information

Steering gear ratic = 28

Steering stiffresz Cin.lbsdegd = 11000

Tie rod ctiffness C(in.lhs/degy = 11660
Mechanical frxil Cin) = 1

aligning moment per tire (in.lbsdeg) = 1400

*

U S

e # 1

¢ Information

# [,6-a%le distance <in) {-ve if axle is rear of C.6.} = &0.8
# Track width of the axle (in) = 30

= dyle Jazd {1k = 126040

= Unzprung mass of the axle ¢1b? 1200

# Height of the roll center {ind 23

# Zyspension stiffress — per spring (ibsin) = 1200

5

*

1]

 Total spacing befween suspension springs tin) = 32
# duxitiary roll stiffness {in.lh/deg) = 1072.33

Tire Information
# MNumber of tires on the axie = 2
ertizal stiffness of a tire Clb/in)y = 4500
Ligs oof oa tipe Gind = 19.9
tooar Mominal load for the tire (1b) = 40GC

Cornering Stiffness Table
Paint |

500 *# 2, Yertical Load <1bd
Point 2

523.334 ¥ 2, Yertical Load <l
Point 3

525,002 # 2, Vertical Load b’

¥ 1, Cornering stiffness (lh/deg)

]

4 0. Tarnsring stiffaess (1b/deq)

I

# §. Cornering stiffness (lh/deg)

fipy f-we ¥ axle is rear of C.G6.} =-0%.2
the axle (iny = 72

FILE: the axlte (10 = 2300

a4 the roll center (in) = 29

jon stitfness - per spring (1bs5in) = 4000
Total spacing between suspension sprinrgs (ind = 38

 fgeilrare roil stiffness <din.lbs/deg) = 75680.74

n

“
=

z information

# slymber of tirss on the axle = 4

® Yertical =ztiffness of a tire C1hsiny = 4500
¥ Radiue of 3 tire {inr = 19.5

. .
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Static or Mominal load for the tire (1b» = 4000

Cornering Stiffness Table

Point 1
£ {. Cornering stiffness <{1b/degd = DO ¥ 7, Yertical Lozd <1k = 5000
Point 2
¥ 1, Cornering stiffness (ibrdeg) = 523.334 % 2, VYertical Load (1bd = 2000
Point 3
% 1, Carpering stiffness CibJdegl = 525.002 ¥ 2, Uertical Load »lby = 7000
Axle # 3
duie Information
% [.G-axle distance (in) {-ve i¥ axle is rear of 0.G.7 =-107.2
% Track width of the axie (in) = 72
% Axle itoad ¢1b) = 17000
% Uneprung mass of the axle ¢1by = 2300
# Height of the rotl center Cin) = 29
# Suspensian stiffness - per spring (ib/in) = 4000
# Total spacing between suspension springs (iny = 38
% Auxiliary roll stiféness (in.lb/deg) = 7360.76
Tire Information
% Mumber of tires on the axie = 4
£ Uertical stiffness of a tire (1b/in) = 4300
% Badius of a tire {iny = 19.3
% Static o Mominal load for the tire {1b) = 4004
Cornering Stiffness Table
Point 1
# 1. Cornering stiffness (1b/deg) = 500 % 2. Vertical Load <1b) = 3000
& Point 2
% 1. Cornering siiffness (1b/deq) = 523.334 % 2, Yertical Load (1b) = 4000
Foint 3
% {. Crornering ztiffness (1b/deg) = 525.002 ¥ 2, Yertical Load {1b) = 7000

The following information refers to the semitrailer (Unit & 20

General Information

¥

&
%
#

Total Weight (1hk) = &4300

.G Height (in) = 78,47

r.G - Front articulation point distance Ciny) = 227.7
Tota! number of axles on the unit (1-8)= 2

{~ue i€ zule iz rear of C.5.3 =-180.3
Lipy = 72
sf the axle <1ty = 13400

s w4 the roll renter Cind = 29

¢ iar etiffness - per spring (inSin) = {000
& 21 spacing beiuween syspension eprings {in) = 38
% puxtliary roll ctiffness (in.lbsdeg) = 11341.13

Tire Intcrmation

# My or eof tires on the axle = 4
2 Yertical stiffness of a tire (Ibsind = 4500 22
% Radius of a tire tiny = 19.3
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* Static or Nominal load for the tire (lb) = 4004
Cornering Stiffness Table
Paint 1
¥ 1. Cornering stiffness <1b/deg) = 500 # 2, Yertical Load (1by = 5000
Point 2
# 1. Cornering stiffness {lbsdeg) = 523,334 * 2. Mertica] Load 1By = 4000
Point 3
# 1. Carnering stiffness {ib/deg) = 525,047 * 3 Mertioal Load vk o= 77
axle # 2
“xle Information
# C.G-Axle distance (in) {-ve if axle is rear of O.6.,7 =-728.3
“ Track width of the axle ¢jiny = 72
* Axle load <1b) = 17000
* Unsprung mass of the axle (1b) = 1500
¥ Height of the rall center (in} = 29
¥ Suspension stiffness - per spring (1h/in) = 9640
% Total spacing between suspension springs ¢in) = 3§
¥ Auxiliary roll stiffness C(in.lb/deg) = 11341.15
Tire Information
% Number of tires on the axle = 4 ‘
# Vertical stiffness of a tire (1b/in) = 45G0
# Radius of a tire ¢in}) = 19.5
*# Static or Nominal load for the tire (Tb) = 4000
Cornering Stiffness Table
Point |
# 1, Lornering stiffness (1h/deg) = 500 # Z. Vertical Load (1b) = 35000
Point 2
¥ 1. Cornering stiffness {(1b/deg) = 523.334 ¥ 2, Veptical Load ¢lb) = 4008
Point 3
¥ 1. Lornering stiffness (1b/deg) = 52%.002 # 2, Vertical Load (ib) = 7000
23
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40 THE MODELS

4.1 W SPE FETR IN
4.1.1 Nomenclatre and list of symbols used. In the following model the subscript “I"

corresponds 10 a unit number. Also, all dollies (converter and fixed) are assumed to be semitrailers
with wheelbase dimensions equal to the length of their drawbars.

R Radius of the turn (ft)
WB; Wheelbase (in)
HI;  Location of the rear articulation point, relative to the unit's rear susuension {in)

Note: In the computer model, hitch locations are determined relative to the front suspension
(for trucks and tractors) and relative to the forward articulation point (for trailing units). This
convention eliminates the ambiguity of entering negative/positive values for articuiation locat:ons
that are forward/aft of the rear suspension.

4.1.2 The Low Speed Offtracking Model, This model covers the kinematic problem posed
by the steady-turning of vehicles having single axles. As the model does not inciude the effects of
tandem axles, wheelbase parameters should be determined from the center of any suspension
having tandemized axles. Besides the vehicle parameters listed above, the model requires ‘he
radius of the path subtended by the front axle of the towing unit.

When a tractor-semitrailer tracks a steady-state circular trajectory, the tractor rear axle and
trailer rear axle each subtend circular paths of different radii. The various radii associated with nis
steady-turning condition are shown by the terms labeled in Figure 4.1, namely, Ry for the wractor
steering axle, Ryy, for the fifth wheel kingpin (rear hitch point), Ry for the tractor rear tandem, ard
R for the trailer tandem.

The tractor subtends a steady-state circular path with its front axle center tracking at a tum
radius, Ry, and with the center of its rear suspension tracking about the same center at a radius,
Rg, where

Rp2 = Ry2 - (WB /1202 i e (1)
The determination of the path radius R,, is based simply upon the Pythagorean formula. The
square root of the difference between the square of the hypotenuse, Ry, and the square of the sice,
WB, defines the length of the tumn radius Ry.

The length of the turn radius Ry depends upon the radius of the path subtended by the fifth
wheel kingpin, Ryg;. The radius Ry, is determined fror

Ryp2 = Ry2 + (HI/12)2 - (WB/12)2. e e @)

Ra2=Ryyp2- (WBo/12)2 i (3)

The offtracking of a vehicle is defined as the difference between the "front” and "rear” radii.
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Figure 4.1. Use of the Pythagorean Theorem to analyze maximum (steady-state)
off-tracking. of a tractor-semi-trailer in a constant-radius turn

Steering Curve

Location 2

Tractrix ¢f the
steering curve

Figure 4.2. Cne step in determining the tractrix of the original steering curve

R
L
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In the case of a doubles configuration, three additional lengths affect the offtracking
eXpression.

Hl,  the rearward overhang of the first semitrailer (in)
WB, the length of the dolly's drawbar (in), and
WB, the wheelbase of the sccond semitrailer {in)

Note; There is virtually no kingpin offset in the design of a conventional dolly

Following the same naming convention, the various radii are given by. Ryyp for the path
subtended by the semitrailer's (unit 2) pintle hitch, Ry for the dolly's axie, Ryyy for the path of the
doily's fifth wheel/turntable, and R4 for the second (unit 4) semitrailer’s axle.

Ryp? = Rypq2 + (HIo/12)2 - (WBo/12)2. i (5
Ry2=Rpa2 - (WB3/12)2 i (6)
RE3 2 Ryttt e e et e e e o)
R = Rppa? -(WB4/12)2 e (8)

And the total offtracking for a doubles configuration is given by

4.1.3 The Transient Offtracking Model, The transient path followed by the trailing ax'e of 2
truck or tractor, as the result of a steering input at the front axle, is called a general tractrix of the
original steering curve. In a tractor semitrailer configuration, a second general tractrix is produced
for the path of the rear axle of the semitrailer (the "front axle" of trailing units, such as semitrailers,
i$ the forward articulation point). Therefore, the problem of transient offtracking can be reduced to
finding a consecutive series of general tractrix curves.

The generdl trax,tmx is characterized oy the property that the distance along 1ts tangent, taken
from the point of tangence to the point of intersection with the leading curve, is constant and is
equal to the pertinent wheelbase dimension. Shown in Figure 4.2 is a step in the calculation of the
tractrix of the original steering curve.

4.2 BRAKIN
4.2.1. Nomenclaturg and list of symbols used. In the followmg model the subscript 1"

corresponds to a unit number, while "j" refer- to the I'th axle on the i'th unit. In some cases the
subscript K" is used to distinguish between ¢ ifferent suspensions on a unit. For example, in the
case of a full trailer with a fixed colly, the veur axles would be a part of suspension 2.

Due to the difference in the manner that fixed and converter dollies transfer vertical and
horizontal loads, full trailers with fixed dollies are analyzed as composiie units.

W, Total weight (1b)

a Longitudinal deceleration of thg vehicle combination (g's}

h Total (sprung+unsprung) mass ¢.g. height (in)

XEj Longitudinal distance between (ofal ¢.g. position and forward articulation point (in)
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hp;  Height {measured from ground) of the forward articulation point (:n)

Fypi Longitudinal force at the forward articulation pont (ib)

F,p  Vertical force at the forward articulation point (Ib)

xg;  Longitudinal distance between [ofal c.g. position and rear articulalon pomnt (in}
hg; Height {(measured from ground) of the rear articulation point (in)

F,.r; Longitudinal force at the rear articulation point (1b}

F,ny  Vertical force at the rear articulation pomnt {Ib)

Xi Longitudinal distance between fotal ¢.g. position and suspension k" (in}

Pr;  Dynamic load shift parameter - for tandem axle suspensions only

My; Moment due to dynamic load transfer - for tandem uxle suspensions only (in.ib)
xtsy;  Tandem spread on the X'th suspension (for single axle suspensions xtsy; = 0)
Fui  Axleload (Ib)

Fpj  Bralunglevel atan axle (ib)

4.2.2 The Bra<ing Model. This model determines braking performance assuming that the
vehicle is making a constant deceleration stop. in addition to the vehicle parameters, the level of
braking, Fg;, is required as an input.

The response to the applied braking forces is descmbed n erms of the longitudinal
deceleration, a, and the vertical loads, Fyy;, carried by each axle. For each level of braking input,
the "minimum" vaiuve of friction needed to avoid wheel lockup is determined. Under the
assumptions of the analysis, the wheels on the axle with the largest ratio of Fgjj to Fy;; will lock up

first. That s, the maxirmum ratio of Fpyi/F,j; represents the friction coefficient, Ly;, required to
perform a wheels—unlocked stop at the calculated level of deceleration, a.

The method used to represent inter-axle load transfer depends upon a special parameter, Py,
that is used to describe the load transfer between the two axles in a tandem pair. This parameter
not only describes the amount of load transfer, but also the pitch moment reacted by the sprung
mass.

The first step n the calculation is to determine the longitudinal deceleration of the total
vehicle. The deceleration of the vehicle combination is given by equation (10)

a= {EIZ] FBji}/{Ei Wi} .................. ....................................... (10)

Then, starting with the last unit in ihe train, longitudinal, pitch, and vertical equations are
solved for each unit.
Most vehicle combinations can be broken down 1nto distinct units, which can be further
sub—divided into three categones.

1. Towing units
2. Semitrailers and Converter dollies, and
3. Full tratiers with fixed dollies.

Note: A full trailer with a converter doily can be further subdivided into two units, which can then
be described by the eguations in category 2.
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4.2.2.1 Towing Units, By default, the towing unit is the first unit (i = 1) in the train.
Refering to the geometric layouts and free body diagrams of the two towing units shown in
Figure 4.3, the equations of motion are determined as follows.
The horizontal force balance equation is given by,
Fle"‘“ [W} * a] - FB31 - Fle 'FB“ m e (H.}

If a suspension load is defined as Fgy;, then,

FSZI = FzEl + Fz:ﬂ ................................................................. (13)

Summing the moments about a point in the ground, vertically below the front axle, the
moment balance equation car. be written as,

{Fga1 * [¥11 + Xp11} - Moy + [Fyr1 * hral - [For1 * Otgy + 0] + [We ™2 % by

Where,

le = P21 * [FBS] + P}321 i * b4 10 TR (15)

The axle loads ¥,ny and F,3; are given by,

Fonp = [Fgp1/2) + [IMgq/xtsgq]ee e (16}

Fu31 = [Foa1/2] - IMa1/Xtsg1]eeeecininiiiii e (17)
Note: Equations (15) - (17) apply to suspensions with tandem axles.

The vertical force balance equation is given by,

Fori+ Wi-Fgpr-Foar =0 s (18)

Note: For the last unit in the train, Fp; = Fpj =0

4.2.2.2 Semitrailers and Converter dollies. In the braking model the semitrailer and
the converter dolly are modeled as identical units. The equations of motion can be developed based

on the geometric layout and free body diagrams of Figure 4.4.
The horizontal force balance equation is given by,

Foni+ [W;*a] - Fypi- Fuoi - Fri= 0 (19
If a suspension load is defined as Fgy;, then,

FSli = lei + FZZi ................................................................... (20)
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Summing the moments about the forward articulation point, the moment balance eq..ation can
be written as,

{Fs1i * [x1i + XFil} - My + [Fyry * (hry - hppl - [Fari * (Xg; + xg)] + [W; * a * (; - b))l
Wi xp] + [Fpoi+ Fpid *hpid =0 @2n
Where,

My, = Py * [Faos + Py | * XiSg oone.. TSSOSO 225
The axle loads F,y; and F,»; are given 1 y,
i = [Forif 2] + IMp/XtS il e (23)
Fy0i = (B 2E = IV /XIS 1] oo e e (24)

Note: Equations (22) - (24) apply to suspensions with tandem axles.

The vertical force balance equation is given by,

Note: For the last unit in the train, F,p; = Fyg; = 0

4.2.2.3 Pull frailers with Fixed dollies. The fixed dolly differs in its basic design
from a converter dolly.

1. The drawbar of a fixed dolly is hinged, and cannot transfer any of its pitching motion to
the preceding unit in the train - the moment is therefore reacted out at the axles.

2. Fixed dollies normally use turntables instead of fifth wheels, which in turn, introduce an
extra pitch moment into the equations >f motion.

Due to the reasons listed above, the two unit trailer/fixed dolly combination is more easily
modeled as a single unit. The free body diagram of such a full trailer is shown in Figure 4.5.

The horizontal force balance equation is given by,
Fxrit (Wi *a] - Fypi - Frai - Fpai-Froi ~FB1i =0 cov e e, (26)

If a suspension load is defined as Fgy;. then,

FSh = th + FZZi ................................................................... (27)
PSZl =F 33+ Fzm ................................................................... (28}
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- X2 X4 I
‘* XRI 4 XFI er'“'l
Geometric Layout of a Full trailer and Fixed dolly
Wi a
& —>
Wii
<4
Fgai ? %FBSi Fp2i ? ?FB‘M
Fzai | Fz3i Fzoi | Fzti
Fsoi Fsti
Forces and Moments (Full trailer and Fixed dolly)
Figure 4.5. Geometric Layouts and Free-body diagrams of a full trailer and fixed dolly
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Geometric Layout of a Semitrailer

W, a
Fari &
J’%— LWE
F.Ri , M
W DY # ) a6 by
| FzFi

Fr2i ? T Frii

Faoi | Faz1i
Fsii

Forces and Moments (Semitrailer)

Figure 4.4, Geometric L.ayouts and Free-body diagrams of a semitrailer
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Summing the moments about a point in the ground, vertically helow the front suspension. the
moment halance cquation can be written as,

{Fgp; * [xy; + x2i1} - My - My + [Fyry * byl + [Wi*a*h]-[W;*xy]

-[Fori * (xpi+ x10]1 =0 PO PO (29)
Where,

My =Py * [Fgoj + Fpyj ] ¥ XtSjec i e 35

Maj = Poi * [Fpai+ Fgag 1 XISg5 v (31)

The axle loads are given by,

Fati = Fg1i/2] + IMyp/xts il oo (32)
Fyoi = [Fo1i/2] - IM/XIS 1l o ce e (33)
Foai = [Foar/21 + [IMoi/Xisoile oo (34)
Foai = [Fsoi/2] - IMai/xtsgile oo ST (35)

Note: Equations (30) - (35) apply to suspensions with tandem axles.
‘The vertical force balance equation is given by,

FzRi + W’i - FSli - FSZi L U RPN (36)

Note: For the last unit in the train, F,p; = Fyg; = 0

4.2.2.4 Friction utilizations and Braking efficiency. At each level of braking, the
friction utilization at each axle is given by,

i = FRjigji oo (37}
and, the "Braking Efficiency" is given by,

Braking Efficiency = MR e (38)
where, Max(;;} is the maximum friction uﬁlizaﬁonlat an axle, at a given level of braking.

4.3 HIGH SPEED OFFTRACKING

4.3.1 Nomenclature and Hist of symbols used. In the High Speed Offtracking model the
subscript "i" corresponds to a unit number. Also, ali dollies (converter and fixed) are assumed to
be semitrailers with wheelbase dimensions equal to the length of their drawbars.

R Radius of the tum (ft)
WB; Wheelbase (in)
HI;  Location of the rear articuiation point, relative to the unit's rear suspension (in)
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Cui Sum of the comering stiffnesses of the tires installed on the rear suspension (Ib/rad)
Fyi Total load borne by the rear suspension (1b)
U Forward velocity (ft/sec)

Note: In the computer model, hitch locations are determincd relative to the front suspensien
(for trucks and tractors) and relative to the forward articulation point {for trailing unusy, This
convention eliminates the ambiguity of entering negative/positive values for articulation iocanons
that are forward/aft of the rear suspension. Also, wheelbase parameters should be determined
from the center of any suspension having tandemized axles.

4.3.2 The High Speed Offtracking Model. Generally it can be expected that articulated
commercial vehicles will exhibit an outboard, rather than inboard, offtracking at highway speeds.
For muitiply articulated vehicles, this offtracking may become quite large.

This analysis assumes a linear relationship between tire lateral force and slip angle and turther
applies to curved paths in which the radius of curvature greatly exceeds the wheelbase of the
vehicle unit. It also assumes that tire aligning moment effects are negligible and that zero 7oll steer
is present.

The unit vehicle develops a certain level of tire slip in achieving the centripetal acceleration
which is associzted with the defined values of tumn radius and velocity. The magnitude of the
lateral slip is, of course, dependent upon the type of tires and the tire loads. Given the vehicles’
wheelbase, this slip condition determines the outboard offtracking of the rear suspension’s center
point, as seen in Figure 4.6. The figure displays the geometric layout of the high speed offtracking
of a semitrailer (umt #2), where the "offtracking dimension™ is given by the difference between
RHl and R3.

This analysis makes use of the Law of Cosines and makes the "Small Angle Assumption”
with respect to tire slip angles. Figure 4.7 contains a complete layout (which will form the basis
for future reference) for a tractor and semitrailer tracking a circular path of radius Ry.

Using the Law of Cosines and the triangle formed by the three sides Ry, Ry, and WBy,
(R)? = (WB/12)2 + (Rp)? - {2 * (WB/12) * Ry * Cos (90 - &) }e...... (39)

Noting that Cos(90 - ;) = Sin(¢t)), assuming that the slip angle o 1 small, and using a
temporary variable L; which is the wheelbase of the unit in feet, equation (39) reduces to,

R)Z2=L?+ Ry - {2% LD FRoy® 0 e (40)
As the relation between lateral force and slip angle is given by,
Cog M0y =Fyj=Fpj * i 4D

where, Fyi is the lateral force, and ayi is the lateral acceleration at the suspension center, and

«’,ation (40} can be written as,

RpZ = (L2 + Ry)2- {2 % Ly * [FpolConl ¥ U] (43)
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Figure 4.6. Layout of the High Speed Offtracking of a Semitrailer



Figure 4.7. High Speed Offtracking Geometry for a Tractor and Semitrailer
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Or,

To determine the total offtracking of a multi-unit vehicic combination, the offtracking at each

of the coupling points must be determined. The triangle formed by Ryjq, R4, and HIy, can be usec
to determine Ryy.

(Ro)? = (Rep)? - (HIY/12)% + {2 % (HI/12) * (Fo/Co) * (U)o .. (45)
Equation (45) reduces to,
Ry1)? = (Rp)2+ (HI/12)2 - {2 % (HI/12) * Fn/Chyn) * (UZig)}o. ... (46)

The triangle formed by Ryy;, R3, and WB,, helps determine Rs.

(R3)2 = Rpy)2 - L2 + {2 % Ly * (Fy3/Co) * (U2 oo @47

As the trailer's hitch point is aft of the rear suspension, the Law of Cosines resuits in the

following expression,

(Ryp)? = (HI/12)2 + (R3)2 - {2 * (HIy/12) * Ry * Cos (90 + 02y (48)

As Cos(90 + o) = - Sin(ay), and - Sin(tty) = - 0y,

Rp2)? = R3)2 + (HIp/12)2 + {2 * (HIy/12) * (F;3/Co3) * (UZR}.........(49)

The "offtracking dimension" at the rearmost axle would be given by the difference between
Ry and Rs.
4.4 STATICROLL

corresponds to a unit number, while

4.4.1 Nomenclature and list of symbols used. In the following model the subscript 1"

J' corresponds to the j'th axle,

W Total weight (Ib)

Wsi Sprung weight (1b)

Wyji  Unsprung weight of an axle (Ib)

h; Total (sprung + unsprung) mass c.g. height (in)
hsi  Sprung mass c.g. height (in)

Ry - Unsprung mass c.g. height = Radius of a tire (in)
Total track width of the axle (in)

Fai  Axleload (Ib)

hy;  Height of the roll center (in)

Kgji  Spring stiffness - per side (1b/in)

Sii Total spacing between springs (in)

Kgaji Auxiliary roll stiffness (in.Ib/rad/axle)

Number of tires on the axle
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Ky Vertical stiffness of a tirc on the axle (Ib/inftire)
Kesji Roll stiffness at an axle (in.lb/rad)
Total roll angle (rad)
¢ Sprung mass roll angle (rad)
byji  Unsprung mass roll angle {rad)
ay Lateral acceleration (g's)

As most weight and c.g. locations are entered on & composiic basis, the parameters must be
reduced to their corresponding sprung and unsprung values.

Wi = Wi = B Wigiieeeeneononsoeme et (50)
By = LW * Byl - [Z5 Wi * Ryl Wi oo, 51)

Also, defining the following intermediate variables,

Tji = T‘}-i/Z..: ................................................... e (52)
Kosji = 2* Sj'iz HKG D + KGAji - vverrrerrere e (33)
Puji = szi - Wuji ..................................................................... (34)
hyji = hi/ (g - hrji} ....................................... e (55)

4.4.2 The Static Roll Model. The static roll model helps determine the rollover threshold of
articulated vehicles during steady turning maneuvers. The roll response in a steady turn is
computed by repeatedly solving, for small increments of roll angle, a set of equations which
describe the static equilibrium of the vehicle in the roll plane.

4.4.2.1 Unsprung and sprung mass moment equations. Refering to Figure 4.9, and

summing moments about a point in the ground,
Kasji * Ojil + [(Fyji - W) * hygi * ay] + Iz - W) * 0ysi * hygil
+ [Wyji * Ryyi * (ay + O] = {[Fg/2) + Ky * gy * Tj)] * Tyl
- {[(Fy/2) - Koy * %—} R ¥ e ) SO OO (56)
From equations (54) and (56),
Kosji * Osjil + [Fuji ™ hygi * @y + Oyjid] + Wi * Ryji * (ay + gl
= 2 %Ki ® Qi ® TJiZe o ovveeesesnrsmee st (37)

Performing the same caiculations with the sprung mass (with me™ents being summed about
a point in the ground - refer to Figure 4.10),

[Wsi * hsi * (Ely -+ d))] - [E} Fuji * hrji * (ay -+ (%)L;jl)l = Zj Ktbsji * Cpsj; ........ (58}
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Figure 4.9. Representation of the forces and moments acting on the unsprung mass
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- (Fzi-Wyji) " 2y

(Fzji -Wyji

Figure 10. Representation of the forces and moments acting on the sprung mass

Figure 11. Geometry between sprung and unsprung mass roll angles
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4.4.2.2 Roll angle geometry, If the roll angles in figure 4.11 are assumed to be

s1:all, the relation between ¢, ;, 6, it and ¢ can be determined.

0 = Oyji + {llhsi - Nejid * Bgjid Mhgieoveotiiiiiiis e
Therefore from equations (55 and (59),

Oji = (D = Oui) ™ Myjicooeoeie oottt
Substituting equation (60) in equation (57),

{Kosji * huji * 03 - {Kosji * huji * dyjit + {Fyji * hygi * (ay + 0450}

+ {Wuji * RTji * (ay + ¢Uj1)} =2 * KTji * q)uji * T_]12 ............................ g

Rearranging the previous equation,

(Kosji * hyjit * 0 + {[Fyji * hygil + [Wo * Ry} * ay |

= {[Kogji ™ hyjil - [Fugi * hejil - [Wyji * Ryl + (2% Kjy * T3213 * 9y ...
The unsprung mass roll angle, yji> can be written as,

q)uji = W-{o—}—id).\ji il P Sl I ”Fuji * byl rwujg * R'E’jiﬂ *ay
{[K¢Sji * huji] - [Fuji * hzji] - {Wuji * RTji] + [2 * KTji * ’I““Z]} ......

Defining the following intermediate variables,

Aji o ”Fuji * hlji? e rW,JJ-i * RTjill
{(Kgsji * hygil - [Fyi * Bl - W5 * Ryl + [2 % Ky * Ty21} .o

Bj = K psji hyjik
{[KQSji *. bu}li - {Fuji * hiji} - [Wuji * RTji} -+ {2 * KTji * Tjiz}} ......

Equation (63) can then be written as,

‘buji = {Aji * ay} + {Bji ¢ PRSP S
Substituting equation (60) in equation (58),
[Wei ™ hgi * (ay = )] - [Z) Fyji * hygi * ay] - [55 Fyji * Brjj * 9]

= (%) Kosji * & * hyjil - [Z5 Ky * i * Bugil covvvreorerniienenns,

YR e

(62)
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Rearranging the previous equation,

[[Wg * hl - [5 Kogji * hy 13 * 0+ {{Wqi ~ hgi) - 15 Fygi * hel} * 3y

= Li{[ Fyji * hjil - [Kesii F R EF D oo (63)
and, defining another intermediate variable, Cj;,

Cji = [ Fyji * hyil - [ Kasji * Bjil covveeme e (69}

Using the equaiions (66), (68), and (69), the lateral accelcration, ay, is defined in terms of total roll
angle, ¢. .

ay=_ AW Zhgl- [Ei"w%gji—*buji];l;i_{j.jij&jimq) )
[TV ® gl = (55 Pagt * bl - (5] Aji* Cil} cooemeenieni (70)

After ay has been determined, ¢y;; and Qgj; can be calculated from equations (60) and (63).

The load transfer on axle "j" is given by,

T e T S (71)

4.4.2.3 Axle Liftoff. If axie "k" lifts off (that is, the load transfer exceeds half of the
axle load), then another set of equations is used. From Figure 4.9, and equation (57),

[Fyiq * he* (ay + O] + Wi * Rig * (ay + )] + Kok ™ Oy

F i ® Thioeeresoeneeesrns st e nen e (72)
Rearranging,

{[Fuki ™ hoil + TWoii * Rl * 2y + (Ko * ¢ * hygal = Faig ™ T

- {[Fui * i) + Wi * Rl Kok * Mkl * Quigievevvvvmeseresreees (73)

Or,

Ouii = ~LFuii Bl [Woi Ryl ay+ (K £ 0% il = Fogi * T
{[Fui * bkl + Wy * Rl "[K{bki Fhyd Feeeeeeeeneenns (74)

_ Usiﬁg equation (69) and defining the intermediate variables Dy, and Ey;,

Dy; = [Fuki * Mok + Wi Repieil -[Kgpi ™ Bugddeooeverievs e (75)

the reactions on the sprung mass from the lifted axie are given by,
{[Wg * hyl - (Kgeri * byl * 0 + {[Wy; * hgl - [Fui * hnail } = 8y

= {[Fy * hrigl - Koski ™ Bk} Ouiceeoorvreeserememesmmsssscnns (77)
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Rearranging equation (77) - Refer to equations (69), (73), (74}, (75) und {76).
ay - {IW * bl - LK pki * Dukilt Bii * Wpski® hukil * ¢ + Ly * o * Ty,

{Wi * hgi - {Fuxi ™ brgil + By * ((Fyq * bl + TWak * R}

)

4.5 HANDLIN

4.5 1 Nomenclature and list of symbols used. In the following moc:! the subscr ot "i"
correspor.ds to a unit number, while "} corresponds to the j'th axle.

W; Total weight (1b)

W Sprung weight (Ib)

Wyii  Unsprung weight of an axle (Ib)

h; Total (sprung + unsprung) mass c.g. height (in}

hg; Sprung mass c.g. height (in}

Rji  Unsprung mass c.g. height = Radius of a tire (in) _

XFi Longitudinal distance between total c.g. position and forward articulation point (in)

xg;  Longitudinal distance betw: n (otal ¢.g. position and rear articulation point (in)

X3 Longitudinal distance betw: en fotal c.g. position and axle "j" (in)

T i Total track width of the axlc (in)

Fpi  rxleload (Ib)

FOzji - Static load on the tire (Ib)

hg; - Height of the roli center (in)

Kgji  Spring stiffness - per side (Ib/in)

Sji Total spacing between springs (in)

Kgsaji Auxiliary roll stiffness (in.Ib/rad/axle)

Nji  Number of tires on the axle

Kty Vertical stiffness of 1 tire on the axle (Ib/in/tire)

Kogii  Rollstifiness atan xle (in.lb/rad)

o Total roll anzle {rac:

$sji  Sprung mass roil an jle (rad)

Gyji  Unsprung rass roil angle (rad)

ay Lateral acce leratior {g's)

Cupji  Cornering s.iffness t the st tic load (b/deg)

alji Linear variation of « bmering stiffness with vertical load, about the static load (1/deg

Canji Quadratic variation of cornering stiffness with load, about the static load (1/deg)?

Ng  Steering gear ratio

Kge  Steering stiffness (in.lb/deg)

Ktr  Tierod stifiness (in.lb/deg)

L Mechanical tail {in)

Ar  Aligning moiaent per tire {in.Jb/deg)

4.5.2  The Handl ng (Steady Turn) Model, The handling model helps determine the stasic

yaw-stability of articulate | vehicles curing turning maneuvers. The yaw respons: in a steady tum
is computed by repeatedl: solving, for small increments of lateral acceleration, a wet of equations
which describe the static cquilibrium of the vehicle in both roll and yaw planes.

J57;
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4.5.2.1 Characteristics of truck tires. The truck tire shows a cornering stiffness that
increases monotonically with load. Nevertheless, the curvature in the cornenng stiffness
characteristic (see Figure 4.12) causes a significant change in the yaw-stability of the vehicle
during a steady turn involving considerable side-to-side ioad transfer.
If the cornering stiffness, C'yj;, of a single tire is treated as the following function of vertical

lOZld, szi:
ClogilFz) = Cepji + [Coji * (Faji - FOgd] + [Coji ™ Fyji - FO4?] oo (78)

then, with three reference points (see Figure 4.12), the tire parameters Cq i, Cojp a0d Cojy can
be determined.

Thz total comering stiffness of an axle is given by,
Co i = [Nji * Cozil + {Nji/2) * Copaji * [Frest + Frighe - (27 F0yi)}
+ {(NG/2) * Ceji * [(Freft - F{)Zji)2 + (Fright - F{)zji)2} .................... - (79)
Where,
Fright = Fzji + AFi
Fiege = Fyji - Ay
Fyi = Fyif2
and AF;; is the side-to-side load transfer on axle "j" - see equation (71) in the static roll model.

4.5.2.2 Steering system compliance, The compliance in the steering system reduces
the cornering stiffness of the first axle of the towing unit.
The lateral force at the steering axle 18 given by,

Fy” = C‘an * (aleft + C!,n'ghg ................................................. (80)
where,
Clait Comering stiffness of one tire on the steering axle (Ib/deg)

Qefy, right SLP angles at left and right tires (deg)
If the following variables are defined as follows,
Sgw Steering wheel angie (deg)

Blefy, rigre  Steer angles at left and right tires (deg)
X Pneumatic trail (in)

P
Xp = L O IEETETRTETIRTY (81)
Opw = W IN G ettt (82)
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Variation of Cornering Stiffness with Vertical Load
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Figure 4.12. Influence of vertical load on the cornering stiffness of a truck tire

Figure 4.13. Geometric fayout of a tractor and semitrailer
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Bieft = Orw + [Cloat *_(,zgpw; Em) ¥ (Oef + Otfggm)} ........................... (83)
K‘\)C

Sright = Sieft +{Clq1i *_(_Pi,pw ~Aml ¥ aright} .................................... (84)
Krr

From equations (80), (81), (83), and (84),

Cgir * 12 + [Clarr * p+ xm)l}
Cot1 = KR e (85)
T+ {[C a1 * (Kp + X)) 2+ Tl Zlp+ ) + LI}
Ksc¢ (Ktr*Kse)  Krr

4.5.2.3 Equilibrium in_the yaw plane, For convenience, a special sign convention is
used to indicate whether axles are forward or aft of the center of gravity of their unit; specifically in
the equations ultimately used, x;; is positive if axle "i" is forward of unit i's center of gravity,
otherwise, X;; 1§ negative. Articulation points, which may be either at the front or the rear of e
unit, are always positive.
Using the slip angles at each axle of the towing unit to develop expressions for the lateral
forces {see Figure 4.14),

my ¥ ([Bv /8t + u * 1) = [Ty * 81 - [vyw) * (&5 Coil
- {(rlf’u) * [EJ (le * Coqi)]} - F}:z .............................................. (86)

I_l * [81'1/612] = (xll * call * 5) e (XRI * FFZ) - {(V;/u) * [Ej (Xj.1 #* C(x_]l)]}

- {(rp/m) * TE (12 % CogDh e (]7)

For steady turning conditions,

[8v/8t] = [8r1/3t] = 0, and, rj = 1, where vy is the lateral velocity, ry is the yaw rate and the

H2AY

subscript "i" refers to the unit number.

If the following intermediate variables are defined as follows (g is the acceleration due to
gravity),

By = UF T/t (u is the forward velocity)
L R = T e et e e (R is the path radius)
Fyp= (1) * [Z Cojiloen e (88)
Fpp = (10) % [ (X1 % Gt e ovommirennimiss et (89)
Ter = (u) * {5 (% 12 H Cai ] 90)
T R TREIRTREEIY (91)

e . 46
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Figure 4.14. Free body diagram of the tractor

Figure 4.15. Free body diagram of the semitrailer
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Figure 4.16. Free body diagram of the dolly



B 0 T Ty § I T O P PR TT TIPS (93)
Equations (86) and (87) can be reduced to,

{({my * )+ Fql *r} + [Fuy * vl = [Fg* 8} -Fpp oooovviii (94)
[Ty * o)+ [Tyg * vid = [T * 8] # IXR1 ¥ FE2looovrericeiveinieieiieaenns (95)

In a similar fashion, the steady turn equations can be developed for trailing units. From
Figure 4.15, the equations for a semitrailer can be described as follows.

{[(mz * il) + FFZ] * 1‘} + {sz * V2] = F}:g - Fpg ................................ (96)

[TI‘Q * I‘] -+ [TV2 * V2] = {X}:Z * FFZI + [XRZ * FF3] ............................ (97)

The full trailer of a double includes a dolly which is a special kind of semitrailer. The dolly
has a center of gravity and rear articulation point that are located close together. For multiple axle
arrangements, the articulation point and center of gravity are located near the center of the axle set
(see Figure 4.16). Because the yaw moment of inertia of the dolly is smaller than those of either of

its adjacens units, it cannot accelerate rapidly in yaw.
Refering to Figure 4.16, and making the following assumptions,

X23=%X13
oy =[vy+ (X3 *1)j/u
O3 = vy - (x13 ¥ nl/u
Cot3 = Caz3

then,

Fry = (2% Cppz * %132 * 1V Ixpa ¥ ul (98)

As illustrated in equation (98), Fgg for the dolly depends on path curvature (1/R = r/u) and
not Fr3 or lateral acceleration ay. Furthermore, Fg3 tends to be small for typical highway curves

with radii of 300 km or more. The dolly practically removes the influence of the full trailer on the
semitrailer. ' ‘

4.5.2.3 Stability and control of the towing unit, Matrix methods provide a relatively
casy way to develop the handling equations for multiply articulated vehicles. The equations to be
solved are of the forms,

A (v = by *Fral +{ag®0) .. “£~r the tractor)

[Ag] * (1, vp) = {ep * Fpa} + {by ™ Fp3} ...oonil, {towed units except dollies)
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Where, {A1] and {Ap] are 2 x 2 matrices reduced from equation (94) - (97). the column
veCtors ay, by, €3, by, (r, vi) and (r, vp) are reduced from the same set of equations.

Starting with a zero hitch force at the rearmost semitrailer the forces of constraint cin be
determined in sequence until the fifth wheel force Fg; is specified for use in the handling equation

of the wactor.
As an example, Fgp represented in terms of r and Fgs,

r = (1,0i Ax]-Hes Fpo + by Fpsl, where, | L] is a row vector.

Similarly, Fgy can be expressed in terms of r and Fgy { and so on until Fgs is represented in
terms of r and the lateral force at the last articulation point).

The steady turn equation for the tractor, given by,

AQ* @ v ={by*Frpl+{ag®d} {99)

can be expressed in the form of a "handling” equation,

O=[L/RE+[Ug®ayl oo {100)
where & is the steer angle, L, is the "effective” wheelbase and U, is the "understeer” grac ‘ent.

Representing the force at the fifth wheel,

Fry = [Ag * agl + [Bo/R]........ s (101

where, A, and B, are the constants resulting from accumulating hitch forces from the last railer in
the train, For a tractor and semifrailer, it can be shown that,

Ay = mz * 3, __)gjz B G2 erririonieieini s (102)
[2; xj2 * Cgyal - [xp2 * & Cynl

By = Lji.ﬁ;g._gajgl 2..ﬂ.ﬂgaj2L~[_JLJ22 Sl 0/79) } ISR (103)

{ -fogz} {XFZ 2 Cogz}

The variables in equation (100) are given by,

Le "—‘_Ej..f.?.(,jg 2)12 {rz cé;g * [0 22 * Copllb+[A1 * Bol ... (104)
Cotr * oitl - [X11 * Ej Ciel}

Up = {W* rzjgﬂ'*caj-;m AL AL e, (105)
Corr * {1Z xj1 * Cojul - [xg1 * 25 Cyyul}

where,

Al = {Ej (le * C&jl)] - [XRl * E} C(Ijl] ...................................... (106)



Equation (100) can be rewritten as,

8 =05 * Lo * a1+ [Ug ™ Ayl ovorormrereoineoeneenneeneeerecsnseon (107)
2

u

The perturbation equation denived from equation (107),
A8 = (g/u?) * {[(BLe/Bay) * ay + Lel + [(BUg/Bay) * ay + Uel} * Aay.....(108)

The condition for static instability is that (Aa,/Ad) approach infinity, that is the vehicle will be
statically unstable if u > u. (u. is the critical velocity), where,

U2 = g * LLfBaG)* Byt Leloovovoreenieeeecienesrinareneccennnann, (109)
[(SUe/ﬁay) *ay + Ugl
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FHowever, if drivers are forced 1o take emergency evasive actions to rescive traffic confiics

at highway spezds, fully laden (high ¢.g., full trailers are likely to rollover.

Braking While Turning. Combined braking and steering maneuvers 4re difficuit to
control on a poor, wet road. When braking is applied while turning, the driver may lose
directional control momentarily or wheels on individual axies may lock up, lec finc to

jackknifes or wailer swings,

From an analytical point of view, braking ir a turn is difficult to treat becausc i
involves all of the dynamic modes of vehicie motion. The tres are required to produce
both longitudinal and iateral force. On even moderately slippery surfaces, demand for 5.2
deceleration may result in a lack of side force. The critical levels of p rformance, wnere
loss of control may occur, ere significantly altered by many vehicle coaracteristics. he
interaction berween longitudinal and lateral tire forces is clearly critical, but data describing

the influences of lengitudinal slip on lat ral force and slip angle are not generally available.

Not only : re the basic results difficult to predict, but also, suitable performance
signatures and performance measures are difficult o select. In open-loop testing, the
disturbances in yaw rate and sideslip shortly after braking have been used tc quantify the
magnitude of the directional control probler presented to the driver [21,22].

Closed-loop results have been predicted for vehicles equipped with antilock brakes
[23]. In that situation, the simulated driver does not need to modulate brake pressure.
However, information is not available to use in predicting how drivers will modulate brake

pressure when the vehicle does 10t have an antilock system.

Open-loop calculations have been performed for empty .nd fully-laden vehicles
turning at 0.11g at 50 mph on poor, wet roads {skid number at 4- mph is 28). {See (23]
for a discussion of tire properties applicable to turning and braking on a poor, wet rozd.)
The maximum ceviations in yaw rate, sideslip angle, and articulation angles {wrere
appropriate) are : sed to quantify the influences of the "disturbances" caused by braking. .
The brakes are apolied suddenly and fully. At the end of 2 seconds fromthe initiztion of
braking, the hrake pressure is released. The maximum devianons occurring {a) whei the

hrakes are apnlied und (b) after the brakes are released are used as performance measures.

Giver, the above braking "disturbance,” closed-loop simulations are run to study

driver/vehicle system performance during braking in a turn.
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T2 results, given m row 7 of Table 3, indicate thar tractor-semitrailers have smali
amounis of rearward amphfication compared to vehicles with full trailers. To first
approximaion, rearward amplification is a cumulative property ¢ »nsisting of the product of
wransfer funcrions between (a) unit ¢.g.’s and Litch points and (b) hitch points and unit |
c.g.’s from the front to the rear of the vehicle [19,20]. Hence vehicles with more units

tend " oooe fagher amplification.

7o - zxample a basic friple is obtained by attaching a full railer to the basic doubic,
The reury o arnplification of the triple 1s approximately equal te the rearward amolificatior

v 2le multip.ied oy (a) the transfer function from the ¢ 3. of the first full tradler «©

sitle niich between the first and second full tranlers and (b) the transfer function from
that mintle hiich to the c.g. of the last full tratler {20]. The rearward ampiification oi {7

triple cxoocds that of the double by a multiplicative factor that depends primarily upon

where e ast pintle hitch 18 Tocated, the length of the last trailer, and the ratio of the weignt
of the last trailer divided by the sum of the cornering stiffness s of all of the tires installed
on the iast trailer [20].

Sensitivity analyses have shown that rearward amplificarior. may be rodic. .
significanily by (a) reducing .peed (the results given here are at 530 mph), (b) increasin: the
wheelbases of full trailers, (¢) reducing the distance from the center of gravity of a unit to
the pintle hirch installed at the rear of that unit, and (dj increasing the cornering stiffnesses

of the tives.

To produce a closed-loop version of the obstacle-evasion maneuver, a path s
seieciea w represent the choice made by the driver in an attempt to avoid the obstacle.
"Driver-controlled” path following is then used in the simulations {12]. Preliminary results
for 2 maneuver in which the "driver” attempts to suddenly translate the basic doubie oy 4
lateral distance of 4 fi while traveling at 50 mph show a rearward amplification of
approximetely 1.5 if the driver has a 2-second preview and is allowed an additional 2
seconds (a total of 4 seconds) for compieting the 4 ft displacement. However, the last unit
will not experience more than 0.1 g of Jateral acceleration in this case where the driver can
use ¢ long sreview tirge.. If the prev.ew is shoriened to 1.0 second and the total e for
clearing the obsiacle is 1.6 seconds, corresponding to a maximum lateral acceleration at thz

27 ¢, the lateral ccelera: on of the last unit exceeds 0.7 g during e volover

Lo

traci v ool o

iailer. These coosed-lo p resulis are interpreted fo mean that rears:s:

amp o ficaton 13 not a probiom af £ 2 driver can foresee the obstacle io be avoic: .



2.5 The ¥Yehicle Properties Required to Ascertuin Pei formance in ihe
Setected Tyvpes of Muaneyvers

Thz right-hand column of Table 4 lists pertinent mechar cal properties that must be

known for eacn of the selacted maneuvers. For example, wheelbases and hitcn locations
p

{referred ¢ as the "offtrzcking dimen.ions™) are all the information needed te determine

TN I o teise A
ity AOKITE T DHTURE wCed,

tn order 0 execute a first-order analysis of braking performance. one n2ecs io
xnow the wiftrac<ing dimensicns, the neights and longitudinal positions of the centers of
gravity of cach ol the maior units com wising the vehicle, the heights of each of the hitches;
and the brake torque versus air pressure relationships applicable to each of the brakes. ir:
addition, for vehicles with tandem suspensions, large amounts of interaxle load transfer

will have & significant influe wce on "wheels-unlocked" braking performance.

Tirz cornering stiffness is the only parameter {not already mentioned) requirec for
studying "high"-speed offtracking in a steady turn. Tracking in a steady turn can be
predicted by a very simple procedure [5] in which the lateral position of the wheels .
determined by (1) the forces the tires must generate to perform the steady & m and {2) the

cornenng stifi wesses of those tires.

For th - first three maneuvers listed in Table 4, the amount of descripiive
information recuired to be abie to evaluate braking and steering performance is relatively
small comparec to that required for the other maneuvers. In the first three maneuvers it is
not necessary t consider the effects of rolling the vehicle. Rolf is important in handling,
obstacle avoidance, and, to some extent, in initiating curved paths. In order to incluce roii,

.

the vehicie is described in terms of sprung and unsprung masses. Furthermore,

suspension roil st finesses, roll center heights, and tire vertical spring rates are needed.

Suspension roll stiffnesses and roll center heights should be carefully sciccied o
reduce the likelihood of rollover of vehicles with high centers of graviry.

in o stzady furn, the compliance of the steering system reduces the infiuzacs of
front tire cornering stiffress. With regard to handling, roll nronerties and steering svster

properties can be used w adjost the influeaces of tire side freee characieristics in ways that

can either degrade or improve s.atic stantlity. The distributions of the comering stffres..
and suspension roll stiffnesses from axle to axle influence the handling eerformance of o

vehicle. Tae tire and suspension characteristics of the rractors or rrucks (the lead towing

v



Table 4. Maneuvers and Corresponding Uescriptive informath

Sequence of "maneuvers” Corresponding sequence of additional descriptive information

1. Tumning a corner at low speed |- wheelbases and hitch locations

i
[

2. Constant deceleraticn braking brake effectiveness {Torgue versus pressur. ., for exampic,
see SAL J1505)

- wheel loads {vehicle weights)

- cenwer of oravity heights and longitudinal locations

- hitch heights

- interaxie load transfer

(43
[

3. Steady turn, Tracking - tire cornening stiffness including the influences of
vertical load

4. Steady turn, Rolling - suspension roll stiffness

- suspension roll center heights
- tire vertical stiffness

- sprung and unsprung masses

5. Steady turn, Handling - same as 3. and 4. combined
- steering system stiffness

6. Initiating curved paths - moments Of inertia
- tire lateral force characteristics

7. Obstacle avoidance - ail of ‘he above
8. Braking while tumning - all of he above, plus
: - comoi ed longitudinal and lateral tire force characteristics

- advanced systerns for modulating brake pressure

9. Response to external disturbance{- all of the above
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units) are the most important factors in determining the handling performance of

combinaucon vehicles.

The analyses of "transient” maneuvers (numbers 6 through 9 in Table 4} equire
moments of Inertia to be able to produce time histories of vehicle motions. They al o may
require detailed tire shear force properties to represent longitudinal and/or lareral ure forces
o extreme operating conditions. The towel amount of parametric iformation used in .
comprehensive vehicle simulation is very farge. The nee | to condense this data into 2 set ol
pertinent raechanical properties is urgent if one is to de elop a basic unde: staacing oi i
influence of vehicie properties on vehicle 1 erformance. The following his. of mechanics.

properties 15 used here in giving first-order cescriptions of benchmark vehiclies:

H

offracking dimensions {Iocations of axles and hitches)

- axle loads {empty and loaded)

- total weight

- brake gains for each axle

- .interaxle load transfer for each tandem suspension

- total cornering stiffness for each axle

- reduction in front cornering stiffness due to steering system stiffness
- roll stffness of each axle

- roll center height of each suspension
- distance from the front axle or an articulation point to the center of gravity of each

unt

center of gravity height for each unit.
2.6 The Use of RBenchmark V hicles

tleuvy sruche come inoa great marge of sizes and lengths depending upon the ©
vocabioni. fequ.rsments. There 18 nosuch thing as a stanaard truck. However, in or.
control the size of the factbook, "benchmark” vehicles have been chosen as a bassii: .

reference condition for studying the infiuences of vanations in the mechanical properies of
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vehicle components. To the extent that other vehicles are not fundamenially different rom
the benchmark vehicles, the parametric sensitivites obtained for the benchmark vehicles

will be useful.

On the other hard for example, there are many varieties of single-unit trucks and it
is not clear as to what is a suitable benchmark. Nevertheless, the principles (llustrated by
examining the results for specii’c benchmarks are worth aoting, however, *f cmuca
differences are suspected, addicional calculations may be needed for vehicles that differ

substantally from those chosen as benchmarks,

The benchmark vehicles are specified by their pertinent mechanical propertes.
These properties are listed at the beginnings of Sections 3 through 8, respectively, for
straight wucks, tractor-semitrailers, truck-full trailers, doubles, triples, and C-trains
(tractor-semitrailer-semitrailer combinations). For convenient reference, the pertinent
mechanical properties of all of the benchmark vehicles are listed in Table 5.

The list of generic types of heavy trucks could be expanded, but suitable models
and analytical techniques are not ready nor are there major wends toward other types of
vehicles now. Wen new types of vehicles are developed, this handbook will need to be
augmented. Furt ermore, since the handbook is based on "current” benchmarks, it may
become outdated : s changes in component characteristics take place. Although the general
trends illustrated in the handbook will remain important, the detailed resuits will need to be
updated in the future.

2.7 The Rationaie for the Sequence of Performance Evaluations

" The results in Sections 3 through 8 are presented in an order that is intended to axd
in specifying vehicles with desirable steering and braking performances. The first
performance property that is checked is whether the vehicle will be able 10 negodate
confined spaces and not become immc bilized due to offracking. Then the basic traking
capability in both loaded and empty cc ditions is evaluated. The performance sernsitivity
dingrams presented for these two siaat ns are to be used to ensure that a progposed venicic

w il be able to furn and stop up w the expectations of the vehicle designer or assemiler.

The sequence of anaiyses a o he presentaton of resulis has been arranged w wliow
i to start from very fundamental information describing the vehicle. The wheelbases oy
hitch locations may have been set by vecational considerations. The axle loads muy be

cependent on road-use laws and vocational requirements. Given these fundamental factors
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that constrein the nanre of design possibilities, the low-speed offtracking and constant-
deceleration braking calculations can be used to see if the vehicle will meer basic
requirements for maneuvering in tight places and stopping quickly.

If the braking and low-speed maneuverability of the vehicle are satisfactory, then
the designer has established the "form" of the vehicle. The next recommended step i «©©
examine the high-speed offtracking in a steady turn. This will establish the first constraint
on the comering stffnesses of the tires because the tire stiffnesses are the only addirional
mechanical properties tha: influence high-speed offtracking. Handling analyses and
transient performance will also be influenced by tire cornering stiffnesses, but these are
rauch more complex situations. Very tight requirements on high-speed offtracking wili
mean stiff tires and this will be compatible with good directional performance in general.

Vehicle roll is the next subject addressed. Roll is primarily influenced by the
heights of the centers of gravity of the vehicle's units and the roll stiffnesses of the
suspensions. The center of gravity height may be fixed by the application of the vehicle.
At this stage in evaluating & vehicle design, one should be concerned with the selection o
adequate roll stiffness to provide as much roil stability as practical for steady-turning
maneuvers.

The roll characteristics of the vehicle will have an important influence on handling.
The distribution of roll stiffnesses from axle to axle is significant in determining the side-to-
side load mansfer during a turn. The side-to-side load transfer interacts with tire proserties
to establish the stability of the vehicle in steady turns. Once roll properues are chosen, the
tire stiffnesses can be selected to meet desired handling requirements.

At this point, the vehicle's properties will have been fairly well established and the
remaining calculations serve as checks to ensure that the vehicle will not exhibit undesirable
response qualities in special transient or complex maneuvering situations. If the vzhiclie has
a difficulty with slow response times, braking in a turn, or rearward amplification, ihe
parametric values selected earlier may need to be adjusted to eliminate the difficuity. The
necessary caanges could involve restrucwuring the endre vehicle or, if the prociem i
rearward amplification, increasing the stiffness of the trailer tires may ionprove

serformance.

The parametric influences displayed in the performance sensitivity diagrams nrovide

indications of the types and amounts of adjustment that are needed to achieve particular
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changing mechanical properties that are important to the simpler maneuvers, . vehicle that
meets preselected requirements can be designed. On the other hand, one may find that their
initial goais for vocational requirements and performance ievels may have been set 100
high. There may be no reasonable compromise without going back and reconsidering the
original levels of performance. In that case, the vehicle itself may end 1p being an
unexpected compromise, but at least the designer is aw .re of the difficuity and can

recommend countermeasures such as restricting velocity und.c certain operating condit.cns.
2.8 The Meaning of "Performance Sensitivity Diagrams”

The “performance sensitivity diagram” utilized in this study consists of a single plot
that is used to display the individual influences of various mechanical properties on vehicle
performance. The vertical axis of the plot displays values of the performance measure for
the maneuver under study. The horizontal axis is used for the mechanical properties to be
compared. In order to display different types of mechanical properties on the same graph,
multiple scales have been used on the horizontal axes of these graphs. For example, uéing
this arrangement of sensitivity results (see Figure 40 pertaining to rollover thresholds), one
can compare the influences of changes in c.g. height to the influences of changes in
suspension roil stiffness. The ranges of t1e changes used in the sensitivity diagrams have
been selected to correspond approximate. y to the ranges of mechanical properties found in
measurements of h :avy truck components and characteristics.

These diag-ams are used to provide graphical indications of the importance of
pertinent mechanical properties in various maneuvering situations. They constitute the

means for portraying the basic information presented in this handbook.
2.9 The Ranges of Pertinent Mechanical Properties

The component factbook [2] presents parametric data describing the mechanical
properties of vehicle units and compone ats. The following figures (numbers 13 through
24), which are taken from the factbook, Llustrate the ranges of properties that represent e
current heavy-mruck fleet. These ranges form the basis for the parametric variations seiocted

for use in developing performance sensitivity diagrams.

The "Component Factbook™ contains (1) descriptions and definitions of pertinen:
mechanical properties, (2) qualitative discussions of the importance of these properties o
the braking and steering of heavy trucks,and (3) ranges of values corresponding to ta
pertinent mechanical properties that have been measured or can be estimated. The
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infoﬁnaﬁm in the factbook describes components in a manner that is independent of any
particular vehicle in which these components may be installed. In that sense, the
information in the component factbook is general rather than vehicle specific. This
handbook complements the factbook in that it uses the information in the factbook to
provide quantitative results for specific vehicle applications.
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Sampie of Cornering Coefficient Values Measured at Rated Load

Cox
F

z

: deg'1

F; =Rated Load

0.20 ” morey

Example of change from new-to-fully-worn,radial ply tire

Example change new-to-fully-worn bias ply

worn gp————— Michelin Radial XZA {1/3 Tread) (0.1861) R.P.
weig————Micnelin Radial XZA (1/2 Tread) {0.1749) R.P.
af—— Michelin Pilote XZA (0.1648) R.P.
0.15 — Michelin Radial XZA (0.1472) R.P
new ﬁ__;{_r\;cheiiﬂ Pilote XZA (0.1460) R.P,
& Michelin Radial XZA {0.1458) R.P.
chodyear Unisteel G159, 11 R 225 LR G @ 95 psi {0.1413)
e Michelin XZZ (01370} RP
4 Goodyear Unistes! 1], 10 R 225 LR F @ 90 psi (0.1350}
y Goodyear Unisteel G159, 11 R2251R G @ 115 psi {0.1348)
Michelin XZA (0.1340) R.P.
Goodyear Unisteel i, 1ICR225LRF @ 110 psi (01311}
) Firestone Transtes! (0.1171) R.P.
i 5 Firestone Transteel Traction ,& Goodyear Unisteel R-1(0.1138) R.F.
}““’5‘"“""‘“" Goodyear Unistee! L-1 (0.1121) R.P.
t Firestone Transport 1 (0.1038; B.P.
General GTX {0.1017) B.P.
0.10 —  new
- Goodyear Super Hi Miler {0.0856) B.P.
- wff——— Goodyear Custom Cross Rib {0.0912) B.P.
b Uniroyal Fleet Master Super Lug (0.0886) B.P.
B.P. = Bias-Ply |
. F p - R»td’aj vy i
<l Eirestone Transport 200 (0.0789) B.P. LP. = Radial 7y
Rated Load:
- Range of new bias-oly, iug-tread tires 6040 Lbs for A.P.
. 5150 - 5436 iLbs for L.~
- Rangs of naw bias-ply, riotread tires
“ ol dia 4 Data are shown for the reted
ange of ali r racial tires (single-tire) foect o217
and inflation pressuia, « é
Sources: UMTRI measurements specified prassure v . ;
TIRF measurements are noted. '
0.05

Figure 13. Cornering coefficient
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= Coaefficient Values Measured at Raled Load
-1

C. x10 °, (lo-deg)

Range of all new radials

Range of new bias-ply, rib-tread

5.0
Range of new bias-ply, lug tread
Goodyear Custom Cross Rib (573} B.F.
s Firastone Transport 200 (-6.27) B.P.
W | niroyal Fleet Master Super Lug {-7.83) B.P.
=#——Firastone Transteel (-8.37) 1.P.
Goodyear Super Hi Miler (-3.5.) B.P,
f Goodyear Unisteel R-1 {-9.82) R.P.
General GTX {-10.2) B.P.
10.0 @Goodyeaf Unisteel G159, 11 R22.5 LR G @ 115 psi (-1031) R.P.
wii—— Goodyear Unisteel I, 10R 225 LRF @ 110psi {-11.96} R.P.
=g-——Firestone Transport 1 (-11.4) B.P.
#f—— Goodyear Unisteel L-1 -12.5} R.P.
e Goodyear Unisteel G159, 11 R22.5 LRG @ 85 psi (1203 R P.
%ﬂ—- Michelin Radial (-13.87) R.P.
new % Mlchelm_ P!iote‘XZA -1411)RP
Michelin Radial (-14.37) R.¥.
450 Firestone Transteel Traction (-14.7) R.P.
Eﬁicialin XZA {-15.8) &Michelin XZZ {-15.5) R.P,
Goodyear Unisteel i, 10 R 22.5 LR F @ 90 psi (-12 69 R.P.
B.P. = Bias-Aly
. . R.P. = Radial Ply
iﬁﬁ'—-Mlchehn Pllote XZA (-17.37) R.P. Rated lLoad
604C Lbs fo- R.P.
5150 - 523C Lbs for B.P.
Dat. are shown for ihe rated
: (sin jle-tire) load condition
wi— Michelin Radial (1/2 Tread) (-18.57) R.p, | and inflation aressurs, nless
_ specified pressure values
200 —%¢ are noted.

. Michelin Radial {1/3 Tread) (-21.52) R.P.
e Example change irom new-to-fully-worn, Radial-Ply tire

Sources: UMTRI measirements
Figure 14. Curvature coefficient TIRE measarcsionts
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90 —

80—t

50 -

40 —

Sampie of pre‘; sicn Composite ROH Stiffnesses
n-ics/degree)/i 03

g Waiking beam, Hendrikson {(44k)
e WALKING BEAM SUSPENSIONS

4-SPRING SUSTENSICHNS

== 4. spring, Reyco, tr.iler

SINGLE AXLE LEAF SPRING
oS SUS@ENSHONC

- AIR SUSPENSIONS

4-spring, Reyco, taper ieaf, traiier

4-spring, Freightliner
4-spring, rreightiiner
Air, Neway, trailer
YLVaiki‘ng bgamg Hendrickson (23k)
< -spring, Reyco
Single agixie, ?—%eyco, doily
- Air, Freightiiner
4-spring, Peterbuilt
_4-spring, Reyco
Walking beam, Hendrickson
Walking beam, Chalmers, rubber olcce
4-spring, White
4-spring, H
2-spring, Mack
Single axle, IH
Torsion bar, Kenworih
Alr, IH
Air, Neway, ARD 244

30

Air, Neway, ARD 234
Front, IH
Front, Ford

20

iC

Front, Beyeo taper-leaf
Front, Reyco multi-igal
Front, i

Source: UMTRI measureme 13:‘%'"’--“ FRONT SUSPENSIONS

Note: All values given are on a per axle basis. For tandem suspensic:
the value presanted is for the average of the two axles.

Fiqure 15. Suspansion composite roll stiffness
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32

Sample of Suspensian Roll Center Heights
{inches above the ground)

SINGLE AXLE LEAF SPRIMNG

28 ——

26 ——

24—

22 —

20 e

18—t

T SUSPENSIONS

4-5PRING SUSPENSIONG

www 4-spring, White
g AR SUSPENSIONS

4-spring, Reyco

[ ==—""AIr, Neway, ARD 234

:é?{,.mmﬁ\:ir, Freightliner
e SOQE, TH ‘
e 4 - SO 1IN, Freightliner
o gaem— 450510, Freightiiner
e £-S01ING, REyCO

4-spring, Peterbuilt

Single axie, Reyco, Dolly
4-spring, trailer

weenecn A1, trailey
MM—-——-Torsion bar, Kenworih

Alir, tractor
0 Zm 4-spring, tractor
e \Nalking beam, Chaimers, rubber block

[P 4-5p1iNG, taper leat, trailer

e AN g lking beam, Hendrickson
o |t \W g [KingG beam, Hendrickson

WALKING BEAM SUESPENS!SHE

N Front. iH
::--,_:._lﬁmmm e Front, Reyco Multi-leaf

Front, Reyco Taper-leaf

JS " 2-spring, Mack tandem

aw-m Front, Ford

FRONT SUSPENSIONS

16

Source: UMTRI measurements

Note: All v: lues given are on a par axle basis. For tandem suspensions,

the alus presented is for the average of the twe axles.

5. Suspension rofi center heighis



2060

1000

5006

Sample of Brake Gains
in-tb/ psi

Tractor Rear and Trailers
Tractor Front

@——— S-cam 16.5 X 7,30 inchamber and 65" stack arm, (1960)

Scam 165 X7, 24 in? chamber 6" slack arm, {1450)

S-cam 15X 4,16 in2c‘namber 5.5" slack arm, (1050

Equivalent of 121 requirement for trailer brakes, {870}

s /4/

f/,’g

e Eqivalent of minimum torque capacity for some 15 4 4
brakes, (625}

Figure 17. Estimates of brake gain approximating effectiveness at

";.‘ig'n pressure and 50 mph initial velocity
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Sample of Suspension Inter-Axle Load Transfer
(pounds of load transfer per pound of brake force”)

-0.20

4-spring, Reyco

4-spring, White
4-spring, Reyco

-0.12“—-—-—5? ' ::..f” 4-spring, Freightliner

-(}.10...“._...;'E . 4-spring, IH

4-SPRING SUSPENSIONS
2-spring, -Mack

AIR SUSPENSICNS
WALKING BEAM SUSPENSIOMNG

-0.04=——t

Front o Rear Walking beam, Hendrickson, 38x

Intar-axle Load Transfer

A ) ,
0.02 Air, Freightliner

Air, Neway ARD-234
Walking beam, Hendrickscn

Walking beam, Hendrickson, 44k

Source: UMTRI measuyrencits

Air, IH

Rear to Front
inter-axie Load Transfer

0.04

* Axle lcad transfered from trailing to leading axle / total brake force on suspecios.

Figure 18 Suspension inter-axle load transfer
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e

egg——— Truck from typ. Cal ‘ornia Truck/Full Trailer, 2357

Typical 6 X 4 Tractc with Conventicnat Gab, 208"

Average Straight Truck, 188"

Avarage 8 X 4 Tractor, 185"

186"

Stinger Auto Transporter Tractor,
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Typical 6 X 4 Tractor with/COE Cab
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Sample of Trailer Wheelbase- Kingpin-to-rear Axle (or Tandem) Center

feet
Adt-most Bogie Location, 48 foat Trailer (40.07)
40
he—— Aft-most Bogie Location, 45 foot Trailer (37.57)
;
3
30
Stinger Auto Transporter Trailer (65 Fr OAL), (28.87
= lange of Bogie Locations, 45" Trailer with 7' Slidsy,
25 Range of Bogie Locations, 48' Trailer with 9 Siider
e Typical 28, Single Axle Trailer (22.57
a— Typical 27", Single Trailer (21.57
20
ag-——Single Axle Trailer from Calif. Truck/Fuli Trailer (18.3)
15

Figure 20. Trailer wheelbase- kingpin-to-rear axle (or tandem) center
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Samgie of Tractor and Straight Trucks
~Yaw and Pitch Moments of Inertia.

(invas—secg)

.

Packer Refuse Truck,
GMC 8500 V-6 (Iyy=476,800)

Packer Refuse Truck,
GMC 8500 V-6 {1zz2=453,500)

360,000

L_ ——Ford 9000 Tractor (318,715)

300,000
240,000 GMC Astro 95 Tractor (241,479)
Ford 800 Tractor {161,347)
Tractor White (6X4) (178,760)
180,000 -IH Tractor (176,762)
GMC Astro 95, Dump Empty Truck (176,558)
GMC Tractor {138,55%)
#——GMC 6500 V-8, Dump Empty Truck (131.634)
120,000 i

Figure 21. Tracicr and straight trucks yaw and pitch moments of inertia about
axes through total ¢.g. (unit unladen)



Sample of Semitrailer Fore-aft C.G. Locaiion
(inches behind the kingpin)

300.00 48" Semitrailer Empty, Tandem Axle (301.56")
45" Semitrailer Empty, Tandem Axle (262.30™)
275.00 —
») —A42' Semitrailer Empty, Tandem Axle (268.74")
-48' Semitrailer Loaded, Tandem Ax ¢ (263.31")
45" Semitrailer Loaded, Tandem Axle (234 08"
250.00 —

42' Semitrailer Loaded, Tandem Axle (228.21™)

200.00 =
175.00 -
28" Semitrailer Empty, Single Axle (163.45")
27" Semitrailer Empty, Single Axle (155.05")
130.00
g—-28' Semitrailer Loaded, Single Axle (138.257)
‘i 1 L + \ 1 Ry I
130,00 | ~a—-——27" Semitrailer Loaded, Single Axiz (13:.77",

i

Note: Estimated values taking a Uniformly Homogeneous Freight with a dersity of 7 9=14"]

Figure 22. Semitrailers fore-aft ¢.g. location {inches behind the kingpinj
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Sample of Semilraiiers Yaw and Pitch Moments of Inzertia (Empty Units)

in-L.bs-sec 2

1,400,000

—48' Semitrailer, Tandem Axle. WB=40" (1,328,867)

1,200,000 —

1,100,000 | @————45' Semitrailer, Tandem Axle, WB=37 {1.093,873)
1.700,000
42’ Semitraiicr, Tandem Axle, WB=36" (845.L . o,
900,000
800,000
700,000 —
£
600,300
500,000 —
28" Semitrailer, Singie Axle, WB=22.8"' (475,51¢;
‘ <g——27" Semitrailer, Single Axle, WB=21" (413,1¢€
400,000

Note: Estimated Values

Figure 23. Sanuirailers yaw and pitch moments of inertia (empty units)



Sample of Semitrailers Yaw and Pitch Moments of Inertia {Loadad Units)
2
in-lbs-sec

48" Semitrailer, Tandem Axle, WB=40" (4,842,462}

42’ Semitrailer, Tandem Axle, WB=30" (3,335,603}

3,000,000

2,500,000

2,000,000

——o28' Semitrailer, Single Axle, WB=22.8" (1,211,004}
27" Semitrailer, Single Axle, WB=21" (1,075 1"

1,000,000

Note: Estimated values taking a Uniformly Homogeneous Freight with a density of ; 324«

Figure 24. Semitrailers yaw and pitch moments of inertia {lcaded urits)
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PART TWO--PERFORMANCE SENSITIVITIES

3.0 SINGLE-UNIT (STRAIGHT) TRUCKS

3.1 Baseline Values of Pertinent Mechanical Properties.

Although many of the single-unit trucks utilized for delivering goods are medinm trucks.
this handbook deals with heavy trucks, and hence the benchmark vzhicle is heavier (and lon jer
thar. many typical straight tucks.

The benchmark straight tuck weighs 46,000 pounds when fully laden. It has a wheelbas.
of 240 inches from the front axle to the center of the rear tandem axie pair. The geomerric layout
and axle loads are illustrated in Figure 25. The values of its basic mechanical properties are listed
in Table 6. These values represent the baseline condition for the performance sensitivity diagrams
presented in this soction.

3.2 Low-Speed Cornering - Tractrix

Benchmark performance, The performance signature for the benchmark straight wuck ic
the tractrix shown in Figure 26. This "signature” is the path of th2 center of the rear tonderm in 2
90-degree turn with a radius of 41 feet to the center of the front axle. The tandem center offracks
the path of the center of the front axle by a maximum amount of 4.94 feet during this maneuve:.
This is the value of the performance measure used to represent the benchmark vehicie in the

performance sensitivity diagram, Figure 27.

Parametric sensitivities, For the straight truck the only paraneter of concerm: hers i the
wheelbase. As shown in Table 7, the range from 125 inches to 272 inches is examis
(Although there is no other mechanical property to compare with in this case, a standard sensiivity
diagram is presented to be consistent with the presentation for other vehicle types.)

The diagram clearly indicates the well-known sensitivity of offtracking to whe« baze. 2
general, for all vehicizs, the longest wheelbase in the combination is the most imoortasi 2orune.c.
with respect to low-speed offiracking. The basic method for improving low-speed offtracking is o
reduce the longest wheelbase that can be changed reasonably,
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e

240" ]

|
9,740 o 8,260 io

EMPTY STRAIGHT TRUCK

|
|

| . |

B
12,000 b 34,000 i

LOADED STRAIGHT TRUCK

Figure 25. Geometric layout, benchmark truck
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Table 6. Basic Mechanical Properties (Straight Truck)

Mechanical Property Empty Losded
Weight (1b) 18,000.00
Front axle brike gain (in.1b/psi) 2,000.00
Rear suspension - leading axle brake gain (in.ib/psi) 3.000.05 FIREY
Rear suspension - trailing axle brake gain {in.lb/psi} 3000.001 3, OPI} 43
Interaxle load transfer on rear tandem 0.06 0.0
i
Front suspension cornering stiffness (Ib/deg) 991.0G 1,047.0 7
Rear suspension total cornering stiffness (Ib/deg) 1,556.06 3,746.07 ff
Reduction in cornering stiffness due to steering system (%) 31.8% 32,0400
Front suspension roll stiffness (in.lb/deg) 21.060.00 0000 Ji
Rear suspension roll stiffness (in.lb/deg) 160,000.00; 160, O*u 3G
Front suspension roll center height (in) 20.0C 20, Cui
Rear suspension roll center height (in) 29.00 25.00;
Height of the center of gravity (in) 44.25 69.03,
Distance of the center of gravity. from the front axle (in) 110,10 177.40 i

H
i

Tabie 7. Straight Truck - Low-Sypeed Offtracking

Parameter Name

Renchmark Vaige

Minimum Value

Maximum Value

Naies

Wheelbase

240 inches

125 inches

272 inches
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MINIMUM TRACK

Susp. No. Radius (1) Angle {dag)

1 41.00 0.G0
2 36.07 58.91

Maximum Offiracking = 4.94 #,

Figure 26. Tractrices, straight truck, 41 foot turn
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3.3 Constant Deceleration Braking

Benchmark performance, Braking performance differs greatly between that of leaded and

empty vehicles. The braking efficiency of the empty vehicle is much poorer than that of the loaded
vehicle because brake proportioning Is typically arranged in the United States to favor the leaded
vehicle. The d.fference in performance is evident in the performance §i naturey presenied @

Figures 28 and 29.

These diagrams contain grap s of friction utilization and deceleration (as in Fig
braking efficiency as a function of pressure at the treadle valve. The friction utilization curves
indicate the amount of tire/road friction needed to avoid wheel fock on each axie. The braking
efficiency indicates the relationship of the deceleration attained to the friction necded 10 prevent
lockup at any axle. The axie that has the highest friction utilization is the one mat iy used in

determining the efficiency.

The braking efficiencies in 8.4 g stops are 0.51 for the empty vehicle and 0.83 for the
loaded vehicle. The values of these performance measures indicate that the emply vebic ie has @
low wheels-unlocked braking capability. The driver of the empty vehicle may be In ¢ nger of
locking wheels and thereby initiating a spin or loss of steering conirol. High braking ¢jficioncy for
both empty and loaded condition can only be provided with advanced braiing sysiems such us
those with antilock andlor load-sensing proportioning.

Paramerric sensitivities. The influences of wheelbase, cg height, brake gains, and interaxie

load transfer are exumined here. The baseline values and the amounts of deviations irom the
baseline values ure given in Table 8. Perforrnance sensitivity diagrams are presented for both the
empty and loaded vehicle at 0.2 g and 0.4 g (see Figures 30 through 33). Examination of ihese
figures shows that the mecharnical property causing the greatest loss in performance is (nieraxie

load transfer.

Interaxle load transfer is a property of tandem suspensions that represents the influence of

braking torque on the distribution of the vertical loads carrier. by a tandem set of axles. The

maximum deviation of 0.2 (see Tible 8) means that 20 percert of the braxing force s reaviec
through interaxie load wansfer. Currently produced tandem suspensions often have brake reaction
rods that effectively reduce interaxic Inad transfer to zero, but a value of approximarely 0.2 15 not

unreasonably large.
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Table 8. Straight Truck - Braking

Parameter Name

Benchmark Value

Minimum Value

Maximum Value| .

Nows

Wheelbase

Interaxie load
ransfer

* C.QG. height

Front brake gain

240 inches

0

69.05 inches

2000 in.1b/psi

125 inches

-0.2

35 inches

2000 in.Ih/psi

272 inches

0.2

100 inches

3000 in.ib/psi

Both brakes combined

* For the loaded vehicle
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Gains in broeking efficiency can be made by increasing front brake gain, increasing
wheelbase, and lowering ¢.g. height. However, changes irn these properties will nor solve the
discrepancy berween empty and loaded performance.

3.4 High-Speed Offtracking (Steady Turn - Tracking)

Benchmark performance. The specific turns treated here are specified by a ,200-7o0t

radius being negotiated at 35 mph and a 600-foot radius negotiated at 38 nph. For tf _se steady
turning situations the performance signature reduces to 2 single number, which is the offmacking
of the center of the rearmost suspension. This quantity is also the performance measure for this

Case.

The benchmark offtracking for the 1,200-foot radius is 0.37 feet and it s 0.18 Zvet for the
600-foot radius. This amount of offtracking 1s to the outside of the turn in the opposi ¢ direction
from the inboarc off'zacking that would occur at low speed. {See Figures 34 and 35.)

Figure 36 illustrates the ransition from inboard to ontboard offtrackiag as ti = ve_w'ty
increases from low to high speed. At "zero" speed, the wheel plane (in this drawing &ll tie wheels
on the suspensicn are meated a$ a single centraily located wheel) 1s aligned with its pdﬁ--d"r: Biits
angle 1s zero. As shown in Figure 36, the radius of the wheel is inside of the radius of the center
of the front axle at zero speed. Also, as indicated in the diagram, there is a speec, V,, at which the
offtracking is zero. Interestingly, this speed does not depend upon the radius o the turmn, only on
the pertinent mechanical properties of the vehicle (see the equations presented in Figure 36). For
the benchmark vehicle, Vg is 45 feet/second, Le., 30.7 mph. Ar speeds above 30.7 mph, the

offtracking of the benchmark vehicle will be toward the outside of the turn.

gy

Paramegic sensigvities. The primery proverties influencing high-speed offtrackis 7 are the

wheelbase and the ratio of comerning stiffn:ss to vertical load. In this maneuver, the rear overhang
of the vehicle will offirack more than the rear axle does (in contrast to the low-speed case where the
rear axle has the maximum steady-state offtracking). Hence, the rear end of the truck is ixcluded in
Tabie 3. e

fasy

a0

(e perfurmmw sensitivity diagram presented in Figure 38 indicates that 38 mps is nearly
tl—.

i1

zero offtracking speed for vehicles with higher than baseline cornering saifnosses, fe.,
stitfnesses comesponding to siif radial ares. These results are in keeping with the equation for V

¢4

given in Figure 30,
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Table 9. Straight Truck - High-Speed Offtracking

Parameter Name | Benchmark Valee] Mimimum Value | Maximum Value Notes

Wheelbase 240 inches 125 mches 272 inches

Truck's cornering | 37434 Ib/deg | 1871.7 lb/deg | 5615.1 Ib/deg |Cornering stiffness is
determined from loaded

stiffness
vehicle data

T2
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: /.

2
R+ wb - 2R wk cos(90- 4 = &
W W /

for small o and
zero offtracking, R:Rw
and hence,

o /57 .2=wh/2R

or O
- ™
V= (wh Cyg 57.5/2F,)

/

Figure 36. lilustration of V. the spesd for zero offtracking
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For both the 1,200-foot and the 600-foot turns, an increase in cornering stiffness will
reduce the high-speed offtracking. However, by comparing the sensitivities given in Fioures 34
and 35. it can be seen that an increase in wheelbase may cither improve or degrade high-speed
offtracking, depending upon taie circumstances of the turn. Whe clbase influences both the zero-
speed und the high-speed (slip -angle-de sendent) components of | gh-speed offtracking. Since the
zero-speed factor tends to reduce high-speed offracking and the s p-ungle-dependent factor tends
to increase high-speed offtracing, the overall effect of increasing wheelbase depends upon which
factor prevails. On the other hand, cornering stiffness on'y influences the slip-angle-dependent
factor and, hence, an increcse in cornering stiffness always scrves o decrease high speed

offtracking .
3.5 Steady Turn - Roll

senchmark performance. The performance signature for the rolling performance of a

straight truck has a very simple appearance because it is simply a straight line ingicating the
increase of roll angle with lateral acceleration up to the point where the rear wheels lift off (see
Figure 37). Once the rear wheels on he inside of the wrn have lifted, the front SUSDEnsion d os

not have enough roll stiffness to preve 1t rollover.

The performance measure for this analysis is the rollover threshold. This occurs at the
maximum lateral acceleration level reached by the performance si gnature. In this case the rollover
threshold is at 0.368 g and a roll angle of 0.082 radians, that is, 4.7 degrees. The roll angle
referred 1o here is the angle between a line perpendicular to the road surface and 4 line berween the
center of the wheel track and the center of gravity of the sprung mass. This angle and the height of
the ¢.g. determine the outboard shift of the c.g. and the contribution of this shift to the rollover
process. The benchmark vehicle is fairly stiff in roll such that the roll angle attained af the
threshold of rollover is not very large, nevertheless, the ¢.g. height is high enough w0 resule in
rollover at 0.368 g.

Parametric sensitivities. The list of parametric changes given in Table 10 is extensive

because it contains items that are both important and relatively unimportant,  The importan:
mechanical properties are c.g. height, track width of the rear axles, roll stifiness of the rear
suspension, and the roll center height. The most fundamental parameters are ¢.g height and track
width. Although c.g. height can vary considerably, depending upon the density and sho e of the
load, these culculated results are for veriations to 65 and 75 inches around the baseline value of
69.05 inches. This choice of variation yields levels of change in rollover threshold that are

convenient for comparison with those obtained by varying other mechanical properties. Track
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width 1s varied from -3 to -+ 1 inches o provide allowance for wider vehicles and s i variations in
wheel locations. This aniount of variation is again a useful basis for comparison with other

parametric changes.

Figure 38 presents results for variations in tire verticol stiffness, tire radius, and front axle
roll stiffness. The likely changes in available tires have littl influence on rollover (i snoid. In
1 - = L

general, front suspensions are usually kept "soft" for ride vurposes and, hence, they we not s

important a contributor to roll stability as the rear suspension.

The influences of axle weights and front track width are illustrated in Figure Y. These

quantities have negligible influences on the rollover threshold.

The mechanical properties of the rear suspension have an important infiuence on rod
stabilitv. All of the factors that go into determining the roli siiffness ol the rear suspension are
important. These include spring rate, auxiliary roll stiffness, and spring spread. The roll center

height 15 also important. The influences of these mechanical properties are shown i F
As illustrated in the figure, these influences are comparable to those cavsed by chunzes in .8
height of -4 and +6 inches. Since small increases in rollover threshold have an -.'?r.-u;f;f:;;wf(_zxz: influence
on the likelihood of rollover accidents, attention to roli stiffness, roll center helzhi, and spring

spacing is warranted, with higher roll centers and wider spring spacing being preferaile.

3.6 Steady Turn - Handling

Benchmark performance. This section starts with further background conceraing the
presentation of results from handhing anclyses. As discussed in Section 2.2, this handbook uses
the types of curves shown in Figure 41 ra .er than those presentec in a classical handling diagran,

The steer angles required for equilibriur at various levels of velocity and lateral acceieration we

presented in Figure 41a (in this case, fo an example of a straight truck with wandem rear axies).
To provide insight into the geometry of these turns, dashed lines correspording to 1,004- and
2,000-foot racii have been superimposed in the figure. Inspection of the figure shows that al cach
velocity (40, 55, and 70 mph) the curves "hook over” to a zero slope in the range from 0.3 ©o

0.35 g.

i

The slopes of the curves presented in Figure 41a are ploucd in Figure 410, T wse slopes
arc referred 1o as the "steering sensitivity” in this handbook. The curves indicaie that e sieedng
sersitivity, at a given velocity, remains fairly constant up to about 0.1 g. Ar 0.2 2, 1ae steering
sensitivity is starting to decreasc rapidly as acceleration increases. When the steerin:, sensitiviry

approaches zero, the steady state response to steering wheel inputs is characterized by o very hizh
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Table 10, Struight Truck - Static Hol

Parameter Name

Benchmark Value

Minimum Value

Moximum Yiine

Total C.G. height
Rear axle roll
centar heights

Tire vertical
stiffness

Tire radius

Front axle roll
stiffness

Front axle track
width

Front axle weight

Rear suspension
roil stiffness

Rear axle track
widths

Rear axle weights

£9.05 inches

28 inches

4500 Ib/in

19.5 inches

21,000 m.lb/deg

20 inches

1200 1b

60,000 in.Ib/de ;i

72 inches

2300 1o

65 inches

1 inches

4000 biin

18.5 inches

17,000 in.lb/deg

77 inches

1150 b

60,000 inlo/deg {330,000 in. odeg
|

71 inches

2250 1

75 inches

Togum,na’
PAEEG

- 31 inches

3006 tb/in

TN & dem s -
;O..) Imche s

25,000 inioi e

21 inche:

125010

78 inches

2350

ChAs b T
S drger Jo
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Timp e Mooe s T 3tr L Truck

Lat. Accl. ~g's
35

N

23]
TP oo, U SV
7

-3 ~-{Z - 01
{L*r /U)-DeHa

Figure 42, Handling diagrams at 40, 55, and 70 mph for the benchmark vehicie
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Equilibrium {steady) Turning at 55 mph
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Figure 43. Performance signature, handling, straight truck
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gain . Those points where the steering sensitivity curves intersect the horizontal axis in Figure 41b

correspond to the boundary between steble and yaw divergent performanc 2 of the vehicle.

For example as shown in Figure 41a, if a driver were attempting to follow a 1,000-foot
radius at 70 mph (approximately 0.3 g's of lateral acceleration), the equilibrium steering input
would be approdimarely 0.046 radians {or roughly 80 degrees at the steering wheel it the steering
ratio were . bout 30). However, if the driver were to apply slightly more steering, the steering
sensitivity would pass through zero {see Figure 41b). There would not be a stuble equilibrium
point and there would not be any constant steering input that could be used to maintain a steady
turn. In this case, the driver must continually modulate the steering to stabilize the vehicle. (Of
course, the driver couid slow down, thereby reducing the lateral acceleration to a stable level for

the radius Hf this turn.)

In heavy trucks the response to steering wheel inputs may be characterized by a very high
sain depending upon the distributions of tire forces and suspension stiffnesses and the nature of
rruck tire characteristics. Results o the type presented in Figure 41b can be used for these vehicles
to see. if the steering sensitivity can become zero and, if so, to determine the speeds and
accelerations which correspond to nfinite gain. As mentjoned previously, these speed-acc :leration
points define the boundary betw :en stable and yvaw divergent turns. A plot of this toundar
provides a secondary performanc. signature for those vehicles which, at highway speeds become
yaw divergent before they roll ovir,

(The data presented in Figure 41a can also be presented in a hundling diagram as i lustrated
in Figure 42. Since the truck used in this example has a pair of axles on the rear, there are three
handling curves instead of one as here would be for a passenger car. Nevertheless, the influence
of velocity is not large, particularl  between the speeds of 55 and 70 mph. in this handbe sk, and
for vehicles with multiple (yaw redundant) axles, results at 55 mph will be used as the perf. rmance

signature, (For vehicles without red indant axles the handling curve is independent of veloc:ty.))

Per the bove discussion, the handling performance signature for the benchmark vehicle
(see Figure 43) conialns plots of required steering angle and stecring sensitivits evaluaed ar a
forward speed of 55 mph. The stability boundary between yaw stable and divergent operating
conditions 1s displayed in the second performance signature for this heavy truck (see Figure 44).
The stability Foundary 1s plotted n a space that has lateral acceleration and velocity as its

coordinates.
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Table 11. Straight Truck - Handling

Parameter Name

Benchmark Value

Mirimum Value

Maximum Vaiue

Notes

Total C.G. height

‘Wheelbase

Rear axie roll
center heights

Front axle roil
stiffness

Front axle track
width

Tires on the front
axle

Rear suspensicn
roll stiffness

Rear axle rack
widths

Tires on the rear
axles

Steering stiffness

69.05 inches

240 inches

29 inches
21,000 in.ib/deg
80 inches
Bias-ply, rib
tread
160,000 in.ib/deg
72 inches
Bias-ply, rib

read

11,000 in.lb/deg

63 inches

125 inches

21 inches
17,000 in.lb/deg
77 inches
Bias-ply, rib
read
60,000 in.ib/deg
71 inches
Bias-ply, lug

read

11,000 in.ib/deg

75 inches

272 inches

31 inches
25,000 in.lb/deg
81 inches
Radial
330,000 in.lb/deg
78 inches
Radial

40,000 in.lb/deg

Much larger deviations
used for braking

Total roll stiffness on rear |

randern

|
i




Pa ameiric sensitivities. The mechanical characteristics of primary impor:iance in

dererminiy - the yaw-divergent tendencies of straight trucks are:
(1, ore dft cornering stiffness distribution
(2, the sensitivity of cornering stiffness to changes invertical load
(3 ) wheelbase
{(4) forelaft rol stiffness distribution
(5)c.g. neight
(6) steering system compliance

From a phenomenological point of view, divergent yaw re .ponse (spinout) is caused by
more side fo ce from the front tires than that which the rear tires will stabilize. Equilibrium Ig
attained by & moment bulance between the forces generated by the {ront and rear tires. For loaded
heavy trucks, large amounts of side-to-side load transfer take place at lateral acceleration levels of
0.2 g and above. This load transfer will be reacted more at the axl s that are stiffer in roll, and the
side force capability of those axles will be reduced. Specifically, { »r the benchmark truck the load
transfer effect is greater at the rear axles and anything that tends ) increase this load transfer wiil

degrade performance,

In summary, if front tire forces are increased relative to the rear [or, if rear forces are

decreased relative to the front}, stability will be decreased,

Table 11 1i. s the vanations that have been used to illustrate the pa wmetric sensitivities of

the benchmark vehiclie.

Figure 45 indicates the performance sensitivities of variations in wheelbase, c.g. height,
rear roll center height, and rear tandem roil stiffness. The wheelbase of any unit hus an important
influence on the damping in yaw, and longer wheelbases will improve the stability margin available
for avoiding yaw divergence. C.g. height, rear tandem roll stiffness, and roll center height all
influence roll and, thereby, load transfer. When the c.g. height 1s increased to 75 inches, the
vehicle becomes directionally unstable as indicated by the slightly negative value shown in
Figure 45, Although the variations in roll center height have a small effect, the decreasc in rear
tandem ol stiffness provides a dramatic increase in the yaw stability margin. (This is achieved at

the exper se of a reduced rollover threshold, however.)

The influences of parameters associuted with the {ror ¢ end of the truck are iilustrated in
Figure 46. As shown, stiffening the front suspension in roll w il increase the stability meorgin. The
changes in track width at the front axle are not large enough o have significant influences on the

results. Stiffening he effective comering stiffness ot the front will dicrease the stabilit margin,
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This effective stifizning can be achieved by either increasing the corncring stiffness of the tires or
increasing the stif ness of the steering system. The steering system siiffness acts iike a spring in
series with the tire«, and if this stiffness is increased, the front tires will become more effective in
generatir g side for e at a given level of lateral acceleration. To improve handling performance of
the benchmark vehicle, one would like more load transfer and less cornering stiffness at the front
end.

(Also to improve handling performance, one would like less load transfer at the rear tires
and more cornering stif‘fness-—just the opposite of the situation for the front. Onz might think that
reducing the roli stiffness at the rear suspension would necessarily cause less load to be tansferred
at the rear suspension and thereby improve handiing. However, reducing the rear rol. stitfness
could move the performance of the vehicle closer to the rollover threshold and could ircrease the

toad transfer at the rear tires. If this happe s, the stability margin could decrease.)

Included in Figure 47 are results for various tire arrangements. These results illustrate
findings that merit explanation. For example, the case corresponding to stiff radial tires ail around
is roughly equivalent (very slightl - worse) than a case with bias-ply rib tires or the frc it and rear
of the vehicle, For this vehicle, the worst arrangement is to have stiff radial tires on the front axle
with considerabiy more compliant bias ply tires on the rear axles. The arrangement with the
greatest stability margin is one with radial tires on the rear wheels and bias ply tires on the front

wheels.

All of these results concerning tires are in keeping with the dea of having stiffer ires (er
unit load carriec) on the rear as compared to the cornering stiffness per unit load carried o: the tres
installed on the front. Nevertheless, there can be situations in which reductions in tire :ornering
stiffnesses due to load transfer effects will be large enough to reduce the stability mirgin by a

surprising amount, even though the nominal level of cornering stiffness is quite high.

Detailed Discussion of Tire Properties. Heretofore, the designation of tire properties has
been by generic names such as radial, bias “ply 1ib, and bias ply lug. The analyses have been based
on representative samples of these types of tires. The following discussion provides engineering
definitions and values for the pertinent mechanical properties of the tires employed in these

examples.
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To a good approximation, the reiationship of cornering stiffness to vertical load 1s

expressed by the foilowing equation for a single ure:

Cy = Cy+ Cy (Fz - Fy) + Cy (Fp-Fry)? (1)
where Cq 1s the nominal cornering stiffness evaluated at Fy,

(y 1s the linear coefficient of the load wanster (Fy - Fig,

C» is the curvature coefficient,

and Fy 1s the vertical load.

Since the load is transferred equally fror side to side, the linear term, C, does not influence the

change in cornering stiffness due to side to side load transfer. That Is, the total comering stiziness
on an axle, Cy, is given by the following equation:

Cp = N(C + C1(Fz - B + Cu(F - Fap)? + CrAFZ2) 2)

where N(Cp + Cy(Fy - Fpp) + Co(Fy - Fy)? is the cornering stiffness evaluated at the static load,
Ay = £ (F - Fpy) 1s the load mansferred from one side to the other, and where N is the numoer

of tires on the ade.

Inspection of equation 2 indicates that two tire properties, C, evaluated at static load and C, ( see

Figures 13 and 14), influence the total cornering stiffness acting at an axle during a steady turn.

The values cf these properties for the tires used in this analysis are presented in the
following table:
Table 12. Comering Stiffness Parameters

Generic Name C, 26 3430 1bs C (152 Co (106
(b/deg) (deg.) ! (Ib. deg.)!
Bias Ply Rib 500 2,49 -10.83
Radial 800 | 5.65 -18.06
Bias Ply Lug 483 3.32 7.83

The values of :he curvat - coefficients are all negative, indicating a loss in side force with an
increase in load transfer. Note that the radial tire has a much greater curvature coefficient than
either of the bias ply tires. Hence axles equipped with radial tires stand to lose more side force in a

0.3 g turn than axles equipped with bias or lug tires. The loss for rear axles equipped with radial
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tires may be large encugh to nearly offset the high level of cornering stiffne.s available at 5,430
1bs.

The tire influences illustrated in Figure 47 may be understood by applying the foilowing
observations: (1) load transfer is small at the front axle, and hence the side fo ce capability of the
tires installed on the front axle is dependent primarily on the value of tire cornering stiffness at the
static load and not on the curvature coefficient and {Z) the curvature coeffic ent determings the
amount of destabilization that takes place due to load i -ansfer at the rear axles. For example, for
the benchmark vehicle equipped with radial tires on 2l axles, the front tires have high side force
capability because the radial tires are very stiff at the Ic ads carried by the front tires, but the total
side force capability of the tires installed on the rear axies is relatively low, approaching thatof a
lug or bias tire, because there is a large load transfer at the rear axles and the radial tires are very

sensitive to load ransfer, that is, they have a large negative curvature coefficient.

Clearly, these results imply that knowing the generic types of tires is not sufficient to make
even qualitative estimates of handling performance in severe turns approaching rollover condiiions.
The inf uence of load on cornering stiffness, as well as the static load leve of cornenng siffness,
needs tc be krown. This means that detailed tire information is required if one attempts to specify

tires that will provide a stability margin for safe handling at highway speeds.
3.7 Response Times in Steering Maneuvers

Benchmark performance. Response times have been studied using two maneuvers,

namely, ramp-step steer and closed-loop obstacle evasion. The ramp-step steer imulaies a
proving grounds test in which a predetermined level of steer angle 1s achieved very ¢ uickly. An
idealized input waveform is illustrated ir Figure 48. Also, the time required to reach 9 ' percent of
the steady-staie lateral acceleration is indicated in Figure 48, This measure of respons. time is the

performance measure for this maneuver.

The results for the closed-loop evasive maneuver are exemplified by the time histories
presented in Figure 49. The dashued-line superimposed on the graph of lateral acceleration is a
ume-shifted plot of the steering waveform. In this example, the steering waveform needs to be
shifted by 0.32 seconds in order to obtain an "optimum” {it between the input (the steering
waveform) and the n?_vfnut (the laterai acceleration waveform). This optimum fit is determined by a
cross-correlation calculation which finds the best value of time shift, herein referred to as the
"response time." [In a well-behaved vehicle maneuver, the shape of the lareral acceleration

response will he the same av that of the steering input and the amount of time shift, that is,
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response time, will be small. (The cross-corrclation between ¢ stecring and acceleration

waveforms ought to be greater than 0.99.)

In the closed-loop maneuver, the simulated "driver” is programmed to foliow a path that
requires that the vehicle move four feet laterally in a period of one second while travelling a:
50 mph. This turns out to be a quick, but mild, maneuver thut does not upproach roilover

conditions for typical vehicles.

Parameiric variations. The usual types of parametric variations have not been performed in

this case. Instead the response tim s of the benchmark vehicle have been studied in empty and fully
loaded conditions and with high nd low levels of tre/road friction corresponding to a good, dry
road and a poor, wet road. Par: netric -lata illustrating the differences between the empty and
loaded truck are presented in Table 12 and the two levels of tire lateral force capability are
described by the data given in Table 14. |

The differences between empty and fully loaded conditions are characterized by (1) ioaded
yaw momeats of inertia that are approximately nine times the unladen value, (2) rear axle loads that
change from 4,130 1bs. to 17,000 lbs., and {3) a sprung mass c.g. height that varies from 56

inches 10 77.2 inches.

The influences of the tire variations are not as obvious as it may seem. The tire data for the
two surfaces show large differences at slip angles from 4 to 12 degrees. However, the data for the
high-friction surface at 4 degrees and above indicates tire forces that wouid be sufficient to roll
over this truck. In this sense, the high friction data at 4 degrees and above are urrelevant with
regard to response times. In the case of the low friction data, the forces are large enough to be
irrelevant at «lip angles above 6 degrees. In terms of the response-time maneuverss, these
differences mean that in the low-friction situation the vehicle's tires must achieve larger slip angies

to obtain forces comparable to those that would be attained on the high-friction surface. However,
" as shown by the results that follow in Tables 15 and 16, the differences between performance on
the high- and low-friction surfaces are only important for one situation, specifically, when the

emr vy vehicle is performing a moderately severe (76.6 degree) rarnp-step maneuver.

The results presented in Table 15 indicate that the vehicle is slower (to achieve 90 percent
of its steady-state response) in severe maneuvers than it is in mild (28 degree) maneuvers. The
differences in response times between mild ard severe maneuvers are more pronounced on the
low-friction surface than they are on the high- riction surface. The loaded vehicle is somewhat

slower to respond than the empty vehicle 1n this open-loop maneuver.
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Tabie 13 Parametric Dilferences between Empty and faden Conditions

( , Einpty -Axle Straight Truck
Parameter Sprung Masy  Axle ¥ Axic #2 ¢ Axle s |
t
Weight of the snrung mass (1b) 12,200.00, :
Roll moment of mcm aof \ha snrung mass {inibsecsec) | 40,000.030! ‘
‘Pitch moment of inertia of the sorung mass Gndbsecsecy 103,000, 0(‘1 I
Yaw moment of inertia u[ the sprung mass (inlb.sec.sec)] 105,006.00
Height of the sprung mass ¢.g. above ground (in) 56.00
i.oad on each axle (Ib) 9,740.00¢  4,130.001 4,120.00
Axle weight (lb) 1,200.00§ 2,300.00¢  2,306.00
Axle roll moment of ineriiz (in.lb.sec sec) | | 3,719.00 4,45%.00] 4,455.00]
Longitudinal & stance from spruiny mess g, Jiny ! 72.00 -144 068 -1 G?,.f')d‘i
Loaded 3-Axle Straight Truck
Parameter ‘ Sprung Muasg  Axie #1 Axie #2 1 Axle 3
i
Weight of the sprung mass (b} 40,200.00 ;
Roll rnoment of inertiz of the sprung mass (in.ib.sec.sec) | 128,515.00: i
Pitch momeni of inertia of the sprung mass {in.jb.sec.secy 909,825,001 : |
Yaw moment of inertiz of the sprung mass (indb.sec.sec)! 921,315.00! : ‘[
Height of the sprung mass c.g. ébOVL ground (in} _ 78.20] : 5
Load on each axle (ib) P 12,000.0064 17,000, 00! 17,500.00
Axle weight (1b) 1,200.00 1,300.00’ 2,300.00
Axle roll moment of inartia {in.ib.sec.sec) 3,719.000 . 458.001 4,458.00
Longitudinal distance from sprung mass ¢.g. {in) 175.52 -40.48 -84.438

M)



Table 14, Tire Comering Forces in High and Low Friction

CORNERING FORCE TABLE - LOW FRICTION

Lateral Force vs. Slip angle and Vertical Load

Slip Angle, deg
Vertical Load, Ibs per tire  1.00 2.00 4,00 6.00 800 1 12,00
3000 532,05 | 886.27 §1,072.3211,134.4411,165.57}1,196.86
6000 880.09 |1,590.892,009.84 §2,149.7312,219.8412,290.28
5000 976.10 [1,934.01§2,729.2412694,7613,127.84|3,261.56
CORNERING FORCE TABLE - HIGH FRICTION
Lateral Force vs. Slip angle and Vertical Load
; Slip Angle, deg
Vertical Loud, Ibs per tire!  1.00 2.00 4.00 & 6.00 850 . 12.0U
. 3 ;
3060 532.05 |1,064.43:1,922.53 % 2,259.1612,427.87 1 2,397.41
6000 880.09 |1,760.72 {3,363.72 1 4,092.07 { 4,457.14 | 4,823.57
9000 976.10 |1,952.80}3,910.36 é 5,223.7215,882.02 ] 6,543.53
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Tabie 15. Ramp-Step Response Timics

Response Times f
Ramp Stecr Inpu |
Loading ConditonRoad Surface] 28" i 76,67 :
i f
! it 0.620 e :
Empty Vehicle ;
Wet 0.597 918
L Dy 6.728 1.094
Loaded Vehicle | j-
g Wet 0.713 1.167
i |
Table 10, Closed-l.oop Response Times
Path Follower
Crogs “orrelations
Loading Condition{Road Surface; lag Value
Dry 0.10 0.99862 :
Empty Vehicle ' ‘
Wet G.10 0.99387
Dry 0.32 0.9%654 !
Loaded Vehicle : x
Wet | 0.32 ] (3.99861 !
i 4 !
| j
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In the closed-ioop mancuver, tire friction has no observable influence it a four-foot lateral
evasion (see Table 16). In contrast, loading is a key factor, with the loaded \chicle responding
three times slower than the empty vehicle. The greater yaw moment of inertia undoubtedly
conributes to the slowness of the loaded vehicle, although further stucy is needed to und :rstand
the nuances of closed-loop performance.

3.8 Concluding Remarks on Straight Trucks

The material presente 1 in Sections 3.1 through 3.7 comprises the information available on
straight trucks. Future editions of this handbook could be expanded to include sectiens on
braking-in-a-turn and the response to external disturbances. More information on the influences of

parametric variations on response times could be included in Section 3.7. In general, the stucy of

transient maneuvering situations merits further study, although the results of the simgp
analyses go a long way towards understanding the nature of the expe 'ted performance qualities of
heavy trucks.
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4.0 TEACTOR-SEMITRAILER
4.1 Buseline Values of Pertinent Mechanical Propertics

The venchmark wactor-semiitailer & comprised of a three-wde Lalor ano & ~wo-
axle semitruier (see Fig‘ure 30%. (The "shorthand” designat'j on Ior this wvehic.e 13 250
The gross combination weight is 80,000 1bs. The tractor wheclbase 13 144 inches and¢ the
trailer wheeibase (from tandemn center 1o the kingpin) is 437 inches (3€ feer). The axic
loads in fuliy laden and empty conditons are illustrated in Figure 50, clong with the basic
geometric layourt of the benchrark 352, Table 17 lists the values of the basic mecnanical
properties of this venicle. These values represent the baseline condinons for the

performance sensitivity diagrams presented in this section.

4.2 Low-Speed Cornering - Tractrix

Benchmark nerformance. The performance signatire for the benchmark 352 is the
set of wractrices presented in Figure S1. The upper curve in Figure 51 15 the path of the
center of the front axle when the vehicle is muking a right angle turn with aa outside radius
of 45 feet. The next lower curve 15 the path of the center of the rear tanden axle ser.
path 1s the actix of the center of the ractor's suspension. The path of the fifth
used in determining the path (ractrix) of the center of the trailer's tandem axle sat. Ciea:iy,
the offracking of the semitrailer is much larger than that of the tractor, wihich is to pe
expected since the semitailer is much longer than the tractor. The maximum offrracking of
the semitrailer is used as the pertormance measure for this maneuver. The maximum

offrracking is 14.36 fect for the benchmark 382,

Parsmetrdc sensitiviges, Parametric variations are exaruned for the tracror and

trailer wheelbases and the fifth wheel locaton (see Table 18 and Figure 52). Cverall, the
fluence of the tractor's wheelbase is smaller thar that of the trailer's wheelbase (that is,
- king pin to the canter of the rear suspension). Jowever, if the wactor's wheslbase is

increased to 268 inches, the ofﬁmcking 1 increased from 14.4 feet to 17.4 feet. In this

case, an sxwemely long ied o a 4%-foot mailer. In contrasy, if the
trailer wheeibase is o;‘ziy increased from 432 inches to 430 inches, the offtracking is
increased to 15.17 reet. Th's wailes variation comresponds o moving the slider to the
rearmost iocation on a 42-fcot trailer. As Hlustrated by these examples, alihough the
longest wheeibase in the combination dominaies the offtracking results, major variations in

tractor wheelbase can cause st 'nificant increases in low speed offtracking |
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432"

! i
9,410 b 10,580 b : 7,500 i

TRACTOR AND EMPTY SEMITRAILEF

I 1447

i
12000 b 34,000 b

TRACTOR AND LOADED SEMITRAILER

Figure 50. Geometric layout, benchmark 352
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Table 17. Basic Mechunical Properties (Tractor ard Sem. tratler)

Mechanical Property Empty Loaded !
Tractor [ ;
Weight (1) [ 15,500.000 15,300.00
Front axl: bruke gain (in.lb/psi) 2,000.60;  2,006.00
Rear suspension - leading axle brake gain (in.lb/psi) 3,000.6¢ 3,600.00
Rear suspension - trailing axle brake gain (in.lb/psi) 2,000.0¢ 3,000.00;
Interaxle icad transfer on rear tandem 0.0 0.0G
Front suspension comering stiffness (1b/deg) 976.C ! 1,047.002
Rear suspension total cormering stiffness (Ib/deg) 1,822.000 3,746.00
Reduction in cornering stiffness due to steering s ‘stem (%) 31.8; 3218
Front axle suspension stiffness (in.lb/deg) 21,000.60 21,0D0.00§
Rear suspension roll stiffness (in.1b/deg) 140,000.06] 140,000.00:;
Front axle roll center height (in) 20.00 20.00:
Rear suspension roll center height (in) 29.00 29.00°
Height of the center of gravity (in) 34.83, 34.83:
Distance of the center of gravity from the front axle (in) 60.85 60,85,

j
Semitrailer |
Weight (1b) 12,000.00] 64,500.00
Rear suspension - leading axle brake gain (in.Ib/psi) 3,000.00 3,600.00
Rear suspension - trailing axle brake gain (in.1b/psi) 3,000.00;  3,6C0.00C!
Interaxle load transfer on rear tandem (.00 3.001
Rear suspension total cornering stiffness (Ib/deg) 1,457.001  3,746.00f
Rear suspension roil stiffness (in.ib/deg) 160,000.00! 160,6‘00.002
Rear suspension roll center height (in) 29.00 29.60:
Height of the ceater of gravity (in) 56.00 31.44,
Dista 1ce of the center of gravity from the kingpin (in) 270.00

227.70i
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MINIMUM TRACK

Susp. No, Radius () Angle (deq)

1 41.00 0.00
2 39.08 73.82
3 26.64 61.57

Maximum Offtracking =14.36 ft.

Figure 51. Tractrices, tractor and semitrailer, 41 foot turn
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Table 18. Tractor and Semitrailer - Low-Speed Offtracking

Parameter Neme

Benchmark Value

Minmmum Value

Maximum Value

Notcs

Tractor wheelbase
Fifth wheel otfset

Trailer wheelbase

144 inches
14.4 inches

432 mches

134 inches
() inches

348 inches

2638 inches
24 inches

450 inches
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The influence of fifth wheel locadon is minor for the 352,
4.3 Constant Deceleration Braking

Benchmark performance,  Brake proportioning in the United States is arranged o

favor the fully ladca 352, Results for empty vehicles show much (ower braking

efficiencies than thos - for loaded vehicles.

Fizure 53 presents the fricuon utilization at each axle, deceleration, and braking
effic'ency as functions of treadie valve pressure for the benchmark 382 in the empty
condition. These quantities constituie the braking performance signature. From these
graphs one can read the friction required (at each axle) for various levels of deceleration.
The braking efficiency at a selected level of deceleration is deternmned by dividing the
highest level of friction required at any axle (at the selected level of deceleration) by that
deceleration. The braking efficiency provides a performance measure that indicates how
well the vehicle can utilize tire/road fricticn in performing constant deceleration stops in
which no wneels lock up on any axle. For example, at 0.4 g deceleranion, the results
presented in Figure 53 show that the empty benchmark 382 recuires a friction level of (.68
to prevent locking the wheels on the sem! railer axles and tr is corresponds to a braking

efficiency of 0.59.

At 0.2 g deceleration, the braking efficiency of the empty vehicie is only slightly
better with a value of 0.1, Since the axles in danger of locking up (over the range from ()
to 0.4 g) are the trailer axles, the performance difficulty is likely to be muiler-swing in an

emergency braking situation.

Figure 54 1s the performance signature for the fully laden 3S2. In this case the
braking efficiencies are 0.89 at 0.4 g and 0.94 at 0.2 g. These are excellent values of
braking efficiency.

Parametric sensitivities. The nfluences of changes in the tractor and the semitrailer

PR
H
i

are treatec separately in the followin; performance sensitivity diagrams. The influences of
quantities that contribute to fore-aft :nd interaxle load transfer during braking are studied
hure (see Table 19). ( Interaxie I d wransfer is defined in Section 3.3.) in addition,
increases in front brake gain are exa: ined. Resuits are presented for the empty and loaded

352 at deceleration levels of 3.2 and )4 ¢
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Table 19. Tractor and Semitrailer - Brakmg

Parameter Name

Benchmark Value

Mimimum Value

Maximum Value

Notes

Tractor wheelbase

Interaxle load
transfer (tractor)

Front brake gain
Trailer wheelbase

Interaxle load
transfer (trailer)

* C.G. height

144 inches

0

2000 in.Ib/psi
432 inches

0

81.44 inches

134 inches

0.0

2000 in.1b/psi
348 inches

-0.2

60 inches

268 inches

0.2

3000 in.lb/psi
450 ‘nches

0.2

105 inches

Both brakes combined

* For the loaded vehicle
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AL 0.2 g the braking performance of the empty 552 is insensitive to changes in
tractor properties that influence tire loads through load transfer {see Figure 355 This
insensitivity 1s simply because the friction at the trailer wheels is the controlling factor in
determining the braking efficiency in these cases. However in this situation, noticeable
improvements in braking efficiency can be obtained by incre ising the vain of ihe fron:
brakes. "This is because an increase in front brake torque re ative 1o the wuiler brakin:
means that not as much trailer braking is needed to attain a given level of deceleration, and
trailer bra<ing turns out to be the controlling element in this case,

The results for tractor variztions for the empty 352 at 0.4 g (included in Figure 56)

are much the same as those at 0.2 ¢ .

Changes in trailer properties have an important influence on the braking efficiency
of the empty 352, as evidenced by the results presented in Figures 56 and 57. The loads
on the trailer wheels are critical in determining whether wheel lock will occur. Either
positive or negative coefficients of interaxle load transfc r will degrade braking ef iciency.
(A positive coefiicient Is typical of some types o walking-beam {Hend ‘ckson)

suspensions and a negative coefficient is typical of some four-spring suspensions.)

As shown in Figure 57, braking efficiency is only improved by a very slight
amount by a small increase in trailer wheelbase. Increasing trailer wheelbase by a large
amount (thereby significantly decreasing the amount of load transferred off of the trailer
wheels) would have a more noticeable influence .

When the benchmark 352 is fully laden, its braking efficiency is high. This means
- that all wheels will lock up at approximately the same level of tire/road friction. As
Hlustrated in Figurcs 58 and 59, large amounts of interaxle load transfer ar the iractor
tandem axles cause reductions in braking efficiency. In these cases, wheels on the t actor's
rear axles are approaching lock up, that is, the lightly loaded member of the tractor's
tandem set requires more friction than that required at the trailer axles. In contrast, the
changes 11 wractor wheelbase do not cause a large enough cffect t¢ change the braking

efficiency at either 0.2 or 0.4 g (see Figures 58 and 59).

At(.2 g (see Figure 58), increasing the front brake gain results first in an increase
in efficiency and then a decrease in efficiency as the gain is increased “urther. This chunge
in trend 1s brought about by a transition from trailer wheel locking to tractor fron: wheel
locking when the gain exceeds 2,500 inch-lbs per psi for the total gain pertaining to both
front brakes. This trend is not present at 0.4 g because more load is mansferred off the
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tratler whee s and onto the tractor's front wheels at the higher deceleration cevel. In thag
case (see Fiqure 59), increases in front bruke gain produce progressive improvements in

braking eific ency.

The tratler parameters examined in the loaded vehicle situation are interaxle load

v

trans er, vnee.base, and ¢.g. height (s 2 Figures 60 and 57 ). The results for each of thess
paramete s indicate that each of them have optimum (maximum) vilues on these
performarnce sensitivity diagrams. Ail of these optima can be explained by examining the
load ransfer and friction utilization at each axle. For exarnple, when the c.g. height of the
trailer is decreased, less load is itransferred from the trailer axles and the load on the
tractor's rear axles is not as large as it would have been if the baseline amount of load had
been transferred. Consequently, the vehicle's performance is limited by lockup of the
tractor taridems rather than by lockup of the trailer tandems. In this case, this results in 2
decrease in efficiency. However, if the ¢.g. height of the trailer is increased, the efficiency
will also drop because more load will be transferred off the trailer axles. These types of

changes in trend are 10 be expected when the baseline efficiency of the vehicle is high.

The differences between laden and unladen braking efficiencies prese.fzz'a problom
that can not he completely resolved by static proportioning of the brakes. For sorae
vehicles, efficiencies no less than 0.7 (either loaded or empty) can be attained through
appropriately increasing the gain of the frort brakes. However, operators of heavy trucks
have traditonaily been opposed to "aggressive” front brakes. In Europe, load-sensing
proportioning is used to increase braking efficiency and o atterpt to cause front wheels o
lock before rear wheels (just the opposite of the traditional American view). Load-sensing
proportioning optimizes the friction utilization at the axles controlied by the proportioning
system if the capabilities of all the brakes are taken into wccount. If semitrailers had load
sensing and thelr brake gains were specified, tractor brakes could be proportioned to obizin
good efficiencies throughout the vehicle's range of loading conditions. The wltimate
solution would be a reliuble and rapidly acting antilock braking system that prevented wheel

lock and provided a margin of tire side force for directional control.

44 High-Speed Offiracking (Steady Turn - Tracking)

Benchmark performance,  As in Section 3.4, the speciiic turns treated heve are (1
a 1,200-foot radius being negotiated at 55 mph and (2) a 600-foot radius being ne gotiated
at 38 mph. For these steady turning situations, the performanc: signature ond me: sure is a

single quantity, namely. the offtracking of the center of the re: rmost suspension. " he radii
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attained by various locations on the benchmark 352 in a 1,200-foot turn are listed in Table
20. Examination of this table indicates that the center of the rear suspension offtracks the
patl of the front axle by U.65 fcet towards the outside of the turn (the opposite direction
fron: that occurring at low speed). On the 600-foot turn, the offtracking of the rear

susp.nsion center is approximutely zero for the benchmark 352,

In Secton 3.4 we explained that for the straight wuck there 1s a speed at which the
high-speed offtracking is vero regardless of the radius of the tur. For articulated vehicles
the situatior: 1$ more complicated, but the same general ideas apoly. By examining Table
20, one can see that the filth wheel ("Rear Articulation Point on U nit #1") is tracking o the
outside of the front axle by 0.16 feet when the vehicle is traveli g at 38 mph. However,
the trailer suspension (#3) tracks far enough inside of the fifth whedl that the net offtracking
at the rearmost suspension is only 0.01 feet. In this case we nappened to be investigating a
situation in which all axles of the benchmark vehicle have littdle offtracking. At higher
speeds each unit will track outside ol its towing point, that is, each vnit has a speed at
which it will frack its towing point and that speed s determined by the same rules as those

given in Figure 36 when discussing the straight truck.

Parametric sensitivities, Offtrucking is towards the inside of the turn at low speed,

and it works toward the outside as speed increases. The high-speed effec is due to tire slip
angles whose magnitudes are related to the ratio of tire cornering stiffness to vertical load .
Hence, parametric variations i1 this ratio are examined. In addition, those wheelbase and
hitch location parameters that are important to low-speed offtracking are imiportant her : {sec
Table 21).

The factors that decrease lov -speed offtracking will increase offtracking at tigh
speed because low-speed offt-acking is towards the inside of the rurn while high-speed
offiracking is towards the outside of tie turn. However, at a given speed, there is o "worst
case wheelb:se” that will lead to the maximum high-speed offtracking. This vaiue of

wheelbase, ww, can be estim.ted by using the following equation:

wbw =[ V2/(g(57.3) (C,/ F ) : (6
where V 15 velocity,

g is the gravitational constant,

axd Cgy / F, is the cornering stiffness to vertical load ratio o 1/degrees.

For the 352 travelling at 55 mph, wbw is approximately 385 inches foo the

semitrailer equipped with the benchmark tires. Upon inspecting FFigure 62, one can tarely
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Table 20. Path Radii for the Benchrark 352

Velocity=55 mph

Radius of the turn=1200 feet

s Rear Articulanon

Zerc Speed |

High Speed

suspension No. FPomt on Umit No.t Radius (71 + Radius (I
1 1,200.00 1,200.0C

2 1,199.94 1,200.24

1 1,199.94 1,20G.23

3 1,199.40 1,200.65

2 1,199.40 1,200.73

Velocity=38 mph

Radius of the turn=600 feet

Suspet sion No.

Rear Articulation
Point on Unit No.

Zero Speed
Radius ()

High Speea
Radius ({1

L
2

3

600.60
599.88
599 .88
598.80
598.79

600.0C
606.19
600.16
599.99
600.08
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Table 21. Tractor and Semitrailer - High-Speed Offtracking

Parameter Name

Benchmark Vulue

Mmimum Value

Maximum Value

Notes

Tractor wheelbase
Fifth wheel offset
Tractor's cornering
stiffness

Trailer wheelbase

Trailer's comering
stiffness

144 inches
14.4 inches

37434 Ib/deg

432 inches

3743.4 Ib/deg

134 inches
0 inches

1871.7 Ib/deg

348 inches

1871.7 Ib/deg

268 imches
24 inches

5615.1 Ib/deg

450 inches

5615.1 Ib/deg

Cornering stiffness is
determined from loaded
vehicle data

Cornering stiffaess is
determinec from loaded
vehicle dat 1
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see this effect in the results obtained by varying the trailer wheelbase. The baseline
condition of the benchmark vehicie produces nearly the same offtracking as the cases when
either the trailer wheelbase is increased or decreased by the maximum amounts shown in

Figure 62.

The irfleence of varying the cornering stiffness of the trailer tires is seen to have a
targe influence upon high-speed orfmacking with low values bzing particulariy detimental
to performance on the 1,200-foot wm. The influence of the mactor's tires i$ nog as

important because the wactor has a shorter wheelbase than the trailer. (See Figure 62.)

On the t shter turn (see Figure 63), the performance trends are all monotonic with
the stiffer tires a 'd longer wheelbases t:nding to eliminate offtracking to the outside of the

furn.

As was tae case for the straight truck, stffer tires will reduce the tendency |
wheels to track towards the outside of the turn regardless of the geometry of the turn or the

speed of the vekhicle.
4.5 Steady Turn - Roli

Benchmark nerformnance. The p rformance signature for the rolling performance of

the 382 is characterized by breakpoin s indicating, first, when the trailer ixles lift, and
then, when the tractor’s rear axles lift oif. These breakpoints occur at the changes in slope
shown in Figure 64. The rollover threshold occurs when the slope of the performance
signature becomes negative, that is, when the tractor's rear wheels lift oif ¢f the ground.
There is a small increment in lateral acceleration between when the inside trailer wheels [ift
off and when the tractor rear wheels lift off. 'With only tt ¢ inside trailer wheels oif the
sround the vehicle will not roll over, how:ver, once the tracior rear wheels ha e lifisd there
is no stopping the rollover. The benchr ark rollover threshold is 0.37 g an. it oceurs at
approximately 0.08 radians (4.6 degrees,.

Parametric < snsitivites, Table 27 presents the list of mechanical pro werties varied

to study the roll properties of the 352, Jhese properties inciude ¢.g. heighty, sispension
oil st ffnesses, tire lateral spacings (irac < widths), and suspension roll center heignts, plus

a few less important quantities. The per ormance sensitivity diagrams (Figures &5 through

68) include a diagram show:ing the influence of variztions from 7S in. to 85 1a. in the .z,

Lar)

height of the semitrailer. These resulis pertaining to ¢.g. height (see Figure 68) provice =
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Table 22, Tractor and Semitrailer - Static Roll

Farameter Name

Benunmark Value

Minimum Value

Maximum Value

Notes

Rear axle roll
center heights

Tire vertical
stiffness

Tractor's front axle
roll stiffness

Tractor's front axle
track width

Tractor's front axle
weight

Tractor's rear
suspension roll
stiffness

Tractor's rear axle
track widths

" ractor's rear axle
"seights

irailer’s c.g.
height

Urailer's rear
suspension oll
stiffness

Trailer's rear axle
track widths

Trailer's rear axle
weights

29 inches

4500 Ib/in

21,000 in.db/deg

80 inches

1200 1b

140,000 in.lb/deg

72 inches

2300 Ib

81.44 inches

60,000 in.Ib/deg

72 inches

1560 1b

21 inches

4000 1b/in

17,000 in.Ib/deg

77 inches 8 inches
1150 1b 12501
60,000 in.Ib/deg |330,000 in.Ib/deg
71 inches 78 inches
2250 1b 2350 1b
75 inches 85 inches

60 100 in.lb/deg

1 inches

t4501b

330,000 in.ib/deg

31 inches

5000 1b/in

25,000 in.Ib/deg

78 mnches

155G 1b

Negligible effect

Total roli stiffiness on rear
tandem

Per axle - Negligible effect

Much larger deviations |
used for braking

Total roll stiffness on rear
tandem

Per axle - Negligible effect

1
H
!
i

i
i

[
{

j
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convenient reference for assessing the importance of the results presented in the other

diagrams.

Rollover is resisted by keeping the ratio of c.g. height 1 track width low and by
employing suspensions thar are stiff in roll. Properties that reduce the tendency of the
c.g.'s of the masses io move .aterally will also have a beneficial gffcct on roll stabiiity.

Figure 65 presents results for variations in tire vertical stiffnesses, and roll center
heights. The changes in tire vertical stffnesses influence the overall roil resistance at :he
various axles. An increase in roll center height contibutes to a reduction in e laterai
translation of the ¢.g. of the sprung masses. The results presented in Figure 05 are for

cases in whica the changes are made throughout the entire venicle. In this way, e e

of these changes become more noticeable than if they had been made one at a tine for cach
unit of the vehicle.

The results displayed in Figure 66 show the influences of changes in the fron:
suspension and axle. The front suspension is relatively "soft” comparecd to the other
suspensions. In fuct, the results indicate that the likcly changes in front suspension anc
axle properties will have little influenc: on roll performance unless the roll stiffress 13
substantially increased.

[n contrast to the previous result: changes in the tractor's rear suspension will have
a large influence on roll stability {see F.zure 67). The two quantities having ihe greawes:
effect on the restlis given in Figure 67 are the roll stiffnesses of the suspensions and tae
rack widths of the tandem axles. A six-inch increase in track width results in an imporiant
increase in roil stability. In this case, the influence is only due to changing the spacing of

the wheels on the tractor's rear axies.

The influence of changing the stffness of trac or's taidem suspension has a
discontinuity in trend depending upon whether the stiffness is increased or decreased. For
a small decrease in stffness, a large decrease in roll stability 1s achieved. Wiiie, Jora

!

relatively large increase in stiffness, only a relatively small increase 1n roil stablily is
achieved.

In order to explain this phenomenon, it is convenient to introduce the concent of
"stiff and soft suspensions" {7]. The idea of this concept is that a relative disincuon
between "stff” and "soft" suspensions can be made on the basis of wihether the vehicle

would roll over when the wheels associated with a given suspension lift off. For exam sie,



the trailer wheels on the menchmark 382 will lift of T first, out the vehicle will not roll over
until the tractor rear wvheels §ift o £ I this case the trailer suspension is called a "safi™
suspension and the tractor rear su-pension is a "soft" suspension. The front suspension is
also a soft suspension in this concept. The importance of this distinction s that it does not
do any good (with respect to roll stability) to increase the stiffness of a tff suspension.
The vehicle will roll over at the same lateral acceleration level and roll sagle as it would

have if the stiff suspension had not been stiffened.

The situation for the variations in the tractor's rear suspension is a little bit
complicated because this suspension goes from a soft to a stiff suspension when its 1ol
stiffness is increased above the baseline value. This happens because the tractor rear and
trailer suspensions are close enough in baseline stiffness that a reasonable change in the
stiffness of the rractor rear suspension will make it stiffer than the trailer suspension. The
tractor rear wheels will lift off befure the trailer wheels and tne vehicle will not roll over
until the trailer wheels lift off. (Possibly, all of this will seem easier to un lerstand it one
notes that, once wheels lift off, the voll-restoring moment coming from that suspenrsion

saturates af the level of moment achieved at ift off.)

However, it is important to observe that any reduction in roll stiffness is going o 5e
detrimental to roll stability if the suspension involved is a soft suspension or if cha:
suspension will become a soft suspension due to the reduction in roll stability. 'The major
loss in roll stability attributed to decreasing the stiffness of the tractor rear suspension (see

Figure 67 is a prime illustration of this point.

The results, obtained when trailer axle and Suspension parameters are varied, are
similar to those obtained when the tractor rear suspension and axle PATAINCIErS i Vilics
(see Figure 68). When the trailer suspension stiffness is reduced to the point wit e this
suspension becomes a soft suspension, roll stability degrades, as indicated in Figure &b, It
does not ¢o any good to increase the stiffness of the trailer suspension, given the ¢ aseline
values of the stiffnesses of the tractor suspensions. A major increase inroll sta"oiiity can oe
achieved by inc easing the track widths of the trailer axles.

4.6 Stezdy Turn - Handling

Benchmeark performance. The handiing signatures were intre uced and e» Dinireg

in Section 3.6. They are simply a means for poriraying the ceering pufc»: ance of i
vehicle exzcuting a steady turn. The handling signature tor the 352 1s glven i~ zure 650

These diazrams are only applicable at 55 mph, but, as discussed previously, the iniluence



. Equilibrium (steady) Turning at 55 mph

T v ¥ Ll )

] . ] * 5

. 2 + 4 '

. v [ ' '

1 1 . ' '

] + v ' '

] + 4 ' 1

1 + + ' +

s ] + 1 H
VU SO i [ R [ [ SR,

t " H h ¥

- ' 1 » e

] ‘ + ] ‘.

¥ 1 . . 1

] ’ t [ ]

H 1 ] * 4

v ' ] 1 ]

v 1 [ 1 ]

" 1 [ P '
- - A O L | | PR,

i T ¥ i« s

1 b 1 1 H

L] ] 1 ¥ ]

* ] 1 + 1

¥ ® ' ] '

| 1 ] v ¥

3 i ' 1

] ' ] ]

1 [ ] '

L] 1 1 [
- P e e m e R

' [ 3 1

r 1 i ]

[ ] 1 I

] L] ¥ t

] 1 1 ]

5 1 * '

. 1 * +

¥ £ 5 1

¥ 1] t
iiiiiiiiiii B e e Il L I

] L] L] ] ]

] 4 [ 1 ]

1 ) 1 i ]

i i + 3 ]

[ ] B i 1

[ ] ] ' 1

1 ] ] . v

1 3 i . &

2 ] + ' ¥
iiiii e G el Tl

1 [ t T ]

1 1 ¥ ' H

E [ & T *

] ] s [ [

] ] i ] 1

] i i 1 [

1 + i 3 ]

H v [ & L]

. ¥ 4 ' '
llllll e e o~

[ t % v H

3 § 1 ] b

1 ] 1 + +

1 [] 1 ] ¥

] ¥ ¢ ' 1

[ ] ¥ [ 1

1] ] 1 L] [

§ 3 ' 1 1

1 1 ¥ 1 [
I [ RUR - A .

¥ ¥ 13 ]

1 t 1] + 1

Fl ¢ . v +

] H ] t +

. ¥ ¥ ¥ 3

+ + ' ] ]

# ' * 1 '

i 2 + + L]

t ] H ' 1

5. .. 4 > "

w uy < o0 o4 —

o < < (e (=] o

8=8sw/Ng
(rad)

ay (@)

Steering Sensitivity at 55 mph

i v ¥ E)
1 ' ] 1
t ' ] 1
¥ ' ] 1
[ [ * 1
[ i v )
3 ' ] '
3 [ 1 ¢
' a ] [
||||||| S TGRS [N U U, S Y
Y 4 + ]
i b + ]
t 1 ] '
E ' ' '
] ' ]
[ ] 1 1
[ ¢ ® 1
a ] ] 1
i ' . '
R ' PRI I TN Y -
llllll " - - M
' 3 1 .
i 1 + a1
¥ 1 ] 1
] + t ]
[ v ] ]
¥ ¢ ] [
' * ' +
' € ¥ 1
] T 1 1
lllllll T e R T Tl
1 ] v
t ' ¥ *
¢ ] + +
. 3 ¥ [
¢ 4 4 [l
[ 1 ] ]
] r ] [
¥ + ] s
. ' ' H
lllllll o N i i I
+ [ ] [
] * 1] L)
] [ 1 E
] ] % [
. [ ] '
1 1 4 1
1 1 ] H
[ ¢ ¥ [
1 s i [
||||||| I T et et e
1 ¥ 1] L]
4 1 + a
3 1 1 1
¢ + i +
H ' + +
L] * 1
3 ] #
T [ ]
t ! 1
llllllllllllll | e e LI I S
& 8 x
' + ]
1 ] ] ]
' 1 i T
] [] ) 1
1 ¥ 1 t
i 1 2 3
‘. 1 4 3
¥ - ] '
llllll T i e
] ] 1 ¥
1 ] 8 ¥
i ] ] "
+ . T ¥
' [l 1 1
) ] ) 1
] ] ® +
' ] ¥ v
13 4 a 3
i M 2 2
i [Xe] L0
o~ o — - (o
. - B . . <
o
3] o
4 3
J  ®
< ta
—

.15

Figure 69. Pe formance signature, handling, tractor ser iitrailer

136



of the tandem axles on the effective wheelbase is small and it does not aifect the r.sults
appreciably at speeds above 55 mph.

In a combination vehicle ope-ating at highway spceds, the driver s:eers the * -actor
and, by so doing, expects to have the: rest of .he vehicle ollow the path of the trac or. If
the high-speed offtracking is low, t! e driver's expectatons will be met in steady- irning
situafions. .n this sense, nandling is srimarily a tractor-reluted matter and at low le els o
lateral acceleration this is the case, w.th the static loading and stiffnesses of the fact - tires
being dominant factors. However, cue to the large amounts of side-to-side load © msfer
occurring at moderate levels of lateral acceleration, the suspension roll properties of the
trailer can have a large influence on the load transfer taking place at the tractor tires and

thereby have an important influence on handling.

The handling performance signature for the 352 (Figure 69) is enced at the lawera
acceleration level corresponding to the point where the inside trailer tires lift off of the
ground. This vehicle is yaw stable up to this point. The steering sensitivity at 0.3 g and 55
mph is 0.057 radian/g. This level of steering sensitivity is well above zero, which 15 the
conditon for yaw instability.

Parametric sensitivities, Table 23 lists the variations that have been used
illustrate the parametric sensitivities of the benchmark vehicle. The five sensitivity
diagrams (see Figures 70 through 74) used to display the results of these variations have
been arranged to show the influences of changes in tire and suspension properties zf 2ach
of the three suspensions plus two other diagrams that contains results for changes i
wheelbases, trailer c.g. height, fifth wheel location, and roli center heights. The steering
sensitivity in radians/g at 0.3 g and 55 mph s used here in developing the performance
sensidvity diagrams. The value of this performance measure provides an indicziicn of

relative yaw stability (with a zero value indicating yaw divergence).

The resuits presented in Figure 70 show that variation: in the fifth wheel loci ion
are the most important of the variations made in the genera! orc serties of the vehicle. This

vehicle is made unsiable (the steering sensitivity is made less thon zero) by movirg the e
wheel back (o the center of the rractor’s rear suspension. The stability marg:n of the ve icie

can be increased by increasing the tractor's wheelbase or decreasing the ¢.g. height ¢ e
trailer.

-
!

The infi zences of front tre and suspension stiffnesses are illustrated in Figure

As shown, the stiffness increase associated with going to radial dres on the fronr axle
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Table 23. Tractor and Semitrailer - Handling

Parameter Name

Benchmark Value

Mimimum Value

Maximum Value

Notes

Tractor wheelbase
Fifth wheel offs.t

Roll center heighits
on rear axles

Tractor's front axle
roll stiffness

Tires on tractor's
front axle

Tractor's rear
suspension roll
stiffness

Tires on tractor’s
rear axles

Trailer's c.g.
height

Trailer's wheelbase
Trailer's rear
suspension roll

stiffness

Tires on trailer's
axles

144 inches
14.4 inches

29 inches

21,000 in.lb/deg

Bias-ply, 1ib
tread

140,000 in.Ib/deg

Bias-ply, rib
tread

81.44 inches
432 inches

160,000 in.ib/deg

Bias-ply, rib
tread

134 inches
0 inches

21 inches

17,000 in.1b/deg

Bias-ply, lug
tread

60,000 in.lb/deg

Bias-ply, lug
tread

75 inches
348 inches

60,000 in.lb/deg

Bias-piy, lug
tread

268 inches
24 inches

31 inches

25,000 in.lb/deg

Radiais

330,000 in.lb/deg

Radiails

85 inches

450 inches

330,000 in.Ib/deg

Radials

Total roll stiffness on rear

tandem

Total roll stiffness on rear

tandem
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results in a negative stability margin. The vehicle is yaw divergent when radial tires are
installed on the front wheels and the other wheels are equipped with bias-ply tires.

The changes in front suspension stiffnesses have little effect on handling
performance because very little load is transferred at the front. The front roll stiffness is
only a small part of the otal roll stiffness even when the front stiffness is increased up t3

the maximum amount v :d in current practice.

The situation a the tractor's rear axies is entirely different from that at the frout
axle. As shown in Fisure 72, the maximum expected increase in the stiffness of the
tractor's “ear springs re-ults in a sizeable reduction in stability margin (enough t0 make the
vehicle © aw divergent). This sensitivity to suspension stiffness occurs because the amount
of load iransferred from side to side at the rear wheels of the tractor is highly dependent
upon the magnitude of the rear suspension stiffness. Yaw stability is reduced when more
load is transferred at the tractor’s rear tires because (1) those tires provide the side forces
needed for directional siability ana {2) load transfer results in a net loss in side force

capability.

The influences of changing tire characteristics at the rear of the tractcr have jus: e
opposite effect from those obtained by changing the front tires. In this case stiffenir; the
rear tires results in an increase in stability. However, when lug tires are iastalled on te
tractor’s rear wheels, stability is not decreased even though the stiffness is decreased some.
The reascn for this seemingly anomalous behavior is that the lug tire has a low load trensier
sensitivit ; which more than makes up for its reduction in cornering stiffness. (See Secucn
3.6 and the discussion associated with Equations 2 and 3 for an explanation of the tire's
load transfer sensitivity., The results in Figure 72 show that changes in suspension
propertic s are more influential than changes in tire type in this situation.

The steering sensitivity of combination vehicles is not influenced by the propesties
of the trailer tires, as indicated by the results given in Figure 73. (The properties of these
tires are important to high-speed offiracking.)

1

Trailer properties do influence handling dirough their influence on the vehicle's roll
stiffness discibution. The amount of load tansferred at the tractor’s reir wheels 1, as
dependent upon mailer roll stiffness as it is on tractor ol stiffness. When tae ailer's ron
stiffness is reduced, more load is transferred at the tractor's rear wheels than e

ransferred in the baseline situaticn. It is this effect that acccunts for the ne sative stab.ity
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margin shown in Figure 73 for the situation in which the roll «.iffness of the trailer's rear

suspension is reduced to that of some air suspensions with very low roll stiffnesses.

In summary, the 352 is seen to be stable in handling, although its stabilit ¥ margin
can be significantly reduced by reasonable changes in mechanical properties. /nidividual
changes of the amounts used here for {(a) fifth wheel offset, (b) front axle tires, (¢ tractor
rear suspension roll stiffness, and (i) trailer suspension roll stiffness result in a slightly
yaw divergent vehicle. Combinations of several unfavorable changes could result ir: a very

unstable configuration.
4.7 Response Times in Steering Mancuvers

Benchmark performance, Response times are studied in two mareuvers, namely,

ramp step steer and closed-loop obstacle evasion. The measures ([ response ume
employed in evaluating performance are illustrated in Figures 48 and 49. (The discussions
associated with these figures provide definitions of these maneuvers and their performance

measures. See Section 3.7.)

Figure 75 presents time histories of steer angle and lateral acceleration calculated for
the benchmark 382 performing a ramp step maneuver. The lateral acceleration response of
the tractor's ¢.g. is characterized by a rapid increase up to approximately 30 in./sec.< and
then a transition to a slower rise rate as the semitrailer picks up acceleration. For this case,

the tinte to reach 90 percent of the steady-state acceleration is 0.8 sec.

Results for a closed-loop obstacle-evasion maneuver show a siriking sinuiant)
between the steer angle and lateral acceleration waveforms (see Figure 76). The nterul

accel:ration of the baseiine fully laden 352 operating on a good road surface is seen .o lag

the s eering input by approximately 0.1 to 0.2 seconds. As measured by a " -0ss-

corre .tion" computation, the "average” lag 1s found to be 0.14 seconds.

Parametric sensitivities. The response times of the 382 are studied in the emnty and
ioaded conditions and on a good, dry road and on a poor, wet road. The results obtuined a1
a modest steering ‘evel, corresponding to a maneuver of shout 0.1 g, and in a morz sevare
maneuver of approximately 0.25 g are listed in Table 24 for ramp step iaputs ol 28 and

65.6 degrees. Those response times to 90 percent of the steady-state response ar fon7..

when the vehicle is loaded and when the severity of the turn 1s larger. The longest respoise
time given in Table 24 occurs on ¢ good road with the fully lad »n vehicle performingz a 575

g turn. :n this case the systein 1s more damped than in the othe - situations leading to a slow
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Table 24. Ramp-Step Response Times - Tractor and Semitrailer (Benchmark)

Response Times
Ramp Steer Input
Loading Condition Road Surface 28° 65.6°
Dry 0.685 0.797
Empty Vehicle
Wet 0.652 0.755
Dry 0.799 1.259
loaded Vehicle
Wet 0.723 0.871
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increase in lateral acceleration as steady state is approached. In all the cases studied, the
vehic.e responds more quickly on the low-friction road than i. does on the high-iriction

road u:nder comparable operating conditions.

The results from the obstacle-evasion maneuver can be interpreted on a yoint-by-
point basis. For example, the times of muximums (peaks) and minimums (trouch:.) can be
examined (see Table 25). The left most columns « £ Table 25 provide an indication of dme
lags determined between peaks and troughs. If a cross-correlation calculation is made o
find the average lag thar produces the best fit between the steering and acceleration
waveforms, the results presented in Table 26 are obtained for this maneuver. The results
presented in Table 26 show very high correlations (perfect correlation is 1.0) indicating tha:
the steering input and lateral acceleration outputs are nearly identical in "shape.” The time
lags (response times) range from 0.18 to 0.14 seconds over the set of variations studied in
a 4-foot obstacle-evasion maneuver. In this closed-loop maneuver, the loaded vehicle is
slightly quicker than t1e empty vehicle. The greatest lag is obtained when the vehicle is
empty and operating on the high-friction surface. Although only a limited understanding of
closed-loop performance is currently available, the calculated results appear to indicate thut

drivers should not have any special problems in any of the situations considered here.

So far, we have been treating the tractor's response to steering. Table 27 presents
time lags between when the tractor maneuvers and when the trailer maneuvers. Since the
trailer's ¢.g. is approximately 26.5 feet behind the tractor's ¢.g. and the vehicle is traveling
at 73.33 feet/sec. (50 mph), the desired time shift between tractor response anc irailer
response 18 0.36 seconds. As shown by the results in Table 27, the semitrailer is 2
worderful device that provides excellent tracking (near perfect lag). The lozded
sem trailer's longitudinal error, corresponding to 0.02 seconds of "errc:" in response time,

is le s than 1.5 feet.
4.8 Rearw .rd Ampiification

Benchmark performance, Tle semitrailer in a 352 follows the path of the macier

with very little amplification betwern the motion of the tractor and that of the seritrail. .
Rearward amplification is primarils a protiem for vehicies that empioy full traitsrs ar
conventin~al dollies. Neverheless, (e rear vard amplificazion o f the 382 is exarined hes
in order to quantify the ma; aitude of the anplification between the tractor's c. g. GNG i
trailer's ¢.g. As indicated in the pre /ious section, the semitrailer's acceleration is almios:

identical to that of the tractor in an obstacle evasion maneuver. In this section, we wiil
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Table 26. Closed-Loop Response Times - Tractor and Semitrailer (Benchmark)
|

Path Follower
Cross Correlations

Loading Condition Road Surfuce Lag Valuc j
Dry 0.180 0.997

Empty Vehicle !
Wet 0.160 (1,998 ;

Dry 0.140 G697 ;

Loaded Vehicle i
Wet 0.140 0.997 ‘

Table 27. Closed-Loop Rearward Amplification - Tractor ancl Semitrailer (Benchmark)

Pati: Follower
Cross Correlations

Loading Condition Road Surface Lag Value
Dry 0.360 0.998 |
Empty Vehicie E
Wet 0.360 0.595 |
Dry 0.380 0.999 f
Loa ed Vet icle !
Wet 0.380 : 0.999

151



generalize the previous results by using calculations in the frequency domain to study the
open-loop transfer function between the moton of the tractor and that of the trailer.

The performance signzture chosen to evaluate rearward amplificaton is 4 gaph
of amplification versus the frequency of sinusoidal excitation (for example, see Figures 77
and 78 which are the performance signatures for the benchmark 3S2 in the loadec and
empty conditions). The figures show :hat the loaded velicle has a small amov it of
amplification ( less than 1.1) at the trailer's c.g. at a frequency of approximate v i.3
radians/sec. The empty vehicle has a gain (amplification) of 1.0 at close to zero freg rency
and a rapid decrease in amplification, actually an attenuation, as frequency increases. (A
gain of one out to a frequency suitable for performing emergency maneuvers and then a
sudden attent.ation in response is an idealized goal that one might use to evaluate rearward

amplification.)

Parametric sensitivities, Figures 79 and 80 show that, if stiff radial iires are
installed on all axles of the 382, there is no amplification in either the loaded or empty

condition and the gain only decreases to about 0.9 at 2 ralians/sec. This tyre <

performance is rated as good.

No other performance sensitiviies have been examined because, in general, 352

configurations are very well behaved with regard to rearward amplification.
4.9 Bruaking in a Turn

Benchmark performance., "Braking in a turn’ could refer o many different

arangements of braking and steering inputs. In this analysis, the vehicle is put ini a
rmoderate turn of 1,500-foot radius at an initial speed of 50 mph. At the tine the brakes ae
1pplied, the tractor has reached approximately 0.15 g of lateral accelera ion. The reacle
valve is applied suddenly and then released as shown in Figure 81. This type of bra<iag
input represents a situation in which a driver over bra'es (because the road may have been
slipperier than it appeared to be) and then releases the srakes quickly in an attempt 10 regain
directional control. The effect of this action on lateral acceleration is also illusirarzd in
Figure 81. A: 4 seconds into the maneuver the lateral acceleration has nearly reacnal e
appropriate stzady-state value for the turn. When the orakes are applied (1) the wheals oo
up or approach lockup, (2) the tire side forces fall, and consequently (3) the lazerw.
acceleration drops to nearly zero. The ¢.g. of the vehicle starts to proceed straight sheac

rather than wrning. The driver releases the brakes and, because the tires have now
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TIME {sec)

EMPTY TRAC/SEMI (TIRE MCDEL WET SURFACE): BRAKING IN A 1500' TURN

81 a. Braking pulse
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EMPTY TR-SEMI (WET) BRAKING W/O ANTILOCK CLOSED LCOP

81 b. Lateral acceleration

Figure 81, Braking in a turn, breking pulse, and later: 1 acceleration res J0nsa
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developed large slip angles, the tires produce large side forces causing the lateral

acceleration to increase 1o a level that is much larger than that required for the original trn.

Furthermore, the side forces at the front and rear of the tractor do not return
simultznesusly. The side forces return first at the front tires because the front wheels
unlock much more quickly ©1an the tear wheels. In terms of directional response, this
means that rhe tractor will rotuie (yaw) rapidly and, since the trailer does not rotate s 1iLch
as the tractor, the vehicle jacl knifes (see Figure 82). The jackknife is indicated by the large

increase in the articulation angle betwecn the tractor ard the traler.

Parametric_sensifivities. The results presented in Figures 81 and 82 are for the

empty benchmark 3S2. operating on a poor, wet road surface. This same type of
maneuver could be performed for the loaded vehicle and/or on a good road. In all of these
operating states the braking pulse will lead t a violent and undesirable result. Ona good
high-friction surface, this maneuver will lead to large lateral accelerations and,
consequently, to large roll angles--even the empty vehicle is in danger of rolling over. The
same factors that lead to the low braking efficiency of the empty vehicle cause the
possibility of ja kknifing to be greater for the empty vehicle than it is for the loaded vehicle.
Specifically, in the uniaden condition the vehicle has too much braking at the racter rear
and r.ot enough braking at the front of the tractor.

These results represent a new discovery with regard to defining maneuvering
situations that can be difficult or impossible for truck drivers to control with existing
hardware. Possi»ly, adjustments in the timing of brake releases can be arranged o reduce
the tendency to develop large articulation angles. Other possibilities are to try load-scnsing
proportioning and antilock systems, however, more research is needed to detertaing how
best to deal with this type of problem. Until more work is done, one can attempt t¢ avoid
situations and configurations in which large side forces are inadvertently present at the iTont
wheels while the rear vheels are incapable of generating the side forces necessary
stabilize the vehicle.

4,10 Conclading Remarks on the Tractor- Semitrailier

The material presented in Sections 4.1 through 4.5 rovides analyses o the 352
that range i complexity from the simplest offiracking considerations 1o a complicated und
very complex braking-in-a-turn situation. These analyses are all more extensive than the
applied o the straight truck because the articulation point e sentiéliy adds another vehicle @

the system being analyzed. In offtracking matters, the : cmitrailer is the dominant unit,

o
L0
e



TR YAW RATE (deg/sec)
|

o

TIME: {s&c)

EM 3TY TR-SEMI (WET) BRAKING W/O ANTILOCK CLOSED LOCP

82 a. Yaw rate

o7
d
)
) -
Tt P
i /
(j r_"_"_:m "_r"
= = o
< P
2 /
2 /
frams
S ol e
R s
Q
= J
Z L
0 Z + & G i
TIME (sec)

EMPTY TR-SEMI ( /ET) BRAKING W/O ANTILOCK CLOSED LOOF

82 b. Articulation ang: ; betw::en tractor and semitrailer

Figure 82. Brating in a turn, jackknife response



while in handlin g,'the characteristics of the tractor usually dominate. Inrollover situations,
either ractor or trailer properties can be important. In addition to the maneuvers considered
for the truck, rearward amplification and braking in a turn were introduced here. Although
typical 352's do not have rearward amplification problems, rearward amplification was
discussed to provide background for the treatment of vehicles that employ full trailers. The
braking-in-a-turn analysis was added to study jackknifing tendencies, however, this s.ime

maneuver could be used to study the spinout of straight trucks.



5.0 TRUCK/FULL TRAILER
5.1 Baseline V:lues of Pertinent Mecharical Properties

The benchmark vehicle examined in this section consists of the truck and full trailer
ustrated in 7irure 82, The loaded muck weizhs 42,000 1bs and the loaded wrailer weighs 38000

7 the wheelhase of the mailer is 222 incnes. The

Ibs. The wheelpase of the truck 15 235 inches
muck employs a tandem suspension at its reas. The railer employs single axles froni ang rear.
{The shorthand notadon for this vehicle is 3-2.) The dolly is a "fixed" doliy--not a converter
dolly. That means that the dolly tongue does not wansmit vertical load to the truck. The dolly has
a pintle hirch at the first articulation point and a turniable at the rear articulation point. {The

dimensions of this veiicle are based on those of gasoline tankers used in California.)

G

Table 28 list the values of the basic mechanical properties characterizing this 3-2. Thes

values represent the saseline condition for the performance sensitivity diagrams presented here.
5.2 Low-Speed {ornering - Tractrices

Benchmark performance. The performance signature of the benchmark venicle, wrasent -

in Figure 84, shows the paths of each of the four suspension centers. The two "center” curv. -
corresponding to the paths of the tractor rear and the dolly axles, are relatively close togetner
(compared to the path of the rearmost axle) because the 105-in overhang of the nintle hitch behind
the truck's tandem axle sot almost compensates ror the influence of the length ¢ tae douy (143
between the pintie hitch and the dolly's axie). Overhang decreases in board of cracking since tr.c
tandem set is at the miniraum radius for any point on the tractor . The maximurr offtraciing of ©

center of the rearmost axle is 9.71 feet in a right rumn with a radius of 41 feet o the caner o7 i

front axle. This is the baseline value used in the following performance sensitivity diagrams.

Prrametric sensitivities, The quantities varied for studying both low- and hi th-specd

offtracking are listed in Table 29. Only geometric dimensions (the offtracking dirnens ons) arc

considered in th= evaluation of low-speed offtracking,

?:i T S
OVELE

! U . D A P Ty iy oo e e en LT
5 53, > influene=s of changl ook, oL

P o T Thm oy oo 5o .- 3ol Goemte e e
semirailer aok dirnensions, wieeibase and pincis hich oo

have opposing infiuences on low-speed olttracking. A decrease in wheelbase widl e
offiracking at low speed while @ decrease in overhang will ‘ncrease low-speed offirackinzg. A5

shown in Figure 85, the wheelbase changes have a larger influence than the chang s 1o the
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Figure 83. Geometric layout, truck and full trailer



Table 28. Basic Mechanical Properties (Truck and Full Trailer)

111.00

Mecnaniczl Proverty Empty Louded
Truck
Weight (Ib) 18,000.00{ 41,000.G0:
Front axic orake zam (n.db/pst) 2,0060.00 2.0035.00
Rear suspension - leading axie brake gain (in.ib/psi) 3,000.00 3.6ud. 00
Rear suspension - frailing axle brake gain (in.1b/psi) 3,000.60]  3,0600.00,
Interaxle ioad ransfer < n rear tandem 0.00 (’.).O-Si
Front axle cornering siiffness ({b/deg) 860.00 1,01 {s.OOi
Rear suspension total comering stifiness (lb/deg) 1,638.00 3,6 0.00
Reduction in cornering stiffness due to steering system { %) 31.70 32.000
Front suspension roll stiffness (in.lb/deg) 21,600.00; 2t ,GG:"),GO{
Rear suspension roll stiffness (in.lb/deg) 140,600.00¢ 140,00t B.OD%
Front suspension roll center height (in) 20.00 20001
Rear suspension roll center height (in) 29.00 29.00;
Height of the center of gravity (in} 42.25] 64.001
Dristance of the center of gravity from the front axle (in) 117.5G 176.25]
tuli Trailer
Weight (Ib) 7,500.06; 38,0C0.C0
Front axle brake gain (in.lb/psi) 3,000.00 3,060.00
Rear axle brake gain (in.Ib/psi) 3,000.06 3,0G0.00
Front suspension total cornering stiffness (Ib/deg) 729.00} 198509
Rear suspension total cornering stiffness (Ib/deg) 725.00 1,963.00
Front suspension roll stifiness (in.lb/deg) 80,000.00 SC:,OGQ.JO;
Rear suspension roll stiffness (in.1b/deyg) 80,000.06] 80,060.00
Front suspension roll center height (in) 2900 ARG
Rear suspension roll center height (in) 29.00 29.0G5
Height of the center of gravity (in) 5£.00 73.50
| E
Distance of the center of gravity from front suspension (in) 111.60
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MINIMUM TRACK

Susp.No. Radus(ft) Ancie(deg)

1 471.00 0.00
2 36.25 £8.09
3 34.94 65.33
4 31.29 60.11

Maximum Offtracking =9.71 ft.

Figure 84. Tractrices, truck and full trailer, 41 foot turn
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Tabie 29. Truck and Full Trailer - Low- and High-Speed Offtracking

Parameter Name

Benchmark Value

Minimum Value

Maximum Value

Notes

"ruck wheeibase

Truck's pintie
overhang

ITruck's cornering |
stiffness

Dolly's wheelbase
Dolly's cornering
stiffness

Trailer wheelbase
width

Trailer's cornering
stiffne s

235 inches

105 inches

3606.75 Ib/deg

148 inches

1964.6 lb/deg

222 inches

1964.6 Ib/deg

125 inches

0 inches

1803.4 Ibideg

80 nches

G323 Ib/deg

'19 inches

5:2.3 Ib/deg

272 inches

105 inches

5410.1 Ib/deg

148 inches

2946.9 To/deg

258 inches

2946.9 b/deg

Comering stiffness 1s
determined from loaded
vehicle data

Cornering stiffness i3
de ermined from ioaded
ve! icle data

Cornering stiffness i
determined from loaded
vehicle data
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overhang of the hitch (as measured from the center of the tandem axles on the tractor to the pintle

hitch),

Since the tumtable and dolly axle we located in nearly the same place (within a few inches),
the infiuence of likely changes in these quantities is small. As shown in Figure 86, the change
colly "tongue length" (referred to as "dolly's wheebase" in the figure) is the miportant dol. s
parameter for this manewer. Shortening the tongue iength will decrease the low-spect

offtracking.

The results given in Figures 85 and 87 show that trailer and truck wheelbases hav:
approximately equivalent effects on offtracking. This is to be cxpected in this case becuus:

comparable lengths are involved here. Both of these wheelbases are important to the results,
5.3 Constant Deceleration Braking

Benchmark performance. The performance signatures for the 3-2 in the loaded and erapy

conditions are presented in Figures 88 and 89. In the benchmark condition, the in-eraxle lonc
transfer taking piace at the tractor's tandem axles 1s zero which means that the frictio  utiiizo...n

curves for axles  and 3 are superimposed in Figures 88 and §9.

In the loaded state, the braking efficiencies at 0.2 and 0.4 g are 85 and 78 percer
respectively. For the empty vehicle, these efficiencies reduce to 62 and 55 percent. 1: the Joadea
state, braking efficiency is determined by the friction utilization at the truck’s tandem axles.
However, when the vehicle is empty, the friction utilization of the rearmost axle o1 the il

determines the braking efficiency.

Parametric sensitivities, Table 30 lists the truck and trailer parameters varied © study the

braking efficiencies of the 3-2. The quantities influencing braking efficiency througn 1o -2/af oud
transfer are ¢.g. heights and wheelbases of the truck and the trailer. The analysis performed is
specific to the fixed type of dolly meaning that no vertical load is wansferred from the railer @ tic
truck. The other quantities studied are interaxie load transfer in the tandem suspension and

increases in the front brake gain of the t ek

2500 through 97 are arran d o show the Inllucnces of truck aad wraller porumoiers ©

Flgt

0.2 g and 0.4 ¢ wizh the vehicle in emy v and loaded condl ions, Hence, there are eight igursy
used to cover all of these combinations. /n general, the results show thar (1) 1he loaded ve sic.. s
much more efficiont than the empty veliicle and (2) the performance sensitivities are greater 104 g

than those found ar 0.2 g.
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Table 30. Truck and Full Trailer - Braking

Parameter Name  [Benchmark Value] Mimmum Value | Maximum Value Notes

Truck wheelbase 235 inches 125 inches 272 inches

*Truck's c.g. 63.93 inches 36 nches 100 inches

height

Interaxle load 0 -0.2 0.2

transfer (truck)

Front brake gain 2000 in.Ib/psi 2000 in.1b/psi 3000 in.Ib/psi  {Both brakes combined
Trailer wheelbase 22% inches 219 inches 258 inches

*Trailer's c.g. 73.5 inches 60 inches 105 inches

height

* For the loaded vehicle
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t (.4 g and with the vehicie loaded ( Uigures 90 and 91 the ~esults are straghtforward
with two notable exceptions. Firsl, upon increasing the front bruke 2ain to the maximu n deviation
we see that the efficiency first increases then siecreases, This is because the controliing wheels
change from ihose on the truck tandem to those on the front axie. For these operating conditions,
the efficiency is lower when the front wheels are approachmg tockup. The second exce rtion is that

the variations in wailer properties have little effeci. This resalts because {15 there 15 no -~ =rticad loa

transferred from the tratler o the rrack and :”2} oo e il {orce between the fre ler ana e

truck is small in rhis situation.

At 0.4 g, the braking performance of the ioaded 3-2 is susceptible to the inluences of
changes in both truck and trailer proyerties. Changes in trailer wheelbase and intsraxle load
transfer at the truck’s tandem suspensic  huave greater influences than any of the other ¢ wanges. To
keep efficicicies high, one wants o re :ce fore/aft load wransfer for a vehicle thar is v oportionad

to match the static loading (as is the cas. for the ioaded 3-2).

When the 3 2 is empty, the performance can be improved by increasing the front brake gain
and by increasing e trailer wheelbase. These influences have a more pronounced effzct 2t 0.4 «
than they do at 0.0 g (see Figures 94 through 97). Increasing the front brake gain immproves tie
proportioning bec: use, in the empty state, the front wheels carry a higher proportion of the weight
than they carry wien the vehicle is loaded. The wheelbase of the trailer is important becauss ins
rear wheels of the trailer arc the first wheels to lock. If the wheelbase of the trailer is increasea,
less load 1s transferred off of the rear axle, thereby mcreasing the fiictional force that can be utilized
and hence increasing the efficiency.

3.4 Hign-Speed Offtracking (Steady Turn - Tracking

Penchmark performance, The bz eline performance of the benchmark 3-2 is swecified oy

the offtrucking results given in Table 31 for a steady tum at 55 moh and at a radius of 1 200 feet to
the center of tae front axle. The results indicaie ithat off fracking to the outside of the turn increaszs
as one progresses from considening points near the front to points toward the rear of the ven cls

..\,._ <

In particular, the rear of the 3-2 offtracks by 1.36 feet while the rear axle offtracks by 127 feet.

With regard to sideswiping adjac ent objects, the rear of the vehicie is the mperiant conideration,

With regard to "tripping” on curi s, the location of the rowhat matters, Inito following

¢ $in o

paramerric analysis, we have che sen 1o wso the resr of

he wveliolr simply because hiy will show

v Yy o P S P
the effects of ¢ large overhany be ween the rear

‘arametric sengitivities. The changes in mechanical nrorerties examined here were §'sted

[N

previously in Table 25, These variations include whecioasas, aitch locutions, tire stiffriesszy, an



Table 31. High-Speed Offt: «cking Perfermance, Truck and Full Trailer

Velgcity = 80.6667 Tt/sec (55 mph)
Radius of the turn = 1200 fi

Rear Articulation Zero Speed High Speed
Suspension # Point on Unit * Radius Redius

i 1200.00 120C 00

2 1199.84 1200 34

1 1199.87 120C 50

3 : 1199.81 120C 88

2 119681 120C 28

4 119567 120127

' 3 1199.67 1201 26

Zero Speed Offtracking= .33 #f
High Speed Gfftracking =-1.26 ft
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rear ov:rhang with respect to the rear axle. The influences of truck, doily, and semitrailer
propertics are presented in several figures (e, Figures 98, 99, and 100 for a 1,200-foot radius
and Figures 101, 102, and 103 for a 600-foot radius).

In every case tire cornering stffnesses are important properties pertaining to each unit--
truck, dolly, or semitrailer. Wheelb. ses have o smail and somewhat mixed influerce, wiis the
benchmark wheelbases being fairly close w the “worst-case wheelbase” discussed | reviousiy in
Section 4.3. The location of the pintle hitch with respect to the rear tandem center of he truck has
an important influence on nigh-speed offtracking, At low speed a decrease in overhang wil!
in.rease offtracking towards the inside of the nurn, but at high speed just the opposite is rrue. For

high-speed performance, zere overhang is the ideal situation.
5.5 Steady Turn - Roil

Benchmark performance. The performance signature for the rolling response of the 3-2

consists « f two curves, one for the truck (see Figure 104) and the other for the full wailer fsee

Figure 105), because the pintle hiich seives to decouple these two units with respéct 1o 1ol
truck has .« rollover threshold of 0.419 ¢ and the full trailer has a rollover threshold of 0.361 £

Paramrerric sensitivities, We have chosen to examine the rollover performance of the 7ui.r

because the parametric sensitivities of trucks were treated in Section 3.5, This choice is reasonabla
to make because truck properties do not influence trailer rollover and visa versa. Nevertheless, one
should remain cognizant of the fact that both v nits of a truckifull trailer combination need 1o e
checked for roll stability and changes in one wiit may improve or degrade its performance io the

point where that unit becomes less or more susceptible to rollover than the other unit.

The changes in trailer properties (sce Table 32) have been divided into three cutegories,
namely, (1) general properties, including ¢.g. heights and roll center heights, (2) Jdolly roll
stiffness and track width, and (3} semitrailer roll stiffness and track width. Tn the general
properties category the change in c.g. height is szen 1o be tignificant (Figure 106). As shown in
Figure 107, increasing the track width of the dolly is irportant for providing increasec roll
s ability. Increasing the track width of the semitrailer's wheels is also important (see B dgure 108
The results show that changes in roll stiffnesses are refatively important for this ¢ fuil Ludim, i the
roll stiffnesses are reduced. (This is explained by the concent of "soft versus stiff su ssensions'

discussed earlier in vection 4.5

o
oo
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Table 32, Truck and Full Trailer - Static Roll

Purameter Name

Benchmark Value

Mmimum Value

Maxtmum Value

Notes

Trailer's c.g.

height

Rear axle roll
center heights

Dolly's axle roll
stiffness

Dol'y's axle track
wic h

Tra''er's axle roll
stifi 1ess

Trailer's axle track
width

76.8 inches
29 inches
80,000 in.lb/deg
72 inches
80,000 in.Ib/deg

72 inches

70 inches

21 inches

30,000 in.lb/deg

71 inches

30,000 in.lb/deg

71 inches

80 inches

31 inches

165,000 in.lb/deg

_ 78 inches

165,000 in.lb/dcg

78 inches

Much larger deviations
used for braking
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5.6 Steadv Tura - Handiing

Bencimark performange, Figure 109 is the handling signature for the benchimark 3-2
traveling at 55 mph. In the linear range at low g-levels, the steering sensitivity is 0.22 radians per
g. At (0.3 g and 55 mph the steering sensitivity is 0,146 radians per g.

T3 ey pey vy
jwtiriing]

¢senslfivities, he pinde hitch effectively decouples the full ralier from the wruck

in that the lateral force at the pinde hitch is pracueally zero for steady-tuming situations. Tris
means that trailer properiies go not influence handling performance. It is only necessary o
consider truck properties. The truck properties studied here are listed in Table 32. The resulis are
presented in three performance sensitivity diagra ns (Figures 110, 111, and 112} corresponding 10
variations .n (1) general truck characteristics »uch as c¢.g. height, wheelbase, and roll censer
heights, (2) front spring and tire characteristics, and (3} rear spring ar d tire characteristics.

4

Since the vehicle 1s stable up to 0.3 g, the steering sensitivity, that is, the rate of change of
reference front-wheel angle with respect to lateral acceleration, is used as the performance measure
for comparing the influences of variations in mechanical properties  As illustrated in Figurs 110,
steering sensitivity is slightly sensitive to changes in wheelbase and ¢.g. height, although none of
these changes 1s large enough 1o approach yaw'dévergence. (Yaw divergence is indicated by & zero
value of steering sensitivity.) The closest approaches to yaw divergence occur when the wruck's
wheelbase 1s reduced to 125 inches and when the truck's c.g. height is increased to 70 inches.

This extreme condition results in a steering sensitivity of approximately 0.11 radians/g.

The results given in Figure 111 indicate that this vehicle would bec yme less st ble if the
front tires are replaced with suff radial tires. An increase in rear tire stiffness would i orove the

stability margin, as incicated by the results presented in Figure 111.

The results in Figure 112 show that a decrease in rear suspension roll stiffness wil! increase
the stability margin, however, this increasc in stability margin is achieved at the expense of a low

rollover threshold (see Section 5.5).

3.7 Rearward Ampiification

Benchmark periormance. The full trailer in the 3-2 has an amplified performance vwith

' e r

respect o that of the truck. The full tailer bs stecred by the doily tongue w™" h s atiuched o the

rear of the truck. This arrangement steers the full wailer to attempt to follow the motion of the reus
of the truck, which the trailer does very well in normal maneuvering at highway speed. However,

in sudden maneuvers such as those required 10 avoid an unexpected obstacle, the jateral
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Tabie 33. Truck and Full Trailer - Handling

Parameter Name

i3enchmark Value

Mintmum Value

Maximum Vaiue

Noes

Truck's c.g. height

Truck's wheelbase

Rear axle roll
center neights

Truck's front axle
roll stiffness

Tires on truck's
front axle

Truck's rear
suspension 1<l
stiffniess

Tires on truck's
rear axles

63.9 inches

235 inches

29 inches
21,000 in.lb/deg
Bias-ply, rib
tread

140,000 in.lb/deg

Bias-ply, rib
tread

60 inches

125 mches

21 inches
17,000 in.lb/deg
Bias-ply, lug

tread

60,000 in.lb/deg

Bias-ply, Iug
tread

70 inches

272 inches

31 inches

25,000 in.lb/deg

Radials

330,000 in.Ib/deg

Radials

Much larger deviations
used for braking

Total roll stiffness on rear
tandem
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acceleration of the trailer can be roughly twice as large as that of the truck. Specifically, the
performance signature of the benchmark 3-2 (see Figure 113) has a maximum amplification of
1.73 at a frequency of 3.1 radians/sec. That frequency corresponds to a rapid mancuver, but one
that is we!ll within driver capabilities and one which is required to avoid unforeseen obstacles when
the vehicle is fraveling at highway speed. A maximum amplification of 1.72 means that the nuiler
is much more prone to rolliig over than the tractor in this type ol maneuver. T firse
approximation, the steady-turning rollover threshold of the trailer can be used to estimate the [zvel
of tractor maneuver that will roll over the trailer when avoiding an obstacle. 1n this case the resuit
is 0.23 g obtained by dividing the rollover threshold, 0.4 g, by the rearward amplification, 1.73.

Parametric sensitivities. Rean vard amplification 1s influenced by hitech location and e

cornering stiffnesses in addition to the longitudinal distances between axle sets (tires). The pinuc
hitch is installed weall behind the rear axle of the benchmark vehicle. If the pinile hiich connection
were to be moved closer to the reur axle of the truck, the maximum rearward amplification could be
reduced to 1.5, per the results displayed in Figure 174, In this case, the trailer would be irying 10
follow a point on the truck that was closer to the truck's ¢.g. and therefore not as iniluenced by the

yawing motion of ‘he truck.

Switching to "stiff" tires will also reduce rearward amplification, as iliustrated in Figure
115. In this cast, the maximum amplification is reduced to 1.6 at a frequency that is slightly
higher than that 0 sserved in the baseline case. This is only a small improvement compared to the

influences that tire cornering stiffness can have in other cases.

The influence of dolly tongue length 1s a difficult matter to treat in a simple fast.lon. In
many situations involving conventional doubles configurations, tonguc length s not a muy. r fuctor
in determining rexrward amplification. However, for this particular 3-2, tongue length (thut s, the
distance ‘rom the pintle hitch to the ¢.g. of the dolly) changes not only the amplitude, but also the
"bandwidth" of t} ¢ rearward amplification performance signature. The results presented in Figure
116 show that when the tongue length is reduced from 148 inch s to 108 inches, the maximui
amplification increases to almost 1.9 and the amplification remain above 1.5 out to a frequency of
7 radians/sec. Although input above approximately 4 radian./sec. are probably beyond tnz
capabilities ard frequencies usab e by drivers, the increased bandw.dth is a disadvantage because it
indicates responsiveness to undesirable types of excitation. Figure 117 shows an even more
exaggerated result when the tongue length is reduced to 80 inches. In this case, the maximum
amplification actually occurs at a frequency that may be beyond those that drivers will attempt o

use.
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In summary, the results presented here indicate that reducing the amount of the overhang of
the pintle hitch behind the rear axle is an effective means of reducing rearward amplification for the
benchmark 3-2. Changes in pertinent trailer properties had less effect than that obtained by
relocating the pintle hitch. Significant changes in rearward amplification are hard to coine by for
this particular arrangement of 3-2. '

5.8 Concluding Remarks on the Truck Fuil Trailer

With this vehicle the influences of pintle hitch properties have been introduced inic the
analyses. The pintle hitch effectively decouples the towing unit from the towed unit with respect to
rolling constraints and lateral forces acting between the truck and the full trailer. This means that
(1) rollover of ¢ach unit must be evaluated individuall /, (2) handling is independanrt of mailer
properties, and (3) rearward amplification can be large if (a) the truck mmst yaw agressively ©
obtain lateral acceleration and (b) the trailer has an amplified response with respect to the motion of
the pintle hitch. Pintle hitch location has an important influence on low- and high-speec
offtracking and rearward amplification. To improve high-spevd offtracking and rearward
amplification, the pintle hitch should be located close to the rear wle. To improve low-speed
offtracking, the pintle hitch should be located well away from the rear axle. Tor safety on the
highway, one needs to be aware of these tradeoffs and one should not introduce a safety -azard in
an attempt to gain a small improvement in low-speed offtracking.
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6.0 B-TRAINS OR C-TRAINS
6.1 Baseline Values of Pertinent Mechanical Properties

B-trains and C-trains are popular vehicle configurations in Canada. They aoe v oo oims o
used to any significant amount in the United States. They are treated briefly in tais | ialiooi
introduce some of the performance aspects of these types of vehicles. The benchmuars venic.e &
the "C-train” (as it is referred 1o here) is a fabricated vehicle that might be obtainec by using
double draw btar dolly in a Western double. The basic dimensions and axle loads of e

hypothesized vehicle are presented in Figure 118,

The vehicle employs two fifth wheels--one on the tractor and the other over tag rear axle
that is appended to the first semitrailer. W th regard to directional response, the C-train 15 & Tacior
semitrailer-sermnitrailer vehicle. As such, it has one less articulation point than the double and |
employs no full trailers. It has the same n imber of articulation points as the fuck-ful water, bu:
the performance of this vehicle is not like that of the 3-2 because the C-train is raade up entize.y of

semitrailers.

The pertinent mechanical properties of the benchmark C-train are listed! in Table 34. The
rwo-axle tractor is a rather standard unit. The semitrailers are like those t sed in the Westemn double
except that the axle which would have been the dolly axle is appended to the first semitrailer.

For this vehicle we examine performance in steady turning (rollover and handlin&:) and
rearward amplificagon because the results are different from those for a conventional doubie and
like those for a B-train.

6.2 Steady Turn - Roll

Benchmark performance. The entire C-train rolls as a single unit. The pe formancs

signature is a straight line up to the point where the first axle on the furst semitrailer iifts F, ~ler
that the other rear axles lift off at only slightly higher levels of latcral acceleration. Thuse eitec:s
are illustra ed by the performance signature presented in Figure 11¢. The roflover threshold for i

nenchmark vehicle is 0.395 g.

Parame:ic sensitivities, The individual variations that are considered here are presented in

the same order as they are listed in Table 35.
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Table 34. Basic Mechanical Properties (C-1rain)

Mechanical Property Empty Loaded |
Tractor
Weight (ib) 14,000.00!
Front axle brake gain (in.1b/psi) 2,000 00!
Rear axle brake gain (in.Ib/psi) 3,0G0.00
%
Front suspenaion cornering stiffness (Ib/deg) 948.004
Rear suspunsmn comering stiffness (Ib/deg) 1,152.00
Reduction in cornering stiffness due to steering system (%) 21.66
Front »uspension roil stiffness (in.ib/deg) 21,00{}.80?
Rear suspension roll stiffness (in.lb/deg) 70,600.60!
Front suspension roll center height (in) ZQ.OG;% 8.0
Rear suspension roll center height (in) 29.001 9.
Height of the center of gravity (in) 37.501 3750
Distance of the center of gravity from the front axle {in) 47. 13‘ 1745
First Trater and Double Drawbar Dolly 3
Weight (Ib) 9,000.00( 34,300,501
Rear suspcmlon - leading axle brake gain (in.lb/psi) 3,000.00 3,000.001
Rear suspension - trailing axle brake gain (in. Eb/ps:) 3,000.00 3,600.00
Interaxle load transfer on rear tandern 0.00 0.00
'Rear suspension comering stiffness ( b/deg) 1,638.00 3,723.00
Rear suspension roll stiffness (in.lb/ >g) 160,000 G0; 160,000.001
Rear suspension roll center height (i1 ) 29.00 28.00
Height of the center of gravity (in) 44.30 7480
' i
Distance of the center of gravity from kingpin (in) 221.20 151,460
Second Trailer 5
Weigh (it 6,500.00f 32,3C0. *{}Oi
Rear axle brak: gain (in.1b/psi) 3,000.00f  3.,000.50
Rear su%pt,nsmn cornering stiffness (lb/deg) 790.00i 1,885 .00;
Rear suspansion roll iiffness (in.lb/deg) 80,000.540
Rear suspension roll ¢ enter height (in) 29.00
Height of the center ¢ gravity (in) 5060
Distance of the cente - of gravity from kingpin (in) 164.75
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Table 35, C-Truin - Static Roil

Parameter Name

Benchmark Value

Mimmum Value

Maximum Value

Notes

Trailer #1 c.g.
height

Trailer #2 ¢.g.
height

Reur : xle roll
cente heights

Tractor's front axle
roil stiffness

Tractor front axle
rack width

Trac.or rear
suspension roil
stiffness

Tractor rear axle
track width

Trailer #1 axle roll
stiffness

Tratter #1 axle
track width

Trailer #2 axle roll
stiffness

Trailer #2 axle
track width

74775 inches
78.5 inches
29 inches
21,000 in.ib/deg
80 inches

70,000 in.lb/deg

72 inches
160,000 in.Jb/deg
72 inches
80,000 in.lb/deg

72 inches

70 inches

7 inches

21 inches
17,000 in.lb/deg

77 inches

30,000 in.ib/deg

71 inches
60,000 in.[b/deg
71 inches
30,600 in.lb/deg

71 inches

&) inches

20 inches

31 inches

25,000 in.ly/deg

81 inches

165,000 in.Ib/deg

78 inches
330,000 in.Ib/deg
78 inches
165,600 in.lb/deg

78 inches

Both axles on the lead

trailer and the dolly
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The influences of trailer c.g. heights (see Figure 120) are to degrade the rollover tizreshold
if the ¢.g. height is increased. Since the trailer boxes are identical, the influences of increasing the
¢.g. height of either trailer are nearly the same.

Figure 121 indicates that changing all of the roll center heights on all of the rear axies has
more influence on the rollover threshold than changing the front suspension's roll stiffness and tae
rack of the front axle. The influence of changing any one roil center height by the amounts
indicated would not be very large.

The results in Figures 122, 123, and 124 show that major reductions in roliover treshoid
will be obtained if the roll stiffnesses of the tractor rear, the first trailer, or the last mailer
suspensions are significantly reduced. In each of these cases, the suspension becomes a "soit”
suspension, and reductions in roll stiffness become very important.

6.3 Steady Turn - Handling

Benchmark performance, The performance signature for the handling of the benchmark

C—train is presentzd in Figure 125. The signature "bends down," indicating the possibiity of yew
divergence at high speeds and g levels. The stability boundary (see Figure 120) does not place tae
point at 0.3 g and 55 mph in the u.istable region. At 0.3 g and 55 mph the steering sensitivity is
0.029 radians/g. This value is the baseline condition for the following performance sensitivity
diagrams.

Parametric sensitivities, An extensive set of variations in mechanical properties have been
examined in this case (see Table 36). The results are presented in Figures 127 through 135,
Examination of these figures indicates four cases in which the variations cause the vehicle
become yaw divergent {yaw divergence is indicated by a negative value of steering sensitivity).
Specifically, the vehicle becomes yaw divergent under the following circumstances: (1) when the
baseline front tires on the tractor are replaced with stff radial tires, (2) when the mactor's rear
suspension is made very stiff, (3) when the suspensions on the first trailer (including the doily) are
made very soli in roil, and {4) when the suspension on the last trailer is macle soit in roil. In
general, the benchmark vehicle has a small margin of yaw stability in a steady turn, and the
changes that brought ahout yaw divergence are those that contribute to cxcessive side force at the
front axle or w0 a lack of side force at the rear axle of the tractor due to a large amount ¢ load

ransi or at the rear axle of the tractor.
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Equilibrium (steady) Turning at 55 mph
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Table 36. C-Train - Handling

arameter Name

Renchmary Value

Wammum Yalue

Notes

Tracior wheelbase
Rear axle roll
center heights

roll stifiness

| Tires on Tactor's
i front axle

Tractor froat axle
wack width

‘Tracior rear
‘suspension roll

Do I
PRULCTTICSS

‘_U

i
(Tirzs o0 Factor's
rear axie

Tractor raar axle
track width

‘Tratler #1 axle roil
| stiffpess

Tratier #1 axle
track width

Trailer #1 tires

N

 stiffness
Trailer #2 axle
ack width

Tractor's frount a:de

. . oy i
P T i I A Yy
L LTLUET L SRIE FOL

120 mches

29 inches

| Bias-3ly, Rid
gead

30 inches

. DBias-ply, xXib
: read

72 inches

72 inches

3ias-ply, Rib
uead

78.5 tnches

72 inches

21,000 in.lb/deg

70,000 in.lbideg |

]

160,000 in.lo/deg;

B
4

H

i
+
3y

118 fnches

21 mches

17,000 in.lb/deg

Bias-ply, Lug
read

77 inches

Bias-nly, Lug
wead
71 inches
70 inches
60,000 in.ib/deg
71 inches
Bias-ply, Lug
read

70 inches

71 mches

i

(16

25,000 in.lb/ideg ;

31 inches

81 inches

3

165,000 i:.a.lb/degé

Radial

78 inches

78 inches

Radial

5,000 ‘n.Ib/deg.

78 inches

222



wizit-y Ougpuiy wellep Auasues Jewwimy /7| ainbiy

siubisy 1o)us0 _ S8ayou| < . 5 SOUOUI
1JOJ 9jxe sy 1e v 17
. SoLOoW sayon
asvgeaym Iojorl T a5 .
Heay L coz <% 811
- £'0- »
_ =
A s
8
L L0
siybiay 18jua0
jlus o, 0 JEBYH ¢ . ) 60 , . _
2y T, VN -, : R
BsSEQIOaUM IODBI] g
- 40 -
&
@
.20
!

(ydw gG 12 5,6 £°0)
B/sueipel ‘Auamsuss buiiesig

223



UIDIM
MO} 9|Xe Ju014

ssouyns  Bop/qiul

- b

101 BIXB JU0i4  000'SZ

Uipim
WOorl} 8xe 1ol

ssaujns
1101 B|XB U014

sayoul g . e SOUOUY
18 Ll
Dep/ql ui
3 - L
* - G001
£0-
I ?
. =
A Q
[72]
D
L0
* . 00 : !
e B - |M
e
_1°0 w
[D]
o
o
- 20 %
{ydw ss 1€ 8,6 £°0)

B/sueipes ‘Auanisuse BuLociy

5

224



ssaujiis fjos  Bap/q-ut

‘uren-g ‘bulpuey weibep Anansuss Jsjoweled G71 ainb

sixe Jealioloril  000°69L

YIpIMm ¥orl) sayou;

BIXP 188] J0}08 |

SSBUIS 110)
ajxe 1es) 1008 |

HpIM 3oel]
8|Xe 1881 J0joel |,

84

Bopyau
4 s S P
000°0¢
SaIDUL
= 5 V g} 4
N Vi
- £'0-
- &0
- L0
i 1 DO g , i
o SR
- 170
- 20

{(ydw g5 1e $,6 £°0)
B/sueipes ‘Aamsuss Sunseig

9SIOf —B

% I15}5¢g

225



w0y ‘Buppuey cwerBep Aiaysuss teleweied "og) ambig

wbioy ‘60 zg Jepeil mm%%m_ P — o m@_,ﬁw.m
. sayoul sayoUl
ot - - @ ‘ .
Wbiey 00 1§ Jeyel] 08 o
- €0~ w
. =
- 20 3)
&
- §°0-
wbiey Boz#iopRIL o
m.l 2 0.0 - [ — o
whbiey ‘60 (#0081 =m ==
L 10 o
O
pn 4
24
20 «

{udw gG e sb ¢0)
Brsueipes ‘Apanisues Bunsslg

226



wea-0 ‘Bugpuey weibep Auanisues Jejaweled (Lol aunbiy

Uipimoen o Ssyout - , . soyoul
olxe |# Jejlel] 8. | e 1
ssauys  Dop/arur . 5 DOP/AIUl
lio1 14 1800l 000'0EE 00009
- £°0-
- 20
. 170"

Yipimoe
oIXe | # Jojlel]

SSOUIS
HOI L# Jojiel |,

- 20

(ydw g e sb¢0)
Bysueipes ‘Aunpsuss Buusalg

3SI0M —

<€ 131156

227



ety Gupuey wesbep AlAisues Jsjolered zel embyj

Hipim qoen sayoul -, i > SEYOL
B|Xe g# 19)elg 8z ¥4
sseuns os  Bsprarur ot Bep/q)ul
gixe g Jopesy  000'G9L 000°0€
- €0~
L 20
L 10
Yipim xoen

o|xe g# Jo|ell  n 00 "

SSBUS }|0)
pixe Zf 1ojeil o

\..\\\\\L.A\

- 40

1! = B

L 20
(udw g5 e 806 €0)
B/sueipes ‘Auasuas Buuesls:

8S IO —B>

@ 209

278



2 waBen Asasues sepunied opt ambo

S hEY T (¥
vigi-n

., besi ony

SOH) 8jXe U0l Sjepey < @ T fd-seig
€0 w
5
. 20- 9
8
L 10

SOH} BiXB JUDI4 g
/ a.c ) _

L L0

.20
(ydui 56 1 8,6 €£°0)
O/sueipes 'Auanisuas Bupeais

<@ 18118

22%



yiedl-y Buypuey weibeip Amisuss 1elewesed ye1 8y

. . . pean On
saln aixe jesl jolovyl.  sjipey 9 | o s 'fid-seig
e0 w
70 5 3
3 o
D
L 10
SOl BjXE BBl I0oRI} g
[] R OO 1 i
\LTi..l..ill/ﬂ
- 170
.0
{©
&
.20 a
(udw 65 1e 5.6 £°0) 1

Bysueipe: ‘Auatisuss Buuesig



wEaes o .m‘_m.umﬁ A | Uasg jeleing 'GeL ﬁ‘ﬁm.ﬁm
__ pesil by
soij L4 JopRIL SRRy % 7 Rd-seig
- €°0- %w
=
L 20 m
L 10-
i | 12 : O.o ¥ ]
Saifl l# 18|kl g e ol o)
- 10 W
18]
T
D
e ]
L 20 %

(ydw gg 12 5,6 £0)
B/sueipes ‘Aianisuas Buusaig

231



6.4 Rearward Amplification

The performance signature for the C-train is presented in Figure 136 and it shows that the
maximum amplification is just over 1.4 at a frequency of approximateiy 2 radians/sec. The
benchmark B-train has much less amplification than the benchmark double, v hich is discussed in

the next secton.
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7.1 Baseline Values of Pertineni Mechanical Properties.

The beachmark double is pattemed sier the Wesicrn double tha is =;‘E_z'.="l"<::1"}E.:.}f' wezal
throughout the interstate highway system in the United States. As shown in Figure 13
the vehicle consists of a tractor (the tractor might be better illustrated by & cad over style)
and two identical semitrailers connected by a converter dollv. (Incidentally, the be chmark
triple consists of this double plus unother ldentical dolly and semitrailer. Muc of this

discussion appiies o the wiple, also.)

The loaded double weighs 80,000 Ibs and the distance from the Tont wile w ihe

0y
Q"

rearmost axle ie 60,67 feet. Pertinent details concerning axle loads ¢ and the geomemy

layout of the vehicle are illustrated in Figure 137. Additional informuation concerning the

—~y
7
/
i

. mass distribution, and suspensions are presenied in Tabie 3

tres, brakes, ste (,rmc,,
7.2, Low-Speed Cornering - Tracirices

I

Renchranark performance. The performance signature consists of the paths of the

centers of the vehicle's five axles during a 41-foot-radius 90-degree turn (see Figure 138).
The tractor's rear axle follows the path of the front axle with i tle offtracking because the

wractor's wheelbase is relatively short compared to the wheolbnses of the semitralers.

Since the dolly is short, the doily wxle closely tracks the path of the rear axle of the 1irst
semitrailer. Most of the offtracking is due to the lengths ¢ the semitrailers. In this
mancuver the maximum of firacking of the benchmark double it 11.56 feet. This co pares

I

vl the

¥
P

to an offtracking of 14.36 feet for the benchmark tractor-senitrailer. Even tno
double is longer than the 382, the additional articularion  oints make the ma dmum

offtrackinz dimensions smaller for the double

Parpmetric cons dvides, The mechanical propertic of the full trailer have been

varied to obtuain the resulis presenied here (see Tuble 3%y Varialiong in rasor and

semitratler pro were studied in conaection with the wearment of the 382, The resules

- R IR I ¥ . that (he char [N SRS SO DN & R PN R N D,
Pr esenied in F;iﬁx:,\:d 135 spovy that ihe ons ingel Vg N -\_;Dl}fy CHITCETISTONE A7 N0y calfdle

P

enough to significandy influence low-speed offiracking. As shown in Figure GG, the
length of the wheeibase from hiich ¢ rear axle on the second o ap:r has a significant elfect

on offtracking with an increase in le 1gth of 1.33 times resulting in an increase of over 2.8
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Table 37. Basic Mechanical Properties (Doubies}

Mechanical Property

Empiy i

Loaced

Tractor

Weight (i)
Front axic brake gain (in.ib/psi)
Rear axle brake gain (in.ib/psi)

Front su\penbion cornering stiffness (Ib/deg)
Rear suspunsmn comermg stiffness (ib/deg)
Reduction in cornering stiffniess due to steering system (%)

Front suspension roll stiffness {in.lb/deg)
Rear Susp,mion roll stiffness (m Ib/deg)
Front :.uspens*ov roil center height (in)
Rear * uspen:ion roll center nexght {in)
Heigl t of the ceater of gravity (in)

Distance of i > center of gravity from the front axle (in) 47151 7.1 3
S S
First Trailer i %
Weight (Ib) 6,500,000 31 53000,
Rear axle brake gain (in.lb/psi) 3,0046.06: 3 GJ‘J G{Jl
l
Rear suspansion corering stiffness (Ib/deg) 789.002 1,847.00 :
Raar sus yznsion roll stiffness (in.ib/deg) { 80,(}0{3.%03 83,0G0. ’}i’f
Rcar suspension roil center height {(inj ; 29 0 19.00!
Height of the center of gravity (m) ‘ 50.001 718.40|
; !
Distance of the center of gravity from front kingpin (in) 155.00, 134,15
Converter Dolly }
Weight (1) 2,SO0.00§ Z,SOO.GOf
Dolly axle brake gain (in.Ib/psi) 3,0()0.001 3,000.004

Dolly susaension comering stifness (Ib/deg)

Dolly su ”j W,ion roil stiffness (in.ib/deg)
;Z,(“ Ty s ] CJ.‘LJ“‘”I”“]f {in)

y (in)

(Height of m, center of gravity

Distance of the center of gravity from pintie hitch (in}

QA% O
":5-;-?5 LAl

80,000.001
29.00

-~
PAR

24, ,i,ﬂ
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Table 37. Basic Mecnanical Properties (Doubles)

| Mechanical Property Empty Loaded |
Second Trailer :
Weight (1b) 6.500.00f 32300090
Rear axle brake gain (in.lb/psi) 3,00C.00 5,.000.00)
Rear suspension cornering stiffness ( b/deg) 79000 1.885.00:
"{Rear suspension roll stiffness (in.1b/eg) 80,000.00  80,000.00]
Rear suspension roll center height (in) 26.00 29.00]
Height of the center of gravity (in) 50.00 7850
Distance of the ¢ 2nter of gravity from kingpin (in) 155.00 133.’75"_5

i
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BINIMURE TRACK

Susp.Ne. Badius () Angie (ge
1 41.00 8.00
2 39.65 75.532
3 34.43 63.85
4 33.94 £1.02
5 29.44 56.73

Maximum Offiracking =11.56 .

Figure 138. Tractrices, double, 41 foct turn
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Table 38. Double - Low Speed Offtracking

Parameter Name

Benchmark V: lue

Mimimum Value

Maximum Value

Noiss

Dolly's wheelbase

Second trailer
wheelbase

20 inches

252 inches

72 inches

240 inches

96 inches

336 inches
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feet in low-specd offtracking. A similar incredse in tow-ssced offtracking would be

obtained if the wheclbase of the first semitrailer were 10 be increased by 1.33 times.
7.3 Constant Deceleration Braking

Benchrmark perfommance, Performance signawres for the toaded and empty doublie

are presented in Figures 141 and 142. This double employs 2 converter dolly which mneans
that during braking vertical load is transferred from the dolly to the rear of the firss
semitrailer. Since the dolly is short, the amount of load ransfer is large enough 0 make

the friction uti, zation of the third axle {the rear axle of the first semitrailer) less than that of

the dolly axle (#4) when the vehicle is loaded. Nevertheless, the rearmost axde &
axle requiring the greatest friction utilization in either the loaded or empty condition, anc

hence, it is the axle controlling braking efficiencies.

For the loaded vehicle, the braking efficiencies wre 0.84 at 0.4 g and 5.922:0.2 g
When the vehicie is empty, the efficiencies are 0.59 at 0.4 ¢ and 0.63 at 0.2 g These
efficiencies are in line with those typically found on hewvy rucks in this couniry znd they

show that the bruking efficiency of the empty double Is [ oor,

Parametric_sensitivities, Table 3% only lists three variadons for studving the
Y ying

braking performance of this type of double. Three variations are all that are needed because
the rearmost axle on the vehicle is usually the controlling axle. Ata given level of readle
pressure, the primary parameters that affect the load on the rearmost axle are the ¢.g. helght
and wheelbase of the rear semitrailer. Nevertheless, any change in the gain of one of the
brakes will change brake proportioning, thereby changing braking efficienc s, In this case
the front brake gain is increased because this will improve the praking performance of the
empty vehicle. Expected variations in the geometric and inertial propert s of the other
units will not change the braking efficiency because they would not be Lirge enougn 1o

cause another axle to become the controlling axle.

Resulis for the joaded and empty vehicle at 0.2 and 0.4 g are given i

Pux

through 146. In the case where the loaded vehicle is decelerating at 0.2 g, the mudimum

incredse ic front brake gain leads 1o u sudden loss In efficiency This 18 because
front braking becomes lurge enough o man. e front wae the controtling waie, Joder
these circumstances, the front axle load s low enough t© allow the front wheels 1o 10ek
prematurely with a decrease in efficiency. At 0.4 g this change in controllin g axle does not
occur. Improvements in efficiency accompany (1) increases in the front brake gain, (2)

lowering of the lust trailer’s ¢.g. height, and (3) increasing the wheelbase o the lust wrailer.
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Table 39. Double - Braking

Parameter Name

Benchmark Value

Mimmum Value

Maximum Value

Maotes

Front brake gain

Second trailer
wheelhase

*Second fra ler
c.g. height

2000 in.Ib/psi

252 inches

78.5 inches

2000 in.1b/psi

240 inches

60 inches

3000 in.lb/psi

336 i 1ches

105 inches

Both brakes combined

* For the lcuded vehicle
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The performance of the empty vehicle is particularly insensitive to likely chenges in
vehicle properties. Advance braking systems employing load sensing proporti-ning of
antilock control are prob: bly needed if braking performance is t be improved.

7.4 High-Speed Offt acking (Steady Turm - Tracking)

Benchmerk perfor nance. The offiracking at various locarons alony the centeriine

of the benchmark double a-e given in Tabie 40 for this vehicie waveling at 55 m pn on 4 turn
with a radius of 1,200 feet. The offtracking of the rearmost axle is 1.21 feet ard the
outside of the murn. If the vehicle were traveling at 3& mph on a 600-foot wrn, the
offtracking of the rearmost axle would be 0.71 feet.

Parametric sensitivities. The influences of changes in dolly and last waiier

properties {see Table 41) are illustrated in Figures 147 through 150. The results shew that
on either the 1,200- or the 600-foot tumm, the cornering stiffnesses of the tires instaded on
the last axie have a greater influence oi high-speed offiracking than the influences of any of
the other properties examined. As ol served for other vehicles, an increase in cornening
stiffness always reduces high-speed offracking.

7.5 Steady Turn - Roll

Benchmark performance. With regard to roll, the tractor and semi railer perform as

one unit and the full wailer performs as an independent unit. This is because the pinde hitch
does not transmit roll moments between the first semitrailer and the dolly. Accordingly, the
performance signature for the double consists of a graph for the ractor-semitrailer, Figure
151, and a graph, Figure 152, for the full trailer.

As seen by examining Figures 151 and 152, the roliover threshold of the wactor-
semitrailer portion of the double is higher than the rollover threshold of the fuil trailer. The
roliover threshold of the tractor-semitrailer is 0.408 g and the rollover threshold of the full
trailer is 0.394 g. The axle on the first sermitrailer is a "stifF™ axle, This axie is the £y axie
to lift on the tractor-semitrailer portion. The wactor-semimailer portion does noi roll over

until the mactor's rear axle Ufts off.

Paramerric sensitivivies, Pertinent properties of each unit have been varied ir this

case (see Table 42). Since the front 252 portion of the benchmark double (which is ¢ «ged
as a 252-2 vehicle) has the higher rollover threshold, variations in 252 propertes would

not indicate any influence on the rollover threshold uniess they made the 282 roll over



Table 40. High-Speed Offtracking Performance, Double

Simple Models:O.Double

Velocity = 80.6667 {i/sec
Radius of the turn = 1200 ft

Rear Articulation Zero Speed Haigh Spees ‘,

Suspension # Point on Unit # Radius Ladius 5
1 1200.00 1206.060
2 1189.95 1200.25
1 1199.95 1200.22 :

3 1189.77 1206.61 }
2 1199.77 1200.70

4 1199.75 : 1200.86 |
3 1199.75 1200.86

5 1199.57 1201.21
4 1196.57 1201.29 ;

Zero Speed Offtracking = 0.43 {t
High Speed Offtracking = -1.29 ft
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Table 41. Double - High-Speed Offtrucking

T rameter Name

Benchmark Value

Mmimum Value

Maximum Yalue

Nedes

Dolly's wheelbase
Dolly's cornering
stiffness

Second trailer

wheelbase

*Second trailer's
comnering stiffness

80 inches

1909.1 Ib/deg

252 iniches

1885.22 Ib/deg

72 inches

954.55 Ib/deg

240 inches

942.61 ib/deg

96 inches

2863.65 ib/deg

336 inches

2827 83 ib/deg

Comering stiffy us is
determined fron ioacled
vehicle daia

i
]

Comering stiffnsss s
determined from ioaded
vehicle data
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Table 42, Double - Static Roil

Parameter Name

Bencnhmarx Value

Mmimum Value

Maxmum Ve

Motes

Trailer #1 ¢c.g.
height

Trailer #2 c.g.
height

Rear axie roll
center heights

Front axie roll
stiffness

Front axle track
width

Tractor rear
suspension roll
stiffness

Tractor rear axle
track widths

Trailer #1 axle roll
stiffness

Tratler #1 axle
track width

Dolly axle roil
stiffness

Dolly axle track
width

Trailer #2 axle rofl
stiffness

Tratler #2 axle
track width

78.4 inches

78.5 inche s

29 inche

21,000 in.tb/deg

80 inches

70,000 in.ib/deg

72 inches

80,000 in.lb/c eg

72 inches

80,000 in.Ib/deg

72 mches

80,000 in.lb/ceg

72 inches

70 inches

70 inches

21 inches
17,000 in.lb_/deg

71 inc;hes

30,000 in.lb/deg

71 inches
30,000 in.lb/deg
71 inches
30,000 in.Ib/deg
71 inches
30,000 in.Ib/deg

71 mnches

20 mches

80 inches

31 inches

25,000 in.Ib/deg

81 inches

165,000 in.lb/deg

78 inches

165,000 in.Ib/deg

78 inches

165,000 in.Ib/deg

78 inches

165,000 in.Ib/deg

78 inches

Much rarger devictions

used for braking

Much larger devistions

used for braking

259



before the 7. trailer. For example, lowering the ¢.g. height of the second ailer ncreases
the rollover t reshold, as indicated in Figure 153, to the level of the rollover thrashoid of
the 282 — f{ir creasing the rollover threshold of the full wailer beyond that o i the 252 does
not provide a y help to the 282 and visa versa). In this cuse the 282 rolls over {irst, since
the rollover t* reshold of the full trailer s now greater than that o the 250

The rosults presented in Figures 153 through 158 do not iliusirate any new
concepts. As long as sne keeps track of which unitis rolling over first, then basic 10tons
apply. For example, widening axle track is always beneficiul and it dees not help o
increase the roll stiffness of a stiff axle. Results pertaining to roll stiffnesses ant rack
widths of sach axle appear in Figures 134 through 158, In general, with the exce; Lon of
the front uxle, the roll stiffness distribution of this venicle is well arranged such hat the
influences of changes in the individual properties of any one suspension wili have n lnima

effect on overal] performiance urless the roll stiffness of an axle is greatly reduced.

Logically, one needs to improve both the 282 and the full trailer o improve e
overall rollover threshold, but one can lower the rollover threshold by degrading the

performance of either the 252 or the fuli trailer.
7.6 Steady Turn - Handling

Benchmark performance. The negative slope in the handling signature presented i

Figure 159 shows that the benchmark double will become unstablc before any wnee s i
off. The stability boundary in the space defined by lateral acceleraiion and velocity 1s fiven
in Figure 160. At 100 mph, the vehicle would become yaw divergent at slightly :.bove
0.3 g. Since the vehicle is stable at (.3g and 55 mph, the steering sensitivity ot this
operating condition is used as the baseline in the following performance sens Jivity

diagrams. This baseline value is 0.034 radians/g.

Parametric sensitivities, Handling performance is practically independent of the

properties of the second trailer because the pintle hiwch effectively decouples the I3

portion from the full trailer with respect o roll moments and side forces. Tractor and first

semitrailer properties are varied o exarnine the sensirivity of handling performance 1o

~

changes in vehicle properties (see Teble 43}.

As shown in Figure 161, the iocation of the tractor's fifth wheel nas a large
influence on handling (as long as the vertical loads on the tractor's tires are kept ibe same).

As indicated in Figures 162 through 166, other significant changes ure brought about by {a)
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Equilibrium (steady) Turning at 55 mph

.35
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Table 43. Double - Handling

Parameter Name

Benchmark Value

Mmmum Value

Maximum Value

Noies

Tractor wheelbase
Fifth wheel offset

Rear axle roll
center heights

Tractor's front axle
roil stiffness

Tires on tractor's
front axle

Tractor front axle
track width

Tractor rear
suspension roll
stiffness

Tires on tractor's
rear axle

Tractor rear axle
track width

Trailer #1 ¢c.g.
height

Traller #1 axle roll
stiffness

Trailer #1 axle
track width

Trailer #1 tires

120 inches
12 inches

29 inches
21,000 in.Ib/deg
Bias-plv, Rib
tread

80 inches

70,000 in.Ib/deg

Bias-ply, Rib
tread
72 inches
78.4 inches
80,000 in.lb/deg

72 inches

Bias-ply, R:»
tread

118 inches
0 imches

21 inches
17,000 in.Ib/deg
Bias-ply, Lug
tread

77 inches

30,000 in.lb/deg

Bias-ply, Lug
tread
71 inches
70 inches
30,000 in.lb/deg

71 inches

Bias-ply, Lug
tread

203 inches
- 24 inches

31 inches

25,000 in.ib/deg

Radial

81 mches

165,000 in.Ib/deg

Radial

78 inches

80 inches

165,000 in.lb/deg

78 inches

Radial

Much larger deviations
used for braking
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decreasing the roll stiffness of the front axle, (b) increasing the comering stiffnesses of the
tires installed on the front axle, (¢) increasing the roll stiffness of the fractor's rear
suspension, (d) increasing the cornering stiffnesses of the tires installed on the ITActor's
rear axles, and () decreasing the rofl stiffness of the suspension on the first semitratier. Of
these variations, the stability margin is only increased in the case in which the comering

stiffnesses of the tires instalied on tractor's rear axles are increased.
7.7 R:sponse Times in Steering Maneuvers

Benchmark performance, Response times are evaluated for ramp-step and closed-

loop obstacle-avoidance maneuvers. The performance measures used in evaluating vehicle
responses in thse maneuvers are illustrated in Figures 43 and 49. In essence, these
measures are (1) the time for the lateral acceleration 1o reach 90 percent of 13 steady-state
value for a stead - murn and (2) the time lag between the steering and the laseral acceleraiion

waveforms obta: 1ed in an evasive maneuver, when the vehicle is traveling at 56 mph.

Tables 44 and 45 present results for the empty and loadec vehicle operating uncar
good and poor road surface conditions. In this case, the performa ice of the loadsd ven.cle
on the good road rmight be taken as the baseline, but the con: ept of a baseline 15 not

absolutely necessary for presenting these results.

Paramerric sensitivities, Ramp-step results, showing that the loaded vehicie is

much siower 0 respond than the empty vehicle, are given in Table 44. In low-ievel urns
(28 degrees) the vehicle responds more quickly on the slippery surface than on the good
road. However, in severe maneuvers the vehicle responds morz slowly on the poor road
with 2.99 seconds being required for the loaded vehicle to reach 90 percent of steady-state
acceleration on the: poor surface.

In the closed-loop maneuver, the maximum cross correlations are very hizh
indicating an excellent fit between the time shifted steering input and the lateral acceleration
response. Both the ramp-step and the closed-loop response times for the coubie are
noticeably longer than those obiained for the 382 (compare the results in Table 24 with
those in Tabie 44 und also the e in Table 26 with those in Table 45). These longer
response tmes are not caused by the addition of the full mailer. Even in the more severe
cases, the lateral forces at the pintle hitches are small compared to the tire forces. The
differences in response times are mainly due to differences between the properties of the
352 and the 252 portion of the double.
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Table 44. Ramp-Step Response Times - Double (Benchmark)

Response Times
Ramp Steer Input
Loading Condition { Road Surface 28° 48.9¢
Dry 0.720 0.780
Empty Vehicle
Wet 0.680 1.030
Dry _ 0.980 2.010
Loaded Vehicle
' Wet 0.900 2.990

Table 45. Closed-Loop Response Times - Double (Benchmark)

Path Follower

‘ : ‘ Cross Correlations -
Loading Condition | Road Surface Lag Value
Dry 0.200 0.997

Empty Vehicle
Wet 0.180 0.998
Dry 0.240 0.994

Loaded Veh :le
Wet 0.240 0.995
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The closed-loop response times range rom 0.20 to 0.24 sec. The influences of
load and surface friction are not large in an evasive maneuver requiring the ariver to steer
so that the vehicle will ransiate 4 feet laterally while moving forward 73 feet.

7.8 Rearward Amplification

Benchmark performance. The performance signature for the benchmark double 1s

rresented in Figure 167. The results show that the lateral acceleration of the last trailer
siarts to noticeably exceed that of the tractor at a frequency of approximat:ly one radisn/sec.
Between two and three radians/sec, the rearward amplification reuches a maximum of about
2.1, This is a large amplification in the range of frequencies reguired in accident-avo. dance
maneuvers. To a rough apprc ximation, this means that since the wailer has a rc tdover
threshold of (.415 g, the trailer is on the verge of rolling over when the wactor performs an
avoidance maneuver with only « maximum acceleration of 0.2 g.

Paramet ic_sensitivities, The factors having an irnportant influence on re: rward
amplification are (1) the cornering stiffrnesses of the tires, (2) the wheelbases of the uailers,

and (3) the location of the pintle hitch with respect to the rear axle of the first semitral o1

Figure 168 illustrates the improvement that can be made Dy installing stiff tires on
all wheels. In this case the maximum rearward amplification is reduced 10 1.43 whichis a
sizeable improvement that would greatly reduce the risk of rollover.

The wheelbases of the trailers in a double have an important intluence on rearward
amplification. Doubles with long wheelbase trailers have little ampiification. For example,
if the distance from the articulation point to the axle is increased from 252 inches to 300
inches on each tra:ler, rearward amplification is reduced from 2.1 to 1.75 for the western
¢ ouble (see Figur: 169). This trend continues as wheelbase is increased such that z
tumpike dcuble hs : almost no amplification at 55 mph.

The location of the hitch on the towing unit, that is, the 252 in this case, is another
important determinant of the arnount of rearward amplification. As saown in Figure 70,
an increase from 36 inches 1o 60 inches in the distance from the axle of the first sermit ier
to the pintle hitch causes an increase in amplification from 2.5 1o 2.25. Very large amounts
of overhang of the pintle hitch contribute t a large facror that multiplics whatever
amplification the vehicle would otherwise possess. In this sense, the convenience of
locating the pintle hitch as far back as possible can be counterproductive with respect o

safety.
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7.9 Braking in a Turn

Benchmarik performance, The general description of vehicle response to a pulse of
braking during a steady turn is presented in Section 4.9. In this maneuver, the vehicle is

traveling along at 50 mph on a turn with a radius of 1,500 feet. Then a pulse of braking 1s
applied. The brake pressure quickly rises to 180 psi and theni it 1s released. The effect of
this braking action is to start directional instability and then to make it worse when the
brakes are released and the tires are again capable of producing large side forces,

For the loaded double the vehicie response in this maneuver is substantial, but the
modelled driver is abie to maintain control. The following Figures (171 a through ¢) show
the timing of the braking pulse and the effect of this pulse on the yaw raies of the zactor,
the first semitrailer, and the second semitrailer. The yaw rate graphs show the turning
levels of yaw rate: before the brakes are applied, then the changes in yaw rates caused by
the braking, and finally the remaining directional motions after the brakes are releascd and
the simulated driver is regaining directionai conirol. Figure 171e shows the sim :lated
steering actions used to maintain contre!. '

Parametric sensitivities. The oniy variation considered here is to unload the vehicle
and to repeat the same maneuver. The results are presented in Figure 172 a through e. In
this case, the yaw response of the wactor to the release of braking is very large and the
effects of this yaw divergence is to set up a violent directional disturbance throughout the
vehicle system. As shown in Figure 172¢, the sirnulated driver has lost conwrol and a very
large steering wheel angle is reached. The vehicle does not jackknife at the first articulazion
joint, rather the second trailer takes on a very large angle with respect to the first wrailer.

The properties that can influence this situation are discussed in Section £.9.
Advanced braking systems with load sensing, good timing, and no hysteresis in the brakes
ippear to be a possible solution.

7.10 Conclucing Remarks on Joubies

The dou e is a unique vehi le with its own special id »syncracies, neveriheless,
many of its periormance character stics ¢n be related o t ose of simpler vehicle
configurations. For example, handling performance is determined largely by the cornering
stiffnesses of the front tires and “he load transfer taking place at the rear tires of the tructor.
In some respects, the pintle hitc h effectively decouples the full trailer from the fron- 252
portion of the doubie. Roll n.oments are not coupied through the pintle hitch, s the
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rollover thresholds of both the full trailer and the 282 sortion are computed separately. The
lateral force at the pintle hitch is small, implying that (1) handling is not infiuenced
significantly by properties of the full trailer and (2} the full trailer may have lateral motions
that are amplified versions of the motion of the rear of the 252 porton.

During braking, the converter dolly transfers veitcal load to the rear of the first
semitr: iler and, since the dolly is short, this load wansfer is large enough to substar zally
load the rear axle of the first serutrailer. This leads to a Jdifferent arrangement of fr ction
atilizations than that which wc uld occur if a fixed dolly were employed. In the case of a
fixed dolly, the rear axle of the ‘irst sernitrailer would carry less load than it would with the
converter delly. This difference will be important if brakes on the first semtrailer are more
effective than the other brakes.

The additional articulaton points on the double (compared to the wractor-semirrailer)
contribute to improved low-speed offtracking, but also to increased high-speed, outboard
offtracking thereby making the occurrence of curb tripping and subsequent rollover more
likely unless the driver is careful to keep the tractor in the center of its lane on ram s and
other curbed turns.
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8.6 TRIPLES
8.1 Baseline Values of Pertinent Mechanical Propertics

The benchmark triple is simply an extension of the benchmark double described in Section
7. This triple eraploys two identical full trailers that are identical to the full truiler speciited in Taole
37 and Figure 137. The tractor and first semitrailer of the triple are also identical to the tractor and
sermitrailer utilized in the benchmark double. Given these choices of anits, the loaded triple has a
sross corr bination weight of 115,000 tbs. (This is more weight then is allowed in most States.
However. -his arrangement is satisfactory for illustrating how triples 'ould behave.) The distance

from the 1,ont axle to the rearmost axle would be 91.33 feet.

8.2 Low-Speed Cornering - Tractrices

Benchmark performance. The performance signature consists of the paths of the axle
centers as plotted in Figure 173, The maximum offtracking of the rearmost axle is 15.9 feet in this

rivht angle turn with a radius of 41 feet to the center of the front axle.

Parametric variations. The effects of changes in the offtracking dimensions of the last dolly

and semitrailer are studied here using the deviations listed in Table 46. The results presented in
Figures 174 and 175 show that the changed trailer wheelbase is the only change in length that is
large enough to have a significant influence on low-speed offtracking.

8.3 Constani-Deceleration Braking

Benchmark performance, The triple has high braking efficiencies in the loaded condition
(0.92 at 0.2 g and 0.83 at 0.4 g) and lower efficiencies in the empty condition (0.7 at 0.2 g and
0.66 at 0.4 g). For the benchmark vehicle, the controlling axle (that is, the one requiring the

highest friction) is the rearmost axle, the seventh axle of the combination.

Parametric sensitivities. The results for the variations listed in Table 47 are presented in

Figures 176 through 179. Due to the similarities between this vehicle and the double treated in
Section 7.3, the results presented here are much the same as those presented there. Interestingly,
none of the deviations in mechanical properties have a significant effect on the poor braxing
efficiency of the en'pty triple. If triples are to be used to transport empty trailers, advanced or
modified braking sy:tems are needed to achieve high efficiencies.
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MINIMUM TRACK

Susp.No. Radius (R} Angle{ceq)

1 41.00 $.00
2 38.67 75.32
3 33.43 63.93
4 33.94 B81.82
5 29.44 58.73
6 29.02 5c.22
7 2516 54.08

Maximum QOfftracking =15.30 fi.

Figure 173. Tractrices, triple, 41 foot turn
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Table 46. Triple - Low-Speed Offtracking

Parameter ~ame | Benchmark Value Minimuem Vatue | Maximum Value Notes
Second doliy's 80 inches 2 inches 96 inches
wheelbase
Third trailer's 252 inches 240 inches 336 inches
wheelbase
Table 47. Triple - Braking
u@'ameter Name|Benchmark Value! Minimurn Value Maximum Value Notes
Front brake gain} 2000 in.ib/psi | 2000 in.lorpsi | 3000 in.lb/psi |Both brakes comined
*First trailer's 78.4 inches 60 inches 105 inches
c.g. height
First dolly 80 inches 72 inches 96 inches
wheelbase
*Qecond trailer'sy  78.5 inches 60 inches 105 inches
c.g. height
Second dolly 80 inches 72 inches 96 inches
wheelbase
*Third trailer's 78.5 inches 60 inches 105 inches
c.g. height
Third trailer’s 252 inches 240 inches 336 inches
wheelbase

* For the loaded vehicle
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8.4 High-Speed Offtracking (Steady Turn - Tracking)

Benchmark performince, The offtracking of pertinent points along the centerline of the

benchmark iriple are given in Table 48. At 55 mph on a 1.200-foot-radius turn, the Jast axic
offtracks by 1.83 feet. On a 600-foot turn with the vehicle raveling at 38 mph the lase axlo
offtracks by 1.1 feet.

Parametnie seasitivities, The mechanical properties of the dolly and semitrailer of the lac

tull trailer are examined here (see Table 49). The resuits (sec Figures 180 through 133) provid:
illustrations of the fundamental principles that (1) increasing cormering stiffnesses of the tires wil.

decrease high-speed offtracking and (2) there is 1 worst-case wheel rase for each speed.
8.5 Steady Turn - Roll

The rolling performance of the triple is similar to that of the double because the last trailer
of the triple is like the last trailer of the double and the vehicles are similar in other respects.
Accordir.gly, the roll analyses for these two vehicles are practicall - equivalent. See the discussion
in Sectien 7.5 to obtain information on the influcnces of changes n mechanical prop:riies on the

rollover thresholds of this type of vehicle combination whether it is a double or triple.
8.6 Steady Turn - Handling

The pintle hitch transmits no moment and little side force between the last two trailers when
tne triple 1s executing a steady turn. Since the front of the triple is the same as the doubie, the
previous analysis for the double in Section 7.6 pertains to the triple, also. Changes in the
mechanical properties of the last full trailer will have negligible influences on handling.

8.7 Rearward Amplification

The benchmark triple has a high level of rearward amplification. Its amplification is equal
to the amplification of the double multiplied by the amplification between the motion of the c.g.of
the first full trailer and the motion of the c.g. of the second full trailer in the triple. To first
approximation, the amplification between the f st and second full trailer is 2.2 at 3.0 radians/sec.
Since the double has a maximum amplificat on of 2.1, the maximum amplification for the
corresponding triple is roughly 4.5, This result is very sensitive to the amplification between the
¢.g.'s of adjacent trailers. For example, if a double has an amplification of 2.0, the amplification
of the wriple obtained by adding another identical trailer would be roughly 4.0, but if the

amplification between adjacent trailers were 1.8, the overall amplification would be approximately
3.24.
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Table 48

Simp!: Models:O.Triple

Velocity = 80.6667 fi/sec
Radius of the turn = 1200 fi

Rear Articulation Zero Speed High Speed

Suspension # Point on Unit # Radius Radius
1 1250.60 1200.00
2 1199.95 1200.25
1 1199.95 1200.23
3 : 1199.77 1200.61
2 - 1199.76 1200.70
4 1196.74 1200.86
3 1199.74 1200.56
5 1199.56 1201.25
: 4 1199.56 1201.33
6 1199.54 1201.50
5 1199.54 1201.50
7 1199.35 1201.83
6 1199.35 1201.52

Zero Speed Offtracking = 0.65 ft

High Speed Offtracking = -1.92 ft
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Table 49. Triple - High-Speed Offtracking

Parameter Name

Benchmark Value

Vimimum Value

Maximum Value

Notes

Second doily's
wheelbase

Second dolly’s
comering stiffness
Third trailer's

wheelbase

Third trailer's
cornering stiffness

80 inches

1909.1 Ib/deg

252 inches

1885.2 Ib/deg

72 inches

954.5 Ib/deg

240 inches

942.6 Ib/deg

96 inches

2863.6 Ib/deg

336 inches

2827.8 lol eg

Comering stiffness is
determined from leaded
vehicle data

Cornering stiffness is
determined from loaded
vehicle data
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As discussed in Section 2.5, the primary mechanical factors influencing rearward
amplification are wheelbases, hitch overhangs, and tire comering stiffnesses. The performance

sensitivities presented in Section 7.8 apply to the triple as well as to the double.
8.8 Concluding Remarks on the Triple

The triples configuration serves to amplify the performance limitations possessed by its
corresponding doubles configuration in trailing fidelity, that is , in offiracking and re: rward
amplification. The drivers of currently assembled triples need to be very careful to avoid raffic
conflicts that require sudden maneuvers to resolve. The danger of rolling over the last triiler is
extraordinarily large if the unit is loaded so that the c.g. is high. In any case, the path of the rear
axie of the vehicle will deviate considerably from that of the rearmost axle in iow- and high-speed
turning maneuvers and in obstacle-avoidance situations. A possible approach for alleviating these

difficuities is to develop improved dolly concepts that will provide enhanced trailing fidelity.
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9.0 A PROCEDURE FOR USING THE HANDBOOK TO EVALUATE A
PROPOSED VEHICLE CONFIGURATION

Even though this handbook contains a large base of information on vehicie performance,
the application of this information to a variety of performance goals is an art requiring skillful
interpretations of principles applying to the dynamics of heavy trucks., To aid in empioying and
developing the knowledge-base presented in the handbook, relevant dynamical principles have
been incorporated into simplified models that may be used for making first arder oredictions of
vehicle performance in selected maneuvers. Given the understanding and knowiedge-base
provided by the Component Factbook and the Vehicle Dynamics Handbook, the pui pose of this
section is to outline how the knowledge-base presented in the ha dbook might be pplied in a
vehicle synthesis process aimed at improving braking and steering performances. (See SAE paper
No. 870494 for an expanded version of this material [32])

9.1 Basic Features of & Vehicle Synthesis Process

"Vehicle synthesis™ implies the use of performance objectives or targets in specifying or
designing a vehicle [31]. The general intention is to emphasize solving for properties of a vehicle
system that will satisfy performance targets rather than developing a vehicle design or a prototype
vehicle first and then assessing its performance. In a systems analysis context, the idea is o
change from an ¢nalysic problem to a synthesis problem. As illustrated in Figure 184, thit is o
change from (a) | nowing the input and the system, and then solving for the output to (b) knowin g
the input and the lesired output, and then "solving” for the system.

The synthesis process depends upon the ability to predict the influences of changes in
mechanical properties on vehicle performance. The existence of conceptual models of the vehicles
involved is implicit in this approach. Analysis-software and parametric information on the
mechanical properties of components are assumed to be available. (In this reg ud, the componen:
factbook and the venicle dynamics handbook represent data ar d capabilities that are currentiy

available.)

Vehicle synthesis, given an emphasis towards predictions based on sinplified conceptual
models, results in or iy a first order approximation 1o the exact performance desired. Neverthelass,
the resulting designs are expected to lead to prototype vehicle systems that come close to the targess
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Input — System —» Output
(given) {given) {unknowny}

Analysis : Solve for the output

Input —» System |—» Output
{(given) {urknown) {given)

Synthesis :Solve for the system

Figure 184. Synthesis compared to analysis.
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used in the synthesis process. These prototypes should orly require optimization rather than

compiete redesign during development.
9.2 Elements of a Proposed Synthesis Process

The notion of "cha.sis design synthesis” as described by Topping [31] has been adapted
herein to fit the objective of aiding in improving braking «nd stecring performances of heavy
trucks. Although Topping addressed passenger cars and the (hree performance modes associated
with ride and pitch control, roll, and steering-induced lateral dynamic motions of passenger cars,
his generalized presentation of the design synthesis method provides a logical framework for the

flow of the technical, practical, and pragmatic decisions that will be discussed here.

The proposed vehicle synthesis process is portrayed by the flow chart presented in
Figure 185. Asillustrated in Figure 185, certain initial decisions are required before beginning the
solution of the first performance mode corresponding to the first maneuvering situation. The
process begins with the selection of the maneuvering situations to be used in the synthesis. For
cach of these situations, one needs a basis for evaluating vehicle performance. Clearly, the
intention here 1s to use the maneuvering situations, performance signatures, and measures

employed in the handbook.

In addition to establishing performance measures (that is, performance variables), the
mechanical properties whose values will be determined by the synthesis process need to be
established. The pertinent mechanical properties (PMP's) are those that have strong influences on
vehicle performance in one or more of the selected maneuvering situations. The determination of a
set of values for the PMP's constitutes a solution to the synthesis problem,

Once the initial decisions are made, the next siep is ‘o set performance targcts (see
Figare 185). Implicit in this is an understanding of vehicle performance in the selected
maneuvering situations. The knowledge base presented in the handbook provides one source of
information on performance capabilities. Other sources of information could be the results of
vehicle tests, the findings of additicnal analyses and simulations, or knowledge of the capabilities
of competitive vehicles. However, the synthesis process has an iterative feature that provides for

the possibility of changing performance targets if initial choices prove to be untenable.

Given performance targets, the process of finding solutions depends upon more choices
and decisions. As indicated in Figure 185, the PMP's are divided into dependent and independent
categories. The independent PMP's are those that have important influences in the maneuvering
situations, but their values are set by considerations other than steering o, braking performance.
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*Select maneuvering situations

« Establish performance signatures

« Establish performance measures

« Establish pertinent mechanical
properties (PMPs)

g

i Set performance turgets

v

Solve performance modes %

(For the chosen maneuvering situations, ety
examine the sensitivities of tha performance measures to the PMPs)

« Choose dependent PMP's

» Set values for independent PMP's

« Set limits for dependent PMP’s

- Solve for prospective ranges of the dependent PMP's

yes

Valid sclution? jendipd  Last maneuvering situation?

Lno

Change performance targets?

% no yes

Change values of independent

no, g¢ o the next
situation

yes

& Vehicle specified

PMP's or
change limits of dependent
PMP's

Figure 185. A vehicle synthesis procedure [32].
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For example, wheelbases and c.g. heights may be determined by eccnomic factors or the
transportation mission of the vehicie. In that case, those pertinent mechanical properties will be
independent variables in a synthesis problem in which the values of the other pertinent mechanical
properties are the dependent variables. As already discussed, the sequence of maneuvering
situations has been organized so that dependent mechanical properties from earlier maneuvering
sitvations may become independent mechanical variables for later maneuvers (performance

modes).

There are also other types of constraints on the dependent pertinent mechanical properties.
The values of these properties are limited to acceptable and reasonable ranges determined by the
characteristics of currently available components and the types of components the synthesizer
chooses to employ. Information on the ranges of mechanical properties of basic components such
as tires, suspensions, steering systems, brakes, and other itemns is presented in the Componen:
Factbook. Nevertheless, the choices of ranges of properties may again depend upon matters in
addition to braking and steering performance—for example, matters such as cost, encurance,

licensing ugreements, etc,

Ater finding a prospective solution for a maneuvering situation, the flow char
{Figure 135) directs the synthesizer to ask if this is a valid solution. If the solution does not
violate any constraints, the process proceeds to the next maneuvering situation until all the
performance targets are satisfied. If a suitable solution cannot be found, the synthesizer has three
choices: (1) chan ge the performance targets, (2} change the values of independent PMP's (which
implies delving into matters other than steering and braking), or (3) change the limits of the
dependent PMP's (which implies using new types of components or, at least, ones with different
ranges of performance). If changes are made in any of these three items, the synthesis process
may need to be repeated. However, an important function of the synthesis process is to identify
and quantify conflicts between performance targets and other factors consiraining the form of the

vehicle system.,
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