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EXECUTIVE SUMMARY

The University of Michigan Transportation Research Institute (UMTRI), under the
sponsorship of the Sandia National Laboratories (Sandia), has evaluated the roll stability
properties of four configurations of a tractor semitrailer combination vehicle used by the
Department of Energy (DOE) for the transport of nuclear materials on the nation's
highways.

The primary element of this evaluation was a series of full scale tilt table experiments
conducted on DOE vehicles. The tilt table experimental method, which is illustrated in the
figure on the following page, is recognized as an accurate means of simulating the steady
state roll behavior of commercial vehicles in a laboratory environment. The vehicle is
placed on a tilt table and is very gradually tilted over in roll. The components of
gravitational forces which lie parallel to the table surface provide a simulation of the
centrifugal forces experienced by a vehicle in turning maneuvers. For the levels of tilt
angle necessary for testing commercial vehicles, the component of gravity perpendicular to
the table remains sufficiently near to unity so that accurate representations of 'vertical' tire
and suspension loadings are maintained. (At a tilt angle simulating 0.3 g lateral
acceleration, 'vertical' acceleration is 0.96 g.) The roll reaction of the vehicle to increasing
levels of lateral acceleration, up to the rollover threshold, can readily be observed and
measured. The fidelity of the tilt table method far exceeds that which can be attained in
practical, full scale turning tests.

The subject vehicle was a specially constructed tractor semitrailer, provided by DOE.
The tractor was a Marmon 6x4 COE, equipped with conventional steering axle with leaf
spring suspension and tandem rear axles using air spring suspension. This tractor was
tested in combination with four configurations of the semitrailer—two different trailers,
each in two loading conditions. The two trailers were virtually identical except for their
suspensions. One was equipped with a Fruehauf "four-spring” tandem axle suspension
and one with a Turner tandem axle air suspension. The two loading conditions were
representative of the trailer as currently configured, and as would be configured under
proposed modifications. The modified configuration adds a mass, weighing approximately
5000 pounds, high in the trailer. Tests were conducted with the vehicle in the four,
baseline "as delivered" configurations, and also with a number of modifications made to the
trailer air suspension and to the tractor air suspension. These later tests were intended to
evaluate the potential for improvement to the DOE vehicle systems.

It should be noted that there are significant differences between the air suspension used
on one of the trailers and the air suspension used on the tractor. Although these two
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A schematic diagram of the tilt table experiment.

suspensions have comparable air spring elements, each also has significant, but very
different, auxiliary roll stiffness mechanisms. On the trailer, each axle is rigidly clamped to
its two suspension trailing arms, such that these three members together form a very stiff
"anti-sway bar." This "auxiliary roll stiffness” far exceeds the roll stiffness provided by
the right- and left-side air springs. The result is a suspension with one of the highest levels
of roll stiffness available in the market. On the tractor, however, the axles are fixed to the
trailing arms through rubber bushed joints. An additional member—also mounted in
rubber—is attached between the trailing arms to provide auxiliary roll stiffness. While this
system adds significantly to the roll stiffness of the suspension (relative to the stiffness
provided by the air springs alone) this suspension is, nevertheless, among the more roll-
compliant tandem suspensions available.



THE PRIMARY FINDINGS of the study derive from the measured lateral
accelerations corresponding to the rollover thresholds of the vehicle in each of the four test
configurations. These measures are shown in the bar graph which follows. Their
implications are summarized in the following statement of primary findings.

The four configurations of test vehicle, as delivered, exhibited rollover thresholds
in the 0.33 to 0.37 g range. This level of roll stability could be characterized as
moderate to moderately low, relative to the bulk of the US commercial vehicle fleet.

Changing trailer suspensions from the four-spring to the air suspension does not
appear to have a significant impact on the rollover threshold of the vehicle. Both
trailer suspensions are so stiff in roll —much stiffer than the tractor tandem
suspension— that their differences are insignificant in this vehicle. A difference in
rollover threshold of 0.009 g's was measured between vehicles equipped with these
two suspensions, but this difference may well result from minor differences in the
two trailers which are unrelated to their suspension .

The change in loading condition, from the current to the proposed configuration,
results in a about a 10% reduction of roll stability (0.029 g). The addition of mass,
high in the trailer, raises the vehicle center of gravity and reduces roll stability. This
magnitude of the change in stability can be expected to have a moderate, but
significant, influence on the probability of rollover occurring in actual accident
events. Previous research has shown that the change in stability observed in these

tests may result in increasing the probability of rollover in a single vehicle accident
from about 40% to about 45%.

4-Spring Suspension [
odified Loading |

Air Suspension . .
Modified Loading |

4-Spring Suspension .
Current Loading

Air Suspension [ -
Current Loading i

Vehicle Configuration
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Rollover Threshold; Lateral Acceleration, g's

The rollover threshold of the four DOE test vehicles.
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ADDITIONAL FINDINGS of SIGNIFICANCE derive from more detailed analyses of
the vehicle response during testing and from the results of testing with suspension
modifications. These are:

*

In all four of the test vehicle configurations, the properties of the tractor rear
suspension are critical in determining the rollover threshold of the DOE vehicle.
Because of the relative stiffnesses of the tractor and the trailer suspensions, the
tractor rear suspension is the critical suspension of this vehicle—the vehicle
becomes unstable in roll at the occurrence of the liftoff of tires on the tractor rear
axles. Therefore, changes in properties of this suspension which influence the
point of tire liftoff, directly alter the rollover threshold of the vehicle.

Radical changes in the air control system of the trailer air suspension do not
significantly alter the rollover threshold of the vehicle. This suspension possesses
very high levels of roll stiffness as the direct result of a very effective auxiliary roll
stiffness mechanism. This mechanism is far more effective in roll than is the action
of the air springs. Thus, any roll performance changes which can be brought about
by alterations of the air spring system in this suspension are generally insignificant.

THE CONCLUSIONS AND RECOMMENDATIONS which follow from these
findings are:

Changing the trailer suspensions from the four-spring style to the air spring style
used on the trailer in this program does not result in significant degradation of the
roll stability of the DOE vehicle.

Changing trailer configurations, from the current to the modified loading
configurations tested herein, results in a moderate degradation of the roll stability of
the DOE vehicle. If not mitigated by other factors, this change in stability could be
expected to cause a moderate increase in the rollover experience of the fleet.

SANDIA and the DOE should consider alternatives to the current tractor rear
suspension. This suspension plays a pivotal role in determining the rollover
threshold of the vehicle. The potential for improving the roll stability of the vehicle,
through increasing the roll stiffness of this suspension, significantly exceeds the
magnitude of the changes in rollover threshold observed in this study.

Care should be taken to maintain proper adjustment of the control valves of the
current tractor rear suspension. The condition of this suspension has a major
influence on the rollover threshold of the vehicle. Right-to-left asymmetries in the
inflation of the air springs of this suspension will degrade stability toward the side
in the lower position.



» Modification of the air control system of the trailer air suspension is probably
desirable. Inflation of the air springs of the trailer suspension should be controlled
by one valve, common to all four springs, rather than by the separate left and right
side valves currently used. Such a change will have virtually no influence on roll
stability—since the high level of roll stiffness of this suspension derives nearly
exclusively from the auxiliary mechanism—but would prevent unnecessary
structural stresses likely to be present with the existing system.
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1.0 INTRODUCTION

This document is the final technical report of a research project entitled “Experimental
Determination of the Rollover Threshold of Four Commercial Vehicles." The project was
conducted by the University of Michigan Transportation Research Institute (UMTRI),
under the sponsorship of the Sandia National Laboratories (Sandia). The purpose of the
project was to evaluated the roll stability properties of the tractor-semitrailer combination
vehicles, used by the Department of Energy (DOE) for the transport of nuclear materials on
the nation's highways, and to determine how those properties would be altered by certain
proposed changes to those vehicles.

The primary element of this evaluation was a series of full-scale tilt-table experiments
conducted on four configurations of the DOE transport vehicle. The tilt-table experimental
method is recognized as an accurate means of simulating the steady-state roll behavior of
commercial vehicles in a laboratory environment. The vehicle is placed on a tilt table and is
very gradually tilted over in roll. The component of gravitational forces parallel to the table
surface provides a simulation of the centrifugal forces experienced by a vehicle in turning
maneuvers. For moderate angles of tilt, the component of gravity perpendicular to the table
remains sufficiently near to unity so that accurate representations of 'vertical' tire and
suspension loadings are maintained. The roll reaction of the vehicle to increasing levels of
lateral acceleration, up to the rollover threshold, can readily be observed and measured in
great detail. Although the simulation of actual rollover mechanisms is not perfect, the
method is very attractive since its fidelity far exceeds that which can be attained in practical,
full-scale turning tests.

In the course of the project, UMTRI designed and constructed a tilt-table facility
generally appropriate for commercial vehicles. Following completion of the facility,
experiments were conducted on the DOE vehicles of interest. Four configurations of the
test vehicle—derived from two different trailer suspensions and two different trailer loadmg
conditions—were evaluated.

The tilt-table facility and methodology are briefly described in Section 2.0 of this
report. Section 3.0 describes the test vehicle and the testing activity, and conclusions and
findings of the program are presented in Section 4.0. Much of the discussion of the report
assumes that the reader has a working understanding of the mechanics of commercial
vehicle rollover. A thorough discussion of this topic is available in references [1] or [2],
and an appropriate section of [2] is appended to this report.



2.0 THE TILT-TABLE FACILITY

In order to be able to accurately evaluate the roll stability performance of the DOE
vehicles in question, UMTRI designed and fabricated a commercial vehicle tilt-table facility
as the first phase of this project. Minimizing cost to the current project was paramount in
developing the facility; UMTRI hopes to enhance the facility in the future as interest in the
facility develops.

The tilt-table methodology is basically a physical simulation of the roll plane experience
of a vehicle in a steady turn. The vehicle is placed on a tilt table and is very gradually tilted
over in roll. As shown in Figure 1, the component of gravitational forces parallel to the
table surface provides a simulation of the centrifugal forces experienced by a vehicle in
turning maneuvers. The progressive "application” of these forces serves to simulate the
effects of quasi-statically increasing lateral acceleration in steady turning maneuvers.

There are several inaccuracies inherent in this physical simulation technique. The most
obvious is the error in "simulated gravity." While the component of gravitational forces
parallel to the table surface, W « sin(¢), simulates lateral forces, weight of the vehicle itself
is simulated by the component of gravitational forces which are perpendicular to the table,
i.e. W e cos(¢), where W is the weight of the vehicle and ¢ is the roll angle of the table
relative to the true gravitational vector.

This error in simulated gravity is partly compensated by data reduction techniques.
The important mechanisms of actual rollover depend on the ratio of the centrifugal forces to
the vertical, gravitational forces. Thus, in interpreting the tilt-table experiment, it is
appropriate to ratio the simulated lateral acceleration forces and the simulated weight to
represent lateral acceleration. That is:

ayg= tan(9) = W esin(¢)/ W «cos(¢) (D

where:

ayg is the simulated lateral acceleration (expressed in g's)
¢ is the roll angle of the tilt table
\' is the weight of the vehicle.

Regardless of this data reduction approach, it must be recognized that suspension, tires,
and any other elements providing vertical compliance in the vehicle, are under-loaded, with
respect to the weight of the vehicle, at any tilt angle other than zero. Thus, the center of
gravity of the vehicle can be expected to be slightly higher than appropriate for the vehicle
loading condition. For moderate angles of tilt, the component of gravity perpendicular to
the table remains sufficiently near to unity, that accurate representations of 'vertical' tire and
suspension loadings are maintained. At a tilt angle simulating 0.3 g lateral acceleration,

2
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Figure 1. A schematic diagram of the tilt table experiment.



'vertical' acceleration is 0.96 g. Even at a simulated lateral acceleration of 0.5 g, 'vertical'
acceleration is 0.89 g.

A second error source in this simulation methodology involves the distribution of
simulated lateral forces among the tires of the several axles of the vehicle. Lateral forces
developed at the tire road interface must, of course, satisfy the requirements of static
equilibrium of lateral force and yaw moments acting on the vehicle. For the tractor
semitrailer combination vehicle, the lateral force and yaw moment equilibrium requirements
provide three equilibrium equations, but the existence of five axles (in the case of the DOE
vehicles) implies that the system is statically indeterminate. Thus the distribution of lateral
reaction forces among the five axles is partially dependent on the lateral compliance
properties of the tires and suspensions. The compliance properties which are in play while
the vehicle is sitting motionless, particularly those of the tires, are not precisely those which
are in play while the vehicle is in motion. The significance of this error source is dependent
on axle location, and the similarity, or lack thereof, of geometry among the redundant axles
and suspensions. For the DOE vehicle, the close spacing and geometric similarity of the
two axles of each tandem suspension tend to minimize these errors.

A third error source lies in the side slip angle of the tractor and the yaw articulation
geometry of the vehicle. Tilt-table experiments are usually conducted with these two yaw
plane angles at zero while the negotiation of real turns at significant speed generally implies
the existence of small, non-zero yaw plane angles. Some reflection on this matter reveals
that, in real practice, static rollover threshold, as measured by lateral acceleration, varies
somewhat as a function of turn radius since turn radius, in part, establishes these angles.
In this light, the zero yaw angle condition is simply seen as one of many possible test
conditions—certainly the one most easily implemented.

As seen in Figure 2, the UMTRI Tilt Table consists of five individual table units. Each
of these units supports one axle of the test vehicle. Properly located and acting in concert,
these five units provide the capability to conduct experiments on any commercial vehicle of
up to five axles, regardless of overall length or the unit configuration.

Each table unit is a 10-inch high weldment with a 30-inch by 10-foot surface which
provides the simulated ground plane for one axle. This surface is covered with unflattened
expanded metal which provides a powerful gripping action between the tires and the
simulated ground, preventing the tires from slipping sideways during testing.

One end of each table unit pivots about a fixed axis, oriented parallel to the longitudinal
axis of the vehicle, while the other end is supported by an hydraulic lifting cylinder. The
cylinders have a stroke of 54 inches which allows for tilting through 25.6 degrees and
attaining a maximum simulated lateral acceleration of 0.43g.
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In setting up for a particular vehicle, the fixed axes of the five tables are carefully
aligned and leveled. During an experiment, the tilt angles of the five tables are maintained
equal within a total span of 0.25 degrees, or within about than 0.005g, simulated. To do
this, each table is equipped with potentiometer which measures the angular position of the
table. An IBM PC-based digital data acquisition system reads these values, along with
other data signals. The computer compares the position of the five tables and outputs
signals to the hydraulic control system which cause fluid flow rate to the individual
cylinders to be adjusted appropriately. The tables are also equipped with a simple water-
level system which is used to confirm the proper performance of the control system. A
water sight-glass with scale is affixed to the high end of each table. These five glasses are
open to atmosphere at the top, and plumbed to a common manifold at the bottom. At the
immediate completion of each test (at the tilt angle corresponding to rollover), these five
scales are checked to insure that the high end of the tables are within 0.5 inch elevation of
one another (about 0.25 degrees of tilt or 0.005 g simulated) .

During this test program, two accelerometers were also used on the facility. One of
these was located on the second tilt table (from the front of the vehicle), that is, the table of
the leading rear axle of the tractor. It was, of course, oriented with its sensitive axis
parallel to the table surface and lateral with respect to the vehicle. The particular table was
chosen, since it was found that this was the "critical" axle of the vehicle as regards roll
stability. That is, this axle was the last of the four rear axles of the vehicle to have tires lift
off the ground, and as such, the liftoff of these tires marks the point at which the vehicle
became unstable in roll (see the Appendix for discussion). Thus the simulated lateral
acceleration represented by this particular table is the most representative of the actual
rollover threshold. This data signal was used to determine the simulated lateral
accelerations which are reported herein. This signal is "corrected" as implied by equation
(1) to obtain the appropriate simulated lateral acceleration. That is:

ays = tan (sin.; (1)) @)
where:

ays  is the simulated lateral acceleration, and
aym  1s the "first" measured acceleration.

The second accelerometer was used in two capacities. For part of the test series it was
mounted on the fourth table (leading trailer axle) and used as another means of checking the
consistency of performance among tables. Later, it was moved to the body of the trailer.
Here it was used, in conjunction with the other accelerometer, to measure the roll angle of
the vehicle (trailer) relative to simulated ground, according to the equation:

o1 = sinl(agy) - sinl(arm) ©

where:



ayy  is the "first" measured acceleration (table 2),
apm  is the "second” measured acceleration (trailer body), and
¢t  is the roll angle of the trailer relative to the surface of the tilt table (the simulated

ground plane).

Finally, tape switches were located under the high, or "light side" tires at each axle of
the vehicle. The true/false signals derived from these switches were added to the data
record as event markers, indicating the occurrence of tire liftoff at each axle.



3.0 VEHICLE TESTING

3.1 The Test Vehicles

The purpose of this study was to evaluate the roll stability qualities of the tractor
semitrailer vehicles used by DOE to transport nuclear materials. More specifically, a
change in the suspension system used on the trailer of that vehicle and a change in the
trailer loading configuration are both being contemplated. Determining the influence of
these proposed changes was a primary goal of the study. Accordingly, the DOE vehicle
was tested in the four basic configurations defined by the two different trailer suspensions
and the two different loading conditions.

The test tractor. All four configurations of the test vehicle involved the use of just one
tractor—a Marmon 6x4 COE. Although this tractor was specially constructed for DOE
service, it is generally of conventional design. The tractor was equipped with conventional
suspension systems. The front steering axle employed a very typical multi-leaf spring
suspension, and the rear tandem drive axles used an air suspension. The properties of this
air suspension are of particular importance to the results of the experiments and, therefore,
will be described in some detail.

The tandem rear axles of the tractor were equipped with a Neway air suspension. The
particular style of air suspension used on the tractor is illustrated in Figure 3. In this
suspension, the axle is attached to a pair of trailing arms by rubber bushed joints which
allow relatively free roll articulation of the axle. The action of the air spring elements
provides some resistance to roll motions of the suspension, but this level of roll stiffness
alone is generally not sufficient to provide acceptable roll stability. Accordingly, steps have
been taken in the design of this suspension to provide "auxiliary roll stiffness.” To do this,
an additional member is added at the rear of the trailing arms. This member is also attached
to each trailing arm by a rubber bushed joint, but one which is designed to be much more
resistant to the relative motions required for roll articulation of the axle. The "auxiliary roll
stiffness" provided by this mechanism is a very significant portion of the overall roll
stiffness of the suspension.

As is standard practice for primary air suspensions, the inflation of the air spring
elements on the tractor is controlled by "height regulating” control valves. As shown in
Figure 4, such valves are located on the frame of the vehicle and have a "sensing link"
attached to the axle. Vertical position of the axle relative to the frame is thereby used as the
control element to add air to, or exhaust air from, the air spring. Thus, the appropriate ride
height of the vehicle may be maintained over a broad range of loading conditions.

The tractor air suspension uses two height control valves, one each for the right side
and the left side of the vehicle. To accommodate this control scheme, the leading and
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Figure 3. The style of air suspension used on the DOE tractor.



trailing axle air springs on each side of the vehicle are plumbed in the parallel manner
shown in Figure 4.

The height regulating valves which are used in this suspension (and in virtually all truck
applications) are intended to establish the nominal inflation condition of the air springs
appropriate to the szatic loading condition of the vehicle—they are not intended to provide
dynamic response. Accordingly, these valves have a common feature which provides
approximately a seven second delay between valve control input motion and the appropriate
air control response. Further, both the fill and exhaust flow rates which these valves
provide are decidedly low relative to the volume of the air springs. In the real driving
environment then, there is virtually no possibility of the air control system providing any
significant amount of inflation or exhaust of the air springs during dynamic vehicle
maneuvering scenarios which might result in rollover.

On the other hand, the tilt-table experiment proceeds at a very slow rate and takes
several minutes to complete. If the control valves were active, this would allow significant,
and therefore unrepresentative, change in air spring inflation during the course of a single
test. Accordingly, just prior to each individual test, the sensing link of the air control valve
was disconnected from the axle and the valve was restrained in the closed position through
the test. After each run the vertical alignment of the sensing link with the axle was checked
to determine that no significant change in air spring inflation had occurred during the run.
(In general, it was found that the air plumbing of the DOE vehicles was in very good
condition and no significant air leakage was found throughout the program.)

It was noted in the course of testing that, as delivered, a maladjustment condition
existed with the tractor air suspension control valves. The left and right side valves were
differentially adjusted by about one inch, such that the left side of the vehicle sat lower than
the right side. (This would suggest that the vehicle would be less stable in rolling toward
the left than in rolling toward the right. The tilt tests were conducted in a manner as to roll
the vehicle over toward its left side.) Since some of the testing had been completed prior
to the discovery of this condition, and in order to maintain a valid comparison among the
four test configurations of interest, the maladjustment was sustained through most of the
test program. It was corrected only for the final test run in order to determine its actual
influence on the vehicle.

The test trailers. Two different trailers were used in the experiments. One of these
trailers was equipped with a conventional four-spring tandem suspension, manufactured
by Fruehauf Corporation. This is the standard suspension currently used on the DOE

10
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Figure 4. A schematic diagram of the air spring inflation control system used on the air suspensions
of the DOE tractor and trailer.



trailer. The other trailer was equipped with a Turner tandem axle air suspension, which
represents a potential modification to the DOE trailer design.

The "four-spring" suspension is so named since it employs four, multi-leaf semi-
elliptical leaf springs. A side view of this type of suspension is shown in Figure 5. This
type of suspension derives most of its roll stiffness from the action of the leaf springs.
That is, auxiliary roll stiffness mechanisms have relatively small importance, generally
providing no more than 10% of the total roll stiffness. Nevertheless, the roll stiffness
provided by the springs alone is usually adequate. This is particularly true of trailer four-
spring suspensions (as compared to four-spring suspensions on tractors) where quite stiff
springs are used, since ride quality is of lesser concern.

In some applications, the "spring lash" usually present in four-spring suspensions can
degrade vehicle roll stability. Typically, the ends of the leaf springs simply rest against the
frame in a retaining bracket called a "slipper." Although these springs are usually in
compression, during extreme roll motions the "light side" springs will pass into tension.
To do so, the spring ends must move through a lash region before contacting a retaining
bolt. This spring lash represents a range of free roll motion in which the roll stiffness of
the suspension is virtually zero. (In the case of the DOE vehicles, spring lash had little
effect since the overall roll stiffness of the trailer suspension was large compared to the
stiffness of the tractor suspension.)

The second trailer tested was equipped with a Turner air suspension. The style of
suspension used on the trailer is significantly different from the air suspension used on the
tractor. (Note, however, that the differences are not a function of the manufacturers. Both
NewAy and Turner produce air suspensions of both styles.) As illustrated in Figure 6, on
the trailer suspension, the axle is rigidly clamped to its trailing arms. The three members
form an auxiliary roll stiffness mechanism which acts in much the same manner as the
typical automotive anti-sway bar. This "anti-sway bar" is extremely stiff, however, and the
result is a suspension type with among the highest levels of roll stiffness available in the
commercial vehicle market. (It is important to note that this high level of roll stiffness is
provided almost exclusively by the auxiliary mechanism—the roll stiffness provided by the
air springs is nearly insignificant in this context.)

The air control system used on the trailer air suspension was identical in concept to that
used on the tractor. That is, two height control valves were used, one on the right side and
one on the left, and the two air springs on one side of the trailer were plumbed in parallel to
their appropriate valve. In the primary test series, these valves were deactivated during
testing in the same manner as described in the discussion of the tractor air suspension.

This style of independent left and right side height control is generally not desirable in a
very roll-stiff suspension like that of the DOE trailer. The high level of roll stiffness itself
is sufficient to maintain an adequate right-to-left leveling effect. Moreover, the auxiliary

12
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Figure 5. A schematic diagram of the four-spring suspension in the side view
with a detailed view of the spring lash.

13



I9IIeN HO 2y uo pasn uoisuadsns 1 Jo 9jA1s ay], 9 aingyg

"suire Buijrel; sy o}
padwelo A|pibu are seixe oy

14



mechanism may be so stiff that the air spring system is actually ineffectual at deflecting that
mechanism. If this is the case, then minor right-to-left maladjustment of the two regulating
valves will simply result in the nearly full exhaust of the springs on one side of the
suspension and the inflation of the springs on the other side to a pressure level sufficient to
carry virtually the full load. Even such a complete imbalance of spring load may not be
sufficient to deflect the very stiff auxiliary mechanism enough to counter small
maladjustments. With independent right and left side valves, it thus becomes very difficult
to maintain adjustment wherein the air springs on each side of the vehicle each do "their fair
share" of load support. The result may be unnecessarily high, sustained stresses in the
suspension and frame members.  As a consequence, only one centrally located air control
valve is often used on air suspensions which have very high levels of auxiliary roll
stiffness. In fact, this appeared to be the situation with the DOE air suspended trailer as
delivered to UMTRI. Prior to testing, with the vehicle resting on a 1.3 degree cross slope,
down to the left, the air pressure was found to be 60 psi in the left side trailer air springs
and 10 psi in the right side trailer air springs, a larger differential than could be justified by
the cross slope.

In order to illuminate the points made above, the test matrix was expanded considerably
to include a number of "secondary” test configurations which involved various special
plumbing and air spring inflation conditions at the trailer suspension. These conditions
were:

(1) Separate right and left side control with maladjustment (as delivered); i.e,. right side
at 10 psi and left side at 60 psi prior to tilt, right and left side valves closed during
tilt.

(2) Separate right and left side control with balanced adjustment; i.e. right side and left
side pressures equalized prior to tilt, right and left side valves closed during tilt.

(3) Single control valve; i.e., all four springs plumbed commonly to one valve (right
side used),valve closed during tilt.

(4) Separate right and left side control with only the left side springs inflated; i.e. right
side springs exhausted prior to tilt, right side control valve held on exhaust and left
side closed during tilt.

(5) Separate right and left side control with only the right side springs inflated; i.e. left
side springs exhausted prior to tilt, left side control valve held on exhaust and right
side closed during tilt.

Each of the two trailers was tested in two loading conditions. Each trailer was
delivered to UMTRI in the heavier, "modified" condition. In this condition, the trailers
carried a ballast load of approximately 2400 pounds which simulated the effect of proposed
changes to the interior of the trailer. In this "modified loading condition," the test vehicle
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vehicle composed of the tractor and the trailer with the four-spring suspension weighed
61,600 pounds and the tractor combined with the air-suspended trailer weighed 61,300
pounds. After each vehicle had completed testing in the modified loading condition, Sandia
personnel removed the ballast weights from the trailer, and tests were conducted with the
vehicle in the "current loading condition.”

All of the tilt-table tests were conducted with the test vehicle fully fueled. This included
the diesel fuel tanks on the tractor and the gasoline tank on the trailer. Further, all testing
was conducted with the tires on the left side of the vehicle (i.e. the "heavy" or "down" side
tires) carefully inflated to 115 psi. (The recommended cold inflation pressure for the radial
tires used on the test vehicle is 105 psi. The heating caused by typical highway operation
can be expected to increase inflation pressure by about 10 percent. Thus, 115 psi was
chosen as representative of the operating condition of properly inflated tires.)

3.2 The Test Matrix

A total of twenty-two individual tilt tests were conducted. The results of three of these
(numbers 7, 8 and 9) were discarded due to instrumentation problems. The matrix of test
vehicle conditions for the nineteen successful tilt tests appears in Table 1, i.e., tests 1
through 6 and 10 through 22.

The first six tests shown in the table were conducted on the combination vehicle
composed of the tractor and the four-spring suspended trailer. Tests 1 through 3 are three
repeat testes of this vehicle in the modified loading condition. Tests 4 through 6 are three
repeat tests of the vehicle in the current loading condition.

Tests 10 through 22 were all conducted on the combination vehicle using the air
suspended trailer. In test numbers 10 through 15, the trailer was in the modified loading
condition. In the remaining tests, the trailer was in the current loading configuration. In
addition to comparing the influence of load, these tests investigated the influence of a
number of modifications to the plumbing and to the adjustment of the air suspension
control systems.

Test 10, 11 and 12 are three repeat tests of the vehicle in the modified loading state and
with the trailer suspension air control system as delivered. Tests 13 through 15 are three
repeat tests in which the trailer was still in the modified loading condition, but the trailer
suspension air plumbing was altered to simulate operation with only one control valve.

Test 16 through 21 are the series of tests conducted with the air suspended trailer in the
current loading condition. These tests include four conditions of trailer suspension air
system plumbing. These are: as delivered but with initial air pressures balanced left-to-
right (tests 19 and 20); modified to simulate operation with only one control valve (tests 16

16



Table 1. The Tilt Table Test Matrix

Type of Trailer Loading  Condition of the Air Suspension on the:
Test No. Suspension Condition Tractor Trailer*
1 4-spring suspension  Modified As received NA
72 ORI TEPEAL. ..ueuinrenenrenrnrenrnennneensennnnn
K PP 10, ) A
4 4-spring suspension ~ Current As received NA
S 170, ;) A
6 e 170, | AN
10 Air suspension Modified As received n*
N 1o | A
12 e 10, ) A
13 Air suspension Modified As received 3)*
14 vesesstresssuiisainsassresianannasien TEPEAL. ....teruenretiaeeiieeniieeet e,
1S e TEPEAL ..evvtninininieiiineinreeneranenn.
16 Air suspension Current As received 3)*
17 e 1170, ) AP
18 Air suspension Current As received 4)*
19 Air suspension Current As received @*
20 e eea e TEPEAL ...evieninienrneenrnneraerneerneanen.
21 Air suspension Current As received (5)*
22 Air suspension Current Adjusted to level (n*

*(1) Separate right and left side control with maladjustment (as delivered); i.e. right side at 10 psi and left
side at 60 psi prior to tilt, right and left side valves closed during tilt.

(2) Separate right and left side control with balanced adjustment; i.e. right side and left side pressures
equalized prior to tilt, right and left side valves closed during tilt.

(3) Single control valve; i.e. all four springs plumbed commonly to one valve (left side used),valve closed
during tilt.

(4) Separate right and left side control with only the left side springs inflated; i.e. right side springs
exhausted prior to tilt, right side control valve held on exhaust and left side closed during tilt.

(5) Separate right and left side control with only the right side springs inflated; i.e. left side springs
exhausted prior to tilt, left side control valve held on exhaust and right side closed during tilt.
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and 17); with only the left side springs inflated (test 18); and finally, with only the right
side springs inflated (test 21). (Note that this trailer suspension-loading configuration was
not tested with the tractor and trailer suspension control system in the strictly "as delivered"
condition. The results of these tests will show, however, that, as expected, all these
modifications to the trailer air control system have little influence. Accordingly, tests 18,
19 and 20 will be used as the three "representative” repeat tests of the vehicle in the air
suspension-current loading test configuration.)

The final test (number 22) was conducted to examine the influence of the condition of
the tractor air suspension. The trailer air suspension was returned to the as-delivered
condition, and the trailer remained in the current loading configuration. However, the left-
to-right imbalance in the adjustment of the tractor air suspension control valves, which had
been present throughout all the other tests, was corrected. The adjustment’imbalance had
been approximately one inch, with the left side low. Each valve was readjusted
approximately 1/2 inch in the appropriate direction to attain a nominally level condition
without appreciably raising or lowering the vehicle.

3.3 Test Results

A qualitative discussion. This section will begin with a qualitative discussion of the
behavior of the DOE vehicles during the tilt table testing. The discussion will revolve
largely around the data presented in Figure 7. This figure is a plot of data gathered during
test run number 20, using the air suspended trailer in the current loading condition. The
vehicle behavior was quite similarl in all of its various test configurations, so that the data
from this one test will generally suffice for our purpose.

The figure plots the simulated roll angle of the trailer body, ¢, on the abscissa and the
simulated lateral acceleration, ays, on the ordinate.! Recognizing that the trailer sprung
mass is the dominate mass of the system, this figure can be seen as one which shows the
variations in the fundamental "roll-stiffness" behavior of the entire system in terms of
lateral acceleration per unit roll of the vehicle. This presentation is analogous to the tutorial
graphical presentations used in [1] and [2].

The discussion will proceed with the same chronology as a tilt table test, beginning at
the lower left of the graph at low levels of lateral acceleration and roll angle, and proceeding
to rollover at the upper right corner of the graph.

1 Trailer roll angle is relative to the plane of the tilt table and is determined from the two measured

accelerations as indicated in Eq. (3) of Section 2.0. The plotted acceleration is the simulated lateral
acceleration, aye, which is obtained from the measured acceleration, ar,), according to Eq (2) of

Section 2.0. The plot derives from unfiltered analog signals converted to digital data at a rate of
ten samples per second.
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First note that the projection of the data indicates that this vehicle assumes a nonzero
roll angle at zero lateral acceleration. This is partially due to the previously noted
maladjustment of the tractor rear suspension. It is also the result of the hysteretic influence
of previously conducted tilt experiments. When exercised to the rollover threshold, and
then gradually lowered to a level position, mechanisms in the vehicle which are influenced
by Coulomb friction do not return to their nominal "zero" deflections condition. Chief
among these are, of course, the suspensions of the vehicle. Another significant member
may be the tractor frame which deflects torsionally along its longitudinal axis. The initial
"biases" that result will slightly influence the "path" of the vehicle up to rollover, but have
not been found to significantly change the rollover threshold measure.

As the tilt table motion begins, the vehicle begins to roll in response to the applied
lateral acceleration. The composite roll stiffness of the vehicle system is essentially the sum
of the stiffness of the several suspensions (including the influence of tire deflection) relative
to the weight carried by each, and a "negative" stiffness associated with the height of the cg
and the heights of the several suspension roll centers. This composite stiffness is indicated
by the initial slope of the plot of Figure 7. With all of the tires on the ground, and
therefore all the suspensions in play, the vehicle exhibits a relatively high stiffness.

As noted, the trailer suspension is much stiffer in roll than the tractor rear suspension
(which is also true of the four-spring trailer suspension), and although not previously
noted, the tractor front suspension, as is very typically the case, is far more compliant than
either of the tandem suspensions. As the experiment proceeds and the body of the vehicle
rolls further, the trailer suspension, by virtue of its higher stiffness, generates a stabilizing
roll moment faster than do the other suspensions. The stabilizing moment, of course,
ultimately derives from the side-to-side transfer of vertical load on the tires. Thus the trailer
suspension is the first to complete the full transfer of load, which occurs at just under 0.2 g
and 3 degrees of roll on the graph. At this point, the "light side" trailer tires lift off the
ground; the roll moment capability of this suspension is saturated; and the effective roll
stiffness of trailer suspension drops to zero from its previously large value. The influence
on total system stiffness is readily apparent from the figure. In the units presented here, the
overall system stiffness falls from 0.115 g/deg to 0.028 g/deg when trailer tire liftoff
occurs.

The next obvious discontinuity in the data occurs as the system passes through the fifth
wheel lash at an indicated level of lateral acceleration of about 0.34 g. Roll moment is
passed from the trailer body down through the fifth wheel coupling. At low levels, that
moment can be passed by the lateral shift of the center of compressive load at the coupling.
Eventually that center moves outboard of the actual surface of the coupler, and the central
"kingpin" must develop a tensile load. In most cases, because of clearances designed into
the coupling mechanism, the kingpin must move upwards to do that, and thus, a relative
roll motion occurs across the coupling (see Figure 8). At this point in the experiment, the
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Figure 8. A photograph illustrating lash at the fifth wheel coupling between a tractor and trailer
(not the DOE test vehicle)



trailer tires are already off the ground, and the stiffness of that suspension is zero. In the
fifth wheel lash, the "stiffness” with which the trailer is roll coupled to the tractor is also
locally zero. The trailer is locally unstable, and rolls freely through the lash with no
increase in lateral acceleration. In fact, at this point in the experiment, the motion of the tilt
table could actually be reversed briefly, causing the indicated lateral acceleration to fall,
without causing the trailer to pass back through the lash. The result would be a slight
downward slope in the data (rather than the horizontal plot shown) indicative of the
instability and the "negative" stiffness of the mechanism related to cg height and roll center
heights.

The tractor suspensions are so compliant in roll that most of this activity has been able
to occur without complete side-to-side transfer of tire loads at the tractor suspensions.
Actually, the rear most axle of the tractor completed load transfer just prior to the fifth
wheel lash event, and liftoff of the tires of this axle occur virtually as the trailer rolls
through the lash.. Thus, when the lash motion is complete, the roll stiffness exhibited by
the system is low once again. It is now down to about 0.016 g/deg.

The vehicle rolls only about one more degree, achieving about 0.36 g lateral
acceleration, when the second tractor axle completes load transfer and its light side tires Lift
off. At this point, the only element providing a positive roll rate to the system is the front
tractor axle suspension. The roll stiffness of this suspension is so low that it is insufficient
to stabilize the system by itself, and simulated rollover occurs. The vehicle is constrained
by tethers and the unstable roll motion is arrested just as the trailer roll angle reaches 16
degrees. The measure of static rollover threshold of the vehicle is defined by the simulated
lateral acceleration at which this final roll instability occurs.

Figure 9 shows the vehicle in its final position. The relative heights of the tractor and
trailer wheels above the ground in this picture are indicative of the points of this discussion.

This description of events is generally valid for all four test vehicle configurations, with
minor changes. With the air suspended trailer in the modified loading condition, the
system generally did not regain stability after the passing through the fifth wheel lash. The
load remaining on the second tractor axle at the completion of this event was so low as to
be effectively zero.

When testing the trailer with the four-spring suspension, an additional event was
observed—the point at which the trailer suspension passes through its spring lash. Quite a
while before the trailer tire liftoff, the light side springs of the trailer must pass from
compression into tension. Because of the design of the spring retainers, this requires the
spring to pass through a lash. Within the lash, the effective roll stiffness of the trailer
suspension drops momentarily to zero. The data result would appear as shown in Figure
10. (Actual data do not exist to illustrate this phenomenon, since at this phase of testing,
the second accelerometer was not mounted on the trailer.) Note that, in the case of the DOE
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vehicle, this lash mechanism does not influence the rollover threshold. With or without the
lash, the trailer suspension is so stiff as to fully transfer tire loads long before instability
occurs. The significant point is that the trailer suspensions (air and four-spring) saturate,
i.e. yield their maximum stabilizing effort, before the tractor suspension does so—how
long before is insignificant. Figure 11 shows photographs of the four-spring suspension
after it has moved through the spring lash.

Quantitative results. Numerical results from the test program are presented in the bar
graphs of Figures 12 through 18. A complete presentation of numerical data appears in
Table 2. '

Figures 12 through 15 are intended to provide an indication of the repeatability and
fidelity of the tilt table method. These graphs show the level of simulated lateral
acceleration at which various events occurred in tests of those vehicle configurations for
which three repeat tests were conducted. Note that the repeatability of the rollover
threshold measure, and other "high level" events, is generally very good—typically a few
thousandths of a g. Repeatability of low-level events appears to suffer from the hysteretic
influences of preceding experiments.

Figure 16 shows the rollover threshold of the DOE vehicle in its four baseline test
configurations. This figure represents the primary results of the study. The results
presented here indicate:

 The difference between the current and the modified loading condition degrades the
roll stability of the vehicle an average of 0.029 g when equipped with either the
four-spring suspended trailer or the air spring suspended trailer.

» When using the air suspended trailer, the vehicle exhibits a rollover threshold which
is 0.009 g lower, on average, then that exhibited when using the trailer with the
four-spring suspension. This difference is consistent for both loading conditions.

The first result above is certainly consistent with theoretical expectations and the author
believes it to be a valid reflection of the influence of the difference of loading.

The second result is somewhat misleading and is definitely not the result of lower
stiffness of the air suspension used on the trailer. In fact, just the opposite may be true.
The tire liftoff data for axles 4 and 5 clearly indicate that the trailer air suspension is stiffer
in roll, overall, than the trailer four-spring suspension. (Under similar loading conditions,
trailer tire liftoff occurs at substantially lower acceleration levels—and smaller body roll
angles—for the air suspended trailer than for the four-spring suspended trailer.) After
liftoff of the light side tires, the rear of the trailer rolls about the tire-ground contact center
of the heavily loaded tires. As a result of the lateral offset of the roll center, the trailer cg is
elevated with increased roll. This may have a measurably stronger effect with the very roll-
stiff air suspension than with the four-spring suspension. Or there may be some difference
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Rollover

5th Wheel Lash

Liftoff, Axle 2

Liftoff, Axle 3

Liftoff, Axle 4

Liftoff, Axle 5

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Simulated Lateral Acceleration, g's

Figure 14. The level of simulated lateral acceleration at which various events occurred for three repeat test of
the trailer with air spring suspension in the modified loading condition and with the suspension in
the as delivered condition.
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Table 2. Summary of Test Results

The Lateral Acceleration, in g's, at Which These Events Occurred

Trailer Tire Liftoff at Axle No: 5th Wheel
Test No. Spring Lash 5 4 3 2 Lash  Rollover

1 0.213 0.282 0312 0.326 0.338 NA 0.338

2 0.189 0273 NA 0310 0.342 0.323 0.342

3 0.188 0273 NA 0324 0.331 0.327 0.331
Average:  0.337

4 0.170 NA 0289 0340 NA 0.341 0.366

5 0.165 0.273 0.280 0.341 0.366 0.342 0.366

6 0.164 0.267 0.278 0.344 0.366 0.342 0.366
Average:  0.366

10 0.185 0.185 0.330 0.330 0.330 0.330

11 0.204 0.199 0.323 0.328 0.328 0.328

12 0.201 0.196 0.323 0.326 0.326 0.326
Average:  0.328

13 0.202 0.204 0.324 0.324 0.324 0.324

14 0.200 0.197 0.317 0.320 0.320 0.320

15 0.198 0.190 0.318 0.320 0.320 0.320
Average: 0.321

16 0.215 0.213 0.350 0.357 0.349 0.357

17 0.209 0.199 0.350 0.360 0.350 0.360

18 0.187 0.189 0.348 0.351 0.350 0.351

19 0.192 0.180 0.348 0.357 0.350 0.357

20 0.192 0.186 0.341 0.363 0.341 0.363
Average:  0.357

21 0.197 0.184 0352 0.354 0.351 0.354

22 0.305 0.284 0.375 0.376 0.376 0.376

34



between the two test trailers which is unrelated to their different suspensions. A real
possibility is a small difference in kingpin geometry, and thus, in the amount of fifth wheel
lash. The data suggest that this might be the case, since the trailer with the four-spring
suspension always regained stability briefly after the fifth wheel lash, while the trailer with
the air spring suspension did not always. Unfortunately, specific measurements of the fifth
wheel lash were not obtained.

Figures 17 and 18 show the influences of various changes in the plumbing and
adjustment of the air control systems of the two air suspensions of the vehicle.

The data of Figure 17 refer to the vehicle using the air-suspended trailer in the modified
loading condition. They indicate a very small degradation of rollover threshold of 0.007
g's, on the average, due to a change in trailer air system plumbing from the "as received"
condition to a condition where all air springs are commonly plumbed to a single control
valve.

Figure 18 comes from tests of the vehicle using the air suspended trailer in the current
loading configuration. In the testing reflected by the upper four sets of data, the tractor air
system was always in the as-received condition (as it was in all previously discussed
testing) but the trailer air system control plumbing was altered radically—from only the left
side spring inflated to only the right side springs inflated, and with two variations of
balanced inflation in between.

+ These radical variations in trailer plumbing result in a maximum change in rollover
threshold of only 0.012 g's.

In the test reflected by the lowest bar presented on the chart, the trailer plumbing was
returned to the "as received” condition but the tractor air control valves were adjusted to
correct the maladjustment, noted in Section 3.1, which was present as received and
maintained throughout all other testing. Compared to the average of the other 6 tests
shown in the graph (0.357 g)

+ This moderate alteration of the tractor air suspension produced a 0.019 g
improvement of vehicle rollover threshold.
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4.0 FINDINGS AND CONCLUSIONS

THE PRIMARY FINDINGS of the study derive from the measured lateral
accelerations corresponding to the rollover thresholds of the vehicle in each of the four test
configurations. These measures are shown in the bar graph of Figure 19, and their
implications are summarized in the following statement of primary findings.

4-Sprin3 Suspension
Modified Loading

Air Suspension
Modified Loading

4-Spring Suspension
Current Loading

Air Suspension
Current Loading

Vehicle Configuration

0.00 0.10 0.20 0.30 0.40
Rollover Threshold; Lateral Acceleration, g's

Figure 19. The average rollover threshold measured for each of the
four baseline configurations of the DOE test vehicle.

» The four configurations of the test vehicle, as delivered, exhibited rollover
thresholds in the 0.33 to 0.37 g range. This level of roll stability could be
characterized as moderate to moderately low, relative to the bulk of the US
commercial vehicle fleet.

*  Changing trailer suspensions from the four-spring to the air suspension does not
appear to have a significant impact on the rollover threshold of the vehicle. Both
trailer suspensions are so stiff in roll —much stiffer than the tractor tandem
suspension— that their differences are insignificant in this vehicle. A difference in
rollover threshold of 0.009 g's was measured between vehicles equipped with these
two suspensions, but this difference may well have resulted from other minor
differences in the two trailers, i.e. differences which are unrelated to the
suspensions.
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The change in loading condition, from the current to the proposed configuration,

results in about a 10% reduction of roll stability (0.029 g). The addition of mass,
high in the trailer, raises the vehicle center of gravity and reduces roll stability. This
magnitude of the change in stability can be expected to have a moderate, but
significant, influence on the probability of rollover occurring in actual accident
events. Ervin [3] has shown that the change in stability observed in these tests may

result in increasing the probability of rollover in a single vehicle accident from about
40% to about 45%.

ADDITIONAL FINDINGS of SIGNIFICANCE derive from more detailed analyses of
the vehicle response during testing and from the results of testing with suspension
modifications. These are:

[

[ ]

In all four of the test vehicle configurations, the properties of the tractor rear
suspension are critical in determining the rollover threshold of the DOE vehicle.
Because of the relative stiffnesses of the tractor and the trailer suspensions, the
tractor rear suspension is the critical suspension of this vehicle—the vehicle
becomes unstable in roll at the occurrence of the liftoff of tires on the tractor rear
axles. Therefore, changes in properties of this suspension which influence the
point of tire liftoff directly alter the rollover threshold of the vehicle.

Radical changes in the air control system of the trailer air suspension do not
significantly alter the rollover threshold of the vehicle. This suspension possesses
very high levels of roll stiffness as the direct result of a very effective auxiliary roll
stiffness mechanism. This mechanism is far more effective in roll than is the action
of the air springs. Thus, any roll performance changes which can be brought about
by alterations of the air spring system in this suspension, are generally
insignificant.

THE CONCLUSIONS AND RECOMMENDATIONS which follow from these
findings are:

Changing the trailer suspensions from the four-spring style to the air spring style
used on the trailer in this program does not result in significant degradation of the
roll stability of the DOE vehicle.

Changing trailer configurations, from the current to the modified loading
configurations tested herein, results in a moderate degradation of the roll stability of
the DOE vehicle. If not mitigated by other factors, this change in stability could be
expected to cause a moderate increase in the rollover experience of the fleet.
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SANDIA and the DOE should consider alternatives to the current tractor rear
suspension. This suspension plays a pivotal role in determining the rollover
threshold of the vehicle. The potential for improving the roll stability of the vehicle,
through increasing the roll stiffness of this suspension, significantly exceeds the
magnitude of the changes in rollover threshold observed in this study.

Care should be taken to maintain proper adjustment of the control valves of the
current tractor rear suspension. The condition of this suspension has a major
influence on the rollover threshold of the vehicle. Right-to-left asymmetries in the
inflation of the air springs of this suspension will degrade stability toward the side
in the lower position.

Modification of the air control system of the trailer air suspension is probably
desirable. Inflation of the air springs of the trailer suspension should be controlled
by one valve, common to all four springs, rather than by the separate left and right
side valves currently used. Such a change will have virtually no influence on roll
stability—since the high level of roll stiffness of this suspension derives nearly
exclusively from the auxiliary mechanism—but would prevent unnecessary
structural stresses likely to be present with the existing system.
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APPENDIX
The following material is reproduced from reference [2].
CHAPTER &

PARAMETRIC SENSITIVITY OF ROLLOVER LIMIT

It is the purpose of this section to discuss, in detail, the sensi-
tivity of the rollover limit of commercial vehicles to the vehicle parameters
pertinent to this limit. The interest, here, is in the rollover limit per se,
i.e., in the maximum steady-state lateral acceleration which a given vehicle
could sustain without becoming asymptotically unstable in roll. Conversely,
there will be no consideration here of what level of lateral acceleration
would actually be established in a given maneuver. This subject is in the
realm of yaw plane dynamics, and will be discussed in Chapters 5 and 6.

(This is not to say that yaw plane performance is not important to deter-
mining whether a vehicle will rollover in a given maneuver in practice.
Indeed, yaw plane performance does establish the maximum level of lateral
acceleration achieved by a vehicle in a given maneuver, and thus, helps

determine whether or not rollover will take place.)

The discussion begins with a review of the physics of the rollover
process, using simplified roll plane models as a basis. The presentation
includes and expands on the work of Mallikarjunarao [3,4]. This review
will serve to identify and explain the reasons for the parameter sensitivities
of the rollover limit. Following this discussion, simulation study results
demonstrating these sensitivities for the pertinent subject vehicle will be

presented.

4.1 The Physics of Commercial Vehicle Rollover

The most fundamental parameter affecting the rollover stability limit
of commercial vehicles is the ratio of wheel track to c.g. height. Other
vehicle parameters, including (1) tire and suspension roll compliances,

(2) suspension freeplay, (3) suspension geometry, and (4) the distribution
of compliance among the suspensions of the vehicle, contribute significantly
to determining the roll stability limits of the vehicle. The remainder of

Section 4.1 will be dedicated to a discussion of the physics of commercial
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vehicle rollover, presented in a manner intended to explain the sensitivity
of roll stability to these several vehicle parameters. The discussion is
applicable to any vehicle unit with a single roll degree of freedom. For
example, a tractor-semitrailer combination should be considered as one unit
since the fifth-wheel coupling requires that the two vehicle elements roll

as ome.

4.1.1 The Basic Influence of the Ratio of Track Width to C.G.
Height. To begin at the primary level of importance, consider the roll

plane model of Figure 17 in which the compliance of all suspension springs
and tires is neglected. That is, tires and suspension are considered rigid.

In the figure:

W is the weight of the vehicle

ay is steady-state lateral acceleration

T is 1/2 of the vehicle track

h is the height of the c.g. above the ground

¢ 1is the vehicle roll angle
(Note that since the vehicle is rigid, ¢ = 0 at all times until a tire lifts
off of the ground.) i

When the vehicle of Figure 17 is subject to a steady-state lateral
acceleration, three moments act on the vehicle. Considering moments about

point O in the figure, these three moments are (assuming small roll angles):

-V - ay *h the "overturning moment"

(F2 - Fl)T the "restoring moment"

-Weeh-* ¢ an additiomal overturning moment resulting
from the lateral shift of the c.g. due to
roll ’

For steady-state equilibrium, it is necessar§ that

W-a}.'-h -(Fz—Fl)T-W°h-¢ (4.1)
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Figure 17, Rigid vehicle roll model.
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Figure 18 presents a graphical representation of Equation (4.1). 1In the
figure, the terms on the right side of the equation (as well as their sum)
are represented as functions of ¢ on the right side of the graph. The left
side of the equation is represented as a function of ay on the left side .
of the graph. As noted on the figure, the left-side moment can be thought
of as the destablilizing moment due to lateral acceleration. The right-side
moment may be thought of as the stabilizing moment provided by vehicle
response. The vehicle will become unstable in roll at any acceleration
level which causes the destabilizing moment (left side) to exceed the

vehicle's ability to generate a stabilizing moment (right side).

Note tha; the term (FZ-Fl)T has a maximum value of W « T which is
equivalent to the condition in which all of the vehicle weight has been
transferred to the outboard tire. Since the vehicle is rigid, full load
transfer occurs with zero roll angle. As roll angle increases beyond zero,
the total moment on the right steadily decreases from this maximum (W - T)

due to the influence of the W - h * ¢ term.

For steady-state equilibrium in roll to exist, the left- and right-
hand sides of the figure (Equation (4.1)) must produce equal moments. Thus,
Figure 18 shows clearly that the maximum sustainable lateral acceleration
for roll equilibrium is ay = T/h. At this condition, a roll moment of
W +« T is produced by both the right and left sides. At any higher level of
acceleration, the right side cannot generate enough roll moment for equilibrium.
The excess overturning moment (W - ay * h) will zause the vehicle to begin
to roll to a larger angle (larger than zero for this rigid vehicle). As
roll angle increases, the negative influence of the lateral shift of the
c.g. actually decreases the net restoring moment causing an even greater
imbalance, and so the rate of roll increases and the rollover process con-
tinues. That is to say, the'system has become unstable in roll. 1In this

and following graphical presentations, then, a negative slope of the net

moment curve is the key indicator for an unstable roll condition. Or,

equivalently, the maximum value of the net moment determines the roll
stability limit of the vehicle. To express this limit in terms of lateral
acceleration, the lateral acceleration equivalent to the peak net moment

is determined from the left-hand portion of the graph.
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Figure 18. Roll response of rigid vehicle model.
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Then, for this simple rigid model, the rollover limit of the vehicle
(i.e., the maximum sustainable lateral acceleration) is identically T/h,
the ratio of the 1/2 track to the c.g. height. In other words, in a
"parameter sensitivity" context, we expect the roll stability limit to be

most sensitive to this fundamental parameter.

4.1.2 The Basic Influence of Roll Displacement as Allowed by Tire

and Suspension Compliance. Now consider the somewhat more complex roll

model of Figure 19. This model includes both suspension and tire compli-
ance, but, for the moment, we will include the simplifying assumption that
the compliance of all the vehicle's tires and suspensions can be lumped into
a single suspension model. Also, we will assume that the vehicle rolls
around a point in the ground, i.e., that the suspension roll center is in
the ground plane. These assumptions allow the simplest introduction of the
degrading influence of roll compliance on the roll stability limit. In

later sections, this influence will be examined in more detail.

For these assumptions, Equation (4.l1) remains valid, but we require
a new grahpical representation to include the effects of compliance. The
appropriate representation appears in Figure 20. 1In this figure, the
representation of the (FZ-FI)T term now includes the composite effect of
suspension compliance and tire compliance. That is, roll angle displace-
ment is required in order to develop suspension restoring moment, and the
maximum restoring moment (W  T) is not attained until the roll angle, ¢2,
is reached. At ¢2 wheel lift-off will occur. When this roll displacement
effect is combined with the W « h » ¢ term, the total effect is to lower
the maximum available restoring moment from W « T to W +« T=-W +« h » ¢2 and
thereby lower the stability limit to a lateral acceleration that is less

than T/h.

To put the influence of the W « h - ¢£.term in perspective, the
example vehicle to be considered in Section 4.2 would have a roll stability
slightly in excess of .5 g's if it were a rigid vehicle. In the baseline

condition considered, however, the actual roll stability limit is .37 g's.

In physical terms, then, the W « h - ¢2 effect (along with the more subtle
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Figure 19. Vehicle roll model with lumped suspension compliance.
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effects to be considered below) lowers the roll stability of this vehicle
by 25%. Ervin [3] has shown that, in single-vehicle accidents, the like-
lihood of rollover increases from 15% to 40% for this degradation in roll

stability limit.

In general, the more compliance, the lower the rollover limit. This
can be seen graphically by imagining Figure 20 with a lower initial slope
to the (FZ-Fl)T funcfion, and therefore to the total function. The effect

can be seen in equation form by examining the expression

WI-Weheo | (4.2)

More coﬁpliance implies a larger value of ¢l and, thus, a smaller value for
the expression. Expression (4.2) also indicates a secondary influence of
c.g. height. When compliance is present, increasing c.g. height not only
reduces the reference, T/h, value, but increases the negative effect of the

Weh- ¢2 term, further reducing the stability limit.

4.1.3 ‘The Influence of Suspension Spring Lash. Heavy vehicle

suspensions, particularly four-leaf tandem suspensions, often exhibit
spring lash as the lightly loaded spring passes from compression to tension
on the way toward rollover. The amount of this lash can affect the rollover

limit.

Consider Figure 21 which derives from the single-axle model with
spring lash included. From the (FZ-Fl)T funcﬁion, it can be seen that, as
the lightly loaded spring passes through its lash, suspension roll displace-
ment takes place without any increase in suspension restoring moment. (The
magnitude of this roll displacement is &§/2S where § is the amount of lash
and 2S is the spacing between the suspension springs.) The effect is tok
further increase the roll angle at which maximum total moment is obtained
(¢£) and, again through the influence of the =W « h - ¢2 term, to reduce

this maximum moment and, thereby, the rollover limit.

It is of interest to note that the effect of lash is, in the end,
similar to the effect of increased compliance. Figure 21 points this out

by including plots of an "equivalent" suspension which is more compliant
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Figure 21. Roll response of vehicle including spring lash.
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but has no lash. Since this suspension has a value of ¢£ that is identical
to the suspension with lash, the resulting rollover limit is also identical.
In effect, then, the equivalent compliance of a suspension is the average
compliance exhibited up to the level of wheel 1lift-off. Vehicle roll
stability will exhibit a parameter sensitivity to this effective compliance

as it derives from both nominal roll rate and from suspension lash.

Recent recognition of the influence of spring lash has resulted in
reduction of lash on the part of many manufacturers. Older suspensions,
however, exhibited lash on the order of one inch. One inch of lash would
contribute about 1.5 degrees of "free" roll out of a total of perhaps six
degrees of roll required to reach the rollover limit for a relatively high
c.g. vehicle. Accordingly, in a general sense, spring lash might account
for nearly 257 of the roll stability limit degradation generally attributable

to suspension compliance.

4,1.4 Effects of Suspension Roll Center Height. If we include

suspension geometry, and in particular, roll center height in the vehicle

model, we can discover an additionmal sensitivity.

Figure 22 illustrates the new model. The new parameters in this

figure are
h1 the height of the roll center above the ground
h2 the height of the c.g. above the roll center
¢l the roll angle of the unsprung mass

From the figure, it can be shown that, for small angles, the moment due to

the lateral shift of the c.g. is
=W« (h 9, + hyo) (4.3)

In the previous model we assumed the roll center to be in the ground. In
that case, hl = (0 and h2 = h and (4.3) simplified to -W * h - ¢.

For the moment, let us make the "opposite" assumption, viz., that
PP

the roll center is at the c.g. and that, therefore, hl =h = h2 = 0%k

*For heavy trucks, this condition never exists, but the assumption
serves to make an important point.
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With this assumption, (4.3) simplifies to =W - h - ¢ For a given lateral

l.
acceleration, however, we know that ¢l is less than the value of ¢ since ¢
results from tire plus suspension compliance and ¢1 results only from tire
compliance. Thus, the slope of the moment due to lateral c.g. shift is

reduced, as indicated in Figure 23.

Further, with the roll center located at the c.g., the vehicle body
will not roll with respect to the axle and the body roll angle, ¢, will
equal ¢l. In effect, the composite compliance of the suspension and tires
is reduced to the compliance of the tires alone. The effect is to increase
the initial slope of the (Fz-Fl)T function, again shown in Figure 23. The
figure also shows that the two effects combine to produce an increase in

net moment, and, therefore, an improved roll stability limit.

It is probably safe to say that the importance of roll center height
to the roll stability of commercial vehicles has not been generally
recognized to date. Common commercial vehicle suspension designs do not
show evidence of special efforts taken to control roll center height. As
a general rule, roll center height is closely approximated by the point
where side forces are transmitted between the vehicle frame and suspension.
For most leaf-spring suspensions, then, the roll center height will be
near to the height of the connection between the ends of the leaf springs
and the frame. Trailing-arm air suspensions often have special lateral
links which transmit lateral force between the suspension and frame, and
would thus locate roll center height. Limited laboratory measurements of
unloaded Class 8 commercial vehicles have indicated roll center heights

above ground as follows: (1 m = 39.37 in)

Leaf-spring front suspension: about 25 inches
Single-axle leaf-spring rear suspension: about 30 inches
Four-spring tandem suspension: about 30 inches

Walking-beam suspension with leaf
springs: about 22 inches

In the future, raising roll center height by specific design intent
would appear to have potential as a practical and effective means of

improving commercial vehicle roll stability. It would appear that roll
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center heights in the range of 35-40 inches (1 m) are practically obtain-
able. It should be noted, however, that differences in roll center heights
among the several suspensions of a vehicle affects the distribution of

roll moment among those suspensions. Thus, as was the case for roll stiff-
ness distribution, roll center height ''distribution' can affect the

vehicle's yaw stability as well.

4.1.5 The Influence of Distributed Suspension Roll Compliance. The

single-axle model used above ignores the influence of the distribution of
roll stiffness among the several suspensions of the vehicle. If the roll
stiffness of the various suspensions are not proportional to the loads
carried by the suspension, then the single-axle representation will

generally predict a rollover limit which is higher than the true limit.

For example, consider the conventional tractor-semitrailer. Such
vehicles are typically equipped with very soft front suspensions, a con-
siderably stiffer rear tractor suspension, and a still stiffer trailer
suspension. Figure 24 presents the graphical representation of the roll
moments for such a three-suspension vehicle. The trailer suspension is
shown as the stiffest, while the trailer and tractor rear suspension carry
nearly equal load (i.e., nearly equal WeT values). The tractor front axle

is both softer and carries a much lower load.

The roll angles necessary for wheel lift at each of the three
suspensions are indicated by the angles ¢21, ¢22, and ¢23, respectively.
(If the stiffness of each suspension was proportional to its load, then
these angles would all be equal and the model would converge to the equi-
valent of the lumped suspension model used earlier.) From the plot of the
net moment function, we see that the maximum roll resistant moment occurs
at the tire 1lift point for the tractor rear axle. At higher roll angles,
even while the tractor front tires remain on the ground, net moment is
decreasing. This implies that the front axle stiffness is so low that it
does not compensate for the overturning moment generated by the continuing
lateral shift of the c.g. This point, then, defines the limit lateral

acceleration with respect to roll stability.
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Figure 24 also includes a dashed line indicating the prediction
of roll limit that would result if the lumped suspension model was used
for this vehicle. Note that the lumped suspension model predicts a some-

what more roll-stable vehicle.

The Influence of Individual Suspension Stiffnesses - We will now
consider the parameter sensitivity effect of changes in the individual

suspension stiffness of Figure 24. For this purpose, we will define two
classes of suspensions, viz., (1) "stiff" suspensions which are suspensions
that exhibit tire 1ift at a roll angle less than the roll angle at which
maximum net moment is obtained and (2) "soft" suspensions which are suspen-
sions that exhibit tire lift at roll angles which are equal to or greater
than the roll angle of maximum net moment. Our example vehicle has one
"stiff" suspension, the trailer suspension, and two "soft" suspensionms.
This is typical of tractor-semitrailer vehicles. It is possible to have
other mixtures. The only invariable rule is that every vehicle must have
at least one "soft" suspension. That is, the two extreme possibilities are
(1) maximum moment occurs with the last axle lift giving one "soft" suspen-
sion and all other suspensions "stiff" and (2) maximum moment occurs with

the first axle lift, yielding all "soft'" suspensions.

"Stiff" Suspensions - Figure 25 illustrates the effects of varying

the stiffness of the trailer suspension (the only "stiff" suspension) of

our example vehicle. Two variations from the baseline are shown: (1)

the suspension is made stiffer and (2) the suspension is made softer to

the extent that it becomes a "softer" type. The figure demonstrates that
stiffening this "stiff" suspension (variation 1) reshapes the initial por-
tion of the net moment curve, but does not affect the maximum value of the
net moment. Thus, there is no effect on roll stability.* On the other hand,
softening this "stiff" suspension to the extent that it becomes a "soft"
suspension (variation 2) lowers the maximum value of the net moment and

therefore degrades the roll stability limit.

*Sof tening this suspension slightly, so that it remains a "stiff"
suspension would, similarly, have no effect on the roll stability limit.
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"Soft" Suspensions - Figures 26 and 27 illustrate the influences of

changes in stiffness of the two "soft" suspensions—the tractor rear and
tractor front suspensions, respectively. These two figures illustrate that
stiffening any "soft" suspension improves roll stability and, conversely,
sdftening such suspensions degrades roll stability. This is so, since

any change in a "soft" suspension affects the maximum net moment.

The maximum advantage to be gained by stiffening any soft suspension
is, of course, limited by the point where the suspensibn eventually makes

the transition to a "stiff" suspension type.

It should be noted that roll stiffness distribution is very signi-
ficant in determining yaw stability, as well as roll stability, properties
of commercial vehicles (Chapters 5 and 6). In the context of complete
vehicle performance, optimizing roll stiffness distribution for roll stability

alone may not be wise if this serves to unacceptably degrade yaw stability.

Influence of Suspension Lash - As pointed out earlier in the dis-

cussion on suspension lash based on the single suspension model, lash can

be viewed simply as a mechanism which reduces the overall effective stiff- \
ness of a suspension up to tire 1lift. Accordingly, all the comments of

the immediately preceding discussion are appropriate to the effects of lash,

if we simply view lash as a mechanism which reduces suspension stiffness.

4.1.6 Suspension Location. In the previous section, we discussed

the influence of the distribution of roll stiffness among the various
suspensions of the vehicle. There is an additional, more subtle effect of
multiple suspensions on roll stability which is related to the longitudinal

position of the various suspensions on the vehicle.

Consider the free-body diagram of Figure 28. The figure shows the

forces which act on an unsprung mass in steady-state, namely,

Fl and F2 the left and right side vertical tire forces
Fsl and Fsz the left and right side spring forces
Fy the total tire side force
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Figure 28. Free-body diagram of an unsprung mass.
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The tire side force is reacted by an equal and opposite force at the roll
center (RC). The spring spacing is 2S and the track is 2T. The roll
center height is hl'

Summing moments about the roll center yields
Fyhl - (FZ-FI)T + (Fsz-Fsl)S = 0 (4.3)
Now, define ¢ and ¢l as the roll angles of the sprung and unsprung masses,
respectively, and define Ks and KT as the equivalent torsional springs of

the suspension and tires, respectively, such that

K¢y

(F,=F )T RCRY)
Rg(¢=9;) = (F,~F )8 (4.5)

Equations (4.3) through (4.5) may be combined and solved for ¢, yielding

1 .1, M
$ = (FeFT =+ = == (4.6)
K S
No&, define WS as the total vertical load on this suspension.
Then wheel 1lift takes place for the suspension when F2 = WS and Fl = 0.
Then for this suspension
Fh
¢£ = WST (l'...;.i.) -yl (4.7)

KK
where ¢2, again, is the body roll angle at which wheel 1lift occurs.

The second term in Equation (4.7) shows that:

As the value of F h
vl

at which tire 1lift occurs becomes smaller. That is,

increases, the body roll angle

as the Fyh1 term becomes larger, the suspension
becomes effectively "stiffer" per our previous

definition of "stiff" and "soft" suspensionms.
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Accordingly, Equation (4.7) is another way of expressing the impor-
tance of roll center height. As the roll center height increases, the
suspension appears '"'stiffer" as was determined in the previous discussion

on roll center height.

Interpreting Equation (4.7) in another light, however, we see that
the effective stiffness of a suspension is related to the amount of side
force (Fy) to which the suspension is subjected. If the side force is
large, then tire lift occurs at a smaller body roll angle and the suspension

is, in effect, stiffer.

The distribution of Fy among suspensions is related to yaw plane
behavior. Sufﬁicient for this discussion, it can be said that, as a
general rule, for higher level (of lateral acceleration) steady-state turn-
ing, axles near the center of the vehicle unit* are subjected to smaller slip
angles than those closer to front or rear. Therefore, they will, in
general, experience smaller levels of side force. Thus, axles placed near
the center of the vehicle can be expected to appear "softer" than thdse

placed far forward or aft, all other parameters being equal.

The strength of this effect is dependent on speed. For a fixed
lateral acceleration, the difference between slip angles among axles
generally will grow as speed decreases. Thus, axle placement is of greater

importance in low-speed turning than in high-speed turning.

Equation (4.7) leads to one more interesting conclusion, viz., that
self-steering axles can, in general, be expected to be effectively "softer"
than they would otherwise be. There has recently been increased interest
in the use of self-steering axles on heavy vehicles to improve low-speed
maneuverability and to lessen tire wear. Since the general nature of self-
steering axles reduces tire side force on that axle during turning, the
effective stiffness of a self-steering axle can be expected to be lower than

it would be for a similar, non-steering axle.

It should be noted that the issues considered in this section (axle

location and self-steering axles) affect primarily stiffness distribution

among axles as opposed to total stiffness. For a given steady-state lateral

acceleration, a specific total tire side force is required. Accordingly,

*"Unit," here, refers to a single vehicle unit in the yaw plane.
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when tire side force is found to be low on one axle due to locatiom or a
self-steering function, side forces on other axles will be larger, thus
adding to their effective stiffness. Depending on the relative height of
the roll center of the suspension's "tracking" side force, total effective

stiffness may either increase or decrease somewhat, or remain comnstant.

4.1.7 Summary. The preceding discussion has served to highlight
the significant parametric semsitivities of commercial vehicles with respect
to the roll stability limit. Strictly speaking, the relative importance
of these sensitivities can only be evaluated for a given vehicle system.
Nevertheless, an effort has been made to order the following summary according
to relative importance, given current general practice. The significant

sensitivities are:

1) Sensitivity to track width and c.g. height. The ratio of track
width to c.g. height is the fundamental determinant of the lateral accelera-
tion level at which roll instability will occur. Lowering c.g. height

and/or increasing track width have a stabilizing influence.

2) Sensitivity to the total (lumped) roll compliance of the
vehicle's suspensions and tires. In general, body roll compliance that
derives from suspensions and tire compliances degrades the roll stability
limit of the vehicle from the reference level defined by the track width
to c.g. ratio. This degradation derives from the lateral shift of the c.g.

which occurs as the vehicle rolls on compliant suspensions.

3) Semsitivity to suspension lash. The lash which is present in
many heavy vehicle suspensions may contribute to the effective roll com=-
pliance of the suspension as the vehicle approaches rollover. Accordingly,
suspension lash is seen as a portion of the more general compliance affect,
but it can contribute significantly to the degradation of the roll stability
limit.

4) Sensitivity to suspension geometry: Roll center height. Roll
center height has an influence on the effective roll compliance of a
suspension and on the amount of lateral c.g. shift which occurs per unit
of roll. Accordingly, the roll stability limit is semsitive to roll center

heights. In general, higher roll centers increase the roll stability limit.
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Current practice suggests that the influence of roll center height on roll
stability is not widely recognized and that significant gains in roll

stability might be made through advantageous suspension design changes.

5) Sensitivity to roll compliance distribution among suspensions.
The distribution of compliance among the various axles of the suspension
can affect the roll stability limit. Given that the suspensions, in total,
exhibit some specific level of roll stiffness, the optimum distribution of
that stiffness among the suspensions is in proportion to the vertical load
carried by each suspension. Variations from this distribution degrade the
roll stability limit. Further, stiffening or softening suspensions which
are proportionately too stiff is ineffectual toward altering the roll
stability limit. For suspensions that are proportionately too soft, stiff-
ening will increase the limit and softening will degrade the limit.

6) Sensitivity to axle location. Particularly at lower speeds,
the effective stiffness of a given axle is sensitive to its longitudinal
placement. Axles nearer the center of the vehicle appear softer; those
close to either the front or rear appear stiffer. Thus, the issue of roll

compliance distribution (item 5) is affected by longitudinal placement of

axles. By a very similar mechanism, self-steering axles also appear to
be effectively softer in roll than they would if they were non-steering
axles. This effect is not speed sensitive, however, so that self-steering

axles always have a special influence on roll stiffness distribution.
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