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PREFACE

The Engineering Design Handbook Series of the Army Materiel Command
is a coordinated series of handbooks containing basic information and funda-
mental data useful in the design and development of Army materiel and sys-
tems. The handbooks are authoritative reference books of practical information
and quantitative facts helpful in the design and development of Army materiel
so that it will meet the tactical and the techuical needs of the Armed Forces.

This handbook is one of the Automotive Series of the Engineering Design
Handbook Series. The Automotive Series eovers the broad field of automotive
equipment, with particular emphasis on the physical, operational, and eclimatic
requirements imposed by the military environment, Combat and tactical
land vehicles of all types-—wheeled, tracked, and others—are included in this
series.

The purpose of these handbooks is to provide assistance to designers of mili-
tary automotive equipment and technieal guidanee to military and civilian per-
sonnel who are responsible for preparing specifications for this equipment, or
who are responsible for ensuring their fulfillment.

The suspension system, one of the major functional elements of the automo-
tive assembly, is the subject of this handbook. Tts treatment is divided into three
major eategories, namely, Part One, Fundamental Discussions, Part Two, Land
Locomotion, and Part Three, Suspension Systems, Components, and Design
Data. The material presented is a compilation of data and design information
gathered from many sources. Because of the vast seope of this subject, its
treatment has been limited to one of condensation and summary. Proofs and
mathematical deviations are omitted, for the most part. Only final results,
qualifying information, and interpretation useful to the design process are
given. For a more complete treatment of any topie, the reader is urged to con-
sult references listed at the end of each chapter.

‘When reference is made in this handbook to military specifications, regula-
tions, or other official directives, it is done so to inform the reader of the existence
of these documents. In this respect, the user is cautioned to make certain that he
uses editions which are current at the time of use.

This handbook was prepared by the Military Systems Group, Machine Design
Section, Mechanical Engineering Research Division* of the IIT Research In-
stitute, assisted by the Soil Mechanics Section of the Solid Mechanics Division,
for the Engineering Handbook Office of Duke University, prime contractor to

the Army Research Office-Durham,
The authors wish to acknowledge the excellent cooperation

rendered by the U. S. Army Tank-Automotive Command and the
Development and Proof Services of Aberdeen Proving Ground (nowof
* Rudolph J. Zastera, Project Leader and Technical Editor.
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the Test and Evaluation Command) in providing reports, data, and other in-
formation beneficial to the preparation of this handbook.

Elements of the U. S. Army Materiel Command having need for handbooks
may submit requisitions or official requests directly to the Publications and
Reproduction Agency, Letterkenny Army Depot, Chambersburg, Pennsylvania
17201. Contractors should submit such requisitions or requests to their con-
tracting officers.

Comments and suggestions on this handbook are welcome and should be
addressed to Army Research Office-Durham, Box CM, Duke Station, Durham,
North Carolina 27706.
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PART ONE
FUNDAMENTAL DISCUSSIONS

CHAPTER 1

INTRODUCTION*

SECTION I GENERAL DISCUSSION

Military tactical doetrine has always stressed
the importance of mobility—particularly off-the-
road-mobility, soft ground mobility, snow mobility,
and high-speed-over-rough-terrain mobility. Ohvi-
ously, if we can operate effectively over terrain that
our enemy cannot negotiate-—or move with greater
speed, or maneuver faster over the same terrain—
we will have a decided advantage over him., We can
evade his attacks at will by rapid dispersion or by
making use of terrain that is denied him; we can
.execute lightning counterattacks from unexpected
directions before he has time to regroup; and we
can exploit our successes with rapid follow-up
tactics

Early armies moved and fought primarily on
foot. Most terrain could be negotiated satisfactorily
by the foot soldier although his load-carrying capa-
bilities, endurance, and speed were quite limited.
The use of animals improved his load-carrying
capabilities and endurance but had little effect
upon his overall rate of march. Flashing cavalry
charges were made possible, however, by the short
distance speed capabilities of horses. With the
advent of motorized vehicles, mechanized transport
replaced animal transport—first only in logistic
operations but later in reconnaissance and combat
operations as well.

When first introduced, military vehicles were
merely adaptations of the then current commercial
vehicles. Demands hy the using public for im-
proved riding comfort and greater speed led to

® Written by Rudolph J. Zastera of the IIT Research
Institute, Chiecago, Illinois.

the improvement of roads and to increased vehicle
performance, but vehicle performance was eval-
uated in the relatively ideal environment of the
highway. As the development of roads and ve-
hicles progressed simultaneously, vehicle perfor-
mance became increasingly dependent upon good
roads; and the suitability of commercial vehicles
for military operations decreased. In unfavorable
terrain, military vehicles became roadbound, mak-
ing them vulnerable to enemy interdiction and in-
creasing the total time spent by a march column
on the road.

The nuclear battlefield imposes even greater re-
quirements for increased mobility, particularly a
high degree of cross-country mobility and high off-
road speed. The tactical concepts envisioned by
military planners calls for an extreme dispersion
of troops. Task force groups, comprised of widely
scattered units to minimize the possibilities of
nuclear counterattack, will be required to mass
rapidly on a given target for a concerted strike
and separate as rapidly as possible to their dis-
persed positions. Thus, if the area a unit is re-
quired to hold is materially inereased due to the
dispersion necessary, the requirements for logistic
support and communication will also increase.
These increased requirements can only be met
by vehicles capable of much higher speeds and a
high degree of off-road mobility.

The fullfillment of these demands for vastly
improved mobility depends upon the vehicles’ sus-
pension systems, Engines and power trains de-
velop the required propulsive efforts; frames,
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bodies, and hulls provide the required support and
housing for components, cargoes, and crews; but
the suspension systems must act as the feet and
legs of the vehicles.

As feet and legs, the suspension system has a
comparable function and importance to the vehicle
as has its natural counterpart to a living animal.
In general, it is required to support the weight of
the loaded vehicle body above the ground, act to
distribute the weight selectively, develop tractive
effort with the ground for locomotion, make con-
tinuous space adjustments between the moving

vehicle bodies and ground irregularities, act to
control any deflection of the vehicles from their
selected courses, provide a means for changing the
courses of the moving vehicles, and protect the
vehicles and their contents from excessive shocks
due to ground irregularities. Thus, it is evident
that the suspension system is the chief operator in
determining the mobility of a vehicle and any im-
provements or increases of a vehicle’s mobility
must come as a result of improvements to the sus-
pension system,

SECTION II PURPOSE AND FUNCTION

1.1 IMPROVE MOBILITY

A popular, but erroneous, opinion regarding the
functional objective, or purpose, of the suspension
system—one that is generally shared by casual or
lay observers—presumes it to be to cushion the
vehicle body and its contents from uncomfortable
shocks as the vehicle traverses irregular terrain.
Although this is one of the means by which the
suspension system achieves its functional objec-
tive, it is not in itself that objective. A studied
consideration of the question will reveal that one
of the chief reasons for wanting to cushion the
vehicle body and its contents from terrain induced
shocks is to permit increased vehicle speed (Refs.
1 and 2). A vehicle with an absolutely rigid sus-
pension system can traverse a rough terrain with
relative comfort if the speed is very low and is
kept below -some maximum. As the speed is in-
creased above this maximum, the vertical and
angular accelerations of the vehicle become intoler-
able to the structure, the eargo, and to the occu-
pants, causing the speed to be reduced to an ac-
ceptable comfort level. The introduction of an
elastic support system between the vehicle body
and the ground cushions the vehicle against the
detrimental effects of the ground irregularities
and permits a speed increase to & new maximum.

Purthermore, as the rigidly suspended vehicle
travels over rough ground, it experiences large, er-
ratic vertical accelerations. Each such vertical ac-
celeration produces a different loading upon the
supporting terrain resulting in variations in the

1.2

traction developed by the ground-contacting ele-
ments of the vehiele. Not only is traction necessary
for developing speed, but it is essential to lateral
stability, steering control, and braking. Note, how-
ever, that these factors—speed, traction, lateral
stability, steering control and braking—are the
essential elements of vehicle mobility. One can
conclude, therefore, that the primary purpose, or
functional objective, of the suspension system is to
improve the overall mobility of the vehicle.

Several corollary functions of the suspension
system exist, some of which are unique to military
vehicles, These are discussed briefly in the para-
graphs that follow.

1.2 SUPPORT VEHICLE BODY OR HULL

A somewhat obvious function of the suspension
system is that of supporting the vehicle body or
hull at some selected height above the ground. This
feature of having some space beneath the vehicle
body has both desirable and undesirable aspects,
though usually not at the same time. It is desirable
in that it permits the vehicle to straddle certain ob-
structions in its path; such as boulders, logs, deep
ruts, and holes that otherwise might be obstacles.
It permits the vehicle to negotiate deep mud, snow,
and soft sand without becoming bellied, and to
ford shallow bodies of water without the risk of
water damage to the power plant or cargo. Further-
more, it permits the incorporation of an elastic
support system between the vehicle body and the




ground to attennate the effects of ground irregu-
larities,

Among the undesirable aspects of raising the
vehicle body off the ground are such factors as:
inereased overall vehiele height; increase in height
of veliiele center of gravity; introduetion of prob-
lems of lateral strength and stiffness; inecreased
overturning effects of equipment operating on
vehicle, weapon recoil, and blasts; and increased
vehicle weight and cost. Increasing overall ve-
hicle height makes it more vulnerable to enemy
observation aud fire, and increases the cargo space
required to trausport the vehicle. Inercasing the
height of the vehicle’s center of gravity makes the
vehiele less stable, particularly on side slopes and
wlien cornering.

The operation of vehicle-mounted equipment
that has an over-turning effect on the vehicle—
such as cranes, power shovels, draglines, or the
firing of weapons—is luhibited by an increase in
vehicle height due to the increased moment arm of
the overturning couple.

The added weight resulting from an increase in
overall height requires increased power for com-
parable vehiele performance and affects the gronnd
pressure of the vehicle which, in turn, has a direct
bearing npon vehicle mobility. The effect of in-
creased weight upon fuel consiunption and npen
the suitability of the vehicle for airborne operations
is obvious. Thus, even though a velicle designer
may desire the advantages that become available
when the vehicle body is raised above the ground,
they do require a price in the form of design com-
promise,

1-3 PROVIDE LATERAL STABILITY

Since the majority of wvehieles, both wheeled
and tracked, have a suspension system that holds
the vehicle body above the ground by means of an
elastic support system, problems arise in keeping the
vehicle reasonably level. When rounding a curve,
the centrifugal force acting on the vehicle together
with the corucring force developed by the ground-
contacting clements (tires, tracks, feet, ete.) act
as a couple which tends to overturn the vehicle
outward about the outer wheels (or track). This
causes the center of gravity of the vehicle body
to shift toward the outside of the curve, increasing

AMCP 706-356

the vertical load upon the elastic support system
on that side of the vehicle and deecreasing the
vertical loads ou the support system on the inside
of the curve by a like amount. Siuce the deflection
of an elastic systemn is proportional to the forces
acting upon it, this unbalance of vertical forces
betweenr the two sides of the vehicle will tend
to tip the vehicle body toward the ontside of the
curve.

A shmilar lateral shifting of the ceuter of
gravity of the vehicle body takes place when operat-
ing on a side slope, when operating crane-type
equipment off the side of the vehicle, or when firing
heavy weapons broadside from the vehicle. Under
the severe conditions imposed by the military
enviromment in which the military vehicles must
operate, this lateral instability is not merely an
nnpleasant inconvenience. Struectural failure of
suspension components will result from the large
lateral forees that are encountered if sufficient
lateral rigidity and strength are not designed into
the system. Furthermore, a very real danger ex-
ists of the vehiele overturning uuder the conditions
mentioved.

In order to minimize, prevent, or counteract
the effects of this lateral unbalance of forces, vari-
ous meals are incorporated into the design of sus-
pension systems. These take the form of stabilizing
linkages; variable-rate spring systems; pnreumatic,
hydraulie, and lhydropneumatic eompensating de-
viees; semi-active and active suspension systems;
and suspension lockouts. These, and others, are
discussed in this handbook.

1-4 PROVIDE LONGITUDINAL STABILITY

The foregoing discussion of the funetion of the
suspension system to provide for lateral stability
of the vehicle also applies to the provision of longi-
tudinal stability. Instability of the vehicle body or
hull in the longitudinal direction is caused by such
factors as operations on longitudinal slopes, vehicle
acceleration and braking, crane-type equipment
operating over front or rear of vehicle, bulldozing
operations, towing, firing of heavy weapons, ete.
Under these conditions, the forces acting npon the
vehicle body or hull result in a conple tending to
rotate the body abont its lateral axis. Although the
dauger of the vehicle aetually overturning about
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its axis is not as great as in the previous case, due
to the greater dimension along the longitudinal axis,
it is not impossible and has happened under severe
conditions. Liongitudinal instability is minimized
by the same methods mentioned in the previous
paragraph for reducing lateral instability.

1-5 PROVIDE SELECTIVE DISTRIBUTION

OF WEIGHT ON GROUND

Obviously, the weight of the vehicle must be
transferred to the ground if the ground is to sup-
port the vehicle. The way in which this weight
15 distributed over the ground, however, has an
importaut bearing upon such factors as sinkage,
rolling resistance, drawbar pull, and ride char-
acteristics of the vehicle. A uniform weight distri-
bution is not necessarily the most desirable, as one
might assume; hence, it is a function of the sus-
pension system to distribute the vehicle weight in
accordance with a predetermined design plan.

Furthermore, as the vehicle traverses irregular
terrain, it is subjected to large, erratic vertical ac-
celerations, particularly at high speeds. These ac-
celerations produce radical variations of terrain
loading beneath the ground-contacting elements
of the vehicle, the magnitude of which is the prod-
uct of the acceleration at any instant and the mass
of a particular portion of the vehicle. This leads
to a loss of traction due to insufficient ground pres-
sure when the terrain loading is decreased, and due
to soil failure when the terrain loading becomes
excessive. Soil failure may also inerease the rolling
resistance at the same time that tractive effort is
decreased. Thus, the overall mobility of the ve-
hicle suffers fromn excessive variations iu terrain
loading.

The suspension system is designed to isolate
the mass of the vehicle body from the vertical ae-
celerations experienced by the ground-contacting
elements and the so-called ‘‘unsprung mass.”” The
degree to which this is accomplished determines
the amount by which the fluctnations of the ground
loading 1s reduced.

1-6 ADJUST FOR TERRAIN
IRREGULARITIES

Since one of the functions of a good suspension
system is to permit the unspring mass to follow
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closely the irregular contour of the ground with
minimum disturbance to the vehicle body, it follows
that it must have the capability of varying its
vertical height to adjust for terrain irregularities.
The response of this systemn must be as rapid as
possible to prevent the development of vertical
acceleration forces that would disturb the equi-
librium of the vehicle body and affect the load be-
ing exerted on the ground. Furthermore, the
vertical adjustment capabilities must be as large
as ig practical within the limiting physical dimen-
sions of the vehiele cnvelope as dictated by the
utility intended for that vehicle.

1-7 PROVIDE CREW AND PASSENGER
COMFORT

The provision for crew and passenger comfort
is another corollary funection of the suspension
system. Sinee it is not possible to completely iso-
late the e¢rew and passenger compartments from
the vertical accelerations experienced by the un-
sprung mass, the elastic suspension system at-
tenuates the accecleration forces it trausmits. Crew
and passenger comfort depend not only upon the
amplitude of the wibrations but also upon the
frequency. Certain frequencies bring on discom-
fort and nausea (motion sickness) even though
the amplitude of the vibrations are acceptable.
Therefore, the suspension system is also required
to alter the vibrations to acceptable frequency
levels.

Noise, too, produces discomfort, fatigue, ner-
vousttess, and even illuess. Tracked vehicles are par-
ticularly notorious for the amount of noise they
generate as the snccessive track blocks strike the
ground. The suspension system plays an important
part in limiting the transmission of this noise to
the vehicle hull.

1-8 PROTECT VEHICLE COMPONENTS
AND CARGO FROM SHOCK AND
VIBRATION DAMAGE

Ground-indnced shocks and vibrations affect
every component of the vehicle as well as its cargo,
passengers, and crew and are probably the most
troublesome problem area in the entire fleld of ve-
hicle design. Not only must the suspension com-
ponents be strong aud sufficiently rugged to with-




stand the pounding to which they are subjected,
but they must be capable of attennating the shocks
to a level that is acceptable to the rest of the ve-
hicle, its cargo, and its occupants. This permits the
vehicle body to be designed of a lighter construc-
tion; isolating shock sensitive components, equip-
ment, or cargo becomes much less of a problem;
the reliability of vehicle compounents; and the erew
and passengers can enjoy greater comfort. These
improved features permit increased vehicle speed,
resulting in improved mobility—tle ultimate aim
of the military vehicle desiguer.

1-9 PROVIDE TRACTION CONTACT WITH
GROUND

A further tunction of the snspension system is
to provide the necessary traction contact with the
ground The tractive effort of a smooth wheel or
track is limited by the coefficient of frietion be-
tween the surfaces in contact. The addition of ag-
gressive treads to wheels, or gronsers to tracks,
will increase the grip of these eleinents upon the
gromnd and permit the development of more trac-
tion. When operating in soft sand, snow, or mud,
wood traction coutact is cxtremely important.
Under these conditions, specially designed ground-
contacting elements are often uecessary in order
to develop the required propulsive effort, or trac-
tion. A similar situation exists in the case of
amphibious vehicles swimming in deep water and
using their normal wheels or tracks for water
propulsion. In these cases, the traetive elements
act somewhat like paddles to propel the vehicle
through the water.

1-10 TRANSMIT DRIVING AND BRAKING
TORQUES

Although the suspension system is primarily
the impact and vibration absorbing mechanism of
the vehicle, its design is influenced to a greater ex-
tent by the vehicle’s power transmission require-
ments. The reactions to driving and braking
torques must be transmitted through the suspension
systew sinee tlis is the only connection between
the vehicle and the ground. Thus, the elastic ele-
ments of the suspension system must be made suffi-
ciently rigid to resist these torques, or other means
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must be introduced to accomplish this end. These
are usually in the form of torque tubes, torque
arms, or Inechanical linkage systems.

1-11 PROVIDE OBSTACLE-CROSSING
CAPABILITIES

The ability to cross obstacles is a requirement
especially important to military vehieles. Ob-
stacles may be m the form of vertieal obstruction
such as boulders, logs, embankments, or low walls;
or iu the form of ground depressions such as holes,
ruts, ditches, or trenches. In crossing obstacles
of this type, there is a tendency to lose traection
due to several factors. When climbing a vertical ob-
stacle, there is a redistribution of forces acting on
the ground brought about by the tilting of the
vehicle. This causes a reduction of the normal
force being applied by the wheels or track clements
to the obstacle itself and an inerease of the normal
foree being applied by the other wheels or track
clements. The former condition will obviously re-
sult in legs traction because of the reduced normal
force. The latter condition may perinit an increased
tractive effort if the soil conditions are favorable,
or it may result in a reduetion or loss of traction if
the soil fails due to the increased load upon it.
In the latter case, the vehicle will only succeed
in digging its tracks or wheels into the ground
nntil the vehiele becomes totally immobilized.

When bridging a depression or diteh, a similar
situation oceurs. In this case, the wheels or track
portions that become suspended over the diteh lose
all traetion because they are not even making con-
tact. The remaining ground-contacting elements
experience an increased load which, again, may
cither improve their traction or degrade it, as in
the previous case. 1f the inereased load causes the
supporting soil to fail, the vehicle will again
become immobilized.

A well designed suspeusion system will adjust
for terrain wregularities and maintain an optimum
load distribution on the ground to minimize over-
loading the soil.
grousers on tracks, help maintain traction under
diffienlt load conditions. Thus, it becomes readily
apparent that the suspension system plays a prom-
inent role in the ability of a vehicle to negotiate
ohstacles.

Aggressive tread on tires, or
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1-12 PROVIDE MEANS FOR CHANGING
COURSE

Although dircetional econtrol of a vehicle is
done by means of the steering system, the actual
maneuvering of the masses is accomplished by
foreces exerted through the suspeusion system to
the ground. Lateral forces are introduced when
the vehicle changes course, particularly at high
speeds, which introduces problems of lateral sta-
bility. A properly designed suspension system will
maintain lateral stability under all operating con-
ditions and will permit the vehicle to change
vourse 4t reasonably high speeds. A loss of lateral
stability on a curve will force a vehicle to slow
down, therefore reducing its mobility.

Various facilities are incorporated into the
suspeusion to provide a means of changing course.
Tn wheeled vehicles, directional changes are usually
accomplished by pivoting the front wheels on their
supports and pointing the planes i1 which they are
rotating in the direction the vehicle is required to
travel. Rear steered vehicles accomplish the di-
rection change by directing the planes of the rear
wheels in a direction opposite to that desired for
the vehicle, Both front and rear steer arc sometimes
used in vehicles having an extremely long wheel-
base. Camber steering is accomplished by tilting
the front wheels. Wheeled vehicles cau also be
stecred by varying the rclative spceds of the
wheels on each side of the vehicle.

Directioual control of tracked vehicles is usually
effected by varying the relative speeds of the two
tracks. Mechanieally bowing the tracks in the di-

reetion of steer has also been used but is not a
popular method because only large radius tuims are
possible and the method introdnces many compli-
cations aud problems.

1-13 PROVIDE STABLE GUN PLATFORM

The wounting of weapous, particularly heavy
weapous, npon a vehicle chassis places additional
requirements upon the suspension system. Aside
from the obvious requirements imposed by the
heavy recoil of the weapon, there is a problem of
maintaining a stable weapon platform under all
conditious ot elevation and traverse of the weapon
Provisiolls are sontetimes made to lock-out the ae-
tion of the suspeusion system when the weapon is
fired. This not only assurés a stable gun plat-
form while firing, but it protects the elastic com-
ponents of the suspension system from the recoil
shocks and adds the unsprung mass to the spruug
mass to aid in maintaining a firm firing position
ou the ground.

In general, the accuracy of fire from vehicle-
mounted weapous delivered while the vehicle is
in motion leaves much to be desired—particularly
if the vehicle is moving over rough terrain. Vari-
ous weapon stabilizing systems have been intro-
duced from time to time with limited effect. In
theory, the ideal suspeusion system would main-
tain a stable gun position despite the vehiele speed
or terrain irregularities. In praetice, the theoret-
ical ideal is not always attainable, but any degree
of success i attaining that goal is an improve-
ment.

SECTION III BASIC DISCUSSIONS

1-14 SUSPENSIONS, GENERAL

The suspension system of a vehicle 1s defined as
that complex of mechauical, struetural, pneumatic,
hydraulic, and elcctrical compounents that provides
or is associated with the provision of flexible sup-
port between the ground and frame, or ground and
hull, of the vehicle. This includes, in addition to
the elastic or resilient compouents, the load carry-
ing members, traction members, and such mem-
bers as are required to control the gcometrical
relationship of the elastically constrained parts.
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Although some of the components transmit power
or provide reaction torque, the suspension system
is not considered part of the power train; how-
ever, its design is greatly influenced by the ve-
hicle’s power transmission and steering require-
ments. Dissimilar methods of locomotion and
types of ground contact, resulting from the wide
range of military rvequirements, produce major
design variatious in suspension components. For
this reason, it is necessary to expand the general
definition of a suspension system to cover every




type of vehicle—wheeled, tracked, and unconven-
tional.

1-15 SUSPENSIONS, WHEELED VEHICLES

Typical suspension systems for wheeled ve-
hicles are illustrated in Figures 9-2, 9-3, 9-5 and
9-8. The main components that comprise these sys-
tems are: (a) springs, (b) shock absorbers, (¢)
axle assemblies, (d) bogie assemblies, (e) wheels,
(f) tires, (g) torque arms and tubes, (h) control
arms, (i) stabilizers (antiroll bars), and (j) bump
stops. Detailed discussions of these compoenents are
given in Chapter 9. For the purpose of this intro-
ductory definition, the basic functions of these com-
ponents are given as follows:

(a) Springs. Provide the elastic support for the
vehicle body.

(b} Shock absorbers. Regulate the dynamic char-
acteristics of the sprung and unsprung mass
by introducing damping into the system.

(¢} Axle assemblies. Provide cross support for
the vehicle body and a spindle upon which the
wheels revolve and through which the vehicle
weight is transferred to the wheels. Some axle
assemblies have the additional funetion of
transmitting propulsive power to the wheels,
some have a role in the steering of the vehicle,
and some do both, ie., transmit power and
provide for the steering.

(d) Bogie assemblies. Distribute the vertical
forces equally to tandemn axles, maintain uni-
form ground pressure under the tandem wheels
of the assembly despite ground irregularities,
and reduce vertical displacements and shock to
the vehicle body through the geometrical ar-
rangement of the components.

(e) Wheels. Minimize the resistance of the vehicle
to translatory motion in the desired direction
while providing vertical support for the ve-
hicle body and lateral stability. Some wheels
have secondary functions of trausmitting driv-
ing and braking torques, and providing steer-
ing actions.

(f) Tires. Provide traction contact with the
ground for propulsion, braking, and steering.
Some tires have an additional function of
reducing road shocks, vibrations, and noise
transmitted to the suspension system.
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(g) Torque arms and tubes. Provide reaction
torque to counter the driving torque of the
power train and transmit the driving thrust
to the vehicle frame or body.

(h) Control arms. Maintain the desired geo-
metric relationship between the various elas-
tically constrained suspension components.

(i) Stabilizers. Reduce the amount of angular
movement of the vehicle body in the vertical
plane.

(j) Bump stops. Limit the maximum vertical ex-
cursion of the elastically supported mass, both
upwards and downwards, from its normal
free-standing position.

Not all of the foregoing major components are
necessarily found in every wheeled vehicle sus-
pension system. Furthermore, the properties of
some components may be modified or expanded to
provide some function normally provided by an-
other component. Nevertheless, the components
listed, when present in a vehicle, comprise the
vehicle’s suspension system.

1-16 SUSPENSIONS, TRACKED VEHICLES

Suspension systems for tracked vehicles are
basically quite similar to those found in wheeled
vehicles, although this similarity may not be ob-
vious to a casual observer. The main difference is
the presence of the track assemblies which are
absent in the wheeled vehicle suspension. If one
considers the track assembly merely as a portable
roadway upon which the vehicle rolls, the similarity
to a wheeled vehicle will become more apparent
(Figures 10-1, 10-2, 10-3 and 10-4). It is not
surprising, therefore, to find the suspension system
comprised of similar components. The major items
are: springs, shock absorbers, road wheels, tires,
road wheel arms, bogie assemblies, track assemblies,
sprockets, support rollers, bump stops, and idler
wheel assemblies. These are discussed in detail in
Chapter 10. The basic functions of the components
common to both wheeled and tracked vehicles are
given in the previous section. The functions of
those components more or less unique to tracked
vehicles are :

(a) Road wheel arms. Support the road wheel
spindles, upon which the road wheels rotate,
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and transmit the vertical loads experienced by
the road wheels to the torsion bars or other
spring systems.

(b) Track assemblies. Distribute the vehicle
weight over a larger ground area to reduce the
ground pressure and improve traction.

(e) Sprockets. Function as part of the power
train since their main funetion is to drive the
track to propel the vehicle. They are always
considered with the suspension elements, how-
ever, because their design is heavily depend-
ent upon the design of the track.

(d) Support rollers. Support and guide the re-
turn run of the track assembly.

(e) Idler wheel assemblies. Return the driven
track to the driviug sprocket. Compensating
idlers compensate for changes in the circum-
ferential length of track euvelope, resulting
from the envelope econstantly changing its
shape as it follows the contour of irregular
terrain.

There is a type of suspension system that is
used in a particular class of track-laying equip-
ment that is quite different from that found in con-
temporary combat and tactical vehicles. It is
found in such equipment as heavy duty crawler
cranes and shovels, agricultural and industrial-
type crawler tractors, and bulldozers. Basically,
this system consists of a series of gsmall idler
wheels, mounted to a longitudinal beam beneath
the vehicle to provide a supporting base. The
track, passing under the rollers and around the
beam longitudinally, can make relatively small
adjustments to the contour of the ground due to
a very limited deflection capability of the spring
system.

The above type of suspension system is quite
adequate and practical for the equipment to which
it is applied. Heavy duty erawler cranes and power
shovels require only a large, slow-moving base
or platform, and they operate on almost level
ground with very little contour variation. Width
and length of base (for purposes of stability) and
low ground pressure are the chief considerations in
the design of suspensions for this equipment. In
the design of agricultural and industrial type
tractors, adhesion, traction, and low ground pres-
sure are the main considerations—since the pur-
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pose of the vehicle is to provide maximum draw-
bar pull. Vehicle speed requirements are relatively
low and the terrain requirements are not particu-
larly severe. Requirements placed upon bulldozers
used in construction operations approach the se-
verity encountered in combat and tactical opera-
tions but, even here, the requirements of speed,
extremes of terrain and weather, and power and
weight considerations are not as severe.

Since the design problems associated with this
type of suspension system are far less complex
than those encountered in the design of suspension
systems for high performance combat and tactical
vehicles, the design of the beam-type of tracked
sugpension system is not treated in this handbook.

1-17 SUSPENSIONS, SLED-TYPE VEHICLES

Suspension systems for sled-type vehicles con-
sist funetionally of the same geueral components
as make up other suspension systems; namely,
ground-contacting elements to distribute the ve-
hicle weight selectively over the ground, support-
ing elements to hold the vehicle body at some de-
sired distance above the ground, a system of
adjustable links to allow the ground-contacting
elements to follow the irregular contour of the
ground with minimal disturbance to the vehicle
body, and provisions to control the course of the
vehicle. Omne difference between a sled-type ve-
hicle and a wheeled or tracked vehicle is that the
runners cannot be used to propel the vehicle by
developing tractive effort with the ground, as is
the case with wheels or tracks. Sled-type vehicles
are usually towed by a prime mover or are pro-
pelled by an auxiliary track, traction wheel, air
propeller, or thrust motor. The runners are, there-
fore, designed for minimum friction with the
ground and minimum resistance to forward mo-
tion. In this respect, the sled-type vehicle even
differs from an unpowered trailer becausé the
wheels of a trailer are required to develop suffi-
cient traction to overcome their rolling resistance
to preclude sliding over the ground.

Since sled-type vehicles are primarily designed
to operate on snow, ice, and marshy ground, the
development of sufficient propulsion is more of a
problem than when operating on firm soil. For this
reason, sled-type vehicles generally operate at




relatively slow speeds, making the suspension re-
quirements much less severe. Cousequently, the
elastic elements (springs and shock absorbers) are
often omitted. Heavy duty cargo sleds and sleds
designed for high speeds, however, do include
these elements. The ‘methods of calculating the
dynamic requirements of the suspension system
are much the same as for conventional systems dis-
cussed in Chapter 8. The design of skis, sleighs,
and toboggans is covered in Chapter 6, Section III.

1-18 SUSPENSIONS, UNCONVENTIONAL
VEHICLES

The category of unconventional vehicles em-
braces many types designed to meet special appli-
cations or to operate in unusual environments.
Their suspension systems fall into four general
categories; namely, unusual wheel types, unusual
track types, walking and leaping types, and screw
types. QGround-effect vehicles, which float a few
inches above the ground on a cushion of air, are
not discussed in this book. The main objective of
these unusual suspensions is to increase vehicle
mobility by enabling the ground-contacting ele-
ments to develop greater tractive effort and less
resistance to motion than is possible with con-
ventional components. The prineciples governing
terrain-vehicle relationships are in the domain of
land locomotion mechauics; therefore, more de-
tailed discussions of the unusual suspension types
are given in Chapter 6.

1-19 COMMON SUSPENSION
TERMINOLOGY

1-19.1 SPRUNG MASS AND UNSPRUNG MASS

The portion of a vehicle that is supported by
the primary elastic elements (springs, torsion
bars, ete.) of a suspension system is referred to as
the sprung mass. The portion of the vehicle that
is not so supported constitutes the unsprung mass.
Thus, the sprung mass is generally comprised of
such items as the vehicle body or hull, frame,
power plant, transmission, transfer assembly, fuel,
coolants, lubricants, armament, ammunition, fire
control equipment, cargo, crew, passengers, and
all other components that are attached to these ele-
ments. The unsprung mass is usually comprised
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of the suspension components plus certain portions
of the power train. Proportionate parts of the
springs, shock absorbers, swinging linkages, and
other components attached to the frame are in-
cluded in both the sprung mass and in the un-
sprung mass. In a tracked vehicle, that portion
of the track which is not in contact with the ground
is considered part of the sprung mass, and the
portion that is in contact with the ground is part
of the unsprung mass.

When considering the mobility of a vehicle, it
is generally conceded to be more advantageous to
have a smnall unsprnng mass. The lighter unsprung
mass is capable of faster response to terrain ir-
regularities, resulting in more uniform contact
with the terrain and providing improved traction
and steering characteristics. With the more uni-
form terrain contact comes a decreased variation
in the loading of the supporting soil, resulting in
improved floatation and less rolling resistance.
Stresses induced into the suspension system by
impaecting rough terrain at high speeds are also
reduced with a lighter unsprung mass. This is
particularly important to the life of such com-
ponents as the wheels and tires, track components,
and road-wheels.

The magnitude of the unsprung mass has an
inverse effect upon the frequency of wheel danee,
a condition discussed in a later section. Wheel
dance tends to induce secondary disturbances into
the main portion of the vehicle—especially if the
terrain irregularities recur at the natural fre-
quency of the wheel dance. A decreased unsprung
mass increases the frequency of the wheel dance
vibration. This increased frequency may be de-
sirable if it is inereased above the frequency of the
ground disturbalices in the operating speed range
of the vehicle. The greatest objection, then, to the
higher frequenecy is an increase in harshness of the
secondary disturbances of that frequency which
may be induced into the main portion of the ve-
hicle.

1-19.2 SHOCK VERSUS VIBRATION

The term vibration is used in this book to de-
scribe an oscillation in a mechanical system. A
mechanical oscillation is a continuing variation of
the position of a mechanical element about a given
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reference position—alternating from one side of
the reference to the other. The complete displace-
ment history of a periodically oscillating element—
from any starting point, through all of the sue-
cessive positions on both sides of the reference axis,
and back to the starting point—is a cycle. A
period is the time required to complete one eycle.
The reciprocal of the period, or the number of
cycles occurring during a unit of time, is the
frequency and is usually expressed as cycles per
second. The displacement in one direction from the
reference axis is the amplitude. These basic terms
are shown graphically in Figure 1-1. A wibration
is defined by stating the frequency (or frequencies
in a complex vibration) and the amplitude.

CYCLE
x | AMPLITUDE X
%
3 TIME, t
3 \
a2
(7]
3
PERIOO (1 T)
{A) SIMPLE HARMONIC MOTION
CYCLE

x ]

>
z =2
3 §
wd
] < TIME, 1
g \/ \
(2}
Q

PERIOD (1= T) ——*

(B) COMPLEX PERIODIC MOTION
Figure 1-1. Elements of Periodic Motion

Vibrations fall into two basic categories, name-
ly, periodic vibrations (also called deterministic)
and random vibrations. The foregoing definitions
apply specifically to periodic vibrations. By defi-
nition, a periodic vibration is a motion that re-
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peats itself in all of its particulars after a certaiu
interval of time (Refs. 3-6). Since the instan-
taneous amplitude z of the displacement varies
with time ¢ it can be plotted to show the dis-
placement-time history graphically (Figure 1-1).
Furthermore, the displacement-time history ecan
also be expressed mathematically if z, the instan-
taneous amplitude, is expressed as a function of
time ¢:

x = f() (1-1)

The simplest kind of periodic motion is the
stnusotdal or simple harmomic motion. It exists
when the relationship between = and ¢ satisfies the
equation

T =z, sin ot (1-2)

where x, represents the maximum value of the
displacement (amplitude). The factor & expressed
in radians per second, is known as the circular
frequency and comes from the classic representa-
tion of vibratory motions by means of rotating
vectors (Refs. 7-10). A complete cycle of the vi-
bration takes place when «? has passed through
360°, or 2= radians. Thus, when ot = 2=, the time
interval ¢ is equal to the period T, or

2%

'

T:K-sec (1-3)

Since the frequency f is the reciprocal of the
period T:

@
f= o cycles per second (1-4)

The first and second derivatives of the displace-
ment equation, (Eq. 1-2), with respect to time
give the equations for the velocity and accelera-
tion, respectively. Thus

Velocity :% == zcoswt (1-5)
Z (maz) = Lo (1-6)
. d?x . .
Acceleration = —5F = T = — Tow?sin ot
(1-7)
Z (maz) = To0* (1-8)

Complex periodic vibrations include all periodic
oscillations that are not sinusoidal (Figure 1-1(B)).

—




Mathematical theory has shown (Refs. 11, 12) that
any periodic curve f(¢), having a frequency o,
can be considered a summation of sinusoidal curves
of frequencies v, 20, 3u, 4o, ete., provided that
f(t) repeats itself after each time interval
T = 2z/w. The summation of sinnsoidal curves re-
sults in the classic series of sine terms known as a
Fourier series, and the methods for solving Fourier
series are well known. Thus, the amplitudes and
phase relationships of the various sine eurves that
comprise the complex vibration can be determined
analytically when the term f(¢) is known. Many
references are available that give detailed dis-
cussions of the procedures involved. Some of these
are listed in the references at the end of this
ehapter.

Random vibrations, the second general eategory,
do mnot lend themselves to rigid mathematical
analysis as do periodic vibrations. Random vibra-
tions are oscillations whose instantaneous magni-
tude can be specified only in terms of the prob-
ability that the amplitnde will be within a4 given
range of values during a given time interval., Thus,
instead of applying exact mathematics to obtain
definite answers, statistical analysis and the mathe-
maties of probability are applied. These pro-
cedures are well established and ample literature
is available diseussing them (Refs. 13-17).

Shock is a somewhat loosely defined aspect of
vibration, wherein the excitation is nonperiodic;
i.e.,, in the form of a pulse, a step, or a transient
vibration. Furthermore, the word ‘‘shock’ im-
plies a degree of suddeunness and severity. A
mechanical shock is characterized by significant
changes in stress, position, acceleration, velocity,
or displacement occurring in a relatively short
period of time. The time factor is considered
short when the duration of the excitation is less
than the longest natural resonant period (the
fundamental natural period) of the member or
equipment nnder consideration. Some definitions
(Ref. 18) lunit the duration of the excitation to
““less than one half of the fundamental natural
period.”” The shock will, therefore, exeite the
member 50 that it will vibrate at its natural fre-
queney.

In general, the determination of the damage
potential of a shock, and the technique of design-
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ing struetures to resist shock, involves approximate
calculations of the responses of structures to shocks.
Responses of stress and strain are significaut from
the strength-of-materials point of view; relative
displacement responses are signifieant from clear-
ance eonsiderations ; and accelerations, veloeity, and
relative displaeement respouse are signifieant in
evaluating the damage potentials of different shock
motions.

A meaningful deseription of shock requires
more than a statement of its magnitude. The dura-
tion, and a time related history of the rise and de-
cay of the acceleration, velocity, displaecement, or
forces the shock (the waveform) must be either
expressly stated or taeitly implied. Without these,
an expression of the maximum magnitude of a
shock is meaningless. Shoeks are generally classi-
fied as welocity, simple tmpulse, and complex
shocks.

Velocity shock (Refs. 19, 20) is a simplified
concept that considers the shoek as a sudden veloe-
ity change (Figure 1-2(A)). It is assumed to be
an impulse of such an infinitesimally short duration
that the aceeleration magnitudes and waveforms
are immaterial. The application of this concept
represents a large elass of shoek motions for which
this approximation is sufficiently accurate for en-
gineering purposes. Shoeks that involve the drop-
ping of equipment onto hard, rigid surfaces, or im-
paets of relatively light objects with heavy, rigid
bodies, can be eonsidered as velocity shocks. Mathe-
matical procedures for evaluating this type of shoek
loading are given in Refs. 19-23,

Simplc impulse shock (also ealled pulse-fype
shock) is a shock during whieh the waveform, or
time history of the aeceleration, velocity, displace-
nient, or force, canuot be neglected but can be
approximated by a waveform of simple shape—
one that is easy to generate and traetable to use.
Figure 1-2(B) shows a shock type known as an
acceleration step in whieh the acceleration is as-
sumed to rise simultaneously to a constant value.
The resulting velocity and displacement-time his-
tories are shown. Figure 1-2((C) shows a shock
during which the aeceleration time-history is a half-
sine pulse. It is the type of acceleration experi-
enced by a rigid mass when it is dropped upon a
linear spring of negligible mass. The half-sine

1-11



AMCP 706-356

ACCELERATION — VELOCITY —
TIME HISTORY TIME HISTORY
i) Ot)
Yo Uo
€
&3
G ! 0 '
(A) VELOCITY SHOCK
Uo

TOﬂ‘IUo

1 i
0
rd
(B) ACCELERATION STEP

UgT |
oL - ]
Uo /|
|
|
|

‘ t

(C) HALF-SINE ACCELERATION

/\/\\_/. ,{\f\/—\\,
Ml

(D) DECAYING SINUSOID

6009

[l | 1 1 t
4 8 12 16
SEC.x 103

(E) COMPLEX SHOCK

Figure 1-2. Examples of Shock Motions

1-12

DISPLACEMENT —
TIME HISTORY

ut)

tap! Ug




pulse is very popular in shock analysis, not because
it is the proper simulation of many situations, but
because it is eagy to generate and can be easily
expressed mathematically. Figure 1-2(D) illus-
trates the acceleration, velocity, and displacement-
time histories of a decaying sinusoidal shock. Here
the impulse is assumed to have imitated a sinusoidal
vibration at the resonant or matural frequency in
the presence of a damping factor. The damping
causes the vibration to decay at some constant rate.
The mathematical procedures applicable to design
problems involving impulse-type shock are given in
many standard texts on vibrations (Refs. 24.26).

Most shock motions encountered in practical
equipment, particularly large military equipment
and structures, are extremely complex (Figure
1-2(E)). They react back upon the excitations and
make them complex, even though the excitations
might have been simple without this reaction. These
motions are commonly known as complex shocks.
They cannot be expressed in simple mathematical
or graphical form and are, therefore, expressed in
terms of their shock spectra.

A shock spectrum is defined as the maximum
responses of a series of simple systems (Figure
1-3) to the shock motion, and is expressed as a
function of the natural frequencies of the simple
systems. Unless stated otherwise, the simple sys-
tems are considered to be undamped. The responses
are taken as relative displacements of the simple
mass elements with respect to the base. Velocity
and acceleration spectra are defined as the dis-
placement responses multiplied by 2xf and 2(=f)?%,
Le, ® and ®? respectively. Complex shocks are
treated in Refs. 27-30. Shock spectra do not define
what the shock motions are but rather describe
what the shock motions do—in effect, they describe
their damage potentials. The spectra are used to
compare the intensities of different shocks and
to determine whether the output of a shock ma-
chine is equivalent to a desired range of field con-
ditions.

Figure 1-3(B) shows the shock spectrum of
the hypothetical series of single-degree-of-freedom
systems shown in Figure 1-3(A). The ordinate used
(equivalent static acceleration in ¢’s) can be de-
termined from the following relationships:
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Figure 1-3. Shock Spectrum Representation

LMV =] kx?

n:_az_F_z_V\/IZ_V_ o
9 Mg g\ M g
where
F = force exerted on M, 1b
M = mass, 1b-sec?/in.
V = velocity change of the mass, in./sec
n = multiplier used to express a specific accel-
eration in terms of g, dimensionless
a = acceleration, in./sec?
g = acceleration due to gravity, in./sec?
k = spring rate, lb/in. (see next paragraph)
r. = maximum spring deflection, in.
® = circular frequency ( = 2=f), rad/sec

(1-9)

(1-10)

1-19.3 NATURAL FREQUENCY

The natural frequency of a spring-mass system
is the frequency at which the system will vibrate
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Figure 1-4. Simple Spring-Mass System

due to internal forces imherent in the system and
without the benefit of fluctuating external forces
of any kind. As an example, consider the simple
spring-mass system shown in Figure 1-4, consist-
ing of a mass of weight W, suspended by means of
a spring whose spring rate is % (the force neces-
sary to stretch or compress the spring one unit of
length). Initially, the mass is in equilibrium un-
der the action of two equal and opposite forces;
namely, the weight W, acting downward and the
spring force k8§ acting upward. This is the neutral
position (also called equilibrium position or cen-
tral position) from which displacements of the mass
are usually measured. The factor 3 is the spring
deflection under static conditions produced by the
weight W.

Suppose, now, that the mass is forced down-
ward some additional distance x and then suddenly
released. At the instant of release, the spring force
will be larger than the weight by an amount kz,
causing the mass to start moving upward. While
the mass is below the neutral position, the upward
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spring force is greater than the weight, and the
mass will accelerate upward; although, the ac-
celeration will progressively decrease as the neu-
tral position is approached. When the mass arrives
at the neutral position, the forces will again bhe
balanced and the acceleration will be zero, but the
mass will be moving upward with maximum ve-
locity and will, therefore, continue to move up-
ward. As it moves farther from the neutral posi-
tion, however, the spring force will progressively
decrease, leaving a progressively larger downward
force to decelerate the mass. When the velocity
finally becomes zero, the mass will have reached the
upper extreme position. At this time, the down-
ward forece will be at its maximum causing the
mass to start downward. The downward velocity
will inerease until the neutral position is again
reached ; whereupon, the velocity will decrease and
become zero when the mass reaches the lower ex-
treme position. Since this is the same position from
whence it had started, the same upward force im-
balance will exist; and the mass will continue to
oscillate about the neutral position. The maximum
excursion of the vibrating mass, measured from
the neutral position, is the amplifude of the vi-
bration.

The motion just deseribed is known as a free
vibration, because it is self-propagating; i.e., once
started, it is perpetuated by the interaction of
forces inherent to the system and is not dependent
upon periodic external forces. The frequency of
this free vibration is the natural frequency of the
system. The natural frequency of a system is inde-
pendent of the amplitude, increases as the square
root of the spring rate %k, and decreases as the
square root of the mass. Or, to express this rela-
tionship mathematically :

fn= L \}T

2% M

Theoretically, the simple system just deseribed
should continue to oscillate indefinitely, once the
oscillation is started. In all practical systems, how-
ever, there exists a certain amount of friction that
always acts in opposition to the motion and causes
the amplitude to decrease slightly with each ex-
cursion until the mass finally comes to rest at the
neutral position. This friction force, which is often

(1-11)




very complex, is called damping. The amount of
damping present in practical systems of the type
just deseribed is so slight that it is usually neg-
leeted, and the system is considered to be un-
damped.

If the mass of Figure 1-4 were made to oscillate
up and down by the application of a periodically
fluctuating force applied to the spring support,
there would occur an initial period of transient
vibration during which the vibration characteristies
would be very irregular. The damping properties
of the system, however, would soon smooth out the
irregularities, and a steady-state vibration would
remain whose amplitude and frequency would be
different from those of free vibration. This new
steady-state condition is called forced wvibration.
The frequency of the forced vibration will be the
same as the frequency of the fluctuating force;
the amplitude, however, will depend on the magni-
tude of the fluctuating force and on the ratio of its
frequency to the natural frequency of the system.
When this frequency ratio becomes equal to unity,
a condition known as resonance occurs. During
resonance, amplitudes build up rapidly to danger-
ous values; hence, the purpose of many vibration
calculations is the prevention of resonance.

1-19.4 DAMPING

Damping is defined as the process of cffecting
a continuing decrease in the amplitude of an os-
cillating component and is generally aceomplished
through some type of friction that dissipates the
energy of the system with time or distance. The
preceding section describes how an oscillation, once
started, tends to be self-propagating. The initial
force kx, acting through the initial displacement z,
represents the anount of energy kz® that was in-
troduced into the system and is supporting the os-
cillation. This energy must be dissipated, usunally
in the form of heat, before the system will stop
oscillating.

Several methods are used for dissipating energy
and, hence, damping a vibrating mechanical sys-
tem. Among the more common are: solid friction
or hysteresis damping, environmental damping,
viseous damping, coulomb damping, inertia damp-
ing, and electromechanical damping.

Solid friction, internal friction, or hysteresis
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damping occurs in all mechanical vibrating sys-
tems that have restoring forces derived from elas-
tic elements such as springs although it is not
always large enough to be a deciding factor in
limiting amplitude. It seems to arise from slight
relative displacements between adjacent crystals or
minute elements of the spring material and is often
referred to as tnternal friction. 1t is manifested in
a peculiarity of all stress-strain diagrams when
they are cycled indefinitely between two limits.
The stress has a slightly higher value for a given
strain when the load is increasing than when it is
deereasing—even though the stress is kept well
within the elastic limit of the wmaterial (Figure
1-5). The area inside the hysteresis loop indicates
the amount of energy that is dissipated (converted
into heat) during one cycle by a unit volume of the
material. Tt is independent of the frequency and
dependent only upon the nature of the material and
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Figure 1-5. Typical Hysteresis Loop

the range of stress, as shown in Figure 1-5. It is
usually expressed as a function of half of the stress
range, which is often ealled the stress amplitude.

For mild steel, hysteresis damping is approxi-
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mately proportioned to the 2.3 power of the stress
amplitude when the stress amplitude is below 8,000
psi (Ref. 31). For higher values of stress ampli-
tude, hysteresis damping increases much more
rapidly with increasing amplitude. Hard steel
has less hysteresis damping, in the same stress
range, than mild steel; and cast iron has more
damping than mild steel. Tt is difficult to estimate
the amount of hysteresis, or solid friction, that
will be present in a system being designed unless
experiniental data are available.
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Figure 1-6. Spring-Muass System and Hysteresis Loop

The action of hysteresis, or solid frietion, is il-
lustrated in Figure 1-6. Part (A) shows a simple
spring mass system set up to oscillate in a hori-
zontal direction. If the spring in the system were
alternately extended and compressed between the
two extreme positions and a trace were made plot-
ting the spring force ¥ against the displacement z,
a characteristic hysteresis loop such as shown in
Figure 1-6(B) would result. The restoring force
kx, 1s the straight line which bisects the hysteresis
loop. It is evident that at any deflection z, the
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spring force differs from the restoring force kz,
by an amount R which is the resisting force of in-
ternal friction. When the masss moves to the right
(* > 0), the spring force will be kz 4 E; but when
the mass moves to the left (# < 0), the spring
force will be kx — R. This shows that there will
always be a resisting force B opposing the motion
in addition to the restoring force.

Environmental damping is the term sometimes
applied to the dissipation of energy from a sys-
tem vibrating in air or a fluid. As the mass vi-
brates it displaces the surrounding air or fluid
against the opposition of the fluid friction. In the
majority of engineering applications, the force de-
veloped by environmental damping is approxi-
mately proportional to the square of velocity of the
fluid. The exact value of the velocity exponent de-
pends upon the shape of the vibrating body and
upon the ratio of the frictional drag to the wave-
making drag.

Viscous damping, also called velocity damping,
1s an energy-absorbing technique in which the
damping force resisting the motion is a linear func-
tion of the velocity. In practice it is found where
there is relative motion between two well-lubri-
cated surfaces and where a viscous fluid is forced
through a relatively long passage of small cross
sectional area. From the standpoint of theoretical
analysis, this is the easiest type of damping to
deal with because the mathematics involved is
quite simple (Refs. 32-34). Two variations of
viscous damping are degenerate viscous damping
and kydranlic damping. Degenerate viscous damp-
ing is characterized by a damping force that is
proportional to a fractional power of the velocity,
and hydraulic damping is characterized by a damp-
ing force that is proportional to the square of the
velocity. Or to put it another way, if v is the ve-
locity and ¢1, cg, and ¢3 are proportionality con-
stants, the damping force ¥ will be

F = ¢, V for viscous damping

F = ¢, V™ (where m < 1) for degenerate vis-

cous damping

P = ¢3 V2 for hydraulic damping. (Ref. 44)

Coulomb damping, also called dry friction
damping, is the type of energy dissipation that
comes from the rubbing of dry surfaces with each
other. The damping force is assumed to be inde-




pendent of the velocity and acceleration of the
oscillating mass, to be a function only of the ma-
terials involved and of the normal force acting on
them. Friction damping is not considered suitable
for the principal damping requireinents of an auto-
motive vehicle because the energy dissipated with
each oscillation is directly proportional to the
amplitude, whereas the vibratory energy is pro-
portional to the square of the amplitude. If a fric-
tion damping force suitable for energy dissipation
of a medium amplitude vibration were used, it
would be inadequate for large amplitude vibrations
and exeessive for small amplitudes.

Inertiu damping is a type for which the damp-
ing foree is directly proportional to the accelera-
tion of the vibrating mass. Tts amplitude deecay
characteristies are similar to those obtained with
viscous damping, i.e., they result in a logarithmic
curve which makes inertia damping suitable for
large amplitude vibrations. At very low ampli-
tudes, inertia damping needs to be supplemented
by suitable coulomb (friction) damping.

In comparison with viscous damping, inertia
damping is considered more responsive. The damp-
ing force of inertia damping is mot only propor-
tional to the accelerating foree, but it acts in direct
opposition to it. The damping force with viscous
damping lags behind the accelerating force since
it is proportional to the veloecity which results
from the acceleration.

Elcctromechanical and electromagnetic damping
are methods of energy dissipation which make use
of the interaction between elcetrical or electro-
magnetic phenomena and physical compouents of
the vibrating system. Damping forces that are as-
sociated with magnetic hysteresis and eddy cur-
rents are examples of this type of damping.

The subject of damping is discussed further in
Chapter 10, Section VIIT-—particularly as it is ap-
plied to vehicle suspension systems.

1-19.5 WHEEL DANCE

‘Wheel dance is a term that is applied to a
vertical vibration of the unsprung mass that oc-
curs at the natural frequency of the spring-mass
system and is the principal source of secondary
vibrations. The wheels of a wheeled vehicle and
the road wheels of a tracked vehicle atre cushioned
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against the impacts of the terrain, or of the
track shoes, by suitable rubber tires. Each wheel
is, therefore, suspended between two elastic ele-
ments that have parallel action ; namely, the rubber
tire and the vehicle spring. The combined spring
rate of a system of this type is equal to the sum
of the individual spring rates; or, if kr and kg
represent the spring rates of the tire and spring,
respectively, the combined spring rate, k., will be
(k7 + ks) ; and the natural frequency of the sys-
tem in eps (neglecting damping) will be:

1 k1 /‘kﬂ-k_s
2w \NM T 22N M
where M is the unsprung mass. Siuce %y, the spring
rate of the tire, is usually much greater than kg,
it is the elastic factor to which wheel dance is
generally attributed.

Decreasing the unsprung mass increases the
frequency of the wheel dance vibration. This may
be desirable if it raises the frequency above the
frequeney of the terrain impacts, or track shoe
impacts, that are being experienced at the operating
speeds of the vehicle, The secondary disturbance
transmitted to the sprung mass, however, will be
more harsh with the higher frequency. If this is
objectionable, a compromise must be established.

fn:’

(1-12)

1-19.6 PRIMARY VERSUS SECONDARY
VIBRATIORS

The principal primary vibrations pertaining
to automotive suspension systems are tliose that
result directly from the movement of the vehicle
over irregular terrain. As the ground-contacting
elements (wheels, tracks, ete.) of the unsprung
mass follow the irregular contour of the terrain
surface, they experience large and erratic vertical
accelerations. The fluctnating force that results
from these accelerations excites the total spring-
mass systemn. The resilient elements (springs and
shock absorbers) that support the sprung mass of
the vehicle on the running gear (unsprung mass)
function to cushion the sprung mass from the
shocks and vibrations resulting from these vertieal
accelerations. The vibratory motions of the sprung
and unsprung masses caused by the terrain ir-
regularities are the prineipal primary vibrations
of coneern to the automotive designer.
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Additional vibrations that come under the classi-
fication of primary vibrations are others that orig-
inate from sources external to the vehicle. Among
these are shocks and vibrations resulting from ve-
hicle acceleration and braking, ballistic shock, wind
pulsations, firing of vehicle-mounted weapons, and
from fluctuating foreces developed by vehicle-
mounted equipment, such as cranes, shovels, bull-
dozers, ete.

Secondary vibrations, in general, are those that
originate from internal sources and are usually
of a higher frequency than are primary vibrations.
The principal secondary vibration of concern to
the vehicle designer is that developed by wheel
dance, which is discussed in the preceding para-
graph. Similar secondary vibrations may have
their origins in the impacting of sprocket teeth
against track elements when there is a discrepancy
in the pitches of the sprocket and the track, in the
impacting of the track blocks against the ground,
and in the shimmy or wobble of the steerable wheels
of a vehicle about their king pins.

Secondary vibrations are transmitted to the
spring mass by the shock absorbers because these
are usuhlly selected to give the desired degree of
damping at the relatively low frequencies of the
primary vibrations. At tbe higher frequencies of
the secondary vibrations the shock absorbers are
much more effective, resulting in overdamping and
a harsh ride.

1-19.7 DEGREES OF FREEDOM

The term degrees of freedom refers to the num-
ber of ways a mass is capable of moving with re-
spect to a set of coordinate aXes and with respect
to other masses in a system comprised of more than
one mass. Systems such as shown in Figures 1-4
and 1-6, comprised of but one mass and constrained
so as to be capable of motion along only one axis,
are said to have one degree of freedom. If more
than one coordinate is necessary to completely
specify the configuration of a vibrating system,
either because there are several masses or the mass
is capable of more than oune motion, the system
is said to have more than one degree of freedom.
The number of degrees of freedom in a system is
equal to the minimum number of coordinates neces-
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sary to specify the configuration of the vibrating
system at any time.

A rigid body that is restrained to move in two
directions, or to rotate about two axes, has two
degrces of freedom. Several simple systems hav-
ing two degrees of freedom are shown in Figure 1-7.
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Figure 1-7. Examples of Two-Degree-of-Freedom Systems

Figures 1-7(A) to (C) show two masses with vari-
ous combinations of elastic restraint. The total
number of springs in a system has no influence on
the number of degrees of freedom that a system
has. This is wholly dependent upon the freedom
of motion of the masses. Figure 1-7(D) shows a
simple torsional system with two degrees of free-
dom; Figure 1-7(E) shows a rigid body that is
free to translate vertically and to rotate about an
axis perpendicular to the plane of the paper;
Figure 1-7(F) shows a mass that is free to move
both horizontally and vertically.

A rigid body that is perfectly free in space
(except for elastic restraints) has six degrees of
freedom—three in translation and three in rota-
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Figure 1-8. Six Degrees of Freedom

tion, Tt is free to translate longitudinally, later-
ally, and vertically; and in addition, it is free to
rotate about each of these axes, as shown in Figure
1.8. Rotation (angular motion) about these axes
is known as roll, pitch, and yaw, respectively.

A four-wheeled automotive vehicle can be
idealized as shown in Figure 1-8. The spring mass
is considered a rigid structure, and the unsprung
mass is considered as two separate masses—one
representing the front axle assembly, including the
two front wheels, tires, brakes, and associated
linkages, and the other representing the rear axle
assembly, wheels, tires, ete. The suspension springs
are represented by simple linear springs, the shock
absorbers by dashpots, and the tires by linear
springs of equivalent spring rate. Tire damping
is neglected in this illustration. All of the masses,
sprung and unsprung, can experience translational
motions along the z-, y-, and z-axes and rotational

motions &, B, and y about these axes. Therefore, 18
coordinates are required to deseribe the motion
of this system completely; or in other words, the
system has 18 degrees of freedom.

Systems of many degrees of freedom are much
more complicated to deal with analytically than
systems of one degree of freedom because such sys-
tems have more than one natural frequency. How-
ever, it is often only the lowest natural frequency
that has practical importance, and an approximate
solution can usually be found for this by apply-
ing Rayleigh’s method (Refs. 35-39).

Another procedure is to take advantage of
justifiable simplifying assumptions to reduce the
complex system to one that is more easily handled.
For example, consider the four-wheeled vehicle
idealized in Figure 1-9. It is common in practice
to apply the following restrictions to the motions
of the masses:
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Figure 1-9. Simplified Dynamic Model of an Automotive
Vehicle

(a) Relative motion between the sprung and un-
sprung masses along the z- and z-axes, ie., the
restriction of longitudinal and lateral motions
of the masses with respeet to each other.

(b) Angular motion of the sprung mass in the «
and { eoordinates, i.e., roll and yaw.

(¢) Angular motion of the nunsprung mass in the
B and ¥ coordinates, i.e., yaw and pitech.

This leaves the following motions to be considered
when analyzing the dynamies of a wheeled vehicle
experiencing shocks and vibrations:

(a) Translation of the sprung mass (body) in the
y, or vertical, coordinate with the motion of
the unsprung mass (axles) approximately
zero in the y coordinate. This vertical osecil-
lation is commonly referred to as bounce.

{b) Angular motion of the sprung mass (body)
in the ¥, or pitch, coordinate with the motion
of the unsprung mass (axles) assumed ap-
proximately zero in the ¥ coordinate.

(e¢) Oscillation of the unsprung mass (axles) in
the y, or vertical, coordinate while the sprung
mass (body) is assumed to remain in a hori-
zontal position. This is the oscillation com-
monly referred to as wheel dance -and de-
seribed earlier in this chapter.

(d) Angular motion of the unsprung mass (axles)
in the «, or roll, coordinate while the sprung
mass (body) is assumed to remain in a hori-
zontal position.
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1-19.8 JERK

Jerk is the term applied to the rate of onset of
acceleration and is a significant factor in evalu-
ating human tolerance to acceleration. It is a
vector quantity that specifies the time rate of
change of acceleration; thus, it is the third deriva-
tive of displacement with respect to time.

1-19.9 STABILITY

The term stability as used in discussions of the
dynamies of automotive vehicles is difficult to de-
fine due to its many different applications. Basie-
ally, when used in a mechanical sense, stability
refers to certain properties of mechanisms that
cause them, when disturbed from conditions of
static or dynamic equilibrium, to develop forces or
moments to restore their original equilibrium
condition. Thus, in a vibratory system, damping
is a property associated with stability. After a
disturbance to such a system with excessive damp-
ing present, the system will recover its equilibrium
conditions. slowly. Response will be sluggish, and
the system is said to be overly stable. With in-
sufficient damping, the system will respond guickly
but will overcorrect and continue to osciilate for a
long time. Successive disturbances may even ag-
gravate the situation. Such a system is obviously
unstable. The ideal system is ome that achieves
maximum speed of response with no overcorrec-
tion. This is the condition that exists with eritical
damping.

In the field of vehicle dynamics there are
several factors that tend to create undesirable and
even dangerous conditions in the vehicle. These
conditions of instability can be minimized and
even eliminated through the stabilizing properties
of a properly designed system. Among the factors
to be considered are: the vertical and angular
oscillations of the sprung mass (bounce, pitch, and
roll), the high frequency vertical oscillations of
the unsprung mass (wheel dance), the tipping
tendencies of the vehicle, and various conditions of
directional instability.

The vertical and angular oscillations of the
sprung mass (bounece, pitch, and roll)—if of the
proper frequeney and amplitude—can be not only
annoying to the passengers but also can cause sick-




ness and physical injury, and structural damage
to the vehicle. These effects can be minimized
through the careful selection of suspension char-
acteristics, proper damping, the selective location
of personnel within the vehicle, and the objective
arrangement of vehicle geometry.

Wheel dance, or the high frequency vertical
oscillations of the unsprung mass discussed in
paragraph 1-19.5, results in three types of insta-
bility. It has been mentioned previously that
wheel dance was the principal cause of secondary
vibrations in a vehicle. If not sufficiently damped,
especially if the excitations that cause the wheel
dance recur at the frequency of the wheel dance,
the shocks transmitted to the main part of the
vehicle and its contents will become so severe that
the speed of the vehicle will have to be reduced
to prevent damage to the vehicle or its cargo.
Furthermore, the violent up and down action of the
wheels subjects the supporting soil to impact load-
ing. This may impair its load carrying character-
istics, resulting in increased rolling resistance and
decreased tractive effort. And finally, violent
wheel dance reduces steering control. In the case
of a wheeled vehicle where wheel dance is occur-
ring in the steerable wheels, steering control may
be lost entirely.

Stability against tipping—in both the lateral
and longitudinal directions—is an essential char-
acteristic of all vehicles. Apart from the feeling of
insecurity that an extremely canted vehicle gives
its passengers and the danger of an actual over-
turn, lateral tipping often results in traction and
steering problems produced by the unequal ground
loading on the two sides of the vehicle. This is
particularly true for tracked vehicles. Similarly,
longitudinal tipping results in a reduction or total
loss of steering control—if the tipping causes a
load decrease on the steerable wheels—and in trac-
tion difficulties arising from the redistribution of
ground loading.

Tipping tendencies are produced by various
moments in the vertical plane that act on the ve-
hicle. These tipping moments are functions of the
location of the vehicle center of gravity, the pres-
ence of loads that act outside the wheelbase (as in
the case of mobile cranes, shovels, etc.), accelera-
tion forces, including those resulting from moving
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loads or moving equipment mounted on the vehicle
(heavy guns, crane booms, ete.), and the slope of
the ground supporting the vehicle. The stabilizing
factors that act in opposition to the tipping mo-
ments are: the wheelbase dimensions, vehicle’s
moment of inertia, and the elastic properties of the
suspension system. A soft suspension system will
permit greater angular displacement of the sprung
mass, resulting in an aggravated situation. A
stiffer suspension, on the other hand, will afford
greater opposition to the tipping moments, there-
by reducing the angular displacement and improv-
ing the stability of the vehicle.

Directional stability refers to the dynamie
properties of a vehicle to maintain a given course
despite the action of disturbing influences, or to
establish a new state of equilibrium if the distur-
bance remains constant. The chief disturbing in-
fluences are side forces due to crosswinds, lateral
slopes, centrifugal effects of curvilinear motion,
uneven distribution of braking forces, asymmetrical
weight distribution, movements of the steered
wheels due to a variety of causes, and transient
forces resulting from ground irregularities. Sta-
bilizing influences are such factors as the cornering
forces developed by the vehicle, the kinematics of
the steering linkage, the kinematics of the suspen-
sion linkage, the degree of opposition to adverse
steering effects afforded by the suspension system,
and the location of the center of gravity of the
vehicle relative to the action line of the disturbance.
Analytical discussion relating these factors can be
found in many readily available references that
treat the mechanies of vehicles (Refs. 40-43).

The immediate reaction of a directionally stable
vehicle to lateral disturbances may be a minor
yawing from side to side about the mean line of
a new path, but these oscillations will quickly
diminish and the vehicle motion will settle down
to a steady state condition. A directionally un-
stable vehicle, under the influence of a disturbing
force, will move in a new path that will diverge
more and more from the original course; or, if
oscillations oceur, they will increase in amplitude
to dangerous proportions. The driver of a direc-
tionally stable vehicle finds it easy to control and
keep on its intended course, whereas the driver
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of an unstable vehicle finds control difficult if not
impossible,

1-19.10 HANDLING AND RIDE

The terms handling and ride are often asso-
ciated with vehicle stability. Handling refers to
a general overall quality of a vehicle comprised of
a total of subjective impressions of the driver re-
garding the vehicle’s behavior and response to
directional eommands. It is a subjective evalua-
tion of the vehicle’s dynamic stability; and being

subjective, it may vary with different drivers.

Similarly, mdc is a subjective evaluation of
the roll, pitch, and bounce characteristics of a
vehicle as they affect the comfort of the operator
and passengers. It, too, is usually dependent upon
the driver’s opinion. However, since the vibratory
motions that determine ride gualities can he mea-
sured and recorded, they could be evaluated
against human tolerance limits to these motions,
and ride qualities could be evaluated quantita-
tively. This is not the practice, however, and ride
continues to be subjectively evaluated.
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CHAPTER 2

BASIC DESIGN PARAMETERS*

A vehicle designer engaged in designing a new
vehicle has two general types of requirements to
consider: those related to the desired functional
characteristics of the new vehicle and those re-
lated to factors over which he has limited or no
control. The latter includes such factors as size
and weight limitations, physiological aud psycho-
logical econsiderations, environmental considera-
tions, transportability requirements, standardized
performance characteristics, and maintenance and
production considerations. These fundamenta] de-

sign parameters are based upon eivil laws, inter-
national agreements, and various military di-
rectives. A knowledge of these basic design
requirements is important to the suspension de-
sign engineer as well as to the vchicle designer.
A detailed enumeration of these is usually given
in the military characteristics prepared for each
vehicle to be developed. Some of these—particu-
larly those that affect the suspension design engi-
neer—are given in this chapter to serve as design
guides.

SECTION I PHYSICAL LIMITS

2-1 GENERAL DISCUSSION

The primary restrictions placed upon a vehicle
design are those dealing with size, weight, and the
distribution of the weight upon roads and bridges.
Maximum permissible size and weight are usually
specified in the military characteristics prepared
for each developmental vehicle. These limitations
are based upon official agreements and directives,
but the military characteristics often limit the
physical characteristics further than the maxi-
mums specified in general directives. This is par-
ticularly true in the case of special purpose ve-
hicles where the specific nature of the vehicle’s
mission may require additional restrictions. In
the general case, however, the physical limits speci-
fied are governed by considerations of vehicle
transportability.

The policy of the Depastment of Defense with
regard to the transportaﬁility of materiel is given
in AR 705-8, Deportment of Defense Engineering
for Transportability Program (Ref. 2). 1t directs
that transportability should be a major considera-
tion when assigning priorities to the character-
istics to be considered in the design of any new

® Written by Rudolph J. Zastera of the IIT Research
Institute, Chicago, Illinois.

item of materiel or cquipment. All materiel and
equipment developed for use by the military de-
partments must be of such gross weight and out-
side dimensions as will permit ready handling and
movement by available transportation facilities.
In general, these are: length 32 ft, width 8§ ft,
height 8 ft, weight 11,200 1b. Designs that exceed
any of these conditions or which require special or
unique arrangements of schedules, right-of-ways,
clearances, or other operating conditions will be
permitted in exceptional cases only after first ob-
taining approval from the appropriate Trans-
portability Agency. The procedure for requesting
this approval is given in AR 705-8.

The following Departmental agencies have been
designated as ‘‘ Transportability Agencies’’ to im-
plement the Deportment of Defense Enginecring
for Transportability Program, AR 705-8,

(a) Department of the Army: DCSLOG, Director
of Transportation, U.S. Army, Washington,
D. C. 20315.

(b) Department of the Navy: Chief, Bureau of
Supplies and Accounts (H122), Washington,
D. C. 20360.

(c¢) Department of the Air Force: Headquarters,
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Air Force Systems Command (SCMMT),
Washington, D. C.
(d) U. 8. Marine Corps: Commandant, Marine

Corps (COS), Washington, D. C. 20380.

The dimensions and weight of an item may be
adjusted to suit the capabilities of specific modes
of transportation when it is known that the
item will require no other modes of transportation
under peacetime or mobilization conditions. How-
ever, due consideration must he given by designers
to the following:

(a) Military equipment and materiel is often sub-
jected to movement by several modes of trans-
portation. The factors that govern the choice
of mode, or modes, are availability and capa-
bility of facilities, destination time require-
ments, operating conditions, and cost.

(b) Combat and rough terrain equipment is sub-
ject to the normal transportation conditions,
from manufacturer to the off-the-road destina-
tions, that apply to other equipment.

{e) Transportation systems in overseas areas are
generally more restrictive than those found
within the continental United States.

(d) The first step toward rapid mobility of military
forces is the proper design of equipment to
meet the required operational characteristics
while adhering to the fundamentals of trans-
portability.

Size and weight restrictions imposed by the
various modes of transportation available are speci-
fied in the following regulatory documents:

(a) The Highway Weight and Size Limitations,
established by the Federal Aid Highway Act
of 1956 and a majority of the state laws of
continental United States, and the physical
limitations of highways in foreign countries
to accommodate the potential volume and
type of traffic anticipated.

(b) The Outline Diagram of Approved Limited
Clearances of the Association of American
Railroads referred to in Car Service Rule 14,
Section 2 (e), with eight limitations of indi-
vidual carriers, shown in the current issue
of the Railway Line Clearance publication for

2.2

individual railroads of the United States,
Canada, Mexico, and Cuba.

(¢) Diagram of the Berne International Rail In-
terchange Agreement with weight limitations
applicable to the railroads of individual eoun-
tries for all items that may require transpor-
tation by rail in foreign countries.

(d) Loading and stowage limitations of ocean ves-
sels, related factors, and Army and Navy pro-
cedures therefore.

(e} Regulations of the Department of the Treasury
(U.8. Coast Guard), the Army Corps of Xngi-
neers, and the Navy covering water transpor-
tation.

(f) Regulations and instructions of the Army,
Navy, Air Force, Marine Corps, Federal Avia-
tion Agency, and Civil Aeronauties Board for
loading cargo and combat aireraft,

As a matter of convenience to the designer, some
of the more pertinent data has been extracted and is
given in the following paragraphs. More detailed
information is given in Refs. 1, 2, and 69.

2-2 PHYSICAL LIMITS—WHEELED
VEHICLES

Maximum allowable physical dimensions and
weights for pneumatic tired highway and off-the-
road types of vehicles intended for unrestricted
highway operations are summarized in the para-
graphs which follow. Procedures for obtaining per-
mits for oversize, overweight, or other special
movements on public highways are covered in AR
55-162. However, vehicles that exceed any one
or more of the transportability requirements speci-
fied in AR 705-8, and summarized in the preced-
ing section, must be approved by the appropriate
Transportability Agency.

2-2.1 WIDTH

Maximum overall width of a wheeled vehicle
shall not exceed 96 in. No part of the vehicle, fix-
tures, or equipment that is attached or placed
permanently upon the vehicle shall protrude be-
yond the outer face of the tires by more than 9
in. on either side of the vehicle.
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TABLE 2-1
SIZE AND WEIGHT RESTRICTIONS BY STATES
ON TRUCK-TRACTOR-SEMITRAILER COMBINATIONS

| SIZE LIMITS WEIGHT LIMITS
l_ | Leogth (it) l Vebicle and Combination (1000 Ib)
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208|895 B3| d 538 53 wn B |0E s A EHECIEEIEEREEREE IR ER K]
STATE B2 [dal & * g 224|528 E& &2 (dc (&2 (28 (a6 |48 (I3 |33 33 |SX | ET | =28
Als b | 13| 40 | NS | 85 NP} l40+ | ns N3 |18 | Ns| A |36 [6¢ [4g |e6 |73.2)NP | NP |73.2
Alnaks 9 [ 133| 40 | 40 | 65 | 65 0+ 0 | NS |18 A32| SA |20 (48 |47 |61 75 |76.8|76.8|76.8
Ariz. 96 | 133 | 40 [ N8| 65 | 85 I 404+ | NSNS |18 A32| A |3 |B0 43 |62 76 |[76.8(76.8| 768
Atk 96 | 133 | 40 | N6 | 56 | 65 [Ns [40 | NS |NS (18 | 33 | W [30 |4 |4g |62 |73.2]7302|73i2| 7302
Cal. 26 139 | 36 | 40 | 60 65 | N8 | N§ N8 [ 9.5 |18 A32) A (3¢ |50 48 | 62 76 | 76.8 | 76.8 | 76.8
Cdlo. 96 | 134 | 35 { N8| 60 | 60 |2 40+ | Ng|® |18 | Ns| s¥ |20 |46 |4z |60 |76 |76 |76 |Ng
Coon. 102 | 124 | 66 | 40 | 55 | 85 [1or3| N8 | NS | NS [22.4) 36 | 8§ (32 |53.8(s3.8|674|78 |m |NP |73
Dd 96 133 40 | 40 | 55 | 80 | NS 7| 48 700 | N§ |20 A36| SA |30 |46 !4g |68 [73.2]|68 |70 |73.2
D. C. 96 | 12§ | 4 | NS 8 Lol NGNS |2 | Am| A (4 |80 (s |70 )70 |70 INP |70
Fla. 98 133 | 40 40 85 85 | lor3f 40+ | N8 [ N8 |20 NS A |40 60 52 66.6 | 66,6 | 66.6 | NP | 66.6
Ga. 9 | 133 | &8 55 | 55 ' NS |40+ | Ng|10.2)203) Ns| W [40.6161 [s26)73 |73.2073.2]73.2]7s.2
Hawaii 108 | 13| 40 | N8| 65 | e [15 |42 | Ns |12 |24 | Fs2| F |4 [58 |a0” |es |72 |80 |80 | NS
dabio 96 | 14 | 40 | 40 | a0 | 65 |13 |Ns | s00 18 | A32| A |36 |80 |4 {62 |76 |76.8]76.8 (768
il o6 | 133 | 42 | 42 | 56 | 60 |14 |40+ | NS[Ns |18 | 32| Sa |36 |60 |ag [e2 |73.2(7302(73i2| 732
Tod. 96 | 134 | 36 | NS | 85 [ 65 404 | 800[NS [18 | 32 | W (38 [50 [48 |62 |72 |72 |72 |m
Towa 9 | 13} | 35 | N8| 85 | 6 |1y 140 | NSNS s | Am| A |3 w0 sz ez |72.6) 720 720750
Kan. 96 | 134 | 423 | 428 | 85 | 65 S |40+ | NS |@ 18 22 | A [36 |80 |48 |62 {73.2|713.2]|73.2|732
Ky. 96 | 134 | 35 | NS\ 85 | NP |4 42 600 | N§ |18 22 | W |3 |50 |48 |62 |732|NP [KP [732
74 9 | 15 NS | 56 | 60 lorz 404+ | 450 | N6 |18 | 32 | W 36 {41 |4 |5 (73 |7 [NP |NS
Maine 102 | 135| 55 | NS | 85 | 55 [1ord[48 | 600 |NS |22 | 36 { SA [32 |51.8|51.8|66.3|73.2|73.2| NP | 73.2
Md. ® | 1 85 | b5 ) 56 | NS 148 | NSNS 1224/ 40 | 84 144.8 |55 |86 |86 |73.2)73.27s.2) 7.2
Mass, 96 | NS | 35 | N8| 80 | NS |1ors|NS | Ns|N8 [2204( 38 | A |44i8(55 |se.8|70.4(73 |5 (NP |73
Mich. 96 | 133 | 35 [ 40 | 55 | 85 |13 |42+ | 700 |NS |18 | 26 | W |36 |44 |48 62 |73.2(80 |84 |Ns
Miun 96 | 139 | 4 | 40 | 50 | 60 [1ord| 40+ | N5 |9 [18 [ 32 [ A |3 |80 |4z |62 |73 |7.2|NP |7302
Miss o6 | 133 36 | N8| 55 | 55 [lora|40+ | NS |e |18 | as2| A-[36 |50 |48 (62 |73.2|732|NP |73.2
Mao. 96 | 134 | 40 | N8| 55 | o5 | NS |40+ | eoo NS |18 | 32 | A |38 |s0 |48 |ez |[73.2|7s.2|7s.2( 7.2
Moot. 98 | 134 ( 36 | N3 | e0 1oy 40+ | N§|NS [18 | A32( A (36 |50 |48 |62 |76 |76 | NP |76.8
Nebr, 96 | 134) 40 | 40 [ 60 [ 65 |2 |40+ | Ns)o |18 | A32| A |36 |80 |48 |62 [71.1(71.a |71 7101
Nev. 96 | N3 | NS | NS| N8| Ns|NS |Ns | NS {Ns [18 ( A32| A |36 |s0 [48 (62 |76 |76:8( 768|768
N.H. 9 | 13y | 35 | NS | 65 | 85 | NS | NS | 600 | NS |22.4| 36 | SA |33.4 |85 |52.8|66.4|73.266.4 664|732
NI o6 | 133 | 35 | NS | &5 | 55 [2 40 | so0lNS |24 32 ) W )44.8]54.4]56.8 6.4 732732732 3.2
N. M. 9 | 134 | 40 | N5 | 65 | &5 [13 |40+ | o0 |11 |21 | ASe3[ A |43'2 (5609 ] 552 |67i0 | 800c | 8604 | 86.4 | Ba.4
N. Y. 98 | 13 | 356 | N8| 85 | 66 |1org|4e | 800 [11.2/2274| 38| F |44.8|58.4| 568 (70.4 |7 |71 (NP |71
N.C: 98 | 134 35 | NS | 56 | 65 |lord|48+{ o0 |9 |18 | N8| & |30 |475|47.5|64 |70 |70 |NP |70
N.D. 96 134 | 40 NS | &0 60 | 13 40+ | 560 (9 18 32 F 36 50 46 62 64 64 64 64
Obio 96 | 133 35 | 40 [ 56 ) e0o | N8 las+ | eso|NS [10 | 24 | F (38 |51 |60 |as [76 l7s |78 s
Okla. 96 13 40 N§ 55 [ 14 404 850 | NS 18 A32( A 36 50 48 62 73.2173.2(73.2)73.2
QOre. 96 134 35 35 50 65 14 40 550 | 9 18 32 A 36 50 48 82 73.2 | e 76 76
Pa. g | 134 | 35 | 40 | 55 | 85 (1ors{36 | s00|Ns |22.4| 36 | § |3 |4 60 711|711 | NP |71
BRI 102 | 133 | 40 | N8 | 85 | 65 [lord| 40+ | NS N8 |224| 36 | 6§ |36 |44 |53.8|e67.4] 732 NP | NS
s.c 9 | 133 40 | NS | 55 1orsf40 | NS 120 120 [ 38 [ S f32 |46 (60 65 [73.2({73.2]NP |73.2
S. b, B | NS e |60 |1 |4 |8ools [i8 |Am2 | A [36 |60 |48 |62 [732|732|73.2| 32
Tenz, 96 | 13}) 35 ( NS| 50 | 50 [lors|40 | Ng|Ns |18 |32 [ W l3s |50 |48 |62 |73.2|475|NP | 732
cxas 96 | 13y | 40 | 40 | 55 [ e5 | Ng 650 (9 |18 [ 32 | A [3¢ [B50 a8 (62 |72 |72 (72 |72
Utah 96 | 14 | 456 | 45 | 60 [ 60 |NS 404 | N§ |0.56 {18 | A33| A |36 |61 |48 |63 |78 (79.9|79.9 | 70.0
Vt. 96 | 13 | 65 | N | 86 | 85 [1ors{48 | 0o | NS |22.4] 36 | A |448|58.4]56.8)70.4|73.2(73.2| NP |73.2
Va. 96 | 134 35 | N6 | 50 | 50 [lorg 40+ | 650 NS |18° | 32 | A f3¢ [s0 |48 |e |70 |70 |NP |70
Wasb. % | 13 36 | 40 | € | 65 (1j |42 | 80 NS (18 | A2 SA |28 [38 [46 |60 [732(7 |NP |78
W. Vs. | o m| 40 | NS | 65 | 55 |1lora[404+ | NS N8 [18 | As2| &4 (36 |5 (48 le2 l70 [70 |NP.]70
Wis, 98 | 133 | 35 | NS | 56 | 86 |lord(42+ | NS 11 [10.5| a32| A [39 [s51.5|5 [e3s{7 |73 |NP |73
Wyo. | % | 133 40 | NS | e | a5 2 [40+| NS|o (18" | As2) A |36 |30 |48 |62 | 739759 0730
L )
LEGEND

VEHICLE AND COMBINATION weight limits arc based og 48-in, tandem spacing
(except North Carolioa and Ohio—over 48 in.), oversil axle apacing § ft. less than
maximum overali length, and a 12,000-1b froot axle loading on combinations—unless
otherwise limited. Except as noted, trailer includes a semitrailer with converter

dolly.

NOT fN CLUDED are tolerances and special provisiona for overweight or oversise vehi-
cles or loads, farm vebicles, apecific commodities, special types of vehicles or drive-
away-towawsy operatioo. i

TANDEM AXLES spaced lcss than minimum ehown are aubject to single axle weight
limita, A ‘" gign means ‘‘more than.” . )

TIRES inﬂ;l"ed 100 pei of more are considered ‘'high pressure™ and under 100 psi *’low
presaure.”

A—States where vehicles and combination gross weigbts are controlled by a table of
axle spacing up 08 specified maximum. Where tandem axle weighta are sirnilarly
limited, tander limit shown is for 48-in. spacing.

F—States where vehicles sod comhination graes weights are cootrolled by a “'bridge™
formula. Where tandem axle weighta are similarly limited, tandem limit shown is
for 48-in, spacing.

8—~Btates where vehicle and combination gross weighta are controlled by maximum
limita for specific types.

W—States where vehicles and combination gross weights arc controlled by axle weight
lirnits sbown up to, io moat states, a specified mayimum.

NP—Not permitted.

N8—Not specified.

Reprinted by permission from Commercial Car Journal, April 1966, Copyright 1966, Chilton Co.
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2-2.2 HEIGHT

The maximum overall height of wheeled ve-
hicles designed for travel over highways or roads
in the continental United States shall not exceed
150 in. (12 ft 6 in.). The maximum permissible
height for wheeled vehicles designed for overseas
highway operations shall not exceed 132 in. (11 ft
0in.).

2-2.3 LENGTH

The maximum overall length of a wheeled ve-
hicle comprised of a single, nonarticulated unit
shall not exceed 35 ft. The maximum overall length
of a wheeled vehicle comprised of an articulated
double unit, such as a truck-tractor coupled to a
semitrailer or a truck-tractor coupled to a full
trailer, shall not exceed 50 ft. These dimensions
exceed the statutory limitations for unrestricted
highway movement in certain states in the con-
tinental United States. In these states, a special
permit is required. Procedures to be followed in
obtaining these permits are given in Ref. 3. Table
2-1 shows that the size and weight limitations
imposed by the various states on truck-traector-
semitrailer combinations as of August 30, 1959.

2-24 AXLE LOADING

An axle load is defined as the total load trans-
mitted to the road by all wheels whose centers are
included between two parallel transverse vertical
planes 40 in. apart, extending across the full width

of the vehicle, The maximum axle load (subject
to gross weight limitations} is 16,000 1b for axles
located from 324 to 714 ft from the nearest adjacent
axle. This applies to both the continental United
States and overseas areas. For axles located more
than 71, ft from the nearest adjacent axle, the
maximum permissible load is 18,000 1b for vehicles
designed for highway operation in the continental
United States, and 16,000 1b for vehicles designed
for overseas operations.

2-2.5 GROSS WEIGHT

The maximum permissible gross weight of a
wheeled vehicle designed for highway operations
(subject to axle load limitations) shall not exceed
36,000 1b, for vehicles having a distance of 10 ft or
less between the extreme front and rear axles, and
shall inerease by 850 lb for each additional foot
of extreme axle spacing in excess of 10 ft to a
maximum gross weight of 60,000 1b. This maximum
gross weight exceeds the statutory limits of some
states within the continental United States (see
Table 2-1). For operations in these states, a spe-
cial permit is required (see Ref. 3).

2-3 PHYSICAL LIMITS—TRACKED
VEHICLES

2-3.1 GENERAL LIMITS

Limiting dimensions for tracked vehicles in ae-
cordance with their gross weights are given in

TABLE 2-2
LIMITING DIMENSIONS AND WEIGHTS OF TRACKED VEHICLES
FOR MOVEMENT ON HIGHWAYS AND BRIDGES

Width Minimum Ground Contact

Maximum Gross Maximum, Minimum, Maximum Length,* | Total Width,
Weight, 1b in. in. Height, in. in. in.
8,000 96 None 132 32 20
16,000 96 78 132 55 24
24,000 96 80 132 73 27
32,000 96 84 132 87 30
40,000 120 96 132 98 33
48000 120 100 132 107 36
60,000 120 100 132 132 37
80,000 120 112 132 144 45

*The maximum ground-contact length for any vehicle is 180 in.
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Table 2-2. These limits are necessary for un-
restricted operations on highways, in both the con-
tinental United States and in overseas areas, and
are chiefly governed by bridge widths. The values
given for width of ground contact are the total
widths of all ground-contacting elements; e.g., for
a conventional vehicle having two tracks, the width
of ground contact equals twice the width of one
track.

It should be noted that the values given in
Table 2-2 apply to tracked vehicles that are to be
capable of unrestricted movement on highways and
bridges. When vehicles that are being designed
will exceed these specifications, they must be ap-
proved by the appropriate departmental Transport-
ability Agency (paragraph 2-1 and Ref. 3).

2-3.2 HEIGHT AND GROUND CLEARANCE

The mazimum height of 132 in. given in Table
2.2 is based upon clearance requirements en-
countered in operations outside the continental
United States. Because of the requirement to
minimize the vehicle silhouette height in order
to reduce vulnerability to enemy action, this
limit is seldom reached.

The minimum height of a tracked vehicle is
greatly affected by the ground clearance specified
in the military characteristics. A generous ground
clearance reduces the danger of the vehicle belly-
ing in soft ground or when straddling an obstacle,
provides space for the installation of escape
hatches in the belly, and provides clearance for the
high flanges found on the treads of military floating
bridges. The minimum ground clearance of tracked
vehicles has been about 17 inches for a long time.
In recent designs, however, attempts are being
made to increase this as much as possible without
penalizing the overall height unduly. The latest
M60 medium tank has a ground eclearance of 209
inches, and a similar tank with an experimental
suspension system can vary its ground clearance
from 6 to 25 inches at the will of the driver.

2-3.3 GROSS AND DISTRIBUTED WEIGHTS

The maximum permissible gross weight of a
tank is 160,000 1b (80 tons). This limitation is
based upon the capacity of U. 8. highway bridges
of the heaviest classifiecation (Ref. 4), and tanks
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of this weight are not capable of unrestricted move-
ment on highways and bridges.

Minimum ground contact dimensions are given
in Table 2-2. These are of importance as they
affect the distribution of the gross weight. Two
considerations affect the distribution of the gross
weight of a tracked vehicle: one, the average ground
pressure, determined as the quotient of the gross
weight and the total ground-contact area of the
tracks; the other is the load distributed per linear
foot of the length of ground contact. Ground pres-
sures are regulated primarily to control flotation in
cross-country operations and to develop traction,
while loading per foot of track length is regulated
to control the effect of the vehicle’s weight upon
roads and bridges.

Ground pressures of heavy tracked vehicles
are limited to 125 psi. Although pressures of
6 to 8 psi are considered more desirable, they are
difficult to obtain in the design of larger vehicles.

Jertain light, amphibious and special purpose
tracked vehicles that require maximum flotation
obtain ground pressures as low as 214 psi.

The distributed load per linear foot of ground
contact is obtained by dividing the gross vehicle
weight, GVW in pounds, by the length of the
ground contact, 1, in feet, as seen in a side eleva-
tion. The maximum permissible distributed load is
determined from the following (Ref. 4) :

For values of VW less than 60,000 1b:

GVW

= 3000 - 0.06 (GVW — 8000) (2:1)

For values of GWYV greater than 60,000 1b:

GVW _ 20,000 X GVW 2.2)
Ly 160,000 + GVW

2-3.4 VEHICLE LENGTH

The length of the track at the region of ground
contact is governed by the equations of weight
distribution, the ground contaet pressure, and by
certain requirements for efficient steering. Re-
quirements imposed by specified angles of ap-
proach and departure have an influence upon
overall vehicle length. Equations 2-1 and 2-2 for
maximum permissible distributed weight can be
solved for L, to determine the minimum permis-
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Figure 2-1. Correlation of Physical Limits of a Tracked Vehicle {Ref. 4)

sible track length in ground contact. Thus, when
GV W is less than 60,0600 Ib:

12GVW

. ~ -
Le (inehes) = 5000506 (Gv W —8000) =)
when GV is greater than 60,000 1b:
) 12 GVW
Q) — -
L, (inches)= 96 + 56,000 (2-4)

The steering characteristics of a tracked ve-
hicle are affected by the ratio of the track length
in contact with ground L, to the tread L./T, where
T is the width between the track centers. When
this ratio becomes less than unity, ie., L, is less
than 7T, steering becomes relatively unstable. When
this ratio approaches a value of 2, i.e., L; approaches
a value of 27, steering imposes excessive power
demands. Therefore, for satisfactory steering, the
L;/T ratio should be between 1.0 and 1.7. In actual
practice, the values usually used are between 1.125
and 1.69 (Ref. 4).

2-3.5 CORRELATION OF PHYSICAL LIMITS

When dimensional limits are applied simul-
taneously, a relatively narrow field of choice is
available to the designer. This is illustrated in
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Figure 2.1 which shows the track proportions that
may be used lying in a relatively small zone. In
the figure, the ground-contact length of the track
L, is plotted against the track width W, and against
the tread T. A theoretical maximum overall track
width of 144 inches is used as a limit in order to
establish 7 ==0 on the graph. Hyperbolas repre-
senting constant track areas are plotted on the
graph using the equation 4,— L;W; (where A4,
is the ground-contact area) for selected ground-
contact areas of 800, 1600, 2400, 4000, and 6400
sq inches. Based upon a limiting ground pressure
of 12.5 psi, each hyperbola also represents a definite
gross vehicle weight. The highest gross vehicle
weight shown is 80 tons, the maximum permitted
by regulations. Points of minimum track length
are calculated, using Equations 2-3 and 2-4, and
located on the hyperbolas. These points are con-
nected to form a limiting minimum track length
curve. Finally, the limiting steering curves
(Le =T and L, = 2T) are determined and drawn.

The usable track proportions are eonfined to
the hatched area in the graph bounded by the limit-
ing dimension curves. The chief significance of the
usable proportions thus obtained lies in their effect
on hull width. - Decreasing the track width of a




given vehicle gains only a small amount of space
within the vehicle becanse the track width changes
relatively little regardless of length, within the
usable range of proportions.

One of the most critical dimensions on a combat
tank is the turret ring diameter. This must be
large enough to allow space for such major items
as gun recoil, ammunition handling, personnel,
and fire control equipment, yet its size is restricted
by the overall vehicle width limits, the need for
adequate track width, and the need for armor
protection. Here the designer is faced with a
necessity to compromise, but his freedom to com-
promise is somewhat limited.

Turret rings currently being used on production

-

o'~ 8"

10'-0"

)
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vehicles are 85 inches inside diameter. Figure 2-1
shows that for a 50-ton vehicle, the designer can
select a track width of from 15 to 25 inches. For
most efficient steering he would probably restrict
his choice to track width between 22 and 25 inches,
letting considerations of ground-contact length
determine the final choice. On the assumption
that the 22 inches track width satisfied all require-
ments, the inside diameter of the turret ring plus
the width of two tracks account for 129 inches of
vehicle width. Additional width is needed for
armor, track shrouding, width of {urret bearing,
and eclearances. Thus, requirements to reduce
the overall vehicle width present serious problems
to the designer.
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Figure 2-2. Outline Diagram of Approved Limited Clearances of the Association of American Railroads
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2-4 PHYSICAL LIMITS IMPOSED BY RAIL
TRANSPORTABILITY REQUIREMENTS

In order to meet the requirements for trans-
portability by railroad, railway lading clearances
must be considered. Railway lading clearances
are determined by bridges, tunnels, platforms, tele-
phone and electric poles, and miscellaneous way-
side structures. Data on all such clearances have
been compiled and are presented by the railroads
in the form of dimensioned outline diagrams. Rail-
road car loads whose outlines exceed these limiting
outlines must be cleared by the superintendent
of the railway lines prior to their acceptance.
Figure 2-2 shows the outline diagram of the ap-
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proved limited clearances published by the As-
sociation of American Railroads and applies to all
standard gauge unrestricted main lines in the
continental United States. Figure 2-3 shows a
comparable outline diagram that prescribes the
minimum railway clearances required on railroads
in overseas areas. It is the result of an interua-
tional meeting held at Berue, Switzerland and is,
therefore, often referred to as the Berne Interna-
tional Tunnel Diagram.

These diagrams indicate the maximum allow-
able cross section of a vehicle as loaded upon a
railway car for shipping. For a vehicle of larger
section, the maximum allowable cross section is




the size to which the section must be reducible. An
important factor in reducibility is the facility with
which the vehicle can be reassembled in terms of
time, tools, and skills required. It is current prac-
tice to use overhanging tracks on many types of
tracked vehicles. By removing tracks, sprockets
and tool boxes, vehicle widths can be reduced ap-
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proximately 20 inches—or to the width across the
outer faces of the road wheels. Further reduci-
bility requires the disassembly of suspension ele-
ments, and is not considered feasible. A more
comprehensive coverage of this subject is given
in Refs. 1, 2, and 69.

SECTION II HUMAN FACTORS

2.5 GENERAL DISCUSSION

One of the many functions of the suspension
system is to provide a reasonable degree of ride
comfort for the vehicle’s passengers and crew.
The high degree of refinement in ride quality found
in commercial passenger vehieles is not required of
military vehicles, but a knowledge of comfort
criteria is important to the suspension system
designer. When operating cross-country over rough
terrain or on irregular road surfaces, the operator
and crew are subjected to severe jostling, vibrations
and impacts. Aside from physical disecomfort,
they find it difficult to perform their assigned tasks.
The driver has difficulty in controlling the vehicle
due to the mechanical stresses being experienced
by his body, his vision becomes impaired, and
physical discomfort causes him to reduce vehicle
speed to a more acceptable level. Thus, maximum
mobility, the ultimate goal of the military vehiele
designer, Is compromised by the physiological
tolerance levels of the human occupant.

The mechanical stresses to which the human
body is exposed in a vehicle are produced by the
accelerations and vibrations experienced by the
vehicle. Exposure to these stresses might be con-
tinuous over a period of time or might oceur only in
certain situations. Furthermore, it might affect
only certain organs of the body, or it might pro-
duce general impairment and damage to body strue-
tures and processes. A great deal of research has
been done in this field, particularly as it applies to
advanced types of manned aerospace vehicles, and
a great deal of literature exists on this subject
(Refs. 5-16, 70). Unfortunately, the differing
techniques and objectives of the various experi-

menters make their results difficult to compare.

Barly work in acceleration testing lacked so-
phistication and standardization. A high ineci-
dence of physical discomfort and injury was re-
ported at relatively low values of acceleration, but
was actually due to inadequate body support.
Data recorded in experimentation with human (and
animal) subjects are often open to question be-
cause of the instrumentation procedures used.
Accelerometers, for example, are extremely sensi-
tive to their immediate environment, making rigid
mounting and attachment essential to obtaining
aceurate data. In many cases, an instrument will
record the response of its mount rather than the
gross accelerations of the vehicle. In other cases,
resonant vibrations are set up which give er-.
roneous data. Accelerations measured directly
on the human (or animal) body should be highly
suspeet because of the difficulty of achieving rigid
mounting for the sensors.

Considerable experimental data are based upon
animal testing. The animals ordinarily chosen
bear a degree of similarity in body structure to
humans. Chimpanzees, bears, goats, and hogs have
been used. Many factors exist, however, which
preclude the direct application of information
obtained in this manner to the establishment of
human tolerance limits. Since the subjects must
be considered as uncooperative, a true evaluation
of the restraint-support system used is difficult
to obtain. Furthermore, despite the similarities
between animal and human subjects, anatomical
and physiological differences do exist; therefore,
due caution must be exercised in using information
obtained from animal experiments as applicable to
man.
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2-6 ACCELERATION EFFECTS

2-6.1 ACCELERATION TERMINOLOGY

Acceleration is a vector quantity defined as the
time rate of change of velocity and is, therefore,
the first derivative of velocity and the second de-
rivative of displacement with respect to time. In
human factors considerations, it is usually com-
pared to the acceleration produced by the normal
force of gravity (32.2 ft per sec per sec), and is
expressed as an acceleration of so many ¢’s (n g).
Since the foree required to accelerate an object
is the product of the mass and the desired accelera-
tion (F = MA), expressing the acceleration in
terms of g results in a simple comparison of the
force magnitude with respect to the object’s weight
W.

="
g
F= Ma=<£—> (ng) (2-5)
9
F=a2W

Thus, an acceleration of 25 g, for example, re-
quires a force equal to 25 times the weight of
the body being accelerated. Furthermore, and
most important in human faetors considerations,
the response of the human body to accelerations
is determined by the reactive forces developed
within the body as a result of the body’s inertia
and the inertia of its constituents. These reactive
forces are equal in magnitude, but opposite in di-
rection, to the acceleration force. Thus, in the
25 ¢ example just cited, the body will react as
if its weight, and the weight of its ecomponents,
were increased 25 fold.

A certain amount of caution must be exercised
when discussing accelerations, acceleration foreces,
and reactive forees to prevent confusion and mis-
understanding. Many systems have been used to
describe the direction of acceleration vectors.
These differ mainly in the directional references
upon which they are based. Some use vehicular
displacement for reference while others use the
human body as reference. The latter is perhaps
most useful to human factors considerations. It
describes acceleration directions with respect to di-
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rections parallel and perpendicular to the longitud-
inal axis of the body. Since any number of vertical
planes can be passed through the longitudinal axis,
only two are pertinent. One passes through the
shoulders to define the lateral plane, and the other
through the chest and bac