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ABSTRACT

A summary of research and engineering studies conducted on a long-
range nrogram of off-road mobility research is presented in Volume I of this
two volume report. These studies, some of which are only partially completed,
are directed at providing technical knowledge which is required to match off-

road vehicles with military mobility requirements.

A hybrid computer model is described which will permit predicting
vehicle dynamics performance of simulated vehicles traversing a broad
spectrum of off-road situations. A critique of existing soil trafficability
theories is made based on a review of the literature which treats the
comparison of vehicle performance prediction with experimental results.
Analytical and experimental studies of the velocity field and soil fabric
in clay soil exposed to dynamic loads are summarized. A general method is
discussed for processing mobility related environmental information and for
mayping vehicle performance by computer methods. A concept is introduced for
testing vehicles in relation to the total environment in order to define the

vehicle performance envelope.

Also a method is introduced for displaying potential vehicle perform-
ance in selected geographic areas and for producing "testable' specifications
for off-road vehicles. Engineering studies of an off-road driving simulator
for synthesizing dynamic visual displays and vehicle motion in the laboratory

are reviewed.

Recommendations pertaining to future off-road mobility research and

engineering studies are presented.

Volume II contains Appendices that complement the material presented

in Volume I.
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1. SUMMARY

A review is made of the research conducted by CAL and several sub-
contractors which was directed at overcoming major deficiencies in land vehicle
locomotion theory and engineering practice. The purpose of the Off-Road Mobility
Research Program has been to provide, in useful form, technical knowledge which
is required to match off-road vehicles with military mobility requirements.

The program was initiated in August 1966 as a long range study and organized

to identify explicitly the man-vehicle-environment system interactions, define

specific knowledge gaps regarding the principal functional elements of the system

and then pursue research tasks to fill the knowledge gaps. A diagram of the

research plan of aprroach is shown on Figure 1 in Section 3.1. In essence, the

program is a ''system of directed research" which follows logically from delinea- ¢

tion of the off-road vehicle system.

The report concentrates on summarizing the studies performed over the
period September 1967 to October 1968. An overview of the research is presented
in Section 3.1. Subsequent sections treat each area of research in more depth.
Where studies have not been reported or published elsewhere, they are included

in full detail in appendices. A brief synopsis of the research

reported herein is presented below.

1. The general structure and capabilities of a hybrid computer model

for predicting vehicle dynamics performance of simulated wheeled vehicles over
a broad spectrum of off-road situations are vummarized in Section 3.2.1. Some
sample outputs are presented. The manner of modeling the wheel-ground inter-
actions is discussed and progress on field test work aimed at model validation

is reported.

2. Results of a systematic evaluation of existing theory and practice

in predicting vehicle trafficability off-the-road are summarized in Section
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3.2.2. Using direct comparisons between previously published results for full
scale tests and predictions calculated using quantitative theories, an attempt
has been made to produce clearly defined limitations of the currently used
theories as they relate to accuracy and range of applicability to different

soils and specified ground contact elements.

& A study which critically examined current practices in off-road
vehicle testing and evaluation is summarized in Section 3.2.3. Conclusions
drawn in the study are discussed, recommendations for improvement of test

practices are presented and proposed areas of research are outlined.

4, Progress on assessing the available base of environmental data for
purposes of off-road mobility is summarized in Section 3.3.1. Principal
sources and formats of environmental data collections are identified and
approaches to utilizing the existing data base to indirectly arrive at

quantitative mobility information are presented.

5. A systematic structure of negotiability tests was synthesized for
defining the environmental performance envelopes of off-road vehicles. Taese
tests are based on the premise that the world environment, for mobility purposes,
can be resolved into a finite number of elementary environmental classes.

Section 3.3.2 and 3.3.3 summarize this work.

6. Computer techniques developed on the ORMR program for constructing
maps of vehicle performance in specified environments are presented in Section

3.3.4 and the relation of such maps to statistical aggregation is discussed.

7. The adaptation of the visioplasticity method of analysis to the inves-
tigation of soft-soil mobility problems is discussed in Section 3.4.1. The
method is applied in relating experimentally obtained kinematic variables

(velocity, strain rates and strain) under a two dimensional powered slipping

-2- VJ-2330-G-3



wheel to the load variables (forces and stresses) which were obtained analytical-
ly. Supporting research associated with the choice of soils and soil prepara-
tion methods for laboratory studies of soil-vehicle interaction are also

summarized in Section 3.4.2,

8. An analytical study is summarized in Section 3.4.3 that investigated,
in a basic way, the problem of soil flow beneath a wheel being driven over a

rigid plastic solid.

9. Initial attempts at developing quantitative methods for describing
clay fabric are summarized in Section 3.4.6. This investigation, which is in
a very preliminary state, has as goals, the describing of soil state by its
internal geometry and the determination of internal energy dissipation from

changes in internal geometry.

10. Progress on the design and development of an off-road driving simulator
is summarized in Section 3.5. With this simulator the Vehicle Dynamics Model,

given terrain and driver inputs, would feed back vehicle dynamic response to

a driver to provide him with motion and visual cues. An outiine is included

in Appendix J of a proposed field test program for obtaining quantitative data

which will provide a basis against which to check the simulator performance.

11. A viable method has been developed and demonstrated for formulating
testable off-road performance specifications for vehicles adapted to specific
terrain, through the analysis, by computer, of relatively high resolution

quantitative terrain data. This activity is summarized in Section 3.6.1.

12, A case study of the development and operational history of four off-
road vehicles is summarized in Section 3.6.2. Conclusiors and recommendations
relating to vehicle specification, program management, testing and evaluation

practices, training and operations are included.
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Some recommendations for future off-road mobility studies are pre-

sented in Section 4 and include the following:

° Extend the Vehicle Dynamics model to broader application
and correlate VDM outputs with field tests results to assess

model validity.

° Develop working theories for the several fundamental traction
modes to permit determining limiting values of the performance

of "unconventional' ground contact vehicles.

° Extend and apply the visioplasticity method to the analysis of
problems involving interactions of soft soil with realistic

wheels and soil measuring instruments.

° Continue development of computer techniques for mobility map-

producing applications.

] Pursue the development of a concept of structuring environmental
description in vehicular terms to permit classifying global

environment in terms of vehicle mobility.

° Continue development of a driving simulator which when completed
would be applied to gathering information related to basic

driver-limited vehicle performance functions.

o Pursue a systems research investigation aimed at relating how
and why technological advances in off-road mobility may be
effectively used by selectors and decision-makers to yield

operational payoffs.

-4a VJ-2330-G-3



2. INTRODUCTION

Many years of prototype construction, experimentation and field
use have produced combat vehicles which perform reasonably well in some environ-
ments, and have led to the development of a substantial body of engineering
design practices. Parallel activities along more theoretical lines have
produced a number of moderately successful soil trafficability theories.
Nevertheless, the selectors, designers and evaluators have too often found
this background inadequate for extensions beyond the boundaries of the familiar
and the well-tested, i.e., inadequate: for predicting how vehicles will
perform in remote environments, for assessing the value of aew vehicle concepts
over given terrain, and for providing a quantitative basis to help guide
vehicle design and development along directions which enhance mobility within

the overall military context.

The basic sources of these inadequacies may be two-fold. One is
insufficient organization of what is known concerning off-road mobility in
forms most applicable to questions raised by the planners, selectors, users
and designers. The other is the failure, thus far, to delve deeply enough
into the complex physical and human processes which occur within the vehicle
and within the earth below it and which interact at the vehicle-terrain

interface.

In August of 1966 Cornell Aeronautical Laboratory, Inc. under contract
to the Advanced Research Projects Agency initiated a six-month study to
review the state of knowledge in off-road mobility and define a long-range

program of research. The results of that study were published in March 1967.1

In February of 1967 the contract was extended to include a second
phase effort, and CAL then initiated research on a long-range program. The
cbjective of this Off-Road Mobility Research program has been to provide, in
useful form, technical knowledge which is required to match off-road vehicles

with military mobility requirements.

1See Section 5 for numbered references.
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Thus far, the CAL CRMR program has been addressed at identifying
and finding ways of overcoming major deficiencies in land vehicle locomotion
theory and engineering practice, which have prevented generation of good

quantitative predictions. These are:

Inadequate knowledge of the dynamic reactions between the

land vehicle and its operating medium; how energy is dissipated
in the soil, and the distribution of forces at the interface,

as functions of applied loadings. There is no sound theoretical
basis for scaling laws, or for instrumented measurement of these

phenomena.

Inadequate classification and mapping of the terrain in potential
military operating areas, in categories significant to vehicle-
terrain interaction, to enable satisfactory prediction of the

performance of military vehicles in these areas.

Inadequate knowledge of the human performance in the vehicle-
man-environment system as a sensor, decision maker and control-
ler, to enable description and parametric exploration of the
effects of human limitations and control doctrine on the

mobility process.

Inadequate development of standard structural vehicle design
criteria and procedures to produce efficient structures with

improved reliability.

It will be noted that these regions of deficiency intersect; that is,
answers in one depend upon answers in the others. Thus, predictions of land
vehicle cross-country performance depend upon treatment of the vehicle-man-
environment interactions. The CAL ORMR program has been organized to identify
explicitly the system structure, and to define specific knowledge gaps in the
principal functional elements of the system. Then having derived specific

-6- VJ-2330-G-3



requirements for fundamental knowledge, ORMR has contributed toward achieving
solutions via several routes -- by re-examining the results of past work on
the same and closely related problems; by subcontracting for new work by
recognized experts; by recommending to the DOD programs for new investigation,
material and procedures development; and by conducting research within the

CAL ORMR organization.

More than 20 technical reports and papers documenting significant
technical findings and accomplishments have been published by CAL and sub-
contractors during the life of the contract. This report summarizes the
research (some described more fully in these reports, some previously

unreported) which has been conducted on the ORMR program during the past year.
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3. ORMR - ACTIVITY SUMMARY

3.1 GENERAL DISCUSSION

In conducting the off-road mobility research program we have been
always mindful that its ultimate application will be to provide better bases
for decisions: - decisions hv the force planners as to what vehicle mixes
will provide the mobility capabilities assumed in their contingency plans at
acceptable costs; decisions by the tacticians as to how to plan their
missions and tactics which depend on ground maneuverability; and decisions
by the designers who seek the best compromises amrng configurations, payload
distributions, tractive and propulsive modes, speeds, ranges and fuel
economies, reliability, etc. That is, the purpose of the research is to pro-
vide that technical knowledge which is required to examine the trade-offs

available among military requirements and vehicle capabilities and costs.

The prime technical requirement is that of producing means for
predicting the military mobility capabilities of land vehicles operating in
specified environments within meaningful and known confidence intervals. This
requirement cannot be satisfied entirely by experimentation, unless the
nation is willing and able to produce and test combinations of every
interesting candidate vehicle in every environment. Thus, an adequate body
of theory, of which the limits of generalization are delineated by carefully

selected and conducted experiments, must be found or developed and applied.

HHow well is this requirement satisfied today? Not at all well
according to the records of comparisons between measured performance values
of vehicles driven in the field and predicted values derived from theory

and laboratory tests. (See sections 3.2.2 and 3.2.3).
The assessment of whether we have adequate means of predicting off-

road vehicle performance remains qualitative, for two principal reasons. One

is associated with the question of the sensitivity of decisions for vehicle
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selection, procurement and RGD to prediction errors. The other, in the
technical context, is that the comparisons aggregate many contributing
uncertainties to produce an overall uncertainty. Some of the uncertainties
are associated with the validity of the theory and of the predictive method-
ology; others are associated with the adequacy of the experiment control and
measurement procedures. In most cases examined, (see section 3.2.2) it was
impossible to sort out the uncertainties due to inadequate experiment design,
measuremer.t and control from those due to inadequate prediction methodology.
Clearly, it is necessary to find the boundaries between what is known and
what is unknown (and even unknowable) concerning the ability to predict the
offroad pe: formance of ground vehicles. To reach this goal two major elements
are required - carefully designed, controlled and measured experiments and

a sufficisntly complete model of the mechanics and processes involved in
driving a vehicle off-road so that the experimenter will know what to design,

how to measure and control, and how to analyze the resultant data,

CAL's initial effort on ORMR was to rough out such a model of the
off-road vehicle mobility system, inasmuch as it provided useful guidance
even during the survey phase of the program concerning the categories of
past and on-going work to be examined in some depth. The simplest form of
our model assumed off-road vehicle mobility to bz a function of three major
elements, the vehicle, the driver, and the environment and identified
explicitly what seemed to be the significant interactions among these
variables and the many detailed vehicle, driver environment characteristics
on which the values of these variables depended. With this in hand, our
surveys examined what was known or unknown concerning the characteristics and
their interactions, and we designed a program 1 to fill the knowledge gaps
and to provide the links between descriptions of basic mechanics and processes
and the information needed by the users to make their decisions. Figure 1 is
a flow diagram of our program. Our work has followed this plan. In essence,
it is a "system of directed research" which follows logically from delineation

of the off-road vehicle system.
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Keeping in mind that we are seeking a predictive methodology, that

we want to identify those system characteristics to which '"real-world'" off-
road mobility is sensitive and those to which it is not, that we are trying
to bound the individual performance uncertainties which contribute to overall
system performance uncertainty, and that we need to specify the measurements
which are significant in understanding and explaining the results of
experiments, we divided our work into five main categories, which follow from
our basic model: - vehicle, environmental, soil, driver and system studies.

The character of the work in each category is as follows.

3.1.1 Vehicle System Dynamics Model

The vehicle is the physical intermediary between the driver and the
environment, the variable which can be controlled and configured, and the

product to the user to operate and to evalute.

We have undertaken the detailed modelling of the dynamic driver-
vehicle-environment system for two reasons. The first is to move from
abstract, functional models to explicit mathematical descriptions of the
physical processes and interactions. In such model development, knowledge
gaps or uncertainties are clearly revealed. The second is to provide a tool
for exploring rapidly the dynamic interactions between a total vehicle and
its operating medium, where the loads applied to and the forces developed
from the terrain/soil combine to form a complex dynamical system. By use of
the model, effects of alternative assumptions, configurations and controls
can be examined. Provisions are made to insert the driver in an analog
computer mechanization of the model so that, with the addition of appropriate
displays, the uncertainties of driver performance can be systematically
explored. Provisions are made to determine displacements, loads and
accelerations throughout the mechanical system with the view of providing

the means for rational structural design.
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In view of previous remarks concerning the likely presence of
irreducible uncertainties in the overall off-road mobility process, viz.,
heterogeneity of the physical environment (many aspects of which are not
practically measurable) and the driver (his individuality and psycho-
physiological state), it may be asked what purpose is served by a detailed,
very precise theory and model of the physical interaction between vehicle
and ground environment? Tc restate one answer, which is already implicit
in the preceding paragraph, it may aid the vehicle designer in the rational
selection of superior vehicle concepts and details of running gear configu-
rations for specified environmental conditions. A suggestive analogy may be
drawn with the electronics designer who optimizes a signal processing circuit
based on a nominal input despite the fact that in actual operation the signal
will be severely corrupted by noise. Thus, in contrast to the tactician and
high-level planner for whom the uncertainties are dominant, the designer
without a precise model may not be able to realize fully the intrinsic

physical potential of ground-based mobility.

We have in operation a five-degree-of-freedom (roll, pitch, heave,
surge and sideslip) model of the M715 wheeled vehicle, to which a sixth (yaw)
degree of freedom can readily be added. A discussion of its characteristics
is given in section 3.2.1. The present model is readily adaptable to many
wheeled, including articulated, vehicles. Vehicle-terrain interactions can
be represented by any of the current, or modified theories. The M715 vehicle
was selected as the first vehicle to be modeled since we have at the Laboratory
a M715 vehicle which has been instrumented to measure the principal forces and
displacements (and derivatives) corresponding to those that are read out
from our analog model, and therefore, in carefully designed experiments, are
being used to determine the correspondence between theory and measurement.
(See section 3.2.1.4).

The model is extendable to a tracked configuration, and with such
extension could be employed to explore a variety of wheeled and tracked

combinations.
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Finally, as was indicated previously and will be discussed again
in the Driver section, 3.1.4, we have been examining how the model can be
linked with a motion platform and visual display to produce a driving
simulator whereby the interactions of the total system can be systematically

explored.

3,1.2 Environmental Research

Our environmental research has revolved around terrain analysis and
descriptions where we have been concentrating on two issues. The first is
that of finding ways of relating vehicle characteristics to determinable
terrain/soil/geographic characteristics such that '"vehicle mobility maps"
can be produced for reasonably large geographic areas. In this, we are
addressing two problems. (a) We are seeking feasible and convenient ways of
presenting to the military user what is required in the way of vehicle
capabilities tuv achieve various amounts of cross-country mobility, and in this
way providing a tr»l for the military trade-off analyses which will be
discussed further in section 3.3.3. (b) We are describing those terrain
characteristics which offer varying impedances to achievement of cross-
country mobility in terms of '"testable performance specifications' to be used
by the specifiers and evaluators. Second, we are addressing the questions of
how to formulate a set of unit environments sufficient to span the world
environment, and how to delimit this set to the minimum set which is both
sufficient and necessary to state appropriate combinations of descriptor
values to be used in testing and predicting performance envelopes of vehicles
in commonly occurring terrain complexes. Associated with this, we are
exploring predictive techniques for relating easily observable environmental
facts to those difficult to observe, with one objective being that of
developing methods for extracting vehicle-scale environmental data from data
larger than vehicle scale. If the planners and selectors are to consider

appropriately the trade-offs between environmental challenges and vehicle
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capabilities on a global or regional scale, it is necessary to develop such
techniques for describing global and regional environments so that the job

is manageable.

The results of our work on environmental research are presented

and discussed in sections 3.3 and 3.6.1.

3.1.3 Soil Mechanics Research

Prediction of tractive and resistive forces developed under a
moving wheel, track, screw or foot depends on knowledge of the dynamic
flow field in the soil, the partitioning of the energies dissipated in
the soil and at the soil-vehicle interface, and the distribution of the
forces at the interface. Although existing prediction equations and soil
measurement devices stem from theories concerning soil behavior under load,
the measurements made to assess the validity of the equations have
invariably been made external to the soil. Thus, the underlying theory

has not been tested, and may be a source of prediction uncertainties.

During the past year we have subcontracted with Prof. Yong at
McGill University for the measurement of soil displacement under a few
selected wheel loadings, and for stress-strain measurements of the samples
of the soil used. Techniques developed by Prof. Yong 2 have enabled
soil displacement measurements in a two-dimensional soil bed. With
the experimental results obtained from Prof. Yong we have been able
to calculate the velocity field and the strain rates and strain in the soil
and, from an analytical solution of the equations of motion employing the
constitutive (stress-strain) relations, we have obtained the stress
distribution beneath the wheel. Typical results are presented and discussed
in section 3.4. Also discussed in section 3.4 are more basic studies and
analyses of wheel-soil interactions, soft soil properties and soil fabric
which have been pursued over the past year by CAL and via subcontracts with
Professors Henkel and Esrig at Cornell University and Drs. Dagan and

Tullin at Hydronautics Inc.
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In addition to the soil research discussed in section 3.4 CAL
aiso monitored a classified study subcontracted to Dow Chemical Co.,
Midland, Michigan dealing with soil stabilization. This research which
was conducted under the ORMR program in support of the Commando Lava

project is reported in Reference 3.

3.1.4 Driver

The driver, as a sensor, decision maker and controller, selects
the terrain which his vehicle will be called upon to traverse, selects the
desired speed of traversal, diagnoses the causes of incipient or actual
motion impedances and applies corrective control. His sensory cues are
visual, aural and proprioceptive, resulting from motion, and he controls
the rate and direction of motion. Regardless of the capabilities of the
vehicle, the driver wili select what appear to him to be tolerable limits
to motion, based both on the current situation and what he anticipates the
future situation will be. He can and does override the mechanical
characteristics of the vehicle and its interactions with the terrain. Thus,
military performance capabilities of importance such as average speed or
dynamic loads and displacements applied to the crew, passengers and cargo
may be much more a function of driver than of vehicle capabilities. Thus,
as noted earlier, uncertainties concerning driver performance may dominate

all other uncertainties in off-road mobility.

We have devoted effort to examining ways of bounding and reducing
these uncertainties. It is apparent that the research must be experimental.
It would be hoped that some experiments might be designed which were
"vehicle independent' that is, where human transfer functions between
motion perception and control would be found which were independent of the

particular type of vehicle.
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Experiments may be made in the field, using real vehicles, or
in the laboratory, using simulators. Field experiments have the advantages
of realism, but are difficult to control and reprbduce, and are vehicle
dependent. Simulators allow fine control and reproduction, and parametric
variations of inputs. A few field experiments can be made inexpensively,
but the costs mount as one enlarges the range of variables to be investigated.
The initial cost of simulation is high, but once paid, a wide range of
variables may be explored relatively inexpensively. Obviously, when one
contemplates ''vehicle dependent" experiments on conceptual vehicles,

simulation offers the only tool.

We believe that a programmed development of simulation capability,
with the results of the early steps referenced against field experiments,
is the best way to proceed. Therefore, we have been starting with a
relatively simple simulator with which to explore the relationships between
visual cues and speed control. We have been preparing, with the use of the
vehicle dynamics model which will provide the input to a suitable motion
simulator, to go next to exploring the effects of both visual and motion

cues on speed control.

In section 3.5 the progress made in defirning and developing a
ground vehicle simulator is reported. Also human factors experiments
dealing with auxiliary driving aids and the effects of visibility on

driver performances are discussed.

3.1.5 sttems

It is observed that investigation of each of the major elements of
the off-road mobility systems discussed in the paragraphs ahove could not

by necessity be divorced from the remaining elements.
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The primary objective of systems study is to relate output
(achievement of mobility or satisfaction of mission) to input (environ-
mental and mission demands) in terms of the parameters and relationships
which describe the elements of the system. In this sense it involves
integration cf the activities being separately pursued with respect to the
primary elements. As a first step we had gone through the exercise of
detailing the organization of physical mobility aspects of the system and
also catalogued distinguishable concerned groups within the military
community and their specific informational needs relative to ORM. . We
have since familiarized ourselves with current military off-road mobility

requirements and the procedures by which they are established. 4

More definitively, we have formulated desirable directions for
CAL activity within a "system of directed research'", as outlined in
Figure 1 and have been laying the groundwork for compatibility and
integration of the Vehicle Dynamics Model and Driving Simulator within an
overall Vehicle System Dynamics Model (VSDM). In addition to serving as
a predictive tool for estimating the mobility performance of given vehicles
(existing and proposed) in various unit environments, the VSDM could be
expected to have additional application in the areas of human engineering

and training.

The real military needs of vehicle evaluation, selection, and
tactical employment require answers in the context of complex environmental
configurations associated with specific regions of the world. We have
anticipated that the methods of environmental description previously
discussed, together with the mobility rerformance results for unit
environments as derived from the VSDM could be combined in an Aggregated
Performance Model (formerly referred to as Phenomenological Model 4) to

yield appropriate statistical inferences regarding overall regional performance.
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Similarly, the application of VSDM results to regional unit environment
maps might be an attractive method for developing vehicle-specific cross-

country movement maps for use in detailed operational planning.

Two specific systems studies were conducted during the past year.
One was a probing methodological study pursued jointly by CAL and WNRE Inc.
Its object was to develop a method for formulating testable off-road
performance specifications for vehicles adapted to specific terrain, through
the analysis of quantiative terrain data. A secondary objective was to
demonstrate this procedure by generating a set of testable specifications
for sample vehicles in an exemplary Southeast Asia terrain. The second
system study was a case study made of the development and operational
history of four U.S. Army off-road vehicles. The object was to gain
insight into the relationships which historically have existed between
mobility requirements and vehicle research and development testing. These

two studies are reported in section 3.6.

3.1.6 0Off-Road Mobility Research Symposium

Lastly on ad hoc activity conducted by CAL under ORMR in conjunction
with the International Society for Terrain Vehicle Systems was an Off-Road
Mobility Research Symposium with the theme Mobility Testing. This forum
held in Washington, D.C. on June 26-27 1968 was attended by more than two
hundred researchers, designers, testers, and users of off-road vehicles from
more than seventy military, industrial and educational agencies from the

United States and abroad.
The program consisted of 16 technical papers and 3 panel sessions.

Three of the paperss’6’7 were contributed by the ORMR program and one of

the panel moderators was Mr. A. Stein, CAL's representative on the ORMR
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Steering Committee. Mr. Ira Ross, President of CAL was Master of
Ceremonies of the Symposium banquet at which Lt. General W. B. Bunker,
Deputy Commanding General, U.S. Army Materiel Command was the speaker.
Major responsibilities for the general arrangements, publicity and

publication of the symposium proceedings were borne by members of the
ORMR staff.
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3.2 VEHICLE TERRAIN INTERACTION

Progress during the past year has been made in three problem
areas under the vehicle-terrain interaction task. These are: (1) vehicle-
terrain model development, in which emphasis has been placed on the vehicle
dynamics model, terrain modeling, and detailed mathematical modeling of
running gear-soil mechanics; (2) evaluation of existing quantitative methods
of predictiag vehicle traction, soil resistance and trafficability, and

(3) evaluation of currern® full-scale test and evaluation practices.

3.2.1 Vehicle-Terrain Model Development

A comprehensive survey of existing vehicle-terrain computer models
was completed by CAL last year 4. The survey disclosed a number of models
available for evaluating various aspects of vehicle design. However, many
of these are restricted to specialized purposes and none to our knowledge
has the broad predictive capabilities that we believe are required. Our
position is that the scope and precision of an adequate model should permit
prediction of real world vehicle dynamics and performance as well as providing

vehicle component loading information for use in structural analysis.

The decision was therefore made to develop an improved capability for
off-road mobility performance prediction through mathematical
modeling of the vehicle-terrain system. An added benefit to be derived
from the model development is the pinpointing of information gaps in off-

road mobility technology which require added research.

It is CAL's position that an effective vehicle-terrain model should
include the following:
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Vehicle operation in complex terrain situations
demanding capability for handling large translational
and rotational motions, system nonlinearities and
detailed representation of running gear-terrain inter-

actions.

Representations of running-gear and suspension systems
and drive trains that may be readily varied. A modulcr
approach to modeling can probably best provide the desired

versatility.

Provision for rigid hull designs and extensions which may

include flexural modes.

Explicit representation of critical loading points internal
to the vehicle to provide realistic structural criteria

for design and reliability purposes.

Model mechanization using a hybrid computer to permit
rapid and low-cost analysis and adaptability to future
incorporation of tiie driver in the vehicle-terrain

interaction loop.

In the subsections to follow, and also in Reference 8 the

general structure and capabilities of the present Vehicle Dynamics Model

(VDM) are summarized and some sample outputs are presented. Next is a

discussion of how terrain and wheel-ground interactions are modeled.

Finally, progress is reported on field test work directed toward model

validation.
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3.2.1.1 Vehicle Dynamics Model

A hybrid model has been chosen to combine the advantages of rapid
analog computation of vehicle dynamics with versatile digital representation
of terrain. Because the bulk of the equation solving is done on all-
electronic analog computers, it is possible to run problems as fast as 10
times real time, and in some cases 100 times. A digital model using the
same equations as the analog model has been programmed for backup and check-
out, but it falls far short of running at real time. An advantage of the
high speed of the hybrid model is that it permits running in the repetitive
operation (''rep-op') mode. In this mode the simulation solves the problem
many times over in a short time period, allowing the operator to vary
vehicle and terrain parameters and observe instantaneously on an oscilloscope
the effects on system response. Thus parameter variation and sensitivity
studies can be performed with great ease and without accumulating extensive
strip charts. The basic approach in constructing the VDM has been to work
within a general framework with interchangeable modules to provide versa-
tility. The model is structured to accommodate not only conventional wheeled
and tracked vehicles but also advanced designs incorporating articulation and

other innovations.

The modular construction is shown in Figure 2. The five major

modules are:

(1) Hull

) Suspension

(3) Axle-Wheel Assembly
(4) Drive System

(5) Terrain Interface
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A further breakdown into some of the more important submodules
is also shown. Additional detail, including a listing of VDM

equations may be found in Appendix A.

The initial modeling activity has been concerned with wheeled and
tracked vehicles for two major reasons: (1) existing and near future
military inventories are and will be comprised, for the most part, of
vehicles possessing these conventional running gear, and (2) modeling of a
wheeled vehicle with a small number of axles is the least complex for
exploration of detailed modeling problems and for resolving the uncertainties
which may be found to exist when testing the hypothesis that the mathematical

model represents its physical counterpart with acceptable fidelity.

The first vehicle type selected for implementation of the VDM was a
wheeled vehicle with sprung solid axles. The vehicle equations of motion
were mechanized on CAL's analog computers (two COMCOR Inc. Ci-5000 consoles).
Ancillary expressions, in particular most of those describing terrain, and
output data processing, are handled digitally on a Honeywell DDP116 with

eventual tie-in to the IBM 360/65 contemplated to accommodate model growth.

Specifically a 4-wheeled vehicle (with nominal parameters based on
the M715, 4x4, 1-1/4 ton utility truck) has been modeled using 5 degrees of
freedom for the hull: longitudinal translation (surge), vertical translation
(bounce) and lateral translation of the hull center of gravity; and pitch
and roll about perpendicular axes through the hull center of gravity. Each
of the two axle assemblies has three degrees of freedom relative to the hull:
vertical displacement of an axle center, roll about an axle center and wheel
rotation. The total number of degrees of freedom then may be considered to
be (hull modes) + (axle/hull modes) x (no. of zxles); hence we presently

have implemented an 11 degree of freedom system.
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We now proceed to discuss briefly the five major modules as they
are presently represented, noting again that more detailed descriptions

are contained in Appendix A.

The vehicle-hull is presently mechanized as a rigid mass with
lateral (i.e. right-to-left) symmetry. Hull motions are computed in body-
fixed axes, then related to an earth-fixed reference frame through a

commonly used Euler angle sequence.

Associatecd with each wheel is one of four similar suspensions, each
consisting of a multi-leaf spring, a shock absorber and a hard rubber bump
stop which limits suspension travel. Refer to Figures A-5 and A-6 of Appendix A
for nonlinear characteristics of the suspensions as currently represented in

the simulation.

Representation of the solid axles and wheels follows a model used
by McHenry 9 which he and others have validated. It is based on transmission
of vertical forces through the suspension to the hull in the usual way. Forces
parallel to the vehicle longitudinal and lateral axes and pitch and yaw
moments, however, are transmitted to the hull through hypothetical weightless
vertical columns connected to each axle center through a pivoted joint which
allows relative roll between axle and hull. The contact of the columns with
the hull allows relative vertical motion (assumed frictionless), so that no

vertical forces can be transmitted by the columns (see Figure A-2).

Representation of the drive system includes an engine connected to
a four-speed transmission through a two-speed transfer case. Because of
the modular construction of the model, the power plant and/or power train

can easily be modified or replaced as desired.
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The current representation of vehicle running gear and ground
interaction is one for pneumatic tires on undulating undeformable surfaces
of varying slipperiness. Mathematical models have also been formulated for
(1) a tire traversing sharp obstacles, and (2) a tire traversing soft soil.
These models discussed in Section 3.2.1.2 are available for replacing the

present terrain interface module as appropriate.

At present, the CAL vehicle dynamics model is being checked out
preparatory to its use as a research tool. During the simulation development,
a number of runs and outputs were recorded and, while these outputs do not
represent complete solutions of particular problems, they illustrate the

problem-solving capabilities which have so far been achieved.

Two sets of runs are presented here, one from an interim three
degree of freedom traction-slip model, the other from the five degree of
freedom model. The nominal parameter values used in both runs are those
for the M715 truck.

Illustrative results from the traction-slip model are shown in Figure
3. This run, over a series of bumps was made from a standing start, with
full throttle applied at time t=0. The resulting engine torque variations
are shown on channel 4; the accompanying initial changes in wheel angular
velocity* and slip, which peaks at almost 90%, are shown on channéls 2 and

3, with the resulting buildup in forward velocity component on channel 1.

About one second after the run starts, the front wheels encounter

the first of a set of bumps. These are triangular in shape, with 4-in peaks

*
All four wheels were constrained to the same instantaneous angular
velocity.
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and 3 ft bases. They were struck simultaneously by the left and right
wheels, with the delay at the rear wheels properly accounted for. The six
bumps were encountered by the front wheel at equally spaced intervals in
time. Rather severe transients are noted to take place at each bump. In
fact, frequent loss of ground contact is indicated on channels 5 and 6 when

the tire-ground forces flatten out at zero.

Bounce and pitch transients (channels 7 and 8) are also rather scvere,
even though the triangular bump presents a comparatively mild off-road
obstacle. Reading the steepest peak-to-peak slope from channel 7 shows that
bounce accelerations approach 1 g. Vehicle response of this nature emphasizes
the need for complete, nonlinear representation of the suspension components
(leaf springs, bump stops and shock absorbers) in modeling off-road behavior,
as opposed to on-road modeling in which a much simpler linearized representa-
tion has often proved sufficient. When the throttle is cut after about 10
seconds (channel 4), the vehicle is seen to start decelerating (channel 1),
mainly because of engine braking torque (channel 4), which increases as down
shifting of the gears takes place with the decreasing velocity. The run ends

simply with the vehicle coasting to a stop.

A sample run from the five degree of freedom model is shown in
Figure 4 . This run, made with constant vehicle speed of 20 ft/sec,
demonstrates combined roll and pitch transients. The transients are produced
by a single triangular bump the same as described above, but in this case
encountered only by the right wheels. Just before the bump is hit by the
front right wheel, the axles and hull are all in a horizontal position.
Upon impact, the right front wheel is raised so that a negative* front axle
roll angle (measured relative to the hull) builds up as seen on channel 3

(see Reference 8 for further discussion).

*
All roll angles are defined positive clockwise as the vehicle is viewed from
the rear.
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Runs like the one just described were made at several velocities,
and the peak values of some of the key variables have been plotted.
They are shown here as illustrative of the kind of parametric analyses that
can be performed using the present simulation. Figure 5 shows the
peak forces on the rear tires and suspensions as a function of vehicle
speed. Figure 6 presents the hull pitch and roll angle peaks and also

the peak values of the roll angle of the rear 1xle versus vehicle speed.
3.2.1.2 Mathematical Representation of the Running Gear-Ground Interface

The important role of the running gear-ground interface in vehicle
performance prediction was recognized early in the development of the VDM. In
order to take advantage of some of the experience which exists in running
gear-ground modeling, a subcontract was let to General Motors, Defense
Research Laboratories for the mathematical formulation of models for computer
implementation at CAL. Our initial model implementation efforts have been
for wheeled vehicles, therefore the emphasis has been on wheel-ground inter-
face modeling. The models, as formulated, are amenable to programming for
digital or for analog computation and hence furnish an option for the
current hybrid modeling scheme. Summarized here are the wheel-ground interface
models. Further treatment of this topic as weli as track-ground interface

modeling are the subjects of a planned ORMR technical memorandum report.

The mathematically modeled wheel - Realistic representation of the

soil-wheel interface is of major importance to any analytical representation
of vehicle performance. Therefore, mathematical models of the soil-wheel
interface mechanics were developed, incorporating as much realism as possible,
for three terrain classes: (1) undulating rigid terrain; (2) rigid obstacles

and (3) soft, smooth terrain.
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Figure 5 SUSPENS!ON AND TIRE PEAK LOADS VS FORWARD VELOCITY
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Figure 6 ANGULAR PEAK MOTION AMPLITUDES VS FORWARD VELOCITY
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Each of the three terrain classes listed above is associated with a
special mathematical wheel model designed to keep the mathematical effort as
small as possible consistent with allowable deviation from true wheel

performance.

In the development of the models, each of the vehicle wheels was
considered to be a planar free-body and to have two degrees of freedom with
respect to the vehicle hull: one being heave normal to the hull, the other
being rotation around the axle. Further, it was assumed that the radial
deflection of a wheel due to load is always small compared to the radius,
so that the deflected radius at the contact area is approximately equal to

the radius of the undeflected wheel.

Equations of equilibrium were derived from the consideration of a
wheel as a free-body. A normal force and a thrust force act at the wheel-
ground interface. Inertial forces, hub forces, weight components, driving
torque, rotational moment of inertia, and moment of axle friction acting at
the axle counteract the forces developed at the interface. A moment due to
rolling resisance is introduced, where appropriate, by using the product of
the (empirical) coefficient of rolling resistance, o , and the deflected

radius as th~ moment arm for the normal force.

Wheel-ground interface for undulating, irregular surfaces - The mathe-

matical model of this terrain simulates softly rolling hills with superimposed
irregularities whose shortest wave length is larger than the length of the
fcotprint. The terrain slope changes slowly with respect to wheel speed,

that is,the product v(de /dX) is small, where; v = vehicle speed, & = slope

angle, and X = earth fixed coordinate in the direction of motion.

The roughuness of an irregular surface can be described quantitatively
in terms of its power spectral density (PSD). Figurc 7 represerts the PSD-
curves of 25 terrains and roads. The ordinate has units of {t/cycle and the
abscissa--spatial frequency--has units of cycle/ft. The area under the PSI-

curve represents the mean square value of terrain roughness.
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psp, ft°

~ NO. TERRAIN REFE
1 MILD ROUGHNESS
2 ROCKY SOIL
3  CULTIVATED FIELD
4  CROSS COUNTRY, MEDIUM ROUGHNESS
5 ROCK AND LOG, ARTIFICIAL
6  PERRYMAN CROSS COUNTRY
7 GRASSLANDS
8 CROSS COUNTRY MARKER 19
9 TURN OFF TO MARKER 6
10 VIRGIN TERRAIN, TRACK 1
11 VIRGIN TERRAIN, TRACK 2
12 CROSS COUNTRY, SEVERE ROUGHNESS |
13 CROSS COUNTRY, SEVERE ROUGHNESS 2
14 ARTIFICIAL
15 ARTIFICIAL
16  POOR RUNWAY
17 GOOD RUNWAY
18 POOR RUNWAY
19 GOOD RUNWAY
20  POOR COBBLED PAVEMENT
21 GOOD COBBLED PAVEMENT
22 ASPHALT PAVEMENT
23 CONCRETE ROAD
24 ASPHALT ROAD
BONITO LAVA FLOW

RT = FREQUENCY RANGE OF INTEREST
OR OFF-ROAD LOCOMOT;ON
SEE EXAMPLE IN TEXT

CROSS-HATCHED AREA = AREA OF
INTEREST FOR OFF-ROAD
LOCOMOTION

1076

1077 i\
l\ “\!
‘ \
8 @——— RT 2 éj
10 = =
10-3 10-2 107! 1.0

FREQUENCY, ft™',
Figure 7 PSD CURVES FOR VARIOUS GROUND SURFACES
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It is noted that the two terrain profiles underneath the left and
the right side of a vehicle are somewhat correlated. The extent of track
correlation has yet to he investigated and has not been taken into account.
Instead, the assumption is made that the two tracks are completely uncorrelated.
This means that each of the terrain profiles is represented by the same PSD-

curve and exhibits the same statistical properties.

The range of spatial frequency and the spectral levels of interest
depend on the natural frequency, the maximum velocity and the size of the

vehicle. This dependency is demonstrated by the following example.

Given: Lowest natural frequency of the vehicle-approximately 1 cps
Maximum footnrint-1 ft
Maximum speed on random terrain-approximately 20 ft/sec

Wheel diameter-3 ft

Frequencies below approximately 0.2 cycle/sec will scarcely affect dynamic

vehicle performance. The maximum wave length of interest is therefore

A - 20 ft/sec -
max 0.2 cycle/sec 100 ft/cycle
or

Max wave length/wheel diameter = 3

Wavelengths shorter than the footprint will be felt by the vehicle only if
associated with amplitudes large enough to cause multiple contact of the
wheel. Otherwise, they will be enveloped by the wheel. A study of various
terrain PSD-curves reveals very little power at wavelengths smaller than
approximately 1 ft. Hence, terrain perturbations with wavelengths smaller
than the footprint will not indent the wheel significantly. Consequently,

the minimum wavelength of interest is approximately 1ft.
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The range of interest of spatial frequency lies between 1 cycle/ft
and 0.01 cycle/ft. Frequencies smaller than 0.01 cycle/ft can be pictured

as rolling hills which have little effect on vehicle dynamics.

Randomly distributed surface irregularities can be implemented on
an analog computer by using a white-noise source with filters approximating
the desired power spectral densitv. The time delay hetween front and rear

q / L.
wheels can be simulated by utilizing a second-order Pade approximation.

A sketch of a wheel, traversing the undulating, rigid terrain just
described, and the forces on the wheel is given in Figure 8. For this case,

there is no wheel sinkage. The wheel is assumed to behave essentially as a

single, radial spring with a load deflection curve synthesized from a loading
test of the tire. The spring force is always directed normal to the ground.
The force, N, is a function of wheel deflection; the thrust force, T, is
calculated by assuming that dry-friction relationships apply between the
wheel and ground, i.e., T = wN, where «« is a function of the slip between

the wheel and ground.

Wheel-ground interface for rigid ohstacles* - The rigid obstacles

in the mathematical simulation include rocks, ditches, loss and in fact all
sudden changes in elevation with the exception of vertical walls (steps)

higher than one-half the radius of a wheel.

Again, there is no wheel sinkage. This wheel is assumed to hechave
as an array of radial springs enveloped by an elastic band. Elastic pronerties
of the wheel are representative of those of the real tire. Computation of
normal (to an equivalent contact patch) and resultant thrust forces, N and T,
is based on the wheel's deformation area and on the anpular change of the

obstacle's contour, see Figure 9.

*

A detailed description of this model was presented at the First International
Conference on Vehicle Mechanics at Wayne State University, Detroit, Michigan,
July 16-18, 1968,-'"'Prediction of Wheel Performance on Soft and Rigid Ground',
by D. J. Schuring.
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Figure
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RESULTANT NORMAL FORCE AT INTERFACE
RESULTANT THRUST FORCE (PERPENDICULAR TO N) AT INTERFACE
WHEEL WEIGHT

HUB FORCES

WHEEL INERTIA FORCES

DRIVING TORQUE

WHEEL INERTIA MOMENT

AXLE FRICTION MOMENT

COEFFICIENT OF ROLLING RESISTANCE
MAXIMUM DEFORMATION

COEFFICIENT OF FRICTION

8 FORCES AND MOMENT AT HUB AND WHEEL-GROUND INTERFACE -
UNDULATING, RIGID TERRAIN
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NOTATION AS IN FIGURE 8

Figure 9 FORCES AND MOMENTS AT HUB AND WHEEL-GROUND INTERFACE - OBSTACLE
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The radial displacement, f, of the whecl traversing a single obstacle
can be measured on an analog computer by a sweeping ray rotating around the
wheel center, see Figure 10. The angular speed of the sweeping ray is very
large with respect to the wheel angular velocity. This permits the computation
of f(y ) with negligible forward movement of the wheel during each rotation
of the sweeping ray. Since the contour of the ohstacle is generated by function
generators, the radial deformation can be measured essentially continuously.
For all but wall-like obstacles with a height larger than half the wheel's
radius, the intersection between sweeping ray and obstacle contour, Point A
in Figure 10,can be estimated without serious error by Point B shown in the
figure. Then, the radial penetration can be approximated by solving the

four following equations simultaneously (refer to Figure 10 for definition
of symbols):

X = X+ rcos y-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>