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ABSTRACT

An interim summary of research ind engineering studies being

conducted in the area of off-road mobility is presented. These studies

have been initiated as part of a long-term plan which has the objective

of augmenting knowledge and methods available to military planning,

engineering, and field personnel for purposes of, improving ground

mobility. The activities dealt with embrace the modeling of the human-

vehicle-environmenc system and the detailed technical studies of soil

i * nechanics, vehicle-terrain interactions, human factor and environmental

factors organic to the syJtem. These technical studies are expected

to provide quantitative inputs for mobility prediction and evaluation and

form the basib ior knowledgeable assessment of off-road mobility

research.
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" 1. INTRODUCTION AND SUMMARY

The desire to achieve transport capability suitable to

* military operations has forced engineers to replace traditional practice

wherein environment is modified to accommodate ground supported

vehicles with that of designing vehicles that will accommodate to the

environment. A very substantial increase in the technological base is

necessary to attain this objective.

Long development cycles for vehicles, high research and

development co&tE, records of frequent vehicle breakdowns and extensive

I field maintenance are cited as a few examples where military performance

and equipment cost-effectiveness can be significantly improved with

expansion of the technological base.

The mobility limitations of U. S. military ground vehicles

were dramatically brought to light when extreme operational difficulties

were encountered in Vietnam. Mindful of the lack of effectiveness of our

vehicles in Southeast Acia's demanding natural anrd military environment

and stimulated by a study conducted by A. W. Jones enumerating The
1 *

Problems of Off-Road Mobility , the Advanced Research Projects Agency

(ARPA) contracted with Cornell Aeronautical Laboratory, Inc. (CAL) in

August 1966 for 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 this study were published in March of 1967.2

In February of 1967 the contract was extended to include a

second phase effort, and CAL then initiated research on a long-range

program. This report presents a summary of the technical progress made
during the period February to August, 1967.

* See Section 9 for numbered references

-1- VJ-2330-G-Z
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Research (ORMR) prcgram are-

1) Acquisition of QRM knowledge and developmentl of

analysis,, prediction and decision methodologies.

2) Organization -,ORM knowlec~ge and methods to

II

facilitate use ti y members of the "raiobility

establishrment".

In addition ta pursuing specific research activities, CAL is

also providing te hnical support to ARPA in its overall coordination an,!

evaluation of ofi -road mobility research.

The ORMR program is 6yst'ems oriented with the central

effort comprising a system analysis group and four major technicil'

discipline groups. Detailed technical studies of soil Mechanics,, vehicle-.

terrain interactions, human factors and environmental factors are funda-

mnental to the goals of the overall program. These technical studies are

rnecessary to help define quantitative inputs for mobility prediction and

e\'alution and to permit competent assessment of on-going off-road

mnoobility research. Data are being derived from exercise of detailed

dynamics models, fundamental experiments, controlled vehicle tests,

and detailed engineering analyses.

The research is being performed both by CAL and outside

agencies under subcontract to CAL. Current subcontractors include

Cornell University, Dow Chemical Co. , and Wilson, Nuttall, Raimond

Engineers, Inc.

It is anticipated that the above approach will lead to improved

methods and techniques of predicting and evaluating the mobility of off-road

vehicles. The methods or tools developed will facilitate:

-2- VJ-2330-G-2



"1) R.-tional and systematic determination of military-

vehicle c-haracteristics and noeds by high echelon

vehicle planners, specifievs, selectors, and,

allocators, who mrit consider mobility trade-offs

with all other military requirements.,

Z) Engineering and evaluation of hardware items, by

designers, fabricators and teite'r, leading to

production vehicles that'possess,as roquired degree

of structural integrity on' exp~surv to specified off-

road environments,, a~nd measured riobility performance

in the 1ield in agre.-nent with design goals and predictions.

'3) 'fikcient employment of those vehicles which have been

made available to field commanders, drivers and other

usersIin the field.1

The ORMR program results fall into three categories~of vary-

ing level of specificity. Category I information is primarily system

oriented or broad scope in nature. The primary ef2fort here is the develop-

ment and application of a Phenotnenological Model. This analytical tool is

being developred by the system analysis activity through integration of the

research efforts of the disciplinary groups. This model will afford

comparative mobility evaluations of vehicles among as well as within

classes. The model also will reveal critical mobility parameters and will

permit vehicle design trade-off studies which will serve as inputs to

further studies of cost-effectiveness.

The principal results obtained in Category I and discussed in

the following sections relate to.

S1) The determination that the mobility modeling effort

best proceed at two levels;

S-3- VJ-2330-G-2
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a) Phenomenological (comprehensive evaluation

model),

b) Vehicle System Dynamics (providing detailed

inputs to a)).

2. The establishing of the general framework for the

Phenomenological Model.

3. A prelim.na ry methodology study using the Mobility

Environment Research Study (MERS) Factor Family

data.

4 Vehicle-environmental design adaptation studies using

MERS data.

5. The systematic organization of information on current

off-road mobility related research through DOD R and T
resumes and other sources.

The items to be found in Category 2 are rxore detailed and
pertain principally to vehicle system dynamics model(s), driving

bi~nulators, and/or a combination of these analytical/experimental tools.

The vehicle system dynamics model(s) (VSDM) are being developed to

supply inputs, e. g., tabular arrays or curves, to the Phenomenological

Model. These models will be used within themselves to investigate general

or sp:cific problems of an ORM nature and to enlarge the existing data

base. As the program progresses, it is expected that the off-read driving

simulator will be coupled with the vehicle dynamics model(s) to provide a
closed loop evaluation system.

The principal results obtained in Category 2 and discussed in

subsequent sections relate to:

-4- VJ-2330-G-2



1 l) Review of current practice in mathematical

modeling of vehicle-terrain systems.

2) The establishing of the framework for a vehicle-terrain

dynamics model as an initial VSDM .

3) The determination that it is necessary to include the

human in a closed loop vehicle system dynamics

model to account realistically for driver-vehicle-

terrain interaction.

4) Surveys of existing driver simulation facilities and

techniques.

5) The development of specific techniques for handling

environmental data, viz. , automatic map reading,

digitization, statistical processing and data retrieval

6) The preparation of environmental maps providing a

gross assessment of the severity of soft soil and

stream crossing problems on a world-wide basis.

7) The usefulness of driver auxiliary information displays,

as exemplified by a slip meter experiment being con-

ducted.

Category 3 is comprised of fundamental information aimed at

describing the basic mechanisms underlying the mobility process. The

disciplinary groups produce this data as a portion of and as a supplement

to the task of supplying the required inputs for the above described models.

Results in soil mechanics, a quantitative definition of the factors involved

- in degraded driver visibility and new methods for defining terrain and

.- vegetation are examples of what may be expected in this latter category.

-5- VJ-2330-G-2



Results obtained in Category 3 and discussed in subsequent

sections relate to:

1) Fundamental soil mechanics and physics studies, includ-

ing a brief study of a continuum mechanics approach

treating soil as a ternary mixture.

Z) The implementation of a visioplasticity approach to

the problem of running gear-soil interaction.

3) A critical review of existing scale-model research

and the recommendation that such work not be

puraued for ORMR until a better understanding of the

impurtant physical factors of soils is achieved.

In addition to the above specific items, work of a continuing

nature in the following areas is reported .

0 Military vehicle requirement studies

• Vehicle case studies

0 Vehicle structural and loading criteria

* Off-road mobility field test practices

* Test plans for driver visual field degradation

experiments

* Concepts and methodology for analysis and application

of environmental data

-6- VJ-2330-G-2
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2. SYSTEMS STUDIES

In order to ensure that CAL ORMR activities maintain at all

times a relevance and responsiveness to the framework of military

application, we have directed appropriate efforts toward understanding;

(1) the underlying military context of off-road operations, (2) recent off-

road vehicle developmental and operational experience, and (3) specific

information needs of the mobility community. These efforts may be viewed

collectively as dealing with the informational interface between the off-road

vehicle developer/user (practitioner) 'nd the researcher/analyst, i. e. , the

inputs which each requires of the other. Progress in these areas is reported

in Section 2. 1.

The ability to quantitatively predict and evaluate vehicle

performance, prior to its fabrication, or in a new and inaccessible

environment, has been recognized from the outset as a major informational

need of the off-road vehicle practitioner, and consequently as a goal of the

ORMR program. To this end the conceptualization, development, and

computer implementation of mathematical models of the mobility process

are being pursued, as described in Section 2. 2.

2. 1 Informational Interface

2. 1. 1 Military Requirements

The established military requirements for transport of troops

and materiel are the ultimate yardsticks by which vehicle mobility per-

formance can be assessed, In view of our specific concern with ground

contac* vehicles only, we have concentrated initial efforts on requirements

of the U. S. Army.

The approach, thus far, has been to:

-7- VJ-2330-G-2
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1) Obtain and read pertinent U.S. Army planning

documents and special studies,

2) Confer with U.S. Army Combat Development

Command, Continental Army Command, and

Department of Army staff personnel to identify
documentation and achieve a personal orientation
as to requirements, and

3) Review in detail the above information in order to

identify key requirements.

Most ; the work to date has been on (1) and (2). Specifically,

draft copies of Concept Studies 70 . 75 ,80 Ind Tactical Mobility require-
6

nments 1971-80 have been given preliminary review; the latest versions
have been requested. The Department of Army Combat Developments

Objectives Guide, a Department of Army Presentation on Tactical Vehicles

(non-weapon) and USACDC - U. S. Army Position Statements also have
been reviewed. Additionally , off-road mobility requirements of the
Department of Army have been reviewed with the staff of that Headquarters

and the U.S. Army Combat Development Command.

From our review of these and other information sources we
expect to summarize vehicle materiel requirements in accordance with the
following organiziation:

I) Composition of the complete family of off-road vehicles,
including current vehicles and the time phased arrival
of first and second generation replacement vehicles.

2) Technical performance characteristics for the above

vehicles.

--8- VJ-2330-G..Z



3) Operational requirements, including

a. air transport air drop, fording

"and swimming capabilities, and

b. environmental preparedness - artic, jungle

and desert.

4) Organizational di:itribution of vehicle utilization

who will use vehicles designed for off-road mobility.

5) Auxiliary equipment to assist drivers in performing

off-road operations; e.g., force assisting devices,

swimming and fording aids, bridges, terrain sensors,

and tcv rain displays

6) Research impact of the above requirements.

2. 1.2 Military Information Needs

We had previously categorized the military off-road mobility

community by function, viz., high echelon planning, vehicle specification,

deŽsign, development, fabrication, testing, evaluation, selection, allocation

driver selection and training, field operational planning, and vehicle
2

driving Further consideration of these processes has led us to identify

critical needs for information and techniques which could be supplied by

off-road mobility research, and which in fact are, in part, being pursued

under this project. \We briefly outline here some of the more salient items

so that the reader can in subsequent sections associate specific applications

"with reported research tasks.

-9- VJ-2330-G-2



High Echelon Planning and Specification

1) * Standardized, quantitative measures of vehicle

mobility performance.

2) * Standardized, quantitative framework for environ-

mental description in terms of either measureable or

already available data.

3) A comprehensive method for predicting gross relation-

ships between achievable vehicle mobility performance

and cost for various missions in broad classes of

environmental areas.

4) Analytical aids for specifying improved vehicle families

(capabilities and number of individual vehicles) to cover

required spectrum of missions and geographical areas.

Design, Development, and Fabrication

1) Standardized, quantitative vehicle loading and

reliability criteria.

2) Methods for predicting loads and failure statistics - and

associated model for vehicle life cycle costs.

3) Improved expressions for soft soil tractive force as functions

of vehicle design and soil parameters.

*i

Informatior also basic to other functional categories.

- 10- VJ-2330-G-2



4) Methods for predicting dynamic vehicle-driver-terrain

interaction in uniform environments, - as specifically

influenced by vehicle mechanical parameters (also

components and subassemblies) and by vehicle-driver

interface.

5) Rational process ior adapting a vehicle design concept

to a given statistical distribution of environments.

Testing

1) Standardized engineering and acceptance test practices,

conforming to the elements of vehicle specifications

and designed to be relevant to the spectrum of anticipated

operational environments.

Evaluation, Selection and Allocation

1) Techniques for automatic procebsing and presentation of

field test data.

2) Methods for both absolute and comparative evaluation

of vehicle mobility performance in specific environments

and specified distributions of those environments.

3) Methods for predicting the environmental performance

envelope of a given vehicle.

4) Analytical techniques for inventory control.

-11 - VJ-2330-G-2



Driver Selection and Trainin, Field Operational Planning, and

Vehicle Driving

1) Improved understanding of desirable driver capabilities

and the learning process.

2) Field information system for taking full advantage of

environmental knowledge and vehicle capabilities in

operational planning.

2. 1.3 Vehicle Case Studies

A recent undertaking is an intensive survey of the developmental

history and operationally demonstrated capabilities of selected vehicles in

the Army's inventory. One purpose is to establish a realistic perspective

of the off-road mobility performance of current military vehicles, e. g.,

frequencies at which various mobility problems are encountered and the

nominal expenditures of time and effort to overcome impediments. This

familiarity, once established and shared by other project personnel, will

provide a basis for focusing on some of the more important research

problems, i. e. , those which relate to the vehicle performance factors

where improvements are most badly needed. A second purpose is to high-

light some of the practical constraints of vehicle design due to transportability

limitations and the functional requirements for firepower, crew size,

ballistic protection and human factors considerations. Still another motivation

for these case studies is to search for correlations between engineering

design practices, test data and user evaluation 3f performance. This type

of search could be extended to uncover the factors which served as a basis

for formulating the initial requirements for some of the vehicles to be

included in the study.

The exact set of vehicles to be included in the case studies has

not been established. Preferably it should include both vehicles which have

won general user satisfaction and others which have led to general user

-12- VJ-2330-G-2
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dissatisfaction as regards vehicular mobility. Similarly, representatives

of both wheeled and tracked types would be desirable. However, existing

"wheeled types appear to offer very little information on operations in an off-

road environment.

The Ml 13 Armored Personnel Carrier, because of its abundance

and current prominence in S. E. Asia is an obvious choice. Other likely

tracked candidates are the Ml14 Reconnaissance and Scout Vehicle and one

of the battle tanks - M48 or M60. All of the vehicles mentioned have one

thing in common, namely a current U. S. Army program to design and

produce an improved successor vehicle. The interest in these vehicles is

therefore accentuated and continuing as progress is made in defining the

successor vehicles which are required to offer some margin of improved

off-road capability. In addition to these three types, the nature of information

uncovered on self-propelled artillery, standard wheeled types up to the

2-1/2 ton, and the unconventional vehicles such as the Gamma Goat will be

examined to determine if one or more of these should be added to the

program.

Activity thus far has centered on establishing appropriate contacts

in the key centers of information, and in the initial follow-ups to these

contacts. Headquarters, U. S. Army Test & Evaluation Command (TECOM),

has been visited to assess the extent and nature of information on vehicle

test practices and test data. A review of the abundant number of test reports

in the TFCOM library has bLan. Officials of TECOM concur in the objective

of searching for meaningful correlations between design and performance,

and imply that it is potentially a rewarding use of the performance test data

they accumulate.

At Headquarters, U.S. Army Combat Developments Command,

discussions have been held on user evaluations of vehicle equipment with

officers recently reassigned from combat forces. This has led to obtaining

several reports on the subject which are worthwhile prerequisites to further

-13- VJ-2330-G-2



and more extensive contacts with user agencies. Principal among the

reports are: "Evaluation of U.S. Army Mechanized and Armor Cc6ibat

Operations in Vietnam (U)", short title (MACOV), 10 and various ACTIV
11-19reports . Also a few pertinent debriefing summaries of Vietnam

returnees have been reviewed.

There has been some correspondence and discussions with

vehicle manufacturers (specifically FMC Corp. and Chrysler Corp.)

concerning their cooperation in the case study program. Participation of

industry will be helpful in tracing the evolutionary aspects of the vehicle

design; particularly those factors influencing off-road mobility. It will also

(as evidenced by previous discussions with industry representatives) help

in assembling .-pccific information on the design constraints imposed by the

military requirements other than mobility.

Information gathered to date is still largely qualitative. It is

well-known that the M113 has enjoyed an acceptance in Vietnam, in contrast

to the Mll4. Field test reports are being examined to see if the alleged

differences in mobility could have been predicted, but it appears that the

M1 14 went into the field with very little test history. Rather minor design
differences in the two have been noted, but it would be premature to

identify these as solely responsible for differences in user evaluation.

Another aspect of interest concerning the M113 in Vietnam is
the vast number of field trials and expedients that have evolved. These

include sand-bagged floors (to minimize mine damage), add-on bar armor,

turret armament stations, and a remarkable number of water crossing

techniques. The bar armor experiment was quickly abandoned because the

added increment of width caused a substantial reduction in mobility in the

Vietnam environment. The water crossing problem which is paramount in

Vietnam, though not insurmountable, usually calls for considerable time

and effort and the mutual assistance of two or more vehicles. The experi-

mental M113 Vehicle Launch Bridge, similar to the 65 foot span M60 AVLB's,

-14- VJ-2330-G-2



is believed by many in the Army to be the most effective way of over-

coming the narrow water obstacles.

From qualitative beginning* such as these mentioned, the

environmental factors which adversely affect vohicular off-road capability

Cavi be identified, and sorted into basic problem areas. It is characteristic

of nman-1 of these problem areas that their impact on distinct (though similar)

vehicles - or on the same vehicle at different times - or on a given vehicoe

witli varying auxiliary devices - will provide a means for discriminating

among varying levels of performance. Where such distinctions can be made,

the relevancy ot certain specific aspects of design can be examined. A

minimum set of such design features would include: ground clearance,

horsepower loading, dimensions, buoyancy, drawbar pull, ground pressure,

and track and suspension configurations.

The vehicle case study is proceeding according to schedule and

will be fully documented on its completion.

2.2 Mobility Evaluation and Prediction

Off-road mobility performance of vehicles may be evaluated

by mathematical modeling, by field testing of actual vehicles (or scale

models thereof) or, in limited aspects, by theoretical analyses. Because

of various limitations associated with the latter two ,-pproaches, e.g.,

expense, environmenzal control, repeatability, scaling validity, and system

complexity, it is important to develop a comprehensive mathematical

systems modeling capability. We have concluded that a sensible procedure

within the ORMR program is to conduct modeling at two levels of detail,

vis. , (i) a Phenomenological Model (PM) which accepts regional environ-

mental data and functional representation of vehicle performance in

homogenous environments, and generates statistical measures of per-

formance for the specified region; and (ii) Vehicle System Dynamics Models

(VSDM) of varying sophiatication which dynamically simulate the detailed

4.• -15- VJ-2330-G-2
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physical and humran proceeses involved in operation Of off-road vehicle

systems. Thus the final process oi vehi'ie mobiUty evaluation in a

complex distribution of environments, as is associated With a given

geographical region, would be' divorqed fromi the necessity of detailed

reconstruction of he a'ctual dynaric pro#tesi in sacs el!Iezntel situation.

Inputs to the PM will come from exercise' of the VSDM, field testing, and
analysis. Conversely, implnentation of the PM will clarify what informs-

tior needs to be, provided and thereby guide ik the development of detailed

VGDM structure and emphtses. The following paragraphs amplify our

\current position with ro~pedt to modeling and describe explovatory and

methodological studies already undertaken.

2.2. 1 Phenomenological Model

A general structure of the Phenomenological Model is indicated

in Figure 2-1. Central to the model is the operation labeled "performance

,functions" in the diingram, which is basically structured around functional

representations relating the performance of a vehicle to its physical

characteristics and the local enviropment in which it is immersed. These

are the representations which would be derived from detailed dynamics

models, field test data. cr direct engineering analysis.

Vehicle physical characteristics are a direct input. However,

the complex pattern of environmental char.%cteristics which describes a

given region is subject to preprocessing of various kinds, a most important
class of which is the derivation of environmental joint probability functions

as induced by assumed spatial distributions. This is the significance of the

output form p(E) from the environmental data processing box. Such output

probability functions should also reflect pertinent military and mission

considerations. It is planned, in addition, to account for spatial correlation

iW the environment by an appropriate means. As a possibility, it may be

sufficient to replace the point density by a joint two-point probability function

-16- VJ-2330-G-2
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p(E;E';d), &s suggested in the diagram, where E and E' are the environ-

mental factors at two points separated by a distance d.

The output of the central block may be the cumulative probability

distribution of achievable vehicle speed F(v); alternatively, only the

expected value V or other special statistics on v, as appropriate to the

evaluation process, may be generated. The same appliea for other

performance measures. Finally, the suggested concept of independence

among vI,... , vr as individual-mechanism speed limits is perhaps a useful

first approach, but data may indicate major interaction effects which will

have to be taken into account.

Current efforts are directed towards defining the relationships

between two major segments of the model, the environmental data base and
the input performance functions, as well as establishing the specific

functional relationships among the variables involved.

Two subsidiary tasks of some methodological import for

phenomnenological modeling will now be discussed briefly. The first was

a modest effort completed at CAL; the second is a joint effort with Wilson,

Nuttall, Rairnond Engineers Inc. (WNPE) collaborating as subcontractors

to CAL.

For the first study, an area about 18 x 24 km was chosen from a

set of topographical maps of Thailand as terrain in which ground vehicles

might be called upon to operate off-road. From MERS maps of the same
20

area , soil softness was selected as the single factor to determine Go/
No-Gro for the first pilot study. Figure 2-2 clearly indicates areas

accessible to vehicles in accordance with their vehicle cone index ratings
(VCI). Some first attempts were also made to quantify statistical measures

of how trafficable this area is as a function of VCI. The simplest index

conoidered was % Go area; other more complicated, path-dependent indexes

were also calculated. All the indexes were found to give comparable
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lii (GRIDS IN KILOMETERS)

7 A)

ikt V.;

TOTAL AREA GO FOR VCI < 253 BLACK AREA NO-GO FOR VCI 65

BLACK AREA NO-GO FOR VCI '40 BLACK AREA NO-GO FOR VCI 75

LW'.k .I¶r

I '4n ;

* "BLACK AREA NO-GO FOR VCI =5E6 BLACK AREA GO FOR VCI 100
(FOR PRESENT PURPOSES THE GREY SHADINGS SHOWN SHOULD bE DISREGARDED)

Figure 2-2 GO/NO-GO MAPS FOR AN AREA OF THAILAND WITH TYPICAL SOIL-TRAFFICABILITY
L 4
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measures for the area in question despite the fact that theoretically they

could differ widely, e. g. , in terrain with many large, disconnected Go

regions.

The second study also deals with MERS Factor Farnily data (but

more completely) and is ostensibly a program to demonstrate how detailed

environmental data may be used for design adaptations of selected vehicles

to a given region in terms of increased and better-connected Go areas.

Moreover, it has also the purposes of developing automatic map reading and

data processing techniques and of objectivizing and quantifying vehicle

design-mobility performance relationships in current use.

The approach is an iterative vehicle design modification on the

basis of Go/No-Go maps prepared by combined WNRE and CAL efforts. A

first set was prepared manually but for subsequent iterations the map-

making process has been almost completely computerized. Introduction of

this computer procedure will produce two advantages, a reduc.ion in the

time required for map preparation, and perhaps more importantly, the

development and validation of a procedure which can be incorporated into

the framework of the Phenomenological Model. These studies will also

provide some approximate engineering E~xpressions which may be useful as

the first functional representation inputs to the Phenomenological Model.

2. 2. 2 Vehicle System Dynamics Model

The construction at CAL of a succession of progressively more

comprehensive Vehicle System Dynamics Models by a modular approach is

envisioned, in order to achieve the capability to study many different

situations.

Efforts are currently being pursued toward a VSDM as a combina-

tion of (I) a vehicle-terrain simulation (Section 3 of this report) and (2) a

driving simulation (Section 4) permitting introduction of the human directly

into the loop through appropriate representation of his environment in the

-20- VJ-2330-G-2



Svehicle, This approach has been decided upon because present knowledge

of human behavior does not allow adequate analytical representation of
the driver as a controller and decision-maker in the complex situations
encountered off-road. An important consequence is the requirement for

a vehicle-terrain dynamics simulation model which operates in real time,

indicating that the model will probably have to be hybrid, with most of the

vehicle dynamics represented on our analog computers. As previously

noted the VSDM's will be important data sources for generation of
Phenomenological Model functional representations.

-21- VJ-2330-G-2
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3. VEHICLE-TERRAIN INTERACTION

In the ORMR program,physical mobility has been broadly
structured in such a way as to place in evidence three main interrelated

elements -- the Driver, the Vehicle, and the Environment. In this context,
the vehicle terrain interaction task :-,f the ORMR project is concerned
primarily with the Vehicle element. Interaction with the Environment has
to date been limited to the problem ol mathematically modeling the vehicle-
terrain interfak.e mechanics and to the separate problem of evaluating

current soil trafficability theories.

The Vehicle-Terrain Interaction task has been subdivided into
sLx problem areas: mathematical modeling of the vehicle-terrain system;
e.valuation of existing theories of soil trafficability; model-scale studies;
field test practices; structural lo-ding and reliability; and performance

studies. The work under this task is expected to contribute to:(l) perform-
ance data appropriate for the exercising of the Phenomenological Model
(discussed in Section ? 1. 1), (2) solutions of special vehicle-terrain

probltems for application to vehicle design studies, (3) recommendations
for imnproved vehicle testing procedures, and (4) recommendations for
in~_rcjved structural loading criteria. The performance data would be
generated by the vehicle-terrain mathematical model (or models).

Progress has been made on three of the above problems. The
%ork accomplished on mathematical modeling of the vehicle-terrain

.5ystern -- in which emphasis is being placed on a vehicle dynamics model --

is described in Section 3. 1. Section 3.2 describes the results of a critical
review and evaluation of the state-of-the-art of scale-model techniques in
predicting full-scale vehicle performance. In Section 3. 3,the status of
vehicle structural loading and reliability studies is discussed.

Preceding page ank -23- VJ-2330-G-2



3. : Vehicle-Terrain Model Development

3.1. 1 Model Requirements

The availability of an adequate vehicle-terrain computer model

(or models) is recognized as an early need for the conduct of off-road

mobility studies. Steps have been taken toward the developmnent of a

mathematical model of the vehicle-terrain interaction problem to satisfy
this need. It is planned that the vehicle-terrain model will provide a

capability for evaluating the performance of vehicles in a military mobility

context. The nature of the model will depend, to a great extent, on: (1) the
performance measures of interest, (2) the major factors that affect the

variation of the measures, and (3) the manner in which the model will be

exercised (computer, analytical, etc.).

Although overall mobility performance measures will have to be

eventually defined, certain significant vehicle performance measures are

now identifiable. For the general class of vehicle problems, these include:

(1) vehicle speed and acceleration, (2) payload vibration and shock,

(3) vehicle component loadings, (4) fuel consumption, (5) vehicle handling,

and (6) payload capacity. Many factors can exert a significant influence on

the performance measures. These include vehicle factors (such as number

and size of wheels, vehicle weight, suspension characteristics, power plant

and train), terrain factors (such as soil properties, ground roughness, grade

variations, water distribution, vegetation), human factors (such as vibration

tolerance and visibility), and mission type. An attempt must be made to

identify the most important of these.

To assist in making decisions regarding model details and

complexity, computer simulation requirements, etc., a survey was

conducted of existing vehicle,terrain, and obstacle/environment models.

Results from this survey are presented below in terms of the characteris-
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tics that are considered most important. These have been broken down

into vehicle, terrain, and data processing models.

3. 1.2 Vehicle Models

The vehicle models are divisible into: (I) body-seat-running

gear mechanics models, (2) perforriance models, and (3) component

L. loadings models. Table 3-I describes comparative properties of several

body-seat-running gear mechanics models. The assumptions noted for

each model are not exhaustive, but rather tend to be illustrative. Thus,

for example, most of the models since Sattinger and Smith have assumed

negligible velocity-product terms. Many of these models do not account for

detailed seat mechanics, but can be adapted to include this aspect.

A list of surveyed performance models is presented in Table 3-2.

The term 'performance' in this case refers to the power train characteris-

tics (as discussed in Reference 21).

Few mathematical models have been developed to investigate the

dynamic loading of vehicle components. However, indications are that

industry is using structural loading models,for example Reference 22

In fact,adaptations of models such as those shown in Table 3-1 are probably

being used for this purpose. One of the motivations for interest in these

models is for the prediction of component and vehicle life. Some elaborate

simulations are apparently being employed in the performance of these

prediction studies 22

3. 1. 3 Terrain Models

The terrain and obstacle/environment models can be categorized

into: (1) rough terrain, (2) soft-soil, (3) vertical obstacle, and (4) water

egress models. The operation of vehicles over a given terrain sample may

sometimes have to deal with a combination of the above. For example,
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Table $-2
PERFORMAKCE MODELS

REIRICLE 
Cof- III---STUDY TYPE SIMULATION INPUTS OUTPUTS VAILIAT ION TIJ C|fFOPVT

AR a TRACKED DIGITAL T I SPO - TI T O AQI i - END SAO 1| 0O/ TI E 19

RN-S TIIEI ([L¢CTRO NOLLING RES - VEL 'INME ý10 MI(JiA ItO) (DATA 2011) VEHICLE WEIGHT DISTANCE PINY•r)
PITCH DAMN SPROCKET TRANIN RPM
FINAL DRIVE RATIO EN0G11 RPM
FINAL DRIVE EFFICIENCY SPROCKET TORQ4E

COEFF OF FRICTION TRACTIVE EFFORT
MAR T1 SPEED ROLLING RESISTANCE
1[11IV. MASS FACTOR TRACK DRAW OAR PULL
INCREMENTAL INC IH SPEED ACCELERATION
SHIFT SPEEDS GEAR RATIO
TRARIM RATIO

GRADE

ONiD WHEELED DIGIT&. ING, SPD - ENG TORQUE SAME AS ABOVE WITHIN S! 20 WIN tRR-O9 EMII ROLLING RES - VEL EXCEPT WHE[L TOk"IE (12 MIM
(FED 1960) T E NFI CCES AHD RATIOS REPLACES SPROCKET TORQUE PRINTOUT),GEAR SHIFT TIME

TIRE SLIP ()
VEHICLE WEIGHT
ROLLING RADIUS
REAR AALE RATIO
NEAR ARIE DFFICHENCY
COENF OF FRICTION
FUI ENGINE RGEED

MIHE SIU HEEL D AN LOGENG6 SP -F HOS EPOE R S1V AS A O E OD
1966 ERJG SPO - WHEELOPE

ELUIOCY MS FOR WHEELS
GRADE

MOTTICA mRACKED DIGITAL SIMILAR TO R S-O DRAW VAR FULFR VELOCITY, 3ITHIN S' I "IN
DA-A2 1 mHO (FOR MANUAL S.IFT- ROLLING RESISTANCE (5 MIN

ENGINE RAT VS TORQUI GEAR RATIO PLINTOUI)
FOR AUTOMATIC TX A
TRALSM RNT VS TORDUE
REQUIRED)

MCKENSIE TRACWED DIGITAL ENGINE SPO - HORSEPOWER DRIVE TE.DUE NO 31.32isM M 7l ?~O!4, CONV OUTPUT SPj - POWE9 OU',PUT REQUIREMENT
1466 CORV TORgli RATIO - CONY FUEL CONSUMPTION

VsfTPUT $PD

CONV OUTk T SPD - EKG SPO

SI OCDEA SPD - CORP OUTPUT
SPD

MEAS REDUCTION RATIOS
'ETC.
FUEL RATE - :NG SPO

MCRENSIE WHEELED ANALOG iNG SPO - NORAEFOWER SAME AS ABOVE No 31.82(GM) MS8 ERG $PD - TORQUE

ASS6 ENE SPD - WHEEL SPEED
VELOCITY ERROR - THROTTLE POS
VELOCITY ERROR - IRAN( TORQUE

OROORICA WHEELED DIGITAL ERG. TOmqUE. HORSEPOWER, TRACTIVE EFFORT VIES 30 SEC as
(OAMA0 IKO-FACTOR VS. RPM NET FORCE

I-i TORQUE RATIO VS SPEED 11471O ORADEABILITY

"Ai RATIO ACCELERATION
AXLE IA ATIO 0DISTANCE TRAVELED
ROLLING RADIUS
VEHICLE WEIGHT

WES WHEELED, DIGITAL RATING CONIE INOEX SPEED Non
i965 TRACKED GEAR DRANIIAN PULL

NOTION RESISTANICE

CNRYSLER, ? DIGITAL
ET AL.

'ASSUME• "AND SOIL SURFACE
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It operation in soft-soil may limit the drawbar pull that may be available for

overriding vegetation and/or attaining maximum speed.

•. Rough terrain models refer to hard.surface, generally irregular

land profiles. Deterministic profiles comprised of, say, d series of

triangular or rectangular blocks are employed sometimes to exemplify

grossly rough terrain 23 24, 25, Randorr profile representations are

used by others 27, 20, 29, 30, 31, 3 . Thrse models are usually of

interest in ride performance studiee. Table 3-3 shows the characteristics of

some of these nzodels.

Soft-soil models have been used in the determination of go/no-go

conditions, and more generally, in the calculation of the residual drawbar pull

that may be used for accelerating and/or overriding other obstacles once the

various soil constants are known. Drawbar pull has been represented by
34

Bekker and others in terms of rolling resistance (via pressure-sinkage) and

maximum tractive effort. Wills 3 5and others have pointed out that the

Reece form of the pressure-sinkage model seems to provide a better fit to

the experimental data, for the soil samples employed. The Reece form

is also considered to be more satisfactory from a theoretical standpoint

than the Bekker model 26, 37

The Waterways Experiment Station 38, 39, 40 has developed an

empirical method for relating drawbar pull and motion resistance to soil

values as measured by the cone penetrometer. The relationships obtained

are based on extensive, laboratory- controlled conditions for frictionless

and cohesionless soils.

The calculation of drawbar pull, etc. , implies the use of the

static behavior of soilb. However, it is also of interest to know the dynamic

behavior of soils, tor example, in the determination of ride performance.

Van Deusen, et al .26 have developed a dynamic soil model which, however,

is unvalidated. Schiflman 41 has discussed a theoretical model of soii

dynamics for clay, whose validity ls also not demonstrated.
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Table 8-3

ROUGH TERRAIN MODELS

VEHICLE
PROFILE MOOEL VEHICLE INPUTS PROFILE

GENERATING MODEL SIMULATION DEPEND ON TYPS

ARCHANIAULT, ET AL. DIGITAL ANALOG NO. OF WHEELS DETERMR-- 4 S 1 2) !
1961 WHEEL SPACING

VAN DEUSEN TAPE RECORDING OF ANALOG NO. OF WHEELS DETERM
196f, 1966 TERRAIN SAMPLE WHEEL SPACING

VAN DEUSEN ANALOG (SHAPED ANALOG NO. OF WHEELS RANDOM
WHITE NOISE) WHEEL SPACING

VAN DEUSEN ANALYTIC SPECTRAL DIGITAL RANDOM
INPUT

SMITH (FMC), WES DIGITIZED PROFILE DIGITAL NO. OF WHEELS DETERM

McKENZIE, ET AL. ANALOG (SHAPED ANALOG SPEED RANDOM
1966 WHITE NOISE)

McKENZIE, ET AL. DIGITIZED SAMPLE DIGITAL DETERM
1966 OF TERRAIN PROFILE

BOGDANOFF, ET AL. ANALYTICAL SPECTRAL ANALYTICAL RANDOM
INPUT
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V lThe vertical obutacle models class can encompass grades, vertical
walls and ditches, and vegetation. Grades can be handled by using a resis-

46tance type of calculation. Rettig and Bekker have made scale model
I. studies of wheeled vehicle performance over vertical walls and ditches.

WICS! employs an empirical relationship to estimate the work and tractive
eifort required to override obetacleswhich appears to correlate favorably

with measured values; included also are empirical relationships of the

force required to override trees of different diameters. Bckker has
suggested that the inclusion of suspension systems may affect the inferences

regarding obstarle performance.

usa c Stream crossing provides special problems in robility. The
', usual combination of steep slopes, soft soil, and water increases the likceli-

hood of no-go conditions. Dugoff is developing and exercising a nodel of
stream egress by a wheeled vehicle. Baker is conducting scale model

tests of stream egress. Stoll 4 6 has indicated a correlation between the

results of a simplified model of stream emergence and observed results

in the field.

3.1.4 Data Processing Models

The mathematical model of a vehicle-terrain system typically
requires the processing Wi the output variable3. This treatment of the out-

puts can, clearly, put a burden on the recording and computing facilities
employed for the model simulation. Among the types of processing

typically employed in vehicle-terrain models are: strip chart recordings of

transient responses of displacement, speed, and acceleration; computations
of •v/erages, maxima, varianres, power spectra, and correlation functions.

"This listing provides some idea of the demands placed by such data

processing.

3 .
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3.1.5 Model Validation

The principal merit of the mathematical model in the vehicular

field is its predictive property. Ut provides a convenient tool over which

the engineer can usually exercise more control than on the real physical

situation. However, the Predictive ability of the model depends on how

well it represents the true physical situation. To have confidence in the

model predictions, the model must be vaidated. The procois ut validation

involves the comparison of the model output with the corresponding

measured output of the physical situation that it is supposed to represent.

The model validations that have been made typically involve a

subjective comparison of the predicted and measured responses. The

validation thus may involve looking at two transient responses and deciding,

based on the discrepancy between the two responses, whether to accept

the model as validated (this is typified by many of the models already cited).

Resort is often made to "experience and engineering judgement" to explain

away any differences between responses. It is rarely pointed out what

degree of discrepancy would have been acceptable. A difficulty is that the

comparison of functions, rather than point values, is usually involved 47, 48

3. 1. 6 Model Development

Initia) steps have been taken towards the devwdopment of an array

of vehicle-terrain model types that might be implemented in a computer. It

is expected that the vehicle-terrain models to be developed for this study

will make integrated use of model types of the form discussed in the above

sections. One model will be selected for the first implementation. No onse

model will be able to accommodate all of the problems that are of interest

in mobility. Hence, the type of problem that may be handled by an initial

model will be delirrited. Thus, the initial vehicle dynamics model will

pr,,bably be tailored around the straight-ahead ride and performance problem

(handling problems, e.g. , may have to be treated with a separate model).
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Since ,peed of advance appears to be a key operational measure of mobility,

it is desirable that the model have the capability of deriving such estimates.

The initial model will have to be descriptive enough to provide

adequate information, but simple etiough not to introduce excessive

computational difficulties. As a minimum, it appears that the ;irst model

should account for four degrees of vehicular motion: bounce, surge, pitch,

and roll. The model must be able to take into account drawbar pull and

motion resistance (vs. environment and time), as well as the vehicle-terrain

dynamics. Aniy possible simplifications in the model description will be

determined, in part, by the type of terrain inputs and by the output measures

of interest in the model application.

3.2 Survey of Vehicle Scale-Model Studies

The scale-model study was primarily concerned with the appli-

cation of similitude principles to problems concerning vehicular soil/

running- gear interaction mechanics, e. g. , the prediction of prototype

performance from scale-model test data. In addition, to obtain a broader

understanding of the subject, it was necessary to include applications of

dimensional analysis and similitude to more fundamental problems (e. g. ,

plate sinkage) and to configurations having interaction with terrain other

than at a soil/running-gear interface (e. g. , earthmoving equipment).

A critique of the prior art was made based on the information

contained in the available literature (so e 60 sources were reviewed and
35, 36, 42, 436-1we

are listed in the References . A few reports may contain

inforniation of interest were not received at the time of this writing. It is

believed, however, that the literature received and reviewed is sufficient

to represent a realistic picture of the present state-of-the-art. Presumably,

scale-model studies of vehicle/terrain interaction are currently being

performed at various facilities. With few exceptions, information uf this
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type was not available so that the significance of such work could not be

assessed. The details of this survey are discussed in a separate report

to be issued shortly.

The more important scale-model studies reviewed are

summarized briefly in Tables 3-4 and 3-5 -- the first dealing with studies

directly related to vehicular scale-model soil/running gear interaction; the

second covering related topics of interest. L

The following observations were made from the survey of scale
4model literature.

Frictional vs Cohesive Soil

Substantial success has been achieved in correlating the

performance (as usually indicated by drawbar pull and wheel

sinkage) of pneumatic-tired vehicles and their moderately

small (usually 4:1) scale-models in cohesionless soils 78, 83

Laboratory model tests of rigid wheels and other configu-

rations (e. g. , plate sinkage and bulldozing) in dry sands

have also shown evidence of model/prototype similitude 8 0 ' 86, 97. 100

This sucess is apparently a consequence of the fact that purely

frictional soil can be, in most cases, sufficiently characterized

by one dimensionless parameter -- , eliminating the need to

scale the soil in the model environment.

On the other hand, it can be generally stated that quantitative

prediction of prototype performance from scale-model tests

has been relatively unsuccessful in cohesive soils 91s 116 . As

a result, quantitative model/prototype performance evaluation

tests have been mainly confined to cohesionless soils -- largely

limiting the usefulness of the scale-modeling approach since,
116

according to Liston , these soils do not usually offer severe

mobility problems.
-34- VJ-2330-G-2
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LIST OF SYMBOLS FOR TABLES 3-4 AND 3-5

1..
Symbol Description Dimension

a Perimeter of plate L

A Soil adhesion ML" IT' 2

b Tire width L

c Cohesion, Coulomb ML' 1 T'

c Effective structural cohesion ML'IT"
S

c t Post-collapse structural cohesion ML" T 2

CI WES Cone Index ML'IT 2

d Depth of soil or cutting depth L

. DP Drawbar pull MLT"2

E Young's modulus ML_ IT'2

f Coefficient of friction

F Force, general MLT-

g Gravitational acceleration LT

* G Average rate of increase of CI with ML'2 T"

depth

h Tire section height L

ko Frictional sinkage modulus, Bekker ML'nI T_2

k Cohesive sinkage modulus, Bekker ML nT"2
C

K Modu!us of compressibility ML 1 T-2

I Characteristics length L

M MoiEture content

n Sinkage exponent, Bekker
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II
Smbol Description Dimension

p Pressure ML"T 2

PR Resistance to 30° cone penetrometer ML'IT1

Q Wheel torque ML T 2

r Soil grain size L

R Total rolling resistance MLT 2

s Slip ratio

t Time interval T

V Speed LTI

SW Weight or load MLT" 2

Z Sinkage L

Aspect ratio

" Soil specific weight ML-T"

6 Tire deflection L

I Geometric scale ratio

Soil viscosity ML" T"

Interface friction coefficient

p Soil mass density ML-3

Angle of internal friction, Coulomb -

Angular velocity T-
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Correlation of Empirical Data

I Studies mainly concerned with correlation of empirical performance

data taken from field and soil bin tests of pneumatic tires in sand

and clay (no composite soils) have recently been made 38, 103

based on dimensional considerations. In these particular investi-

gations, pertinent (usually dimensionless) terms or numerics are

1. developed from system parameters judged to be important and

then manipulated and/or altered so that model and prototype

performance data "collapse" when plotted as a function of the

evolved similarity term(s). These studies presumably allow

I predictions to be made of field performance of certain vehicles

from representative soil bin tests. The WES cone penetrometer

has been found to be adequate as the soil measurement instru-

!- ment in these (mainly WES) dimensionally oriented studies of

tire performance.

Tracked vs Wheeled Vehicles

There is a dearth of information in the literature surveyed

regarding quantitative experimental scale-model investigations

of tracked vehicles (based on principles of dimensional analysis

and similitude), relative to the more numerous studies of wheeled

(mainly pneumatic-tired) vehicles.

Composite Soils

A relatively insignificant amount of scale-model research using

composite soil (e. g. , loam) has been reported in the literature

reviewed. The rigorous dimensional analysis/ similitude

approach appears to be difficult to apply in practice to such soil

(joint frictional and cohesive properties) since multiple soil

parameters must be properly scaled for exact similitude to
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exist. It appears that stable, reproducible, and realistic

artificial soil having independently controllable properties

(permitting systematic soil scaling) must be developed for

accurate prediction of prototype performance in composite

soils from scale-model tests.

Soil Parameters

The literature surveyed reflects considerable controversy

regarding the choice of meaningful soil value parameters. The

Coulomb parameters (c, e), Bekker soil values (6 1 4e ,,,),
combinations of Coulomb and Bekker parameters, and such

numerics as the WES Cone Index have all been employed in

studies dealing with soil/vehicle interaction. In fact, a

validated and universally accepted system of soil values is

still lacking. It appears that a comprehensive study is needed,

preferably on a iundamental soil mechanics level, to evaluate

the adequacy of the soil parameters now in use and, if necessary

and feasible, develop more meaningful and fundamentally valid

soil parameters (see, e. g. ,115 ). It is conceded, however,

since natural soil is largely a nonhomogeneous, anisotropic,

and three-phase (solid- -liquid--gas) medium, that the develop-

ment of such basic soil parameters would be a formidable task.

Qualitative Scaling

Scale-model research appears to be very useful in situations

where a qualitative evaluation of new concepts or a comparative

irvestigation of design changes is desired 85 107, 117Appli-

cations of this nature are based on the plausible assumption that

gross performance trends exhibited in small-scale tests would

also be present in full-size behavior. No quantitative scaling,

employing a formal dimensional analysis, is usually attempted.
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j Such qualitative evaluation techniques have been successfully

utilized in model studies of earthmoving equipment and other

specialized vehicular configurations. Valuable new concepts

such as the space track, articulated vehicles, and vehicles

propelled by threaded cylinders have been tried out and

substantially improved in design by means of (basically
102, 118

qualitative) scale-model experimentation

1.
Prediction of Prototype Performance

Prototype performance (drawbar pull, sinkage, etc. ) can be

directly predicted from the results of small-scale model tests

if conditions of similitude between the full-scale and model

configurations are satisfied. Off-road terrain (soil, in particular)

is, in general, very difficult to scale, however, and in most

cases such terrain scaling is not attempted -- resulting in

distortion of model/prototype similarity. This distortion can

sometimes be accounted for and compensations made, but much

more research is needed if practical techniques for evaluating

distortion are to be developed for routine use.

The lack of a universally accepted and completely proven set of

descriptive soil parameters also detracts from the usefulness of

the scale-model approach and may in fact be at the root of the

problem.

For the above reasons, it is recommended that no scale-model

work of this nature be undertaken in the Vehicle-Terrain Interaction

Task of the CAL ORMR program during the present Phase II

effort. There may be justification for initiating such work later

if the soil mechanics studies offer a promise of achieving a

broader based theoretical founuation in soil behavior than now

exists.
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Validation of Mathematical Model

Scale-model test data have been used to validate (or at least

tend to verify) mathematical models of ground-supported (and

other) vehicle performance 81, 88 - For this type of applic.ation

it is usually not necessary for the scale-model and prototype

environment to be exactly similar, in a rigorous dimensional

analysis/similitude sense, but only to possess the same general

vehicle/terrain interaction mechanism, as characterized by the

mathematical equations under examination. Thus, complete

quantitative soil property scaling is usually not necessary in a

scale-model environment to be used for validation purposes. It

is assumed only that the mathematical model, if it describes the

vehicle/terrain interaction mechanism adequately, is equally

applicable to any size (mechanically similar) configuration --

usually justifying an experimental scale-model validation approach

if it is advantageous (technically, economically, or otherwise)

and desirable.

Since the current )RMR program includes the development of a

validated vehicle/terrain mathematical model, it is recommended

that validation techniques utilizing scale-model tests (in lieu of

full-scale tests) be taken into consideration if and when validation

tests are required, and, if desirable, a further study be made to

justify the feasibility of such an approach.

3.3 Vehicle Structural Loading and Reliability Studies

In Reference 2it is noted that no mandatory quantitative structural

loading criteria exist for military veh'cles. Proof of structural integrity

is postponed until each vehicle, or its components, can be tested as hardware.

It is argued that time and money can be saved and a more reliable vehicle

will result if quantitative structural and reliability criteria are established
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and used as a basis for evaluation before the vehicle is built. It is the

overall objective of the study outlined herein to establish such eaaluation

Srmeasýures.,

The particular purposes of this study are threefold:

a) lo obtain and record information on existing criteria,

specifications, techniques, etc. , used for the

structural design and the reliability determination of

off-road - 4-hicles and their major components.

Sb) To initiate the definition of consistent, quantitative

structurai criteria designated for use by the military

and industry during the selection, design, test and

evaluation phases of off-road vehicle procurement.

c) To determine the need for a rational methodulogy for

predicting vehicle reliability and life, and, if so needed,

to initiate definition of such a methodology.

In the main, only the first of the above objectives has been

pursued to date. Published literature has been obtained and reviewed

and pertinent loading and reliability information has been extracted there-

from. The design departments of nearly a dozen off-road vehicle manu-

facturers ha,.e been contacted to obtain data on their design practices and

in-house criteria for loading ard reliability.

While this survey is still incomplete, tentative conclusions

and obstrrvations can be made at this time, namely:
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Concerning Loading:

(a) Designers and manufacturers of off-road vehicle, have

developed and mado use of in-house static ond dynamic

structural criteria for the design of all major vehicle
Components. All el the manufacturers contacted to date

have indicated that the details of their criteria are

considered to be 'proprietary" and not raleasable to

"outsiders'. Aw a result, only a meager amount of

detailed information has been forthcoming; dialogues

"with industry have been limited to discussions of design

philosophy and methodology. Efforts are continuing to

obtain more detailed criteria.

(b) The early cons',.ruction and operation of an engineering

test rig is one of the more common methods used by

industry (and the military) for checking out vehicle
feasibility, performance and (in some instances)
structural integrity. Very often, test rif materials,

component morphology and methods of construction are

not representative of their production vehicle counter-
parts, the test rig being assembled from existing parts

and available malerials. Hence, the failure of a test rig

part may not validly portend the fai1 iL.e of a uimilar

production part. Proof of structural integrity, therefore,
is often, never formp.lly provided to the purchaser of the

vehicle; it is i.-plied informally by the non-failure of the

productioi vehicle (a ver, positive method of proof-- when

it works).

S(c) In addition to the test rig and in-house criteria, industry

sometimes conducts laboratory tests to prove the

integrity of structural components. These tests, however,

-44- VJ-2330-G-2



I'Ii

appear to be limitod primarily to those parts that have

failed on the test rig or on similar production vehicles.

SThe lab tests are usually designed tcorrect failure and

not to prevent or anticipate failure. In fairaess to

industry, it must be noted that the vehicle purchaser

(i. e. the military) does not require such prior proof

of structural integrity.

(d) Those vehicle marufacturero and designers who were

contacted personally were asked what their attitudes

might be toward a government impoced set of structural

criteria. All reactions were guarded and cautious. It

appears that, because the larger companies are now

doing extensiva analyses in-house, they would not be

adversely affected by such mandatory specifications.

The individual designer, who has neither the staff nor

the funds to completely document his design (from a

structural standpoint), may be hard pressed to comply

with such mandatory criteria. One compensating factor

is that the large manufacturer builds vehicles in

quantity (for which more extensive documentation may

be required), while the individual designer concentrates

on pilot typE vehicles (for which minimum documentation

mnay be required).

Concerning Rehiability:

(e) In its definition of vehicle requirements (e. g. , in a QMR),

the government demands that the vehicle be reliable

(i. e. , remain intact and continue to operate for a

specified number of miles or hours). However, govern-

ment procurement practice is such that it usually

purchases the vehicle that has the lowest initial cost.
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These two practices are often In conflict. To bid this
low initial cost, the vehicle manufacturer reduces or

eliminates the more costly materials, manufacturing

processes, inspection procedures and tests that are

necessary to insure high reliability. Furthermore, it has

been stated IZZ thst the cost of mQintenance and repair dur-

ing a vehicles entire lifetime is often ten or more times its

initial cost. Hence, in purchasing the lowest initial-cost

vehicle, the government may inadvertently obtain a less

reliable one. One suggested cure for the dilemma is to

have the purchaser demand (by written specification) prior

proof of vehicle reliability. Hence, all manufacturers

bidding on a vehicle will be forced to add the reliability

cost to the initial vehicle cost; hopefully, a more reliable

vehicle will result.

The literature search and discussions with industry accomplished

to date serve to reinforce the major argument of this substudy, namely,

tha t:

Time and money can be saved and a more reliable vehicle

will result if quantitative structural and reliability criteria

are established and used as a basis for evaluation before

the vehicle is built.
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j4. HUMAN FACTORS

In introducing the human into the physical mobility structure of

off-road vehicles, the initial endeavor was directed at mathematically

representing the human in the vehicle-terrain-driver model. It was

recognized at the outset, however, that it would be necessary to rely

upon empirical means for the acquisition of a suitable quantitative under-

standing of human performance. The data gathering methods which have

been chosen as suitable are

a) o>bserving and interviewing operational personnel

and trying out the tasks where possible,

b) testing, in which military vehicles are used to

-i gather data under field conditions, and

c) conducting simulations wherein data can be gathered

inexpensively under controlled laboratory conditions.

These are i 1ot meant to be isolated techniques, but rather should

complement one another. The first technique, using observing, interviewing

and participation procedures, is employed when experience of operational

personnel can be used to define, substantiate and narrow the problem. For

example, it was felt that we knew too little about decision-making problems

of operational personnel, and that technique was used with that problem.

Field testing will be used to establish realistic base-line performance. All

of our future studies will be run to establish this type of baseline. Lastly,

simulation studies will be uqed for intensive and extensive investigation of

various parameters.
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It is pointed out that the position is now taken to rely heavily on

the introduction of the driving simulator into the loop with the vehicle-

terrain model as an alternative to representing the driver by mathematical

means. This technique has been proven successful in other applications and
lends itself readily to the ORM problem.

The following paragraphs describe our recent efforts in the

human factors area.

4. 1 Driver/Commander Decision Making

Any comprehensive model of off-road vehicle performance must

include some representation of the decision-making processes carried out

by the humans involved in the task. Work on the decision-making phase of

the ORMR project to date has consisted essentially of defining the problem

or problems. What are the decisions that must be made while operating a

vehicle in an off-road environment? What are the factors that are most

relevant to these decisions, and in what way do these factors influence

such decisions? Recent efforts have been directed toward finding answers

to these questions.

Our first step in collecting information and data on the decision-

making task was to observe vehicles operating in the off-road environment.

Two visits, one to Camp Drum where the 27th Armored Division of the New

York National Guard was stationed and the other to the TECOM organization

located at Fort Knox, provided an opportunity for such observations. On

both occasions our efforts included actual experience in operating off-road

vehicles, discussions with people responsible for commanding armored

units, discussions with people responsible for training crew personnel,

and discussions with experienced crew personnel. The vehicles involved

in these visits and discussions were the M113 armored personnel carrier,

the M48 tank, the M6U tank, and the M551 armored assault vehicle. Our
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personal driving experiences included operating the vehicle in a variety

of off-road conditions, but not including swimming operations.

We also had an opportunity to observe extensive training

exercises at Camp Drum wherein many Mll31s entered, swam and exited

from a stream. The current in the stream was approximately 5 mph. One

clear-cut conclusion was that drivers require extensive training in this

type of task. The longer lag in vehicle response as compared to driving

on land resulted in considerable difficulty in control. I
From these experiences and the discussions with operational

1. versonnel, it has become apparent that the vehicle commander is the key

figure in most decisions concerning vehicle operation. This conclusion, of

course, does not apply to the molecular control decisions that would be
carried out by the driver; that is, decisions regarding steering wheel

deflection and accelerator or brake pedal pressures. The conclusion does,

I, however, seem to hold for most decis ion-making processes that might be

considered crucial to the operation of the vehicle. For example, the

commander would certainly be involved in decisions regarding route
selection and speed.

A second conclusion based upon these experiences is that, except

for difficult or unusual terrain situations, the decisons regarding route

selection, speed, etc. are fairly routine. That is, they are covered by

stanud rd operating procedures and do not appear to present any problems

for iiodeling. Perhaps another way of thinking about this particular point

is to suggest that, except for unusual or difficult situations, a small

percentage of the commander's efforts need be devoted to making these types

of decisions. Under conditions where the terrain is less familiar or more

difficult, however, the commander will undoubtedly be required to devote a

greater amount of attention to decision-making activities. For this reason,

the difficult and unusual situations would appear to be most fruitful for
further study.
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A next logical step in studying the decision-making processes

would then be to select a few difficult situations for investigation. Examplez

of such situations include exiting streams, negotiating ditches, negotiating

wooded areas, and negotiating impediments (rocks, etc.).

4.2 Visual Degradation Effects on Driver Performance

The driver of an off-road vehicle relies primarily on his own

or his commander' visual inputs for information on the intended path of

travel. When something acts to degrade the transmission of such informa-

tion to the driver, his performance and thus system performance often is

adversely affected. Fog, rain, snow, dust, and night conditions are

common sources of visual degradation. Natural objects, such as trees and

brush, also can mask or block important terrain features and restrict the

forward view of the path to an extent that it significantly influences driver

performance. Design features of the vehicles themselves often contribute to

the degradation. A severely restricted field of view, a seating position

that results in a relatively low eye height, inadequate vibration damping, etc.

are often characteristic features of vehicles and all interfere with the visual

perception of the outside world.

The problems of seeing under fog, rain, snow, and dust conditions

have received much less attention than has the night vision problem. In

addition to the loss in visual information and the distortions that occur

under these conditions, the concomitant factors of mud, slippery snow and

ice, etc. , that often occur in these situations must also be considered since

they obviously will affect system performance and thus may alter the

significance of many of the visual cues.

An extremely important question in regard to the effects of visual

degradation relates to the way in which the information is to be used. In

some cases, the driver must operate solely on the basis of what he can see

from his vehicle. In such cases, he must be extremely alert to possible
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obstacles in his proposed path that might interfere with the expeditious

completion of his mission. In other cases, through the use of maps,

briefings, or perhaps through previous experience with the route, he mayh.
possess considerable advance information about the proposed route and

thus can concentrate on looking primarily for expected landmarks and

obstacles.

We have been developing an information base through an intensive

literature search, talks with drivers, crew personnel and research

personnel engaged in relevant research, preparatory to the formulation of

a program of furtler investigation. The aims of this program are:

I) To organize an adequate body of knowledge for use in

off-road vehicle system studies concerning the basic

capabilities of humans to detect and recognize objects

important to off.-road travel under viewing conditions

likely to be encountered in the field. These include

night, fog, rain and snow conditions. Some work of this

nature currently is being conducted at facilities such as

the Institute for Research in Vision, of the Ohio State

University, the Night Vision Laboratory at Fort Belvoir,

\"Virginia, and the Human Engineering Laboratory at

Aberdeen Proving Grounds. These and other efforts still

provide only a partial coverage of the area and additional

research of this type aimed specifically at the ORM

problemn is required.

2) To determine the effects on driver performance of

obscuration of portions of the field of view because of

trees, brush, vehicle restrictions, etc. Fog, rain

and other such conditions also can induce an effective

restriction of the field of view. Primary interest at

this time is with obscuration of the forward field of view.

Current experimental plans call for systematic variation
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of the forward sight distance under various driving

conditions as, for example, those encountered in

driving a straight path, a slightly winding path, and a

very winding path. Previous research indicates that

forward sight distance is a critical factor in highway

driving performance. It is our intent to extend this

research to include off-road performance.

3) To investigate the effects of driver expectancies and

experience (or previous information) on driver performance.

Emphasis here will be on the systematic variation of

driver expectancies and experience to determine the

effects on the information requirements of the driver.

This will be accomplished by putting drivers in situations

where: I) they receive little or no information as to what
they might encounter along a directed route of travel,

2) they receive only partial information about what to
expect along the route, and 3) they are thoroughly briefed

and perhaps even familiarized with the route. Certain of

the critical visual inputs also will be systematically varied.

This will enable us to obtain further quantitative information

regarding the effects on performance of the changes in visual
information requirements that are expected to occur under

the var ious experimental conditions.

4.3 Increasing Mobility Through Auxiliary Information Displays

There is reason to believe that increased performance would be

obtained from an off-road vehicle driver if additional systems and environ-
mental information were made available to him. This information can be

regard•ed as being derived from three sources: the vehicle, the environment
and the vehicle-soil interface. For example, one may consider the vehicle
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and its limitations. There are many reports indicating that the driver,
with proper restraints, can tolerate much greater accelerations than can

the vehicle. It is clear that if the accelerations being imposed at critical

points of the vehicle were presented to the driver in some manner, the

driver might maintain lower maintenance rates by using this information

to adjust his speed.

For another example. one may consider the limitations imposed

by environmental factors. In particular, there can be no question that

mobility coulc, b[t increased at night if the driver were given some sort of

visual aid to allum' him to see as well as he can during daylight. A third

example of potentially useful information which could be made available to

the driver is a ineasure of the slip taking place between the running gear

and the soil. This information might help prevent vehicles from becoming

mired by aidling the driver to employ better procedures for maintaining

traction.

It appears then, from at least three considerations (vehicle

factors, environmental factors, and soil factors) that there is a possibility

of imnproving perforinance by supplying the driver with information which is

not no\& available to him. This performance improvement may be obtained

through the use of visual aids or through visual or other types of displays

that present necessary critical information in a literal or coded form

easily interpreted by the driver. To this end, we have selected for study

the slip- indicating device, mentioned above. We are currently conducting

an eVNoriinent to evaluate the benefits to the driver of this added
ifli u ri ,at ion.

The slipmeter under evaluation is a device which displays a

specific: function of the Actual Forward Velocity (AFV), as indicated by a

'fifth-,.heel' device, and Running Gear Velocity (RGV), which is the
AFV

speed shown on a speedometer. Slip is defined by the expression I - 'V-

which is zero under a no-slip condition and unity under a no-traction

123
condition. Many aspects of slip are discussed by Weiss
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The objective of the experiment is to examine the driver's ability

to control his vehicle more effectively in a slip-producing situation when he

is given direct information about the amount of slip. Ordinarily, slip

information is available in the form of auditory cues from the engine and

running gear and from seeing a rapid increase in speed indicated on the

speedometer which is not consistent with the perceived speed. This slip-

meter experiment constitutes a study in which careful control of the informa-

tion available will allow us to determine;

a) the usefulness of each of the types of indirect information

(i. e., visual cues, auditory cues, speedometer), and

b) the additional gain in driver effectiveness, if any, which

comes about when a slipmeter is made available to the

driver.

The vehicle for this experiment is an automobile equipped with

treadless tires and appropriate speed transducers, electronic circuitry,

and recorders. The driver will be instructed to accelerate the auto

through a short distance on a slippery track, trying to maximize speed and

minimize slip. To be recorded are the fifth-wheel velocity, speedometer

velocity, slip (as indicated on the slipmeter), the integral of slip, and the

time required to traverse the track. Other measures may be derived from

the basic data.

The display conditions will vary from trial to trial. At one

extreme, the driver will not see the speedometer or sliprneter, and

white noise will mask the auditory cues. At the other extreme, the driver

will have available all auditory and visual information. The relative

importance of the different types of information may be determined by

comparing the results of the various display combination conditions.
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5. ENVIRONMENT

5. 1 Introduction

Interaction between vehicle and environment provides the basis

for land locomotion. The term terrasphere has been applied to the medium

through which ground vehicles travel, in analogy to the atmosphere as the

medium of air transport and the hydrosphere as the medium of water trans-

port. It is the object of environmental analysis to provide an adequate

engineering description of the terrasphere for purposes of the vehicle

designer, selector and user.

Two general approaches to characterizing the terrasphere are

possible: statistical and deterministic. Because of the world-wide complexity

of the land locomotion environment, there is a strong tendency to resort to

statistical aggregation of mobility-significant terrain descriptors.

One must recognize, however, that every environmental descriptor

has a value peculiar to every point in space and can be treated

as a field. Sampling of the environment on a line, area or volume

basis must thus take into account the fact that the sampling

process may distort the field by averaging and consequent loss of resolution.

All attempts to classify the terrasphere into so-called homogeneous regions

must face this problem. To achieve rigor in environmental classification,

the environmental scientist must be able to quantify the constraints within

which the classification applies.

Detailed environmental surveys are necessarily of restricted

geeographical scope and studies of broad scope are necessarily of severely

E, s - V

This Document Contains Missing
Page/s That Are Unavailable In

The Original Document VT -2330- G-2

VJ 23-- -



limited detail. Our initial effort has been aimed at coarse generalizaLiunb

applicable on a world-wide basis (Section 5. 2) and at the development of

high-speed techniques requisite to the efficient processing of detailed

environmental data (Section 5. 3).

5.2 Prospective of Global Environment

Although there will be considerable feed-back from terrain-vehicle

studies as our knowledge in this area grows, there are many well-established

impediments to ground mobility -- e. g.

Soft Soil

Slopes

Streams

Vegetation

Cultural Features(hedgerows, bunds, etc.

An inventory of our present knowiedge of the world distribution of these

factors is considered desirable as a first step toward augmentation of the

environmental data base for mobility purposes. In this connection, it is

not considered sufficient to say that there is a lack of knowledge or that

the available knowledge is unreliable. Both coverage and reliability are

matters of degree, and we should be in a position to say how insufficient

our knowledge is and how bad or how good are our present methods of

evaluating the environment.

5. 2. 1 Soft Soil

Soft soil can occur at least part of the time in most of the

militarily significant parts of the world. Conditions conducive to soft

ground are flat to gentle slopes and humid climate.
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As shown in Figure 5- 1, the land areas of the world can be

broadly classified into five soil strength regions. The map was produced by

combining all, or parts of three classificatory maps. 130 A climatic
regions map was used to locate areas of the world with dry seasons, wet

seasons, permanently frozen ground. etc. ; a soils map was used to locate

prominent alluvial areas; and a lithic map was used to locate mountainous

regions. Specific soft or hard ground properties were assigned to each

climatic, lithic and soils region The regions of individual properties,

"when combined, produced the Soii Strength Regions map. For example,

an alluvial soil in a region with no dry season would be considered soft

most of the timne becauwie soft soil problems could be encountered all year

round. However, if a high mountain region was located in the same climate

type, the region ,,ould be considexed firm because high mountains are

generally bare rock.

Soils are considered soft when they are at or near field moisture

capacity and firm when they have 90% or less of this amount. It is recognized

that dry sand may also be soft, but such areas are not indicated on the map.

The five divisions of the map are as follows:

I. Soft ground most of the time -- This type requires that

there be alluvial soil, no permanently frozen ground and

no dry season. The areas are small in comparison to the

others and are contained within the region described
next. Only the largest areas exhibiting these characteris-

tics kkould be mapped at this large scale.

2. Soft ground and firm ground alternating all year - This

type requires that the land be located above river valley

level, have no permanently frozen ground and no dry

season. It lies astride the equator, going farther poleward

on the east sides of continents. It also occurs on western
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oides of continents poleward of 400 latitude and as far

inland as marine influence can prevent cold winters.

3. Season of soft ground and seas on oi firMgroLnd - The

largest are.is of this type occur under subartic and t ,,ndra

conditions. The surface is frozen solid for over half of

the year and during the surnnir swampy conditions prevail.

In all except the southern border permanently frozen

ground occurs a few feet below the ourface. Small tracts

of the type also occur in low latitudes on alluvial soil with

a pronounced dry season.

4. Season of firm ground and season of alternating film and

soft ground - This type occura on land which lies outside

of river valleys in two different kinds of locations. It can

adjoin dry climates and have one dry and one rainy season

or it can lie on the eastern and interior parts of continents

in middle latitudes and have une season of frozen ground

and orne warmer season with rainfall exceeding evaporation.

5. Firm ground most of the time - This type has mountains

and/or dry climate. In the mountains the soil is generally

coarse and shallow or entirely lacking. Rainfall genetally

runs off rapidly because of steep slopes. In dry climate,

ooils are coarse, and th, vegetation cover is sparse. The

-Meager rainfall quickly soaks in or runs off.

The occurrence of soft soil can be mapped in much more detail.

For example, seasonal or monthly maps of soft soil condi.tions can be

developed to provide guidance, on an area basis, as to the time extent of

soft soil conditions. The severity of these problem conditions,when they

occur, is determined by the specific nature of the soils in a giver, area,

particularly their strength response to moisture near field maximum levels.

Preceding page Walk
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This point has been addressed in a map published by the Waterways

Experiment Station, in which the world distribution of soil strength under

wettest conditions is displayed. 131 According to the dat. -omprising this

map, WES estimatea that very soft soil (RCI < 25) occurs an some 6. 5% of

the world land surface, soft soil (RCI between 25 and 60) in approximately

17% of the world land surface, and firm soils (RCI > 60) in the remaining

78%. As pointed out by WES, however, these area percentages must be

interpreted a-i terms of their geographic distribution to fully appreciate

the threat to mobility posed by soft soil. A world-wide summary of soil

type information is presently in progress to supplement climatic inferences

and is expected to provide further insight into the severity of soft soil

problems in space and time. A major input to this summary is the

extensive work of the World Soils Geography Unit at Hyattsville, Mary-

land.

5.2.2 Streams

Soft soil on upgrades is a significant cause of actual vehicle

immobilization. Its most common occurrence in otherwise-negotiable

terrains is in stream banks. Where fine-grained unconsolidated material

is thick enough to occur in deep gullies, special stream-exit tactics are

required. Our study is investigating hydrolic,soil mechanical and

geomorphic relations and the statistical distribution of steep, high,

soft stream banks in firm, level or rolling terrains.

Statistical assessment of the occurrence of critical features

associated with stream banks is necessary for vehicle design and planning.

For this purpose, it is convenient to define the sample space in terms of

the distance between skyline ridges. Developed for aircraft masking studies,

the concept of skyline ridges denotes major watershed divides separated by

a valley of depth A Z, subsequently referred to as local relief. The
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probability, p(SXP), that a stream exit problem will be encountered by a

vehicle in driving from one skyline ridge to the other provides a probability

measure for the occurrence of problem stream banks. For undissected

depositional terrains, p(SXP) is substantially zero, because depositional

slopes are generally less than the gradeability of the vehicle. In erosional

terrain, however, stream banks can be much steeper than prevailing slopes

as computed from local relief. In such terrain, it is not gradeability which

limits stream exiting but the ability of the vehicle to surmount vertical

obstacles. This capability, expressed as the height of the highest vertical

obstacle which the vehicle can negotiate, is referred to as Vehicle Vertical

Obstacle Capability (VVOC).

Consider Figure 5-2, which presents a generalized stream bank

profile. Note that the slope of the stream bank is steepest on that portion

of the bank vhere the zone of saturated soil is exposed. This region of

: * exposed saturated soil, where bearing strength is minimal, extends to some

height h above the steam bed and may be regarded as a vertical obstacle of

that height. A stream exit problem exists if h exceeds VVOC, the vehicle

vcrtical obstacle capability.

A method for predicting the occurrence of problem stream banks

can be postulated on the premise that p(SXP) increases as local relief A Z

increases. On sufficiently flat terrain, p(SXP) should approach zero,

because A Z would be negligibly small and the height of critical stream

hanl(- %v'ould nowhere exceed ,A Z. At the other extreme, however, p(SXP)

might be expected to approach one, because a single valley can exist as

a deep, impassable gorge.
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The deepest gorges in the world are found in the highest mountains,

the Himalayas. The Bjagerathi, a tributary of the Ganga, traverses the

range in a slit 600 feet deep. The Indus drains Kashmir through a valley
132

cut 17, 000 feet deep. The evidence for valley depths asymptotic to

15, 000 to 17, 000 feet. slightly over 1/2 the peak elevation of the Himalayas,

is rather convincing from an inspection of Army Map Service 1/250, 000

map coverage. Several gorges along the Indus, as well as the Kosi and

sources of the Ganga, show depths in this range. Using A&Z = 17, 000 feet

as a maximunm, therefore, one can write as boundary conditions

Ilif AZ > 17,000
p(SXP) {Oif Z __< VVOC

and it can be assumed that p(SXP) varies continuously over the range

0 < p(SXP) -' I as L Z varies continuously over the range VVOC < A Z

< 17. 000. Thus p(SXP) f( L• Z), and an approximation to this function

is afforded by

p( -; r) dx

where rn and a- are appropriately chosen constant!.

To ostimate rn and 0- , a study was made of air photographs133, 134, 135
aw! a No Go criterion applied to observed stream banks. The No Go

critcrion used was a stream bank steeper than 60% at least 2 feet high.

rhis is the specified performancc of the M1 13 armored personnel carrier,

although not quite achieved in the SWAMP FOX II field tests. It is rather

typical, however, of the state-of-the-art of conventional military crawler
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design. In each soil survey, 10 first-order valleys were sampled in the

important catenas corresponding to the major lithologies. Direct routes

were laid out across the valleys and the percentage with No Go stream

banks estimated. This may correspond to the situation of a common

tracked combat vehicle attempting to gain the next ridge without detailed

path selection.

Steep 2-foot banks on air photographs can be estimated by

parallax or oblique measurement, not available in the soil surveys used,

or shadow length. Such estimation is straightforward within the resolution

of the photography, which is near the limit in the sample cases, once the

solar angle has been determined from date, time, latitude or known objects.

The resulting photo-estimates are the basis for the proposed

hypothesis that p(SXP) is related to valley depth A Z.

The preliminary data shown in Figure 5-3 suggests that

m log 100 = 2

and 7- log 6  = 0. 78

The refore,

p(sXP) - 0.7 dx-1r7- 1 I0,,

On hard ground, VVOC varies from 2 feet for presently deployed rigid wheel-

ed and armored designs (24" for MI13 APC, 36" for M24 Tank), to 5

or even some 10 feet for projected advanced articulated configurations. The

performance costs of increased VVOC as a function of soil strength are

inputs urgently required to define the environmental measurements needed

for vehicie-deployment effectiveness studies. In the absence of firm

performance data, the bench-mark value of 2 feet was used in the pre-
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linlinary p(SXP) estimiates. The proposed equation satisfies the assumed

bounda rv condit ions to th o following extent-

0. 9L) for /1 Z 17, 000
)0. 015 for AZ 2

The proposed mockl is a preliminarry attempt to predict the

occurrence of stream exiting problems from the limited data available

for the %world land surface. It is based on the severity of dissection, which

is the most ubioius physical process controlling the occurrence of problem

stream banks. Dissection. as measured by the mappable parametea o

ciAn tJ11.'1 1be. USUd to provide a gross regional survey of stream exit difficul-

ties. as shown in I~ igures 5-4 through 5-9. The uncertainty in Z.\ Z from

tht. SOUrces available induces considerable uncertainty in the predicted

p(SXP); aucordingly, only 1, Z is mapped. In a qualitative sense, however,

relief values of less than 10 feet represent areas of minimial stream exit

difficulty ( p(SXP) not exceeding 0. 10), 10 feet to 100 feet mild (p(SXP) up

to 0. 50), and over 100 feet severe (p(SXP) exceeding 0. 50).

The base data for the -aps (Gerasimov, 1964 ) is obtained by

estimnating the dissection of the Quaternary deposits. These soil parent

materials are mnappable by erosion process, which can perhaps be related

to the amount of uplift and dissection as follows:

Quaternary Deposit Estimated Z Z

EROSIONAL

eluvial (residual) 50-100 feet
eluvial and diluvial 10-200

diil uvia 1 100-500
diluvial and colluvial 200-1000

n olluvial 500-2000
tiowlnvial and solifluction 100-1000
bare rock > 2000
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Figure 5-5 TEPRAIN DISSECTION MAP (NORTH M'ERICA)
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Figure 5-8 TERRAIN DISSECTION MAP (SOUTH A1ERICA)
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1. 1
o.

Quaternasy Detwsit .. kti..ts AZ

DEPOSITIONAL - as subsequently dissetted

mvtrine 0-20
marine and alluvial 0-10

alluvial so
lake and alluvial 0-10

lake 0-20
lake and proluvial 5
provalluvial
prol.uviall + colluvial 'pediment) 2-200

glh,.,cial moraine 100
placial outwash 20

aeolian dunes no streams
aeulian loess 100

volcanics 100-10,000

It is emphasizeo that the grces generalizations provided by the

maps must bc- tempeied by many additional factors applicable locally. For

example, as shown in Figure 5-10, valleys of the same depth can have

grossly different profile- and these profiles can uverride the eff rt of L Z

per sL.

p(S•XP) = o p('xP) /

Figure 5-10

-81-. VJ-2330-G-2



Other factors include:

S1) Material particle size in unavoidable high, steep banks.

2) Water content of fine-grained materials found.

3) Cohesion and composition of clay fraction.

4) Geometry of the bank profile with changes of the above,

including roots and vegetation debris.

Work is continuing to incorporate these factors as refinements in predictive

relationships, and it is anticipated that increasingly more refined maps of

the spatial distribution of stream crossing problems will evolve.

5, 2, 3 Vegetation

Vegetation can either augment or degrade trafficability, and its

effects, as in the case of soils and streams, can be assessed at various

levels of generalization. These levels range from world-wide characteri-

zation of the great plant associations to the incremental variations in

vegetation which affect a particular vehicle traversing a particular path.

Vegetation affects the vehicle/driver complex either through

direct physical interaction with the vehicle or through its effect on informa-

tion sources available to the driver. In the latter instance, vegetation can

negatively affect mobility by obscuring the driver's vision or can positively

affect mobility by providing visual cues indicating to the driver the nature of

the terrain ahead.

An assessment of the general utility of vegetation as a traffica-

bility indicator was undertaken. It was concluded that the state of environ-

mental knowledge of an area provides a criterion for judging the value of

plant indicators for mobility purposes. Certainly plant indicator informa-

tion pertaining to trafficability is redundant in areas in which trafficability is

well specified by directly applicable environmental measurements.
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Plant indicators will be of most value to persons concerned with

off-road mobility, therefore, in areas where environmental conditions are
least known. These areas are most common in the very low latitudes and

* the high latitudes, and particularly in Asia, Africa, and South and Tropical

America.

On a world soil map (Figure 5-11) the broad soil groups may be

rated as to their potential for plant indicatcr value as follows.

Tundra Soils - Important only in special cases but

perhaps very important in these.

Podzolic Soils - Important for special cases of moisture in

little known areas.

Chernozemic Soils - Of least importance of any soil group

because environmental conditions are

best known here.

Desertic Soils Although vegetation is often rather sparse

on these soils the plant indicator value

may be great because in desert areas the

environment is the most inconsistent of

that in any broad climatic area.

Latosolic Soils These occur in regions least known to

people of the mechanized society of the

temperate regions and any indicator has

potentially great velue.

Soils of Mountains - Here plant indicators will be important

only in special cases.
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Plants can indicate conditions influencing mobility such as soil

moisture conditions, soil depth, soil texture, topography, presence of

streams, presence of ditches and pits, and cultural land use. During both
138

the El Real and Swamp Fox projects, J. Duke found that several giound

conditions could be predicted by using vegetation indicators. It was Duke's

conclusion that plant indicators are available on aerial photographs and on

the ground. Some of the tropical plants recognizable from the air, which

indicate particular ground conditions, were listed by Duke as follows,

1) .spave - Moderately drained soil; half covcred root3

to I ft. high radiating from the trunk.

2) Cuipo - Well drained soil; half covered roots radiating

from a swollen trunk.

3) Guaruma - Moderately drained soil with much under-

growth; small prop roots from a soft trunk.

4) Negra Jorra - Poorly drained soil adequately firm for

light vehicles; visibility practically ni'. below 2 meters.

5) %_angl, negro Tidally inundated to swamp soil; traffica-

bility and visibility good as far as the vegetation is

concerned.

,, ,•,la ucolorado - Tidally inundated swamps; density

of stout prop roots makes mobility almost impossible.

7) Alcornogue - Swampy soil with tall meandering buttresses

and small loop roots.

S) Cativo - Swampy soil with frequent microtopographical

mudholes; visibility good; no buttresses.
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Conceivably, therefore, plants might indicate problem regions in the terra-

sphere just as cloud fornmations indicate to an aircraft pilot the prospect of

turbulence in his flight path.

The ihterrelation between vegetation and other features of the

environment is certaindv not subject to question. It finds expression over

a spectrunm ranging tronz. the scouting anecdotes of Western frontier days

to present liii zone concepts, and its value in airphoto interpfetation is well

established. In general, however, the photoin erpreter will continue to

stand as triinsducer between the source of information and its applica'ion

at the operatioval level, ji.st as the meteorologist serves as interpreter to

translate atnmo~pheric phenornt.na into flight operation terms. Neither the

pilot nor the vehicle driver is enough of a specialist to make extensive use

of vnvironnientai ujeS directly, and upgrading their capability in this regard

must be purchased at th - expense of obvious tradeoffs in their other functions.

For the present, therefors, it is considered that the vegetation indicator

concept, like other environmental interrelationships, belongs properly in

the domain of the 4nvironnmental scientist and will be implemented most

effectively through his continuing efforts to improve the environmental

data base for mobility.

5. 3 Environmental Anal;'sis and Data Processing

Perhaps the most impressive feature of the environment is that

there is so much of it. Its omnipresence is no less imposing than its

complexity, however, and the environmental scientist, impaled on the two

horns of a dilenma, must continually seek compromises with reality. These

compromises generally are effected by aggregating the ernvironment into

classes which, for the purposes at hand, are regarded as relatively homo-

geneous. Variations within a given class are considered negligible tnder

the immediate circumstances, but it is recognized that the scale of these

variationc may be crucial in a different context.
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High speed processing of environmental data, made possible by

modern computing systems, has both assisted and thwarted environmental

analysis. It has made possible the rapid manipulation of environmental

data, but at the same time has thrown into harsh perspective the enormity

of the associated data acquisition and retrieval problems. Elaborate models

employing environmental inputs are of little value unless they are properly

scaled to our ability to stuff the gaping maw' of the computer with environ-

niental hay. The need to reconcile these conflicting requirements realistic-

ally demands the development of a data processing methodology differing

substantially from the conventional 'brute force' approach of ever larger

conmputer storage capacity and ever shorter access times. Ultimately,

computer systt.n~s. like their human counterparts, must acknowledge the

limitations of ,inite resources in dealing with a continuum capable of

saturating any conceivable storage i~ank. A major consideration, there-

fore, is to pose questions in a frarne-work compatible with our ability to

supply and manipulate the requisite input data. As a result, one must stand

ready to abandon a deterministic model of the mobility process when the

sheer nmass oi data dictates the desirability of a statistical approach. Our

methodology studies are directed toward both types of computer processing,

but present concern is primarily with data processing involved in a simple

determiinistic niodel of the mobility process,

Existing vehicles have come into existence through a process of

evolution: a vehicle is designed, tested, redesigned and retested until

satisfactory performance is achieved. The process is partly a conscious

one and partly a more or less unc:onscimus one in which improvements

occ-ur ovur a relatively long period of L-me in response to deficiencies

which show up as the vehicle is used in the field.

As noted in Section 2.2 an attempt is being made to

acceler..te this evolutioniry proccis by simulation. An initial vehicle

configuration, either an existing hardwrare item or an intelligent

-87- VJ-2330-G-2



first-guess 'paper' vehicle, is "driven' over a class of terrain as

represented by factor maps in typical missions and its ability to accomplish

these missiont noted. Deficiencies are corrected by parametric variation

of 'chicle specifications, and iterations are performed until the desired

degree of match between vehicle and terrain-mission complex is realized.

The system, very briefly, is as shown in the following sketch.

Te r ra in
factor rnaps

Comparator Negotiabilitymaps

Vehicle capability ---

Comparison can be made on single criteria, such as soft-soil

traffi ability or slope-climbing ability, or on multiple criteria. Vehicle

specifications, in a sense, serve as thresholds for dividing the terrain into

disjoint sets: negctiable and non-negotiable. In multiple thresholding, the

final negotiability map is the logical intersection of all the negotiable ("Go")

sets or, more generally, is the result of thresholding a suitable discriminant

function which takes into account the interaction of the several constraints.

Computer mapping techniques are under development for this

purpose. Data from existing maps can be expressed to the IBM 360 computer

via the Flying Spot Scanner, and thresholding can be performed by spatial

filtering routines. In cases in which it is desired to interpolate values of

terrain features not presented in the input maps, a routine called CAMERA

(Coinputer Algorithm for Mathematical Extension of Running Areas) developed

at CAL under another program 139 is available for this purpose.
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5.3. 1 Flying Spot Scanner

"In the Flying Spot Scanner, a short-persistence cathode ray tube

is used to illuminate a transparencv in which the desired informatiom is

encoded. The present Laboratory equipment employs an electron beam

having a half power width of approximately 0. 002 inch. The transparency

is 3 inches square, and the beam czn be positioned at any point in a

1024 x 1024 matrix. Scanning and reading capability is such that any data

position in the transparency cap be located and read out in approximately

10 microseconds, but it must be realized that the system time constant

inust be interpreted dynamically. The system is designed to recognize

64 levels of transmission, but noise introduces uncertainty to the extent

of 5 to 10 levels. The light transmitted through the transparency is fed

to a photo-multiplier, which converts it to an electrical signal. At present,

the ele-tron beam scans in a fixed raster, but it could be programmed for

random access to data-storage locations.

Maps such as the MERS factor family maps can be photographed

to produce a transparency suitable for presenting to the Flying Spot Scanner.

Areas on these maps representing different levels of soil strength or obstacle

severity are represented by different types of shading or cross-hatching, and

these shadings are recognized by the scanner and converted to digital form.

Increased discrimination ability can be achieved either by preprocessing

th, original map (e. g. by opaquing) or by applying spatial filtering techniques

such as integration or differentiation to the data as read from the trans-

parency before performing the desired thresholding.

5.3.2 CAMERA Routine

In the CAMERA routine, input data in the form of a relatively

coarse grid of observations is transformed into output data in the form of

a much finer grid of computed values The interpolation of additional points

is achieved by means of a generalized response-surface technique applied to
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local areas so as to build up the entire global area as a series of overlapped
"patches'. The method is similar to the approximation of a plane curve by

straight line segments, but the form of the patches is not restricted to

planes but can take any form considered appropriate to the nature of the

surfact, being rcprL,-entvd. In fact, several different species of patches

ailre used. and each local region is represented as a linear combination

z

wheire the f. are (babis) functions of the position coordinates (x, y), z is

the o Utput %ariable, and (he d . are numerical coefficients determined for
the local region. The .- 1 are determnined by least squares theory, which

degeneratks into an exact fit of the input data if N is taken equal to the total

,uniber of input points in thu local input data array.

Alter the J. have been deternmined, the resulting function is1

used tW coMpute z for a large number of (x, y) positions. These values can

be printed out for explicit observation or can be displayed in map form.

Maps are produced by the CAMERA routine as follows. First,

a correspondence is set up between (x, y)-coordinate positions and the

positions to be occupied by alphanumeric characters in the output format.

Then, each of the interpolated z values is compared with a threshold. If
the threshold is exc~eeded, a chosen alphanumeric symbol, other than a

blank, is printed in the format position corresponding to the associated

(x, v)-coordinate position. If the threshold is not exceeded, a blank is

rec.orded. The boundary between the blank and occupied regions of the

output format constitute a contour line for the particular value at which

the output data were thresholded. The procedure can be repeated for any

nun-,ber of threshold levels to produce a separate map for each contour

level. Because the distance between lines on the printer is greater, than

the distance betweeie characters in a line, the maps are elongated in the
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vertical direction, but this fact does not interfere with their interpretation

and can be removed, if desired, by appropriate scaling.

Av, axample of the CAMERA method iv presented in the

accompa,,ying maps, Figures 5-12 and 5-13. Input data were taken from

a topographic map of Italian terrain, reproduced in both figures for compari-

son purpnses. A total of 289 elevations, read from the original map on a

regular 17 x 17 array, was transformed into more than 16, 000 interpolated

elevations. In F igure 5-12, these interpolated elevations are thresholded

to produce elevation contours at 525, 575 and 775 meters, and are presented

to show by comparison with the input topographic map, the extent to which

the original contours are recovered in the computed contours.

By virtue of the explicit form of the interpolated elevation z,

each of the basis functions f. can be differentiated with respect to position

coordinates and the derived iunctions used to compute a slope 'surface.

Thresholding oi this derived surface then provides slope contours.

Figure 5-13 presents three such contours, at 10, 20, and 30 degrees, in

comparison with the original input topographic map. The areas contained

within these contours may be used to obtain an estimate of the relative

frequency of occurrence of slopes of various magnitudes as measured by

the corresponding areas affected. The validity of the computed slope

contours can be judged by comparison with the distances between contour

lines in corresponding regions of the original reference topographic map.

The CAMERA model is considered as a possible means for

compressing the essential information content of a set of environmental

observations .nto compact form readily addressable for computa'zional

purposes. Caution must, of course, be exercised in its use in order to

avoid the pitfalls incident to excessive smoothing. For example, in the

case cited above, one is tempted to interpret the slope contours a&

boundaries between areas accessible and inaccessible to a vehicle with

gradeability equal to the contour value. It must be remembered, however.

-91- VJ-2330-G-Z



i C

Iti 60.

ata

AAha

p. , l ad6

a* J.

laD

V.1-2330 -G-



2:T

IIt

pill-,

IF I

am

co
i. M 3C 6

.... .... ....

...... . ..... ......

:: :- ij I:

122 : 1l. . ........... i
2121 .. .. .. ... . .. . It I

93 VJ-2330-G-2



t It
at
a.40

.. .. .. .. ..

HC t

........... %* O

gow

II

1-40

0. Z

...k,~A

Vd23O--



:2.

2.. ............

..~i ... .... . .

H23 4 2 2 2 ;2 2 2 2 2 2 2 M H Ut 1111 1flli ~1 Hill:!. . :± :.J 11:i Ji 011
JIM 2 H4l . 12gl h

ifU

...... IN HI0

2. 2.. I 2 Hit .:2 2

.. .. .......... ...... ..

"H l .... . .. ... .. :

..J..... .. ............. H~j :21j 221 La'ii'

95 .............



that the slopes, as contoured. are hased on an average taken over a distance

comparable to the distance between elevation contour lines on the original

map used as input and do not necessarily represent slopes locally applicable

over distances compatible with the scale of the vehicle.

The need for a field concept of environmental descriptors is

therefore clear. Until a mathematical framework is provided for acknow-

ledging explicitly that quantities such as slope and soil strength parameters

vary pointwise with position, full advantage cannot be taken of the stock of

mathemnatical and statistical tools available to the present-day environmental

analyst. Formulation of such a field concept, and definition of its relation

to appropriate probability measures for statistical aggregation of environ-

mental infornmation, will receive attention in the continuation of our program.
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0. SOIL MECHANICS

A problem that has held back the development of soil mechanics

in comparison to. say. mechanical metallurgy is that of obtaining suitable

uniaxial stress-strain relations upon which to base stress-strain relations

in more complex loading. The fats that soil has no tensile strength,

that its pore water pressure changes under loading and hence during testing,

and that it may change volume under load, may be mentioned as examples

of adued diffit,,!tivs. Our review of the current status of soil mechanics

did. hotcvrr. rv.,.eal that progress has been made toward obtaining

rigorous :ýtresý- -strain data. This has been achieved at moderate strains

and lo,. strai . rat•s by measuring pore water pressure during test and by

aralvtical t:-eattumnt of pore pressure and deformation data obtained in

triaxial cyhrider tests. In contrast to. the common triaxial cylinder

testing. suLh %ork was held to be a suitable basis for formulation of general

stress-strain relations and for their eventual extension to the large strains

and high strain rates that are typical i. vehicle passage.

Our revicx of soil mechanics theory and practice lead to three

.orLluzionb: (1) The existing techniques of the continuum mechanics

o, Ir..lastic solid m~edia appear applicable to the formulation of stress-

strain relations in soils and to their solution by approximate methods.

t2) The formuiation of the necessary constitutive equations requires

d•.tetrmination of the essential particle and phase properties of the various

soil types. (3) Experimental and measurement techniques appropriate

for the spucific problems to be investigated must be developed.

The research discussed in paragraph 6. 1 to 6.3 reflects our choice

of the visioplasticity method as a promising approach to studying the

mechanics of soil under load. While we currently favor such an approach,

we are at the same time continuing to study alternate methods. In
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Section .u. 4 we sumnimdrize a brief study performed by Dr. S. C. Cowin of

TuAane University siuggesting an approach treating @oil as a non-reacting

ternary mixture.

I ContinUL1ni Mechanicb

The specitit. problem areas related to the formulation of continuum

tw"chanics fie-ld equations consistent with soil -vehicle mechanics problems

ha ve been outlined in Appendix B. Section 3 of Reference 2. These

problem-s mvust be mathematically categorized as mixed boundary value

problems since both stress tractions and displacements are prescribed on

the cioti half- space surface. The mathematical representation must also

consicivr material continuity, equations of motion (or equilibrium),

geomettric or kinemnatic com-rpatibility and constitutive equations (stress-

strain time relations) %%ithin the soil mass.

Thc formulation of even a relatively simple soil-vehicle problem

i6 not mathematically tractable in terms of a closed form solution and

attempts to produce a solution must necessarily explore approximate

m.-!thods. There are further complications since presently an adequate

inarhernatical model representation of the material response characteris-

tics (conistitutive equations) of soils is unavailable.

It appears that additional progress in the soil -vehicle- interaction

process %ill be restrained until there is available a better understanding

o~f the soil loading mechanism. This essentially means that a complete

solution. in the sense that it satisfies the principles listed above, must

be obtained for a prescribed class of problems. For example, attempts

to use scaling have generally been of limited value in soil-vehicle

mechanics problems. Geometric similarity may be maintained bet'weenA

model and prototype, and expressed in terms of similarity on the deform-

ing region of the soil half space. To maintain dynamic similarity,

control must be exercised over a timelike parameter, leading to relation-
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ships between length and timelike parameters. However, it can be shown

that if. in the constitutivte equations. stress depends only on strain, then

the similarit condition will be different than if stress depends only on

strain rate In a general problem. where strain and strain rate terms

are required. exact conditions ot similituie cannot be maintained. Yet, a

known. solution to a problem would provide guidance in terms of the

conditions which lead to a better approximation.

The following discussion. dra.ing on techniques of the visiollasticity

method developed and used to analyze metal forming operations 14 0 , 41,142,143, 144

indicates a procedure "hich could eventisally lead to possible solutions in

this problem area Thtu iinmediatt.Ž need is to develop the machinery

necessar" to apply the visioplastic'ty method to selected soil-vehicle

problem,.. At is indicated, once the required techniques are available,

it should be possible to x'tend these results from model to prototype in a

more prt~cise manner using scaling principles, limit analysis theorems

and m•e1,Urical techniqueb.

Since. the stress-strain behavior of soils is crucial in the analysis,

cortsiderablc effort Aill have to be expended in this area. A separate

section o1 this discussion is devoted to a consideration of the types of

anal%.sis and equip-nwent wkhich are necessary to better define the continuum

aspects of thc stress-strain-time behavior.

u. I. I Method of Solution

It is necessary to obtain a solution which may be taken as exact

for a given class of problems, and since even a solution to the most

elementary problem is beyond a purely analytical description, analytical-

empirical techniques must be considered. Many of the features of the

visioplasticity method may be applied to soil mechanics and the Cambridge

soil mechanics group (Roscoe, et al), using some aspects of the technique,

have recently reported somne success.14 5 , 14 he following is a brief summary

of basic requirements for such application.
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Wi.th the visioplasticity method. the velocity field must be

experimentally measured; thus. all kinematical terms are assumed to be

knou n in the jield equations and the load ternms (stresses) are then analytically

determined. F igure t,- I sho%% s graphically the requirements for application

ot this method to the .oil-,ehicle interaction process. The experimental

measurements are inticatcd b% the E-blocks and these data may be analyzed

m ithin different degrees of approximnation as indicated by the A-blocks.

- 1: Measurements in the Soil Medium

There are two primary tasks connected with these measure-

nments: (a) an evaluation of present methods and the specification

"of adequate measurement techniques and (b' the determination of

suitable generalized inelastic deformation criterion.

ElI (a): Nlcasuremert 'lechnigues

It hab been demonstrated that the relative soil velocity field-- • 147

may be measured with the X-ray technique ; however, this

technique is expensive and the flow field which may be visualized

is limited, tending to severely restrict the model dimensions.

The velocity measurement technique should be able to visualize

the entire flow field at a given instant and sequentially for small

time increments. This latter requirement is absolutely necessary

when considering a nonsteady state problem such as the action of a

grouser near the soil surface. Some researchers in the field are

making measurements where lubricated glass surfaceb are used

to represent a plane of symmetry through which deformation grids

of soil under load may be observed and measured.

Particularly with partially saturated soils, the density must be

measured throughout the medium. These variations in density

are required in the equations of motion (inertia forces) and the
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c-ontinuity equation. With the more saturated soils, an attempt

should b- made to measure the pore water pressures.

E I(b): Detertnination of Inelastic Distortion Criterion

The relative velocity, measured along the particle path. is used to

determine measures of e,,iialent strain rate and/or equivalent

stran. Depending on the manner by which energy is dissipated

in the soil. these, measures of distortion must be coupled with

measures of stress intencity. More precise information on the

gitneral tonstitutive theory for soils should aid in the selection of

proper cen-ralized distortion measires. In addition, these

generalizei quantities must be used to determine the region of

positive po.aer dissipation.

E:2: Material Response Characteristics

From the standpoint of the vehicle-soil interaction process, it

appears the more. important material response characteristics

arc related to the energy dissipation mechanism. Under quasi-

5tatic conditions. somi. soils (sands and normally consolidated

clays) have been shown to exhibit properties similar to work-

hardening metals but soil tends to flow under conditions where

volume changes and the yield condition depend on the mean

normal stress.

Soil response is known to be rate dependent, i. e. , the yield

strength tends to increase with high loading rates. These

dynamic properties are important in the soil-vehicle

mechanics problem but. because the basic problem is so

complex, the initial effort should be directed towards

solving quasi-static problems. and then extending the analysis

to visco-plastic behavior.
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F2,!a • Stre.,s-Strain R clations

With triaxial test minasurements. Holubec has shown for

sands that :t the ratio ut the stress difference to mean effective

normal stru.b-, i-t taken iat a iunction of the deviator strain, then

the reLsultin t u'xt- :s s iar to the work-hardening stres.-

strain cur%,-bs tor :;..tals. Similar results (Roscoe. et al) have
14Q0 150

been reported for nornmallv consolidated clays . Mot

soils. particularly clays. are naturally in a state of over-

Sonsolidation. TI'he. same technique as used for sands and

normally coniolidated clays may be useful in establishing

stress-strain relations for overconsolidated clays but. in this

latter case, a series of curves may be necessary.

Present experimental equipment is somewhat limited in

regard to determining strezs-strain behavior in general

stress space and effort must be directed towards the develop-

ment of suitable- equipment for measuring a specific loading

response.

EZ(b): Pressure Density Relation

It must be recognized that irre'.'ersible volume changes can

occur during soil flow and this is one of the primary areas

where the description of soil flow will depart considerably

fronm that employed with metals.

DI: Data Correlation

The problem in the data treatment is to establish means by

which the results of the ve!ocity tield measurements and the

stress-strain data can be coupled in a meaningful way. This

requires consideration of (a) velocity field data smoothing and
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interpolation. (b) establishment of a fixed grid with respect

to a moving reference frame, (c) calculation of strain rate,

strain and density param-ters at each grid point (requires

interpolation) and (d) determination of equivalent stress and

mean normal stress at each grid point. The region of positive

power dissipation (plastic region) must also be determined

from the deformation measures.

b. 1.2 Analytical Effort

After Dl is completed, there still remains the analytical task of

determining the load variables in the region of plastic flow. In general,

this may be done in three ways, each requiring a greater degree of

dilficulty.

Wth a plane strain analysis, three equations are necessary to

solve for the three unknown stresses, i.e. , two equations of motion

(or equilibrium) and a yield equation. As is indicated in Figure 6-1, Al is

an approximate calculation of the total energy dissipation using the

equivalent stress and equivalent strain rate parameters, A2 is analogous

to a total strain-type plasticity theory and A3 analogous to an incremental-

type plasticity theory. Each analysis becomes progressively more

difficult. However, all should be explored in attempting to compare

calculated and measured variables.

t. 1. 3 Extension From Model to Prototype

Since no general analytical method is available to determine the

velocity field and since the Nisioplasticity method relies heavily on

experimental investigations, dynami.: similarity will be required in any

attempt to predict behavior in a given operation. There has been some

work in dynamic similitude in plastic deformation. An analogous study

is needed for soil behavior but, with soils, additional parameters such as

water content and water flow must be included in the similitude studies.
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El: SOIL MEDIUM MEASUREMEWTS E2: MATERIAL RESPONSE CHARACTERISTICS

EIa: DETERMINE VELOCITY E2a: DETERMINE SPECIALIZED I
FIELD, DENSITY AND STRESS-STRAIN DATA FOR
PORE PRESSURES IN Ela TYPE TEST
SOIL BED

EIb: CONVERT DATA TO ]E2b: DETERMINE PRESSURE
MEASURES OF EQUIVALENT I DENSITY RELATION
STRAIN AND STRAIN RATE (IMPORTANT WITH PARTLY

__________t ____ SATURATED SOILS)

DI: DATA CORRELATION -

COUPLE STRAIN MEAbURES
WITH EQUIVALENT STRESS,
DENSITY WITH PRESSURE

Al: APPROXIMATE CALCULATION
S~OF ENERGY DISSIPATION

FROM EQUIVALENT STRESS-

STRAIN CURVES

IA2: DETERMINE STRESSES BY

_ _ _TOTAL STRAIN TYPE

PLASTICITY THEORY

AS: DETERMINE STRESSES BY
INCREMENTAL TYPE

PLASTICITY THEORY

Figure 6-1 VISIOPLASTICITY METrHOD IN SOIL MECHANICS
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Shabaik and Kobayashil 49page 39) list fourteen conditions

necessary for similarity between model anti prototype in a metal

processing problem. It is doubtful thut all of these conditions could

ever be satisfied. Depending on the more salient features, certain

conditions could be maintained but the prototype solution cannot

reprecent an exact solution and only "approximate similarity" should

be expected.

For example, in a given situation, geometric similarity can be

maintained between model and prototype, while different soils (different

constitutive equations) are used in model and prototype. It is unlikely

that the similarity requirements relating to the material mechanical

properties would be maintained. By proper choice of time and length

parameters, it might be possible to satisfy the similarity requirements

related specifically to the boundary conditions, continuity and equili-

brium conditions. Within this approximation, a velocity field and a

stress field could be determined for the prototype. These velocity and

stress "solutionc" catnot be exact but they might be shown to be appro-

priate admissible solutions as outlined in the limit analysis theorems
of Drucker, Greenberg and Prager 151. In this manner, these admissible

solutions could permit the establishment of upper and lower bounds in the

prototype loadings.

Another possible approach where the scaling techniques might be

used to determine an exact solution to the prototype problem is to use the

approximate scaled solution as the estimated solution vector in a numerical

solution to the field equations. The fleld equations may be represented as

a system of partial differential equations or with plane strain as a single

equation. Shabaik and Kobayashi 1 4 9how that for a plane strain, Levy-

Mises plasticity problem, a stream function 0 may be introduced to

satisfy the continuity equation. In terms of 4 , the equilibrium

* equations may be reduced to
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2 2A_Sxxd dL2 (d] aO~x*,IJ dXzLA ayf =

where A is a prescribed function of the different second partial

derivatives of 0'

The above fourth-order partial differential equation in 0 is

nonlinear, and even an approximate numerical solution would appear

impossible with present methods. The usual numerical techni.k.ue is to

employ an algorithm in which an iterative process operates successively

on an initial (or assumed) solution the subscripts i and "

indicating the discrete approximation at the grid points (t0.Pj) . There

exists evidence to indicate that, with nonlinear problerrs, if the initial
0

solution •e.,. is 'close" to the actual solution, then the system will

tend to converge. Thus it is suggested that the ust of & scaled solution

may be a realistic approach to establishing a reasonable initial solution

for an iterative scheme.

6. 1.4 Stress-Strain Behavior

A given stress-strain test can supply only very limited information

concerning the general material behavior and it is necessary to compare

the results of different tests. These comparisons are governed by

assumptions concerning the general behavior of the material.

The load paths (stress paths) for different tests must be repre-

sented in a general stress space. In terms of principal stress (roots of

the stress tensor characteristic equation) only a three-dimensional

space is required and all stress paths should be represented in this

space. Figure 6-2 shows the principal stress space where 674 makes

equal angles with the stress axes, ,O 7 ard also is normal to the

octahedral plane BCD. If the stress path is given by the stress components

in the X, Y, Z stress space as defined by the unit vectors
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then it is readily shown that the stress component in the Z direction is

proportional to the first invariant of the stress tenaior while the shear

component in the octahedral plane is proportional to the second invariant

of the stress deviator tensor. The pore pressure, or difference between

total and effective stress influences only the Z component in this stress

7 space.
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F•igure 6-3 shows the X-Y plane (octahedral plane) with the

projections of the axes and the intersection with the yield

surface for Mohr-Coulomb, Tresca and Mises type yield conditions.

With metals, the yield locus is Lonstant witb respect to Z, but for soils,

it is known that the diameter tends to increase with increasing Z

(compressive stresses positive). The tribxial test for compression is

represented by a projection on AB while triaxial extension by projection

on AE. Furthermore, for an incompressible material, the AX axis

represents a projection of the stress path for plane strain results.

Assuming isotropic behavior, in the sense that 4r, tr, O may be

interchanged without changing the material response. then it is necessary

to probe only the region bounded by ABE. The triaxial test is probably the

most reliable soil test, but as is shown in Figure b-3, the stress path
YIELD LOCUS;

ONOl- C0ULON$I/"\

I I

I I

Figure 6- OCTAHEDRAL PLANE IN PRINCIPAL STRESS SPACE
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iT.
departs considerably from conditions of plane strain. Thus, there is a
need to develop a plane-strain-type apparatus where control can be

"exercised over the Y and Z components.

In a similar manner, the plastic or nonrecoverable strain

increments may be expressed in a principal strain space. If this strain

space is superimposed on the principal stress space, then a strain incre-

ment vector can be associated with each stress point. Since only inelastic

strains are plotted, loading-unloading tests are required to determine the

magnitude of the elastic (recoverable) strains. This has been done, using

the triaxial test in compression (projection along AB in Figure 6-3) for
148

fully saturated s-nds and normally consolidated clays (see Holubec

Roscoe and Poorooshasb 149, 1 5 0MThe stress space shown here is equivalent

to a generalization of the p-• space employed by these authors.

At the present time, more fundamental information is required on

the behavior of remolded, partly saturated and overconsolidated clays.

Because the triaxial test is the more reliable, such fundamental investi-

gations should be pursued with this equipment. Currently, Cornell

University is investigating these problems under a CAL-ORMR subcontract.

Some limited data are available for overconsolidated, fully

saturated clays. Figure 6-4, prepared from undrained triaxial test data

provided by Cornell University. shows a normalized stress path ( P_

the consolidation pressure is used as a normalizing factor) for a normally

consolidated and a moderately overconsolidated Weald clay. In Figure 6-4,

( -• ) and P are proportional to distances along AB and Z, respectively,

as indicated in Figure 6-2.

Cornell University has also provided some limited data on partly

saturated soils. With this kind of experiment, it is very difficult to

inmeasure directly the effects of the air phase. Consequently, more analysis

of the experimental results are required before specific conclusions can be

obtained. Such investigations are presently in progress.
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"For application of the visioplasticity method to plane strain-type

soil mechanics problems, emphasis must be placed on the development

of suitable plane strain-type testing equipment. The device should permit

variation in the consolidation process, stress path control, failure at

large strains and loading-unloading capabilit. The plain strain apparatus152 146, -153
employed by Cornforth , Henkel and Wade , permits only -

consolidation. An apparatus recently developed by Ko and Scott

provides general stress path control but is limited to small strain. A

device which may satisfy some of these conditions has been developed

at the McGill University, Soil Mechanics Laboratory ! ',5 Features of

each might be combined to produce a suitable measuring instrument.

b. 2 Particle Behavior

Analog soil models consisting of an arrangement of springs and

dashpots have been used to describe the bulk behavior of soil in the
156viscoelastic range. These models have been investigated in the ORMR

program so that one or more models could be selected to represent the

microscopic behavior of the soil. Such a model would then be useful in

predicting the macroscopic behavior of soil via continuum mechanics.

At this point of the program it has not been possible to relate the present

analog soil models to the microscopic particle-particle description

because of specific deficiencies in particle interaction calculations.

The physical parameters, which are pertinent in relating a

macroscopic occurrence, such as a vehicle's wheel rolling over a soil,

have been listed below. These physical parameters are important because

they deal with the change in microstructure resulting from an externally

applied load. The approach to formulating an analog mechanical micro-

scopic model must permit incorporation of all significant interparticle

forces and all physical changes within the subvolume under consideration.

I. Interparticle Forces

2. Particle Spacing
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3. Particle Orientation

4. Particle Size (by cleavage or fracture)

5. Pore Water and Gas Volume

6. Bound and Free Charges

The problem at hand involves the interaction of an external force

moving a system initially in equilibrium to a non-equilibrium state. The

physical parameters listed help describe the soil in its non-equilibrium

state since each parameter will change upon the application of an external

load. In the remainder of the section we discuss existing interparticle

interaction, theories and the conditions for which they are valid. The

role of bound and pore water on interparticle forces as an important

effort for off-road mobility research is discussed.

The net force on clay particles is the vector sum of all the

repulsive and attractive forces. The repulsive forces are both long range

(Coulomb) and short range. Only the former can be varied by change in

electrolyte concentrations. The short range repulsive force is attributed

to the approach of particles to within a few monolayers of each other and

attendant penetration of the bound water. The attractive (Van der Waals)

force on any one particle is short range and is relatively independent of

electrolyte changes.

To date the accepted methods for calculating particle repulsions

use the Gouy-Chapman and the Stern 157 concepts of the charge distri-

butions. These theories are valid in colloid science where external

forces are not present and where particle concentrations in the electro-

lyte are low. In such situations the charge distribution about any one

particle is determined by its ability to take on counter ions from the

electrolyte and the unique condition that charge equilibrium exists so

that the Boltzmann theorem is valid.

-112- VJ-2330-G-Z



The single descriptive feature which is composition dependent

is the surface charge density, and indirectly, the chemical exchange

capacity. The real nature of the clay particles such as their dielectric

constant, shape and crystal type do not enter into the calculations. For

example, flat parallel or spherical particle geornetrics are typically

used in calculations of electrostatic potentials in colloid science.

These calculations for colloid systems are useful in predicting

the stability of soils where complete random motion of the particles is

possible. In the case of clays existing in nature we find an entirely

different situation. Clay particles are usually in non-parallel orientations;

consequently, when an external force is applied to the system, the inter-

action potenLial of "he particles will. produce rotation about the particles'

centroid. Since free water flow 'and interparticle potential changes occur

as a result of externally applied forces, equilibrium is disturbed and,

consequently, non-equilibrium theories apply. Understanding of the non-

equilibrium behavior of a clay-air-water system involves the coordination

of three disciplines: clay mineralogy, colloid science and clay physics.

The inherent (or structure-insensitive) properties of the clay

crystallites determine ion exchange capacity and interparticle spacing at

equilibrium. Structure-sensitive properties, such as the degree of

crystallite perfection or its defect state, are responsible for surface

charge distribution and particle strength. It will be most important

for the the interpretation of bulk test results to know whether structure

sensitive properties are significant, particularly the extent to which

clay particles fracture under load. Indications from our literature search

are that such information is not available and will have to be obtained

experimentally, e. g. by thin section methods.

Pertinent published experimental results indicate that the volume

of bound and free water represents the major factor in a clay water system.

The bound water is held tightly by the clay particle; the pressure needed to

remove two monolayers of water from its surface is readily calculated, if

-113- VJ-2330-G-Z



I~ilt

only surface tension forces are considered. Uf the thickness of the mono-

layer is taken as 2.5 0 A and the surface tension of water as 72 dynes/cm

then the external pressure necessary to remove two monolayers of water

is 21 kpsi.

It should also be realized that water acts as the vehicle for ion

motion in the clay system. COnsequently, ior concentration is not only

due to charge accumulations on clay particles but also to fluid flow due to

external forces on the system. Boundary lubrication between particles

may involve fluid flow over the particle surface and direct bound water

interpenetration. A clay system without water represents no problem in

off road mobility. However, water between the liquid and plastic limits,

which describes a Bingham solid, involves inherent latent158 interparticle

forces which can resist clay particle motion. These latent interparticle

forces and frictional forces between particleo result from Van der Waals

and double layer interactions. The main difference in changing from an

equilibrium configuration to a non-equilibrium one is in the, activation of

these interparticle forces by externally applied forces. Therefore, we

plan to investigate the mechanism by which these latent interparticle

forces are activated in pure clay mineral systems. Since only simple

two-particle configurations can be worked with, it will be an advantage to

work the problem in reverse; for eAample, experimentally it is possible

to change the surface tension of water, thereby decreasing its workability. 1 5 9

Our plan of attack would be to check if microscopic regions under high

stress in clay water systems would experience similar decreases in local

surface tension and workability.

6.3 Measurement Techniques

The purpose of this effort is to assist in experimental investigation

of both bulk and particulate properties of soils.
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Observation of thin sections by visual microscopy, electron

microscopy and x-ray diffraction appearu to offer the beot prospect for

determining the extent to which particle breakup, change of particle

orientation or particle spacing, or other phenomena are responsible for

observed changes in bulk behavior. Such fabric or structure studies are

based on preparation of thin sections by replacement of t]1.e pore water

with wax without changing particle position. An essential part of such

studies must be that the thin sections are taken from bulk behavior

specimens in the regions and at the loads of interest.

Emphasis of the measurement techniques effort during the reporting

period %as placed on exploration of methods for measuring particle

displacement in a soil mass under a moving load.

X-ray and microwave methods for determining soil particle

position were explored. The former method is currently used in

Canada 147,160and in England 161 ; it is capable of high accuracy but is

limited by field size and high equipment and setup costs. Some improve-

mnents in the method through use of newer equipment with faster repetition

rate (permitting more data points per test) and through denser marker

material (providing improved contrast) appear possible. A further

attractive pcssibility would be to obtain soil density, in addition to

displacement information in the same x-ray picture. However, scattering

phenomena may prevent realization of this idea.

Microwaves of 3 cm wavelength and higher penetrate soil and offer

the only other window in the electromagnetic spectrum. Since very few

data were available, the absorption and scattering behavior of sand in

that region were explored experimentally. Evaluation of these experi-

ments is still in progress,
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6. 4 Constitutive Relations for Soil as a Non-Reacting Ternary Mixture

In this Section we summarize a brief study performed for CAL
1 62

ORMR by Dr. S. C. Cowin, Tulane University.

Co%%in discusses particulate and continuum models of soil mechani-

cal behavior, and argues for the latter because they more readily allow

quantitative solutions. The historical development of continuum theories

is traced and it is argued that to fit a time frame of th'! order of a few years

the method chosen must be based on existing theories.

A continuum theory uf soil as a non-reacting, ternary mixture

(solid. gas and liquid) is recommended by Cowin. In its entirety the

theory is believed to be new. though its constituent elements have all

been d~rawn from several sources. 6-7

The concept of the model provides that each place in an Eulerian

If.rame of reference is simultaneously occupied by a solid soil particle,

a %k ater particl- and an air particle. Based on this provision, the

equations for particle position. particle velocity and the deformation

gradients are stated. The density field and the velocities of the three

constituents are next formulated in analogy to gas laws. A diffusion

velocity for each constituent is stated relative to the mean velocity of

the mixture. Porosity is defined as a function of position a~nd time,

independent of density and motion.

The total stress in the mixture is defined initially as the sum of

the three constituent stresses and three diffusion terms. This stress
equation is simplified after discussion of each of its terms. For instance.

the stresses in the gas and water phase are recognized as pressures in a
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compressible and incompressible medium, respectively, and the solid

stress is indicated an the value of a functional over the deformation

gradients obtained for the configurations at all previous times. Finally,

examination of gas and pore water behavior leads to a simplifica.tion of

the diffusion terms in the tensor equation for total stress.

Cowin essentially outlined the form of the constitutive relations,

though as he points out, a number of elerrments are missing; for instance

his expression for the stress on the solid particle does not yet provide

for viscoplastic behavior and expressions for the diffusive forces are

needed.

The report concludes with a discussion on implementation. To

obtain field equations, the constitutive equations must be combined with

the applicable conservation laws. Further, he addresses himself

briefly to the boundary value problem and recommends treating a non-

rigid wheel making a rut in the soil. An iterative process of analysis

and experiment is recommended with some caution against accepting

conventional tests (e. g. those disregarding dilatency).

In its present form, the report does not yet permit assessment of

the difficulties and problems associated with the methods recommended.

We are planning further dialogue with Dr. Cowin in order to assess the

desirability of further elaboration of this novel approach.
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7. CURRENT RESEARCH ACTIVITIES IDENTIFICATION

One of the objectives of the ORMR program is the acquisition,

organization and dissemination of knowledge on off-road mobility and

related research. In consonance with this objective, an investigation was

made and is continuing, to determine what research programs are curr,,ntly

being conducted by government, industrial and academic organizations.

The information obtained will allow CAL to identify problem areas of

significance which are not receiving adequate attention and to properly

direct its own research efforts.

The Department of Defense Form 1498 Research and Technology

(R&T) Resume 174 is the documenz used by DOD and NASA to report

programs in scientific and technical research. A data bank of these

resumes at the Work Unit Level (WUL) is maintained by the Defense

Documentation Center (DDC). CAL has used this information source to

determine ORM relevant research. In addition, resumes of current ORM

related research by non-defense sponsoring agencies have been obtained

from the Scientific Information Exchange of the Smithsonian Institute and

other sources.

A numerical tabulation of the current research projects judged

to be relevant, by ORMR technical task area and by major sponsoring

organizations, is presented in Table 7-1.

A more detailed summarization of current ORIM research

programs is contained in Appendix A.

Preceding Page Blank
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It is planned to periodically Lpdate the WUL DD Form 1498 data

as one means of ensuring current awareness of all appropriate spoa.sored

research. Additionally, Project Level Form 1498 data are being sought

along with other sources of information for current ORM work.

1.J
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8. FUTURE PLANS

CAL's planning of ORMR activities has been guided by the

recognition of a logical hierarchical structure for the research process,

As was discussed earlier in this report, this structure provides for results,

with which to assess mobility, in three categories of varying specificity.

Category I information will be primarily system oriented or bro&d scope in

nature and is typified by the development and application of a phenomenological

model. On the other hand, the data to be found in Category 2 will be more

detailed since its source will be vehicle simulators, analysis and experiments.

Finally, Category 3 will provide fundamental infromation aimed at describ-

ing the basic mechanisms underlying the mobility problem; e.g., CAL/sub-

contractor investigations in soil mechanics.

A modest expansion of the ORMR experimental effort to be

performed in-house by CAL is scheduled for next year. Two vehicles,

an Mi 13 and an XM715, have been requested and are being loaned to CAL

by the Army for limited testing principally in support of vehicle-

terr•din-interaction and human factors research, Also hardware elements

uill be purchased and developed to provide visual rimulation of off-road

driving situations.

Specific research activities planned for next year are listei on

the following pages.
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Systems and Operations Research

1. MERS Data Application - The pilot project on vehicle

design adaptation using MERS Fr.ctor Family maps, initiated

in August 'tb and involving the cooperative efforts of CAL

and Wilson, Nuttall, Raimond Engineers. Inc. , will be

continued into early 1968.

2. Phenomenological Model - The first version of the

phenomenalogical model will be defined and programmed

for implementation on CAL's IBM 360/65 digital computer

facility. This will be followed by a program of validation

involving comparison of selected model and field test

trials. Model applications to specific problems are

expected to begin within about one year. Work will also

begin on a continuing program of model improvement.

3. Vehicle System Dynamics Model - G,.idance will be

provided on a contitiuing basis to vehicle-terrain inter-

action and human factors efforts toward an integrated

dynamic simulation of the off-road mobility process.

4. Technical Liaison - It is proposed to establish and

maintain direct channels of technical information exchange

and cooperation with the military and other appropriate

agencies, with particular reference to phenomenological

model: data inputs, field testing needs, and applications

in support of military concept and design studies.

5. Reauiremnents Studies - The acquisition and analysis of

information on military off-road vehicle requirements,

advanced pldnning and tactical doctrine will be continued

through this next period.
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j 6. Vehicle Case Studies - This present study, of selected

vehicles from RDT&E phases through details of operational

"[I experience, will be completed during the ensuing year.

Vehicle-Terrain Interaction

I. Vehicle-Terrain Modeling - An initial dynamics

simulation model of the vehicle-terrain system will be

implemented and validated during the next year. Work

also will be initiated on a subsequent modeling phase to

provide improved realism and increased scope of

configurational applicability.

2. Soil Trafficability Theories - A critical evaluation of

existing theories of soil trafficability will be conducted

with the objective of establishing their regimes of

acceptable prediction.

3. Field Test Practices - This recently initiated review of

existing off-road vehicle field test practice will be

completed during the coming year and is expected to

provide recommendations for improved and standardized

procedures.

4. Structural Loading and Reliability - The ongoing study of

current practice in structural loading design criteria and

reliability requirements,leading to recommended quantita-

tive criteria,will continue through the coming year.

5. Vehicle Performance Studies - Applications of the validated

vehicle-terrain dynamics simulation model, as well as

engineering analysis of performance where feasible, will be

made to provide inputs for phenomenological modeling ar

well as to contribute toward rational vehicle design procesises.
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Human Factors

I. Off-Road Driving Simulator - The detailed needs, within

¶laiman factors research and off-road vehicle systems

dynamic modeling, for providing a simulated driving

cnvironment in the laboratory will be assessed. A plan

f)r evolutionary development of such a simulator to be

incorporated into the loop with the Vehicle Systems

dynamic model will follow. It is expected that a limited

"visual-field-only simulator will be developed as a first

sstep.

2. Degraded Visibility Effects - The program of experimental

stuc•y relating degraded visibility to off-road driving

perrormance (notably speed of advance) will progress to

vehicle field experiments, as well as to driving simulator

runs as soon as the laboratory equipment iecomes

available (and validated within this context).

3. Vibration and Other Stress Effectb - Detailed study of the

effects of vibration and shocks, temperature, humidity

and noise level will be made this coming year. The

investigations will involve test planning followed by

testing in the field as well as on the simulator. (Vibration

and shock studies in the laboratory cannot begin until

suitable motion response has been incorporated into the

off -road simulator. )

4. Decision-Making Study - The current investigation into

the detailed nature of decision making by the driver/

commander will continue at a low level.
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5. Auxiliary Information Displaeys - The slipmeter

experiment (directed toward assessment of the value

of auxiliary informational aids) will be completed and

analyzed this year. Consideration will be given to the

desircrbility of studying other augmenting information

concepts.

Environmental Factors

I. World Data Bese - Assessment of the world environ-

mental data base, which has been underway from the

outset is viewed as a continuing effort which is expected

to provide by the end of the coming year an adequate

inventory of already available environmental data for

mobility purposes. Follow-on work will concentrate in

areas in which the existing data base is considered

inadequate.

2. Interrelation, Prediction, and Application - Work

eirected towards: I) predicting soft-soil conditions

from climatic, soils, and terrain data; 2) predicting

stream-exit problems and their severity from terrain

features; and 3) establishing relations between non-

engineering and engineering soil classifications will con-

tinue and is expected to be completed in the coming year.

The study of relations among other envircnmental factors

will be initiated in the coming year. In addition, work

will be initiated to isolate independent descriptors of the

environment with a view toward formulating a minimum

set of such descriptors. The methods of principal factor

analysis and related methods will be applied to factors

affecting soft-soil prediction, slope analysis, and other

environmental descriptors.
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3. Descriptive Methodology Studies - Effort directed toward

development of a unified methodology for statistical

description of the terrasphere will be initiated in the

coming year. In particular, we will undertake the

following:

a) Formulation of a field theory of the terrasphere.

b) Definition of derived quantities relevant to mobility;

these fields will be obtained through such operations

as differentiation (e. g. , obtaining slope fields from

terrain elevation fields) and averaging.

c) Determination of appropriate induced statistical

distributions of environmental parameters.

d) Formulation of sampling plans and measurement

techniques which properly reflect the field structure

appropriate to the mobility process. For example,

slopes derived as an average over distances much

larger than vehicle scale will not reflect ORM needs

for slope data.

4. Data-processing and Modeling - This activity will

continue with emphasis on the development of:

a) Rapid methods for digitizing environmental data.

b) Computer programs for manipulating environmental

data and displaying them in meaningful form such as

maps, frequency histograms, and graphs.

c) Statistical processing procedures to provide inputs

for the exercising of phenomenological mobility

models.
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Soil Mechanics
I,

1. Application of Visioplasticity Methods - Planning has

been underway for an analytical - empirical effort at

applying visioplasticity methods to the prediction of soil

response under complex loading. This program will be

implemented for one selected soil and loading configuration

and will comprise:

a. Stress-strain time measurementa over restricted

regions of stress spa .e.

b. Velocity measureme,,ts under specified loading.

c. Soil structure and fabric analysis of thin

section measurements in failure regions.

d. Visioplasticity analysis yielding stress field and

energy dissipation calculations.

In continuation efforts extending beyond the coming year

the application of such results to prototype prediction by

scaling and approximate analysis will be pursued.

2. Fundamental Studies - These are continuing efforts aimed

at supporting and generalizing on visioplasticity or any

other specific approaches.

a. Soil physics - particle interactions and relations

among solid, liquid, and gas phases.

b. Generalized bulk material response - extension of

stress-strain-time equations to generalized loadings.
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C. Mechanics methods and principles -scaling

laws, numerical analysis, etc.

d. Continuing awareness of pertinent progress in

soil mechanics research.

Program Management

Technical Management Functions - In order to implement and

sustain the research described above, the CAL ORMR Program

Office will continue the technical management functions enumerated

below:

1) Review and organize existing knowledge on ORMvR as it

meets users' needs.

2) Mairstain long-term ORMvR plan.

3) Implement, monitor and evaluate results of ORMR.

4) Disseminate research results and relate to users.

5) Develop and maintain files on ORMR projects.

6) Assist ARPA with technical review of proposals and

related work.

7) Provide technical and administrative support to ARPA.
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