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EFFECT OF OFF-~ROAD SURFACE ROUGHNESS
ON TYRE PERFORMANCE
by

Fumiharu Eiyo

ABSTRACT

In this thesis, the effect of geometrical roughness of
a non-deformable road surface on the mobility performance
of a pneumatic tyre 1s investigated. A system function
which represents the theoretical relationship between the
drawbar-pull and the random traction surface geometry is
developed 1in the frequency domain, associated with the

energy conservation law.

Prior to the analysis, measurement of road profile is
achieved using an ultrasonic distance detector, and
characterization of the stochastic road profile is
evaluated by a power spectral density function. Further to
this, the resulting drawbar-pull and tractive efficiency
for a given slip rate, applied torque, tyre characteristics
(as a function of inflation pressure) and vehicle moving
velocity are evaluated through the above-mentioned system

function.

The enveloping function, describing the modification
effect of the original road profile by a flexible tyre, is
also experimentally investigated. Systematic 1laboratory
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tests are carried out by using four pseudo-random rough
traction surfaces, for comparison and verification of the

theoretical predictions.

Through combined theoretical and experimental

investigations, the following conclusions are obtained:

(1) As the traveling speed increases, tractive efficiency

is gradually decreased.

(2) Higher slip rates give less tractive efficiency,
however, an optimum slip rate between 2% and 10%

provides the highest efficiency.

(3) Tractive efficiency increases hyperbolically with an

increase in the inflation pressure of the tyre.

(4) A substantial decrease in tractive efficiency is
obtained when the condition of the road surface
becomes sufficiently rough that the road would be
classified as "poor" or rougher under the 1ISO

recommendations, at a speed of 5 m/s (18 km/h).
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EFFETS DES SURFACES RUGUEUSES HORS ROUTE SUR LA

PERFORMANCE DES PNEUS

RESUME

Les effets de rugosite geometrigue d'une surface routiere
non-déformable sur la performance d'un pneu sont etudies dans
cette thése. Un systeme fonctionnel qui represente les
relations théoriques entre le couple moteur et la traction
aleatoire de la surface geometrique a ete developpe dans le
domaine de la modulation, conformement a la loi de la
conservation de l'energie.

Avant l'analyse, un profil de la surface routiere est
obtenu a l'aide d'un detecteur de distance a ultra-sons. Le
profil «stochastique» routier est caracterise au moyen d'une
fonction de densite du pouvoir spectral. De plus, le couple
moteur et le coefficient de frottement sont evalues a l'aide
du systéme mentionne ci-haut, en fonction d'un taux de
glissement donné, du couple appliqué, des caracteristiques du
pneu selon la pression d'air, et de la vitesse du vehicule.

La fonction globale qui décrit les modifications du
profil routier original par un pneu flexible est egalement
etudiee. Des tests ont ete effectueés en laboratoire a l'aide
de quatre surfaces tractives rugueuses dites «pseudo-
aléatoires», afin de comparer et de verifier les predictions

theoriques.




A partir des resultats des études theoriques et
experimentales combines, les conclusions suivantes ont été
degagees :

1) l'efficacite tractive décroit proportionnellement a

1'augmentation de la vitesse du vehicule;

2) un plus haut taux de glissement entraine une
reduction de l'efficacité tractive, l'efficacité
optimale correspondant a un taux de glissement se
situant entre 2 et 10 %;

3) l'efficacite tractive croit hyperboliquement en
fonction de l'augmentation de la pression de l'air
dans le pneu;

4) l'efficacite tractive diminue considérablement
lorsque 1l'etat de la surface routiere se dégrade et
que la chaussee correspond au mieux a la catégorie

«mediocre» de la classification ISO, pour une

vitesse de 5 m/s (18 km/hr).
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CHAPTER 1

INTRODUCTION

1.1 General

In this study, the tractive performance of a pneumatic
tyre will be theoretically and experimentally investigated
in relation to the ground surface characteristics (rough
and non-deformable), together with the effect of inflation
pressure of tyre, running speed and slip rate at tyre-

ground interface.

An off-road vehicle such as a bulldozer, agricultural
tractor or heavy duty military truck is normally operated
under severe terrain and/or operational conditions. In
other words, off-road i.e. an unpaved outdoor snowy, muddy
or rough field, supplies poor operational conditicns for
the vehicles as compared with a properly paved road. The
most significant differences between on-road and off-road
characteristics are the deformability of the road and the
conditions of terrain (road) cover. As for the
deformability, which is related to the strength of the
soil, many studies have been given in the consideration of
flotation and traction (Schuring,1966; Bekker,1969; Yong
and Fattah,1976; Gee-Clough,1980 and others). If the
terrain material can provide the necessary flotation and
traction to maintain a vehicle in constant travel and

produce the required pull force, terrain cover




characteristics can constitute another factor which could
restrict vehicle travel speed or even cause total vehicle
immobilization. Terrain cover factors can be identified as:
i) ground slope, ii) obstacles (mound and ditches), 1ii)

roughness and iv) vegetation (Fig. 1.1.1).

o

“0\“\(\ /

~
\///’qu,,_/ Vegetation
“ﬂ_\l‘\
\_/,fazf""j Roughness
Obstacles *

Ground Slope I \ * l

Ride Control Traction Life

Fig. 1.1.1 Types of terrain cover and major problems
due to terrain roughness

1) Ground slope

Ground slope increases vehicle motion resistance due
to the gravitational component of the vehicle. The
maximum ground slope which a vehicle can climb is an
important performance criterion. Overturning
phenomenon is also to be considered on a inclined

road.
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ii) obstacles
These include surface features such as boulders,
stumps, logs, potholes, mounds, ditches etc., which
cause impediments to vehicles (immobilization). The
main concern to the vehicle traction is the

capability to climb over these obstacles.

iii) Roughness

This c¢an be defined as small ground surface
irreqularities. When a vehicle travels on such a
ground surface, resultant vibrations are generated
which cause many problems to both the vehicle and the

human body.

1v) Vegetation

Vegetation can be regarded in a very broad sense to
include the surface vegetation (muskeg, moss etc. or
even ground surface contamination by o0il or water

etc.) and obstacle effect due to tall trees etc..

In this investigation, the terrain surface roughness
is considered to be cne of the biggest problems faced in
off-road vehicle mobility in order to achieve efficient
transportation, which means that a vehicle transverses as
fast as possible with a minimum energy spent. As for a
rough road operation, several important problems arise with

the resultant effect of changes in vehicle performance.



The main areas in the problems of off-road vehicle

performance on rough road surfaces are ride, controlla-

bility, vehicle’s life cycle cost (durability) and tractive

performance.

(1) Ride comfort

(2)

Vehicle speed across rough terrain is usually limited
by the ability of the operator to withstand the
transmitted accelerations. Therefore, vehicle
performance 1is also affected by ride comfort.
Vertical accelerations or displacements of a
vehicle/driver were mainly investigated (Kozin et

al.,1960, 1966; Matthews, 1966; Sireteanu, 1984).

Vehicle control (handling)

Off-road vehicles are today operated not only at low
speeds but also at high speeds. For example, in a
tactical situation (for the military), a high speed
generally has to be maintained. Therefore, when a
vehicle bounces due to vertical excitation from a
rough ground surface, and as vehicle speed or terrain
roughness increases, the running gear no longer
contacts the ground all the time. The more the
running gear loses contact with the terrain surface,

the less controllability is evidenced.




(3) Life cycle cost

(4)

With the excitation from the ground, a problem of
long life, durability and maintainability of vehicles
is created. To develop optimum productivity, high
payload and high speed are essentially required.
However, these two quantities have an inversely
proportional relationship based on the life cycle
cost. In order to decrease life cycle cost over a
certain time period, it is necessary to reduce
efficient payload and/or vehicle speed on a rough
terrain. In doing so, a penalty for productivity
must be paid. Few reports have been published on both
controllability and life cycle cost related to the

ground surface roughness.

Tractive performance

As expected, the off-road vehicle may jump or bounce
on a rough ground. This severely limits the speed of
the vehicle because of excessive vibrations leading
to total immobilization. The slip rate of the running
gear (wheel/track) may be increased as a result of
this phenomenon. Furthermore, the energy of
vibratory motion is dissipated in vehicles in many
ways, which may cause deterioration of tractive
performance (normally evaluated by the drawbar-pull)
of the vehicle due to an increase in the motion
resistance resulting from the off-road surface

roughness (Fig. 1.1.2).




’ S
Vibration

Drawbar-pull < Thrust

Nt
L]

Motion Hesistance

Fig. 1.1.2 Decrease in drawbar-pull due to increased
motion resistance in rough road operation

Although all the preceding factors are very important
considerations in the improvement of total off-road vehicle
performance over rough ground, the effect of road roughness
on tractive performance will be investigated in this study
since traction is an essential required capability for

off-rocad vehicles.
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Compared to the traction studies on a deformable
terrain, relatively little work has been done in regard to
a rigorous and rational evaluation of tractive performance
as conditioned by the roughness characteristics of the
riding surface. Nevertheless, terrain roughness 1is a
representative and inherent off-road characteristic which

affects the dynamic behaviors of off-road vehicles.

Moreover, in accordance with the development of high
speed off-road vehicles such as HIMAG (High Mobility
Agility Test Vehicle) and HSTV-L (High Survivability Test
Vehicle-Light Weight), the need for investigation of the
effect of terrain roughness on tractive performance 1is
urgent since the surface roughness effect will be

intensified with an increased vehicle speed.

In addition, on a rough road, more fuel consumption
will be expected compared to that on a smooth road due to
change in the rolling resistance. In general, a 10% change
in the rolling resistance coefficient results in a 2%
change in vehicle fuel consumption, as reported by EPA

(Environmental Protection Agency) researchers.

There is now evidence that improvement of the tractive
performance of the vehicles on a rough terrain is one of
the most important problems to be solved at the present
time to achieve optimum work, energy economy and safety in

operation of off-road vehicles.




1.2 statement of the Problem

The investigation of tractive performance on a rough
road is very complicated due to the random features of the
terrain surface profile which cannot be described by a
deterministic function. The resulting contact area, slip
rate, normal reacting load to tyre or even moving speed

vary randomly at every instant of time.

In solving this problem, the role of a pneumatic tyre
is studied hereafter because it is considered as the direct
contacting device with the ground, i.e. the tyre carries
the vehicle load and transfers the forces which drive,
brake and guide the vehicle to the supporting ground. It is
expected that the performance of the entire wheeled vehicle
can be evaluated, once the analyses are available for a

representative tyre.

Fig. 1.2.1 shows the fundamental parameters which have
to be considered in the analysis of off-road tyre tractive
performance. They can be categorized into three factors,
namely terrain, operational and tyre factors. 1In order to
predict the tyre-rough terrain interaction, it is
necessary to establish a proper analytical model which
reflects the physics of interaction between tyre and rough
ground, taking into account all of these parameters in the

analysis.
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Fig. 1.2.1 Fundamental parameters to be considered in the analysis
of tyre tractive performance on a rough road
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To predict the tyre traction on a rough road, three
complex phases of tyre motions (rotation, vertical and
translational motions) simultaneously need to be accounted
for. A wheel does not simply rotate, but 1s draiven with a
certain slip at the wheel-ground interface. Because of the
multi-directional and 1interdependent dynamic behavior of
the tyre-ground 1nteraction systemn, the analytical
procedure adopted in this study 1is described in terms of
scalar quantities, i.e. energies, for the practical

evaluation of off-road vehicle performance.

In order to investigate the effect of terrain surface
roughness on the tractive performance of tyres, the

following problems need to be examined:

(1) Description of terrain surface roughness:
What constitutes surface roughness? How is it to be
measured? How do we characterize and quantify terrain
roughness so that it can be used 1n analyses? How do
we relate random surface irreqularities to tractive

force (drawbar-pull)?

(2) Enveloping effect to original ground surface due to
flexible tyre:
Fig. 1.2.2 compares the point contact (a) and line
contact (b) of the running gear, showing different

observation of the terrain profile.
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Observed
profile Observed
TN prnflle

d. Point follower b. Actual contact of

Fig.

pneumatic tyre

1.2.2 Comparison of observed profiles by running
gear between point contact and 1line contact

The profile which a running gear "sees (observes)" is
modified depending on the type of contact, and it
affects the way of loading to tyre. The trajectoty of
the point follower is directly affected by the
geometry of the original terrain surface profile. As
for the trajectory of the center of a pneumatic tyre,
a modified (smoothed) trajectory is expected, since a
pneumatic tyre does not replicate exactly the terrain
surface profile due to a line (or area) contact with
the ground. This 1is caused by the special
characteristics, namely tyre enveloping property on
terrain surface geometry. This property has often
been neglected in the analysis of ride comfort or
tractive performance for simplification of the

problem.
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(3)

However, a modified surface profile has to be
considered for the analysis of true reaction loading
to a tyre since the 1loading condicion has a
significant effect on tyre performance. How do we
define this enveloping function in relation to tyre’s
mechanical properties so that it can be employed 1n

the theoretical analysis of the tractive performance?

Additional energy dissipation by road roughness:

It is presumed that more energy will be spent on a
rough ground surface than on a flat and smooth
surface. What causes this extra energy dissipation?
How can the governing mechanism of energy loss of a
rolling tyre be explained, in conjunction with the
terrain surface roughness? 1n other words, what are
the principal characteristics of interaction between
tyre and rough terrain surface? How do we evaluate
the tractive efficiency of a tyre which produces a
fluctuating drawbar-pull on a rough terrain? 1In
addition, what is the effect of operational speed,
slip rate and inflation pressure on the tractive

efficiency?

12




1.3 Literature Review

Previous experience shows that rolling resistance (or

motion resistance), which influences the traction of a

vehicle, increases as road roughness increases. Systematic

1nvestigation of rolling resistance on rough roads began in

the late 1970's with a view to reducing rolling resistance

on rough roads (including paved highways).

(1) In the 1950’s and 60’s, a number of field running

(2)

tests were performed to relate the skid number to
highway/runway grooving and textures. Sugg (1969)
stated that rolling resistance (RR) was increased
with a low inflated tyre and rougher pavement.
However, these experiments were too empirical to
predict the effect of the road roughness, and the
roughness of the road surface was not characterized

in a rational way, but rather by means of harshness.

DeRaad (1977) conducted indoor and outdoor tests
using a dynamometer and a fifth wheel, respectively.
He also investigated the effect of the micro-
roughness of the paved road on RR. An increase in RR

was observed with 1increasing texture of road.

Wong created a pilot study in order to investigate
the excitation effect on friction between a sand and
shear plate (1970), and between a sand and rubber
plate (1972). He found that there was a significant

effect of excitation on the friction. Larger

13



excitation force and lower shear rate produces less
shear force, i.e. traction. However, the effect of
excitation frequency was not clearly observed in his
experiments within the range of 5-30 Hz, which was
presumed as a typical excitation range for off-road

vehicle performance.

Cap and Wambold (1984) experimentally investigated
the effect of excitation amplitude and frequency
with regard to a coefficient of friction. A rolling
tyre was shaken with a changing frequency range
between 1 and 12 Hz on a concrete surface. A major
loss in traction at higher amplitude or higher
frequencies was observed, while Wong did not
recognize the effect of excitation frequency. As much

as 30% of the automobile’s traction is lost at 11 Hz.

Orlandi and Matassa (1986, 1987) also performed a
laboratory test whose experimental device is shown in
Chapter 7. The excitation was applied to a rolling
tyre on a sand with various moisture contents and on
a rigid surface (Plexiglas). It was also ascertained
that the rolling resistance (traction) was
drastically changed by the excitation frequency and
moisture <content, especially at the natural
frequency. The traction in the presence of vibrations
was always reduced compared to that in the absence of

vibrations. Unfortunately, the mechanism of the

14




(3)

(4)

reduction of RR was not clearly given in these

experimental studies.

Dzielski and Hedrick (1984) calculated a train
resistance. The resistance force at wheel-rail
interface was assumed to be expressed in the form of
a quadratic polynomial equation as a function of

traveling speed.

In order to theoretically study the effect of rough
road surface on vehicle tractive performance, several
analytical models were developed. Captain et
al.(1979) compared four analytical tyre models for
negotiating a rough road. The point contact model,
rigid tread band tyre model, fixed foot print tyre
model and adaptive foot print tyre model (see
Fig.3.1.3) were introduced. Based on these models,
horizontal and vertical tyre forces were computed in
the time domain, and their usefulness was compared.
It was suggested that the vehicle simulations using
the simplest point contact model could be improved
very conveniently by replacing the terrain profile
input by an appropriate filtered profile. Although a
nonlinear analysis can be available for the time
domain analysis, a tedious computation process is

required.
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Korst and Funfsinn (1977) and Velinsky and White
(1980) calculated the RR by using the deterministic
functioned road surface (step, step-wave, up-down
ramp and sine wave). At the same time, a coastdown
experiment on a highway was performed and their
results were compared with the predicted results.
They stated that the RR increased up to 20% as
compared to an ideal smooth road. The aerodynamic
drag coefficient was also found to increase during

operation on rough roads.

The nature and magnitude of the component of
propulsive force associated with the energy loss of a
cne~-degree-of-freedom vibrating system (simplified
vehicle) was estimated by Karnopp (1978). In a
certain speed range, the force was found to vary
dramatically with speed for several types of periodic
road way profiles (sinusoidal, triangular and
modified triangular wave). Significant work was
accomplished by Segel and Lu (1982) and Lu (1985),
who investigated the average RR on rough roads
through the transfer function between the road
roughness and the tyre-suspension system. RR was
obtained by the energy expenditure due to visco-
elastic characteristics in the tyre and suspension.
At the same time, the effect of vehicle speed on RR

was investigated.
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- founes

From previous studies performed, an increase in RR,
together with the effect of excitation amplitude, frequency
and traveling speed were demonstrated when road roughness
was encountered 1in vehicle mobility. It was found that
terrain roughness significantly affects the tractive

performance of vehicles.

However, while these studies can provide certain
information about the effect of road roughness, some of
them have been achieved in an irrational way using a
simplified experimental device which does not properly
represent an actual rolling tyre, or deterministic/
periodical simplified road profiles which generally do not
exist in real road or field conditions. Even if the random
terrain profiles were considered, the description of
roughness was briefly attempted by their height Root-Mean-
Square values. They have alsc investigated the change in RR
only in relation to road surface roughness. The effect of
the tyre’s inflation pressure was ignored 1n spite of its
key role on vehicle traction. Although RR 1s an important
part of the 1nvestigation of tractive performance of
vehicle running gear, future research should now be towards
the predictive and analytical investigation of vehicle
traction, which is the most inherent and direct performance
parameter of an off-road vehicle, in conjunction with a
randomly profiled non-deformable rough terrain. It has not
yet been achieved due to the aforementioned complex

traction mechanisn.
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1.4 Objective

In view of the previous discussion of tyre-rough

terrain interaction and related problems, requirements for

a successful predictive/analytical procedure call for the

following:

(1)

(2)

(3)

Development of a rational, simple predictive scheme
which considers the effects of tyre characteristics

on tyre-rough, non-deformable terrain mobility

performance,

Development of an appropriate measuring device or
technique which can be easily operated to provide
information on the following:

a. road surface profile

b. tyre enveloping property

c. tyre tractive parameters e.g. drawbar-pull,

torque and angular velocity etc.

Establishment of a system function which describes
tyre-rough, non-deformable terrain interaction and
portrays the relationships between off-road surface
irregularities and tractive efficiency in terms of

drawbar-pull with various tyre parameters.
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1.5 8tudy Protocol

Fig. 1.5 briefly illustrates the general research

program for this study. The following approaches are

considered:

Theoretical Considerations

(1) Characterization and Evaluation of terrain surface

(2)

(3)

roughness so that the random shaped terrain profile

can be used in the theoretical analysis.

Definition of the tyre enveloping function that

smoothes the original terrain surface profile.

Establishment of an analytical relationship between
tractive force and ground surface rou ness, which
can also predict the effect of slip, inflation
pressure and speed, associated with the energy

conservation law.

Experimental Considerations

(1)

(2)

(3)

Design of simple equipment for measurement of surface

roughness, and establishment of a measurement method.

Measurement of the filtered profile of the <terrain
surface and establishment of the mathematical form of

the enveloping function.

Performaace of running tests on various random rough
surfaces in the laboratory with different tyre
inflation pressures and slip rates to investigate the

synthetic effect on tractive efficiency.
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Fig. 1.5 Research program
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1.6 Crganization of the Thesis

The presentation of this study is arranged in eight
chapters (Fig. 1.6) and seven appendices. The seven
chapters, excluding Chapter 1, are classified into three

major parts, each of which can be described briefly as

follows:
(CHAPTER1)
Introduction
PART T PART II

THEORLTICAL CONSIDERATIONS EXPERIMENTAL CONSIDERATIONS

(CHAPTER 2) (CHAPTER 6)
Description of Terrain Pneumatic Tyre Tests on
Surtface Roughness Rough, Non-deformable

Surface
(CHAPTER 3)

Tyre Envelcoping Property

(CHAPTER 4)
Theoretical Development
and Energy Consideration

(CHAPTER 5)
Comparison of
Theoretical Results for
5everal Rough Surfaces

Y

PART TIII
GENERAL DISCUSSION AND
CONCLUDING REMARKS

(CHAPTER 7)
Discussions of Predicted and
Experimental Results

(CHAPTER 8)
Summary, Concluding Remarks and
Suggestion for Further Studies

Fig. 1.6 Organization of the main body of the thesis
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CHAPTER 1 --- states the nature of problem and the
necessity of an analytical model in place of
the existing approaches for evaluating the
performance of off-road vehicles equipped

with pneumatic tyres

PART I THEORETICAL CONSIDERATIONS

(Background considerations)
CHAPTER 2 --- describes the characterization and evaluation

of terrain surface roughness together with

the roughness classification by IS0

recommendation
CHAPTER 3 --- introduces representative tyre enveloping
functions

(Present work)
CHAPTER 4 --- describes the predictive procedure, the

idealization of the tyre-rough terrain system
and the application of the frequency domain
approach to obtain the system function
representing the relationship between the
drawbar-pull and the terrain surface geometry
CHAPTER 5 --- compares the simulated results with flat and
smooth surface, sinusoidal surface and

randomly rough surfaces as a function of slip

PART II EXPERIMENTAL CONSIDERATIONS
CHAPTER 6 --- presents the experimental results including

the measurement techniques engaged
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PART III GENERAL DISCUSSION AND CONCLUDING REMARKS

CHAPTER 7 --- compares and discusses the predictive and
experimental results

CHAPTER 8 --~- presents the summary and conclusion, and
recommends certain problems which are worth

investigating for further study

APPENDICES

APPENDIX A --- shows the derivation and discrete form of
PSD function for the numerical process of
measured data

APPENDIX B —--- reviews and discusses the previous workers’
results on the road surface measurement

APPENDIX C --- shows several nonlinear characteristics of
flexible tyre in terms of excitation
frequency, amplitude, traveling speed and
load dependency regarding to the stiffness
and damping of tyre

APPENDIX D --- explains the mechanism of energy dissipation
of flexible tyre moving on a rigid rough
terrain

APPENDIX E --- explains the human tolerance criteria to the
vibration (1S5S0 2631 and Absorbed Power
criteria) for future study of the tractive

efficiency in connection with ride comfort
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APPENDIX F --- presents the test results in tabular forms

for further reference

APPENDIX G --- presents the computer programs transferring
the analogue signal to digital computer,
calculating PSD functions with those
digitized data and computing the nominal

tractive efficiency
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PART I THEORETICAL CONSIDERATIONS

In Part I, the following four components are presented.

THEORETICAL CONSIDERATIONS

'

!

Y

Road Surface

Characterization Property

(Chapter 2)

Tyre Enveloping

(Chapter 3)

Equilibrium Equation
for Drawbar-pull

{Chapter 4)

Simulation of

Tyre Performance

(Chapter 5)
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CHAPTER 2

DESCRIPTION OF TERRAIN SURFACE ROUGHNESS

2.1 Introduction

Fig. 2.1 shows that a vehicle driver recognizes
terrain surface roughness as a synthesized result of
vehicle speed, vehicle dimensions, their mechanical
properties, terrain surface geometry, surface and/or soil
deformability and finally, human sensitivity. In other
words, the degree of terrain surface roughness which is
expected to affect the vehicle’s performance is determined
by these complex factors. As an example, the roughness of
the terrain surface works as a severe disturbance for a
short wheelbased vehicle with stiff shock absorbers under
high speed operations, even if there are very small
irregularities on its road surface. On the other hand, the
vehicle would not feel an excitation from the ground if the
terrain is extremely soft, as on a muddy or snowy road. It
is, therefore, required to consider all of these factors in
full for the pure description of "wide-sensed" terrain

roughness.

It is not necessary, however, to quantify all of these
effects for the description of the terrain surface
roughness. To simplify the analysis, consideration should
be given to the surface roughness effect in terms of a non-

deformable surface. This, in effect, reduces the complex
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problem to the set of issues which pertain to surface
geometry, while the randomness of the surface geometry 1is
held. With an assumption that the terrain 1is non-
deformable, the most influential parameter for off-road
vehicle dynamics on a rough terrain can be considered to be
the terrain surface geometry. Although factors other than
surface geometry indicate the response of the vehicle-
terrain system to disturbance from the ground, the surface
geometry only needs to be used for a universal description

of terrain roughness.

In this study, "terrain (off-road) surface roughness"
is restricted to a "narrow-censed" model which can be
described in terms of surface geometry only. It is defined
as the deviaticn of a surface from a true planar surface
with characteristic dimensions that affect vehicle
dynamics, ride quality, dynamic 1load and drainage. The
interesting range of road wavelength to the off-road
vehicle mobility falls between 0.1m and 10 m approximately,
since an off-road vehicle "sees" these wavelengths most

often (Ohmiya, 1986).

Based on this definition, the characterization of
terrain surface roughness should be clearly outlined in
order to prescribe the exciting (loading) input function to
the system. An evaluation of roughness must also be
performed based on the regulated classification method, so

that ground roughness can be properly characterized.
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2.2 Characterization of Surface Roughness

It can be said that the largest difference in effect
between a smooth road surface and a rough, non-deformable
road surface is the method in which reaction loading is
applied to a rotating tyre. Fig. 2.2.1 schematically
illustrates constant loading of a tyre moving on a flat and
smooth terrain surface, in contrast to the dynamic loading
resulting from vertical movement of the tyre on a rough
terrain. The time~varying wheel load resulting from wheel
travel over the arbitrary irregularities of rough terrain
surface affects tyre slip, tyre deformation and finally

tractive performance.

)
-=
Nc&lnst time
)V
W1
a. Flat and Smooth b. Rough Road
Road Surface Surface

Fig. 2.2.1 Comparison of reaction loading to tyre
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Accordingly, surface characterization 1is of prine
interest to vehicle and tyre designers, since the terrain
surface profile 1s the critical function in defining the
loading function for a tyre traveling on a rough terrain.
It is noted that the enveloping function should be
considered together with the terrain surface
characterization in order to prescribe the practical

reaction loading to a tyre (Fig. 2.2.2).

Characterization of

Terrain Roughness

|
Y

Tyre Enveloplng

Function

Reaction Loading

to a Tyre

Fig. 2.2.2 Procedure to define reaction load from
terrain surface roughness
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In the early studies of vehicle performance on a rough
road, simple functions such as sine waves, step functions
or triangular waves were generally applied as disturbances
from the ground. While these inputs provide a basic idea
for comparative evaluation of designs, it is recognized
that the terrain (road) surface is usually not represented
by these simplified functions, and therefore the
deterministic irregular shapes cannot serve as a valid
basis for studying the actual behavior of the vehicle. In
this study, a real road surface, taken as a random exciting
function, is used as an input to a tyre-terrain system. A
special mathematical expression of random surface profile
is developed to characterize terrain roughness, and is used
to generate the analyses for determination of terrain

roughness effect on mobility efficiency.

Since the main factors in a loading function are its
frequency and amplitude, the geometrical characteristics of
a non-deformable terrain surface need to be described by
these two quantities. The excitation frequencies are
directly related to vehicle translational speed and the
wavelengths contained in various waveforms of the rough
surface profile. This highlights the problem in the

expression of roughness i.e. randomness of surface profile.
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It is noted that the main characteristic of a random
function is uncertainty. That 1is, there is no way to
predict an exact value at a future time. The function must
be described in terms of probability statements and
statistical averages, rather than by explicit equations.
Four main types of statistical functions can be used to
describe the basic properties of random data: (1) Root-
Mean-Square values, (2) probability density functions, (3)
autocorrelation functions and (4) power spectral density

functions.

(1) The Root-Mean-Square (RMS) value
This value furnishes a rudimentary description of the
intensity of the data. If the mean value is zero, the
RMS value represents a dispersion of data. As one of
the description of road surface roughness, RMS
vertical acceleration (RMSVA) has been used by Hudson
et al. (1985). It 1s obtained by calculating the
second derivative with respect to time for the height
of an object in contact with a profile moving at a
constant horizontal speed. A large value, 1n general,
means a poor condition of the road surface. The
approach 1s attractive for 1ts simplicity, in that a
road has a unique roughness value, but it does not
recognize that the roughness effects on vehicle
mobi1lity are dependent on the speed, nor does it
include any frequency information which 1is required

for vibration analysis.
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(2) The probability density function
This function furnishes information concerning the
properties of the data 1n the amplitude domain.
Therefore, 1t is possible to determine the output
values in that domain with their probability.
However, knowledge of the n-th order Jjoint
probability 1s required for the determination of the
statistical properties of a stochastic process, which
is a difficult procedure. Furthermore, the
probability density function may not be suitable for
dynamic analysis because of the difficulty of

expressing values in the time domain.

The above statistical functions are useful as indices
so that one can simply define the terrain surface
roughness. However, once again, it 1s necessary to include
information of not only the degree of roughness, but also
dynamic properties, such as energy distribution, mean value
and/or frequency components in that signal. If one can find
a suitable way to satisfy the above requirements, the
amplitude data of the surface profile can be used as inputs
for dynamic theoretical studies. There are two other

statistical functions which may satisfy the requirements:
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(3) Autocorrelation function
The autocorrelation function,R(T1), for a stationary
record is a measure of time-related properties in the
data, which are separated by fixed time delays, T . An
estimation may be made by delaying the record
relative to itself by some fixed time delay, then
multiplying the original record with the delayed
record, and averaging the resulting product values
over the available record length or over some desired
portion of this record length (Fig. 2.2.3). The
procedure is repeated for all time delays of

interest.

1
Riry = 11[20;/ y(t) - y(t +7) dt (2.1)

ylt-+7)
Yﬁh) : y (b1t 1)

Fig. 2.2.3 Estimation of autocorrelation function
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(4) Power spectral density function
The power spectral density (PSD) function for a
stationary record represents the rate of change of
mean values with frequency. It 1is estimated by
computing the mean square value in a narrow frequency
band at various center frequencies, and then dividing
by the frequency band. The total area under the PSD
curve over all frequencies will be the total mean
square value of the record. The partial area under
the PSD curve from frequency f, to f, represents the
mean energy value of the record associated with that

frequency range.

The autocorrelation function and the PSD function are
Fourier transforms of each other (Wiener-Khinchine
relation), and therefore furnish similar information in the
time domain and frequency domain, respectively. Most
importantly, the PSD function may satisfy the requirements
for off-road vehicle studies since both amplitudes and
frequencies, which are essential factors for vehicle
vibration dynamics, are described in terms of energy
density. Furthermore, the use of the following simple
relationship between 1inputs and their responses using their
PSDs is the most advantageous for this complex problem. The

result can be also expressed by RMS values.
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PSD Transfer function]|? PsSD
of = of X ot
response system input

Fig. 2.2.4 Relationship between input and output of a
linear system with PSD

Thus 1t may be suitable to express the off-road
surface profile (representation of surface roughness) by a
spectral description such as the PSD function. The PSD
functicn will contribute to a response analysis which will
describe, with adequate precision, the motion of the
system expressed 1n terms of displacement, acceleration or
stress. This function has been used previously for vehicle
mobility analysis by many authors (Matthews, 1966;

Laib,1975; Sireteanu,1984; Lu,b1985).

Since the terrain surface roughness under
consideration is a spatial disturbance, rather than a
disturbance in time, it is desirable to define the PSD in
terms of the spatial frequency, (). in cycles per meter,
rather than in terms of the conventional time frequency,f,
in cycles per second (Walls et al.,1954; <Crolla,1981).
Spatial frequency 1is another description of frequency 1in
the space domain. Then off-road surface roughness can be
expressed in a concrete manner, disregarding the effect of
various operating speeds of the vehicle. In terms of this

spatial frequency argument, the PSD of the off-road surface
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profile 1is defined in the following manner (Wendenborn,

1966; Bekker,1960):

2
2
S(Q): llm —

2.2
X—o0o X ( )

X
/ y(r)e—-drﬂz dz
0

where S(Q) : one~sided PSD of the road surface
profile (m3/c)
() : spatial frequency (c/m)
X : length of course (m)
X : horizontal distance over surface (m)
Y(x) ° surface height profile from a reference

plane (m)

In Appendix A, detailed derivations and discrete forms
of PSD are given. This estimated PSD allows a reasocnably
accurate measurement of the frequency content of a
particular surface, and thus 1s useful for surface
roughness classification. Whilst the spatial frequency, (),
is to be used as a disturbance frequency for a rough road
profile, it can be converted to a conventional time-
dependent exciting frequency,f, for a given velocity,V, by

the following relationship. That is,

f=vQ (2.3)

Therefore each PSD of the ground surface profile can

be represented by a respective curve for a given velocity.

1
St = S@) (2.4)
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Accordingly, the expression of terrain surface
roughness in terms of PSD having the above-mentioned
features is acceptable and effective for the analysis of
vehicle traction, if the PSD of an actual rough terrain
surface profile can be described by a relatively simple

mathematical form.

2.3 Classification and Evaluation of Road Surface Roughness

by PSD

Several attemp%s have been made to classify the
roughness of a road surface. In the field of construction,
the PSR (Present Serviceability Rating) is often used in
the AASHO (American Association of State Highway Officials)
road test for this purpose, as well as by RMSVA. The PSR
are correlated with various objective measurements of
pavement features through a regression equation, so that
the objective measurements could be used to estimate the
PSR. The numerical range of the PSR, and the corresponding

general pavement condition, are shown in Table 2.1.

Table 2.1 PSR for paved road

PSR 0-1 1-2 2-3 3-4 4-5

condition| very poor poor fair good very good
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There is yet another method of classification of
roughness. Ground surfaces are classified into the
following categories by the dominant wavelengths included
in the surface profile. This classification is given in

Table 2.2.

Table 2.2 Classification of road roughness by road
wavelength (after Pottinger and Yager, 1986)

Type of roughness Range of wavelength
Road microtexture wavelength(\) < about O0.5mm
Road macrotexture about 0.5mm < 1 < 10cm
Terrain roughness about 10cm < 1< 100m
Topographical undulations \ > about 50m

Although these indices can provide an evaluation for
the purpose of road roughness classification, more useful
parameters should be included for the analysis of vehicle
dynamics, as was previously mentioned. For example, the
classification by wavelength may be an unreliable method
since a real road surface possesses an infinite number of
wavelengths and amplitudes, and therefore 1s not
recommended for classifying the surface roughness based

only on the dominant range of wavelength.

The properties of the surface profile can basically be
described only 1in statistical terms, which are themselves

expressed in terms of the PSD when the road surface profile
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is regarded as a random function. Thus, the PSD produces a
roughness measure that can be classified 1n a direct manner
so that not only random surface waves, but also their

harmonic content and power level, can be accounted for.

Using the PSD, Wendenborn (1965) suggested dividing
terrain surface roughness into two categories, as shown in

Fig. 2.3.1.
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Fig. 2.3.1 Classification of PSD curves for (1) average
first class road; (2) average sccondary road:
(3) average agricultural field; (4) average

agricultural field with periodicity
(after Wendenborn)

Curve 1 shows the smoothest surface, which represents
a paved road. Curve 3 describes the roughest (bad) surface,
which is an agricultural field. The borderline between
"good" and "bad" 1s a paved country road (curve 2). Curve 4
shows the periodic component at a wavelength of about 1/12

m. The hatched areas indicate the scatter of PSD of each
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surface. Though this classification gives a better index
representing surface roughness, it is still too coarse for
a theoretical analysis. Therefore, a more precise and

standardized classification 1s needed.

The International Organization for Standardization
(ISO) has proposed road roughness classification (class A
to H) wusing the PSD values. Fig. 2.3.2 shows the
classification by ISO (1982) and corresponding range of PSD
values at a particular frequency of 1/27 c¢c/m. It is
indicated that the smoother surface possesses less power
over a whole frequency range than the rougher surfaces. In
this draft proposal, these amplitude PSD functions of the
terrain surfaces can be approximated by means of two
straight lines with different slopes, since the PSD curves
of many terrain surfaces show concavity. The approximate

forms of smoothed PSD (one-sided) are given as follows:

oy ™ 1
S(Q) = S(Qn) <60> for 1 < , = E c/m
o\ "™
S(ﬂ) = S(n”) (ﬁo) fOI‘ 9 > no (2. 5)

where nl and n2 are 2.0 and 1.5 respectively in the ISO
draft. These two values are determined from field
measurements. A more simplified mathematical form is

suggested as follows (Crolla, 1981):
S(Q) =G, N " (2.6)
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The advantage of this description is that it presents
a very easy simple form. The realization of surface profile
by any other method requires much effort, and 1leads to
inaccuracies which cause unavoidable discrepancies in the

results due to the approximate method to be applied.

2.4 Summary

In order to characterize the ground surface rouglness,

description by the PSD is used due to:

(1) simplicity of mathematical form

(2) possession of information on the energy distribution
for each included frequency
and

(3) availability of a linear input-output relationship in

the frequency domain.

The classification and evaluation of road roughness
can be achieved based on the ISO recommendations, using the

PSD values at each frequency.
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Classification by ISO
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Fig. 2.3.2 Road roughness c¢lassification by ISO
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CHAPTER 3

TYRE ENVELOPING EFFECT

3.1 Introduction

The PSD of the road surface height profile contributes
to a definition of the reaction load of the tyre arising
from the rough ground. It was noted that the pneumatic tyre
has a special function called the "enveloping effect".
Fig. 3.1.1 describes the linear low-pass enveloping effect
of a pneumatic tyre moving on a rigid, rough terrain. As
previously stated in Chapter 1, the tyre’s contacting
condition with the ground is not a point contact, but
rather a line or area contact (Fig. 1.2.2). The enveloping
effect is, thus, characterized as the ability of the tyre
to engulf short wavelength irregularities of the road
surface. Therefore, the tyre does not replicate the
original road surface profile. The tyre moves as if over a
"filtered" road profile of the original road profile. This

results in a modification of the reaction load to the tyre.

The enveloping function, which defines the
relationship between the filtered road profile,y2, and the
original road profile,yl, can be basically determined by
the ratio of y2 (response) to yl (input) in the frequency
domain. In order to determine a modified reaction load, the

enveloping function needs to be derived.
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Fig. 3.1.1 Linear low-pass enveloping effect of
prneumatic tyre on a rigid rough terrain

Van Deusen (1966) demonstrated very simple models of
the tyre enveloping effect for the specific obstacles shown
in Fig. 3.1.2. Model (a) 1s a rigid circular wheel of
radius,R, which encounters a bump of height,H. In this
representation, the path of the wheel center 1s an arc of a
circle of the same radius,R. The other model (b) 1s an
idealized enveloping wheel where the height of the tyre hub
is directly proportional to the percentage of the contact
length that has encountered the bump. The exponential

function was also introduced as the third model.
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Fig. 3.1.2 Trajectories of tyre center and their
enveloping models (after Van Deusen)

Although these models give basic information about the
tyre enveloping effect, it is not realistic to apply thegs

to a randomly rough road.

Captain et al. (1979) showed four kinds of
representative analytical tyre-rough terrain models,
including their enveloping effects (Fig. 3.1.3). The

analysis of wheel center motion becomes very complicated
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Direction aof Motion
-

a. Point contact model b. Rigid tread band model

C. Fixed footprint model d. Adaptive footprint model

Fra. 3.1.3  Several tyre-terrain models showing enveloping
etfect (after Captain et al.)
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because of the complex contact between the ground and the
tyre having distinct properties. In the time dJdomain, a
sophisticated calculation procedure is required to estimate

the filtered random surface profile and the reaction load.

However, a conclse technique to derive the enveloping
function can be found by using the frequency domain
analysis (Gray and Johnson, 1272). It was suggested that a
running tyre on a rough terrain behaves as a low-pass
filter which attenuates high spatial frequencies (short
road wavelengths). In the frequency domain, the ditticulty
in modeling the enveloping function could be largely
eliminated by considering the low-pass filtering ctfect,
assuming line contact between the tyre and the terrain
surface. The enveloping function of a tyre can be derived
in terms of a simple attenuating function 1n this domain.
Another advantage of defining the enveloping function in
the frequency domain is the possibility of association with

the PSD function.

In order to derive a tyre enveloping function,
experimental results are required, together with the tyre
characteristics. In this chapter, the relationship between
the original and filtered surface profile (L.e. envelopilng
function) 1is presented, giving the following two basic

models.
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3.2 Useful Models of Tyre Enveloping Effect

Beres (1986, 1987) 1intreoduced several tyre enveloping
models as weighting functions. These functions are
classified into two types of the enveloping
characteristics, depending on the smcothing manner of the
terrain profile at tyre-ground interface. They are (1)
rectangular type and (2) exponential type (N.B. different
from the exponential function stated by Van Deusen)
weighting (enveloping) functions as shown i1n Fig. 3.2. The
profile< at the tyre-ground 1interface are exaggerated in
the Figqure. The filtering characteristics (functions) are

generally expressed as follows:

hE(x) --- welighting function in the road length domain
HE(Q),HE(f) --- frequency response function 1n the
spatial and ordinary frequency domain,

respectively

=
1 1 (3%
g 2
b p—  —
3. Rectangular type b. Exponential type
weighting function weighting function

Fig. 3.2 Rectangular type and exponential type weighting
(enveloping) functions
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(1) Rectangular type weighting function (Fig.3.2a}
This type of function has been used by many authors
(Kozin et al., 1966; Segel and Lu, 1982) due to its
simplicity and accuracy. It will be assumed that the
contact length,2d, 1s constant while the running tyre
is continuously deformed at the interface between the
tyre and the terrain surface due to vibrational
motion caused by the terrain surface roughness. The
local deformaticn of the surface asperities 1s

neglected since the ground is rigid.

The various vertical heights of the terrain surface
profile at the interface are smoothed by multiplying
by this weighting function. In the frequency domain,
this 1s equlvalent to stating that each harmonic
component 1included i1n the signal of the terrain
surface profile 1s attenuated by a certain amount,
depending on the tyre flexibility, tyre locad and road

wavelength.

The rectangular welghting functlon,hER(x), is given

by the following simple form.
1
hER(z) = 75 for |z| < d

2d

=0 for |z|>d (3.1)
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(2)

The frequency response function 1is derived by

performing the Fourier transform on the above

function.
sin 27 d
H = ——
ER(n) 2r0d
or o 2nfd
sin
H = —
ER(f) 27 fd (3.2)
| %4
where x = distance from center of contact line
() = spatial frequency (= f/V)

f = temporal time frequency
V = vehicle speed

d = half contact length

Exponential type weighting function (Fig.3.2b)

The theory of this enveloping function is similar to
that of the rectangular type function. As shown in
Fig. 3.2b, the smoothing of the terrain surface
irregularities at the tyre-road interface can be
determined by multiplying by the exponential function
instead of by the rectangular function. The concept
originates from an electrical R-C 1low-pass filter
which decays the outputs at a certain rate by
increasing the frequency. The weighting function for

the exponential type is expressed as follows:

hEE(z) = rae~tralzl lz| < oo (3.3)
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where a 1s the experimental constant. Performing the
Fourier transform, the frequency response function is

obtained. ,
Hggp@) =

—
1+(~)
or a
1

Heg(s)

i

2
1+(_{/.) (3.4)
a

Although other frequency response functions were

introduced by Beres, such as

Hggya) = ————=;
12
1+ (9)°
1
Hgpaa) = FENLE
{
1+ (%)
or
|
Hggsiq) = ———; (3.5)

these functions should be determined experimentally
by rolling the tyre on the rough terrain surface.
However, the general characteristics of these
weighting functions are basically similar to each
other. The general form of the exponential type
weighting function yields

1 - (31.6)
L+ (%)

where a and b are the experimental constants.

Hggi) =

A comparison between the rectangular enveloping
function and the exponential enveloping function will be

presented in Chapter 7, using the experimental results.
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CHAPTER 4
THEORETICAL INVESTIGATION OF ROUGH NON-DEFORMABLE ROAD

SBURFACE EFFECT ON TYRE TRACTIVE PERFORMANCE

4.1 Introduction

A schematic diagram of the tyre moving over a rough,
non-deformable terrain with an angular velocity, wr , 1is
1llustrated 1in Fi1g. 4.1.1. Three major fields of interest
for the theoretical 1investigation of road roughness effect
on tyre tractive performance are shown there. Forces acting
on the driven tyre are also shown and they are individually
cxplained as:

Taorgqu

i

This 1s produced by the engine to deliver a driving
torce to the supporting terrain.

Thrust
This 1s the force developed by a vehicle tractive
clement (wheel/track) due to applied torque.

Mot

Resistance

[

an

This can be considered as resistance forces converted
from total energy expenditure due to interfacial slip
and due to flexing of the running gear (tyre).

Drawbar-pull (DBP)

This represents the ability of the vehicle to pull or
push various types of working machinery, including
implements of earthmoving agricultural or construction

egqulpment.
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Vertical Load
Drawbar-pull

{—

Motion Resistance Thrust

Terrain Surface Roughness (Chap.?2)

Tyre Enveloping Property (Chap.3)

Flexible Tyre and Rough
Terrain Interaction (Chap.4)

Fig. 4.1.1 Schematic diaaram of forces actina on moving

tyre over rough terrain and three major problems
associated with this operation
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The main concern in the theoretical study of the
terrain roughness effect on tyre tractive performance is
the development of an analytical relationship between the
road surface roughness and the DBP produced by the tyre.
It is established 1n a form of system function that defines
the resultant DBP from the terrain surface geometry in the
frequency domain, 1n conjunction with the principle of

energy conservation.

One of the important factors in the development of a
system functicn is the tyre’s mechanical and/or chemical
properties which depend on many factors, such as
temperature, rotating velocity, loading condition and tyre

materials.

The second factor to be considered is the rolling
phenomenon of the tyre. The traction is developed by the
slip which is originated by the difference in speed between
rotation and translation of the tyre. While the mechanism
of slip 1s very sophisticated, as shown in Wolfson (1987),
it is important to account for slip in an off~road
performance study since a relatively high slip rate |is

generally engaged in off-road operation.

The third factor is a vibration phenomenon of the
tyre. The oscillatory movements of the tractive element are

the cause of vibration in tractive force.
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Up until now, several 1investigations of tyre
performance on a rough terrain or under the existence of
vibration have been attempted. However, there are very few
studies which have successfully dealt with these complex
factors, together with an analysis of tyre perfor-.ance
because of the difficulties in tyre-rough terrain

interaction.

Excitation from a rigid, rough ground is one of the
most influential phenomena to be considered for off-road
vehicle performance. In developing a theoretical model
which can predict and analyze the effect of terrain surtace
roughness on tyre performance, the effect of base (ground)
excitation to the flexible tyre should be the primary
focus. Three leading factors, (geometrical characteristics
of terrain surface, the mechanical properties of a flexible
tyre and operatioconal conditions), control the excitation
phenomenon interelatedly. The vibration of a rolling tyre
would be expected to cause some change in the tractive
performance of the tyre, which 1s an 1ncrease 1n motion
resistance (Fig. 4.1.2). The tractive performance will be
offset by an increased motion resistance as a result of
extra energy expenditure due to production of heat, noise,

slip and vibration etc..
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Fig. 4.1.2 Diagram of relationship between motion

resistance and road roughness with effect
of translational speed (V1<V2<V3)

The objectives of this chapter are:

(1) to develop a theoretical model of a tyre-rough

(2)

(3)

terrain systenmn, including terrain surface
characteristics, mechanical properties of the tyre

and operational conditions,

to find a predictive/analytical method for the
investigation of surface roughness effect on a tyre’s
tractive performance in the most simple economical
and time-saving manner,

and finally,

to establish a system function which can describe the

tractive efficiency of a driven tyre with the derived

DBP.
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The flow chart of the predictive procedure for the
cdetermination of DBP on a rigid, rough terrain is shown in
Fig. 4.1.3. In Section 4.2, modeling of the tyre-terrailn
system is discussed. Section 4.3 provides the derivation of
time-dependent DBP based on the concept of energy balance.
Section 4.4 deals with the development of a system function
by using the frequency domain approach. In Section 4.5, a

new concept of the tractive efficiency is proposed.

Selection of Parameters
of Tyre-Terrasn System
affecting Excitation

- Inputs
4.2 Tyre Parameters
- Surface Property
Modelinp of Tyre~-Rough
Terraxn-Systeb g Operational Condition
Tyre Mass-Center
taon

Application of Ho
Energy Balance Y

Vertical Dynemic Force
at Contact Area

by Energy Loss

|

4.3 []

Drawbar-pull as a
function of Time

Linearization
of Equation Frequency Domain
4.4 ' Approach
Development of Chap 3
System Function o TEnveloping Property |-
Chap 2 f
4.5 } Surface Geometry ]
Proposal of Nominal
Tractive Efficiency

Fig. 4.1.3 Flow chart of predictive/analytical
procedure 1n Chapter4
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aervity

4.2 Flexible Tyre Model on a Rough Terrain

4.2.1 Parameters affecting the Tyre Performance

Fig. 4.2.1 depicts the parameters concerning tyre,
terrain and tyre-terrain interaction individually. The
difficulty in this investigation 1s the treatment of the
variability of all the parameters. Tyre deflection is not
constant as 1in the case of flat and smooth surface
operation. Torque, slip, 1inflation pressure and finally
the DBP may not be constant, but a function of time, which

means a function of surface geometry.,

Furthermore, these are related to each other. If one
parameter changes, all the others are influenced. Changes
in vertical .oad on the wheels also affect the friction at
tyre-ground interface, and changes 1in friction 1interfere
with the sli1p rate and translational velocity. If the
vehicle velocity is changed, dynamic loading on the wheel
is also affected. Therefore, the aspects which cover all
these influential parameters for the tractive performance
on a rough terrain have not yet been fully understood
because of the lack of 1nformation concerning the complex

mechanisms of the tyre-rough terrain system.

In view of the above, it is clear that a comprehensive
traction model including road roughness effect, tyre
properties and operational conditions (slip and speed etc.)

is needed.
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— Undeformed tyre surface

Tyre Parameters Terrain Parameters
N Wheel load yl : Original terrain
surface profile

T Input torque
DBP Drawbar-pull

\' Translational velocity

Tyre-terrain Interactive

wr Angular velocity Parameters

L Wheel radius 2d : contact length

Py Inflation pressure D : Tyre deflectlon

kp : Stiffness y2 : Filtered surface profile
Cp Damping y3 : vertical response of tyre

Fig. 4.2.1 Parameters for flexible tyre-rough
terrain system
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4.2.2 Idealization of Moving Tyre on Rough Terrain and

Established Assumptions

Based on the hypothesis that the excitation arising
from the rough ground, which is a function of ground
surface roughness, tyre properties and translational
velocity, 1s the key concern of the tyre tractive
performance study on the rough terrain, the following
idealization of the tyre-terrain system 1is proposed, as
1llustrated in Fig., 4.2.2. Whilst the ground surface, 1in
fact, has a random profile, the ground which has a flat and
smooth surface moves backward at the same speed as the
translational speed,V, of the tyre, while oscillating
vertically 1in a random manner. This vertical oscillation

characterizes the loading function of the tyre.

v yi, {y2)

Fig. 4.2.2 1Idealization of moving tyre over rough terrain
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Accordingly, the following assumptions were established.

Terrain

(1)

(2)

(2)

(3)

(4)

The random process of terrain surface 1s weakly
stationary (the first and second statistical moments
of the process are time-~invariant) and ergordic (the
first two moments do not differ over the difterent

samples).

Terrain surface is rigid and undeformable, i.e. the
coordinates of the profile points do not change as

the tyre travels over the ground surface.

Translational velocity 1s relatively low, and not
affected by the motion of the tyre but is kept
constant. Therefore, the tyre 1is always 1n contact

with the ground surface.

Wheel surface 1s buffed (smoothed), 1.e. the tyre

does not have any tread on its surface.

Moment of inertia about the tyre’s lateral axis 1s
neglected since the rotational velocity of an off-
road tyre is usually much smaller than that of an on-

road tyre.

Inflation pressure during motion 1s constant and the

swelling of the tyre is neglected.
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Interface
i (1) Shear stress between the tyre and ground surface is
generated only at the tyre contact area, and 1is

distributed uniformly.

(2) Frictional characteristics are unique in the contact

area.

(3) Contact length is not varied during the dynamic
loading, and 1is determined by the static load of the

tyre and the tyre’s stiffness.

(4) Horizontal deformation or twisting of rubber tread 1is

neglected.
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4.2.3 Flexible Tyre-Rough Terrain System

In order to 1nvestigate the effect of ground
excitation on %yre tractive performance, an analytical
tyre~-terrain system is suggested, as shown in Fig. 4.2.3.
It consists of uniformly distributed stitfness and damping
elements over the foot print length, to represent the
inflation pressure and carcass vibrational characteristics.
While the rolling radius of the tyre 1s dependent on 1its
vertical deflection, the foot print length is assumed to be
constant, independent of the tyre deflection, during the
rough road operation. The finite foot print length provides
th1is model with the ability ot enveloping. It will
negotiate the small 1rreqularities over the terrain
surface. Dynamic reaction locad 1s a function of the
filtered profile rather than of the original surtace

profile because of this property.

Although the tyre 1s actually driven over a terrain
surface and therefore the slip exists at the 1nterface
between the tyre and terrain, the distributed elements of
the tyre carcass are considered not to be distorted

horizontally, but only vertically in the model.
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Frg. 4.2.3 Flexible tyre-rough terrain system
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4.3 Development of Equilibrium Equation between DBP and

Terrain Surface Roughness
4.3.1 Energy Balance of Tyre Moving over Rough Terrain

The principle of energy conservation 15 one ot the
basic laws of physics. The input (total) energy must be
equal to the sum of output energy and energy loss during
the motion of a system. Although several attempts have been
made to 1nvestigate the DBP based on the force equilibrium,
the energy method is preferable in the tyre-rough ground
interaction analysis since it has a capability ot
incorporating all the resultant forces, velocities and
displacement of the entire system. As stated earlier, the
energy method of analvsis may be suitable for application
to a problem where a number of parameters are combined in a
complex fashion with each other. The energy method
considers simultaneously both the force system and the
different modes of movement 1n a tyre-rough ground system,
namely the rotational, vertical and translational motions.
This method will consequently satisfy the equilibrium
requirements both statically and dynamically. It has also
been successfully used to evaluate the wheel/track-
soil/snow performance, provided the different energy
components 1n that system (Yong et al.,1973; Yondg and

Muro, 1981).

Fig. 4.3.1 shows a schematic representation of the

resultant energy components generated by a tractive element
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(Wwheel/track) interacting with a terrain surface.
Considering the form of evaluation of mobility performance
of a tyre-rough terrain system in terms of energy

conservation, the governing equation has been written as:

E; = E + ET + Eout (4.1)

S

where E; input torque energy which 11s obtained by
subtracting the mechanical energyv losses due
to gear and bearing friction etc. from net
‘ engine power,
E = slip (interfacial) energy which 1is wasted at
the interface in forms otner than work done,
Ep = tyre deformation energy which 1s the amount of
energy required to deform the flexible tyre,
Equt = output DBP energy which 1s the remainder for

available work from energy accounted for.

Qutput

Orawbar-pull Energy Input

Torgue Energy

Slip Energy

TR KT TR Q([Z/Z//////j/; TKTK TR 7K

Tyre Deformation Energy

Fig. 4.3.1 Schematic diagram of energy componen .s of
rolling wheel on ground
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Fig. 4.3.2 schematically shows an increase in the tyre
deformation energy due to ground surface roughness,
resulting in a decrease of output energy where the same
input energy is applied. It is obvious that the energy
losses (tyre deformation energy and slip energy) must be
reduced if a greater output energy 1s desired. Therefore,
it is necessary to pay proper attention to the design of an

optimum running gear system which minimizes these enerqgy

losses.
Input Energy
>
o
[ . .
a
] Slip Energy

Contribution of
- flat surface
-—rough surface

for tyre deformation

(A
SN
ey
'..".z%‘ Output Energ
N

Q
/7

Fig. 4.3.2 Diagram showing effect of terrain surface
roughness on tyre deformation energy

In the later analysis, the enerqgy rate (power) wlll be

considered instead of using the energy 1tself for the
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benefit of the evaluation of the tyre performance 1in the
same reference frame. Consequently, the performance of a
tyre on a rough ground surface can be evaluated in terms of

the basic principle of power balance.

Eout = Ein - ( Ep + Eg)

output power input power - power loss (4.2)

where (s) indicates a derivative with respect to time.

4.3.2 Derivation of Equation for DBP on a Rough Ground

The prediction of the drawbar-pull (DBP) 1is an
essential part of the requirement for vehicle performance
simulation. The DBP 1is defined as the resultant of the
thrust, TH, minus total motion resistance,MR (Bekker, 1960).
Thus,

DBP = TH - MR (4.3)

It 1is obvious that maximizing the thrust and
minimizing the motion resistance will achieve the vehicle’s
maximum tractive performance. Considering that the thrust
is developed by the input power to the wheel and the motion
resistance 1s from the products of the power losses, the
useful DBP force would be derived by calculating the thrust
and the motion resistance separately, by virtue of a

concept of power balance.
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(1) Thrust
Thrust can be considered as an input force from the
wheel to ground surface. Oa a rigid, uryielding
surface, the 1input power to apply a wheel torque 1s
directly transmitted to the ground surface to produce
the thrust. Taking advantage of the principle that
the power induced by the torque transmitted to the
tyre must be equal to the power produced by the
product of the thrust and constant translational

velocity, thrust is given as follows:

T W
TH = —="F 4.4
Vv ( !
Slip rate is given by
rewp =V
L (4.9)
rrwr

100% slip indicates no-transversal motion while the

tyre is rotating. Then,

V =r,wr(l —s,) (4.6)

Substituting Eq.(4.6) into Eq.(4.4),

’1‘
TH= - ~= (s /1) (4-7)
ro(l- s,)
where T = input driving torque
r,. = rolling radius of tyre
wr = angular velocity of tyre

s; = slip rate at tyre-ground interface
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(2) Motion resistance

Before considering the motion resistance of a
rotating tyre, it may be useful to consider the
fricticnal mechanism of a rubber tyre. Several types
of frictional components have been introduced to
explain the frictional mechanism between a tyre and a
rigid surface. Bowden a2nd Tabor (1954), and Meyer and
Kummer (1968) suggested the two major frictional
components, which were caused by the adhesion,Fa,
(surface friction) and by the deformation,Fd,
(internal friction). Therefore, total friction
becomes,

Ftotal = Fa + Fd (4.8)

Fig. 4.3.3 depicts these two components. Fa is
attributed to bonding of exposed surface atoms
between sliding members. Fd is a resisting force
available when a rubber specimen is rolling on a
perfectly lubricated surface with small
irregularities. This is due to tyre hysteresis. Any
individual rubber surface element goes through a
deformation cycle as it passes over an asperity of a
terrain surface. A certain energy 1s dissipated every

cycle.
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Fig. 4.2.3 Two principal components of pavement friction

(after Meyer and Kummer)

Pottinger (1986) added another frictional component
to the above-mentioned equation, 1.e. wearing
(tearing) of trubber tuips. Clark (1971) introduced
four components to explain frictional mechanisnm,
namely adhesicn, deformation, teariig, and viscous
components. The viscous frictional component 1S a
resistance created mainly by foreign material (water
or surface contamination) entrapped between the tyre

and the road surface.
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Although many frictional components for a rubber tyre
are exhibited here, the most influential ones seem to
be the deformation and the adhesion components for
the case of the flexible tyre moving on a dry, rigid
ground. As shown in Fig. 4.3.4, the rolling flexible
tyre undergoes repeated deformation (compression and
recovery) during rotation on a rigid, smooth road. In
addition, on a rigid rough terrain, another
deformation factor, arising from vertical excitation,
has to be considered. Furthermore, a driven tyre
normally produces a positive slip (sliding) between
the rubber surface and the ground surface. When a
tyre has a slip, the adhesive bonding between the two
surfaces are cut due to the development of excessive
shear force, causing an extra energy expenditure. The
energies required to deform and slip the tyre do not
contribute to increase the DBP, but to increase the

motion resistance.

_ Vibration \‘
Deformation "l' N >

Hecuvery Compression

\\\ A

- —— "

Adhesion| -------------- Slip

Fig. 4.3.4 Friction components of a driven tyre
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Therefore, it 1is presumed that the two energy
expenditure factors which are due to tyre
deformation and due to tyre adhesion (slip) must be
taken into account for the analysis of motion
resistance. Consequently, two types of motion
resistance will be considered, 1i.e. vertical
excitation resistant force (MR1l) resulting from tyre
deformation power loss and the slip resistant force

(MR2) produced by the slip power 1loss.

Vertical Excitation Resistance Force (MR1)

Since this resistance force is a product arising from
a hysteresis power loss of tyre aamping property, the
velocity components of the tyre deformation should be
defined in order to derive the damping power 1loss,

which is called the tyre deformation power loss.

Two different kinds of vertical velocities are
obtained for a rotating tyre on a rough terrain. One
is identified as vertical excitation velocity,Vl(t),
originating from the rough surface geometry. Euler’s
theorem (instantaneous axis of rotation) defines
another vertical velocity component,vz(t), resulting

from the tyre rotation (Fig. 4.3.5).
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4

Euler’s Theoren

A motion of a rigid body with both rotation about a
fixed point,0, of the body and a translational
velocity of V, is equivalent to a rotation about an
instantaneous axis of rotation,0’, which 1lies at a

vertical distance of r,. (=V/wr) from point 0.

wT
Va/s S
O"\—-’ p— [ Vi(t)

!
|
|

w

Y
O v

—

Fig. 4.3.5 Instantaneous axis of rotation (0’) and two
velocity components

Therefore, the total vertical velocity at each point

along the contact portion can be written as:

Vv = Vi) + Va,z) (4.9)

where d
Vi = Ef(y:; - y2)
Va(t,z) = —% - wr
where x is a horizontal distance from an
instantanecus center of rotation which is a middle

point of the contact portion.
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When a tyre moves on a completely smooth surface, the
velocity,V,, is equal to zero. Each point along the
forward contact portion interacts with the ground
surface at a distance-dependent velocity of -x.wr.

Points along the backward contact portion are being
repulsed at a negative velocity (stretching). The
dissipation of tyre deformation power by these two

velocities is derived in Appendix D.

Br = ¢ (Bv, + Ev,)
==&T{V?+%@ndf} (D.1.10)

where év1 and EVZ are power dissipations caused by
the velocity V; and V, respectively. Since the
velocity,V, is equal to vertical response of the

tyre, z,
; 22 1 2
Ep=Efecr i+ g(wTd) (4.10)

where z = derivative of relative displacement between
the filtered profile and the center of the
tyre mass (=y2-y3)
d = half of contact length
cp = total damping of tyre (=2dc’)

g = energy recovery factor suggested by Bekker
(1983)

= 1-e~AD/H A : constant
D : tyre deflection

H ¢ tyre carcass height



The vertical excitation resistant force could be
given by dividing this tyre damping power dissipation

by the translational velocity. It is therefore,

_Er
MR1 = v
¢ . 1 4.11
= ——EVT { LS §(wTd)2} ( )

Slip Resistance Force (MR2)

Tyre slip 1is an inherent phenomenon caused by the
difference in relative velocity between the
translational velocity and the rotational velocity of
the tyre macroscopically. Therefore, a shear force
will be developed at the contacting portion between
the tyre surface and the ground surface. The shear
force is the source of the thrust which permits the
tyre to propel forward or backward. Slip is an

essential element for tyre traction.

Although the occurrence of slip is necessary for the
tractive motion, it is understood that a certain
amount of energy is wasted by slip. For example, when
a vehicle is stuck on a slippery icy road, all the
input energy 1is dissipated elsewhere without
producing any useful output energy (i.e. no actual
DBP). A muddy soft terrain could also produce the
same situation. In these cases, slip rate is almost

100% since there 1is 1little transversal motion. As
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previously seen in Fig. 4.3.2, a large amount of
input energy is wasted at a higher slip because the
output energy developed at tyre-ground interface

remains the same or is decreased slightly.

For economical mobility purposes, it is desirable
that the vehicle is able to move from one point to
another with the least amount of input energy. To

achieve this, the slip energy loss must he a minimumn.

The power loss due to the slip can therefore be
converted into another form of the resuastance to
motion in terms of force units, because it does not
contribute to useful work done. The power loss due to
the tyre slip is calculated on the basis of the
averade slip occurring over the tyre-terrain
interface. Assuming a uniform distribution of shear
forces, the power loss by the slip can be obtained

as: .
E, =T wr-s (4.12)

where T input torque

wr

angular velocity of tyre

s; = slip rate

Thus, the slip resistance force (MR2) is given by
E,
MR2 = —

7

_T'wT'si (4.13)
v
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(3) Drawbar-pull
As explained by Eg.(4.3), the useful output force can
be predicted by taking the difference between the
thrust and the motion resistance which are derived

from the power balance during motion. Therefore,

DBP

TH - (MR1 + MR2)

T _jferf,, 1 2} T_“.’_T.f.',]
re(l — 8,) {V {z+3(wTd) + 14

for (2, Lo,
L & {z # lrd? | (4.14)

Il

The rolling radius,r,, is given by a geometrical

relationship between the half contact length,d, and

the original (undeflected) tyre radius,rg (Fig.
4.3.6).
L . 4.15
re J/r2—d? (4.15)

Fig.4.3.6 Geometrical relationship between half contact
length, original and rolling radius of tyre
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Applying the binomial series expansion to Eq. (4.15)

for an approximation,
1_1f  1(e)’ (4.16)
r, r, 2\r,

Substituting Eq. (4.16) into Eq. (4.14),

T 1/d\? ¢ter (., 1
oor= E{s- ()} oo tort] o

Assuming that the contact length is proportional to
the square root of the vertical load from the load-
contact area experiments (Fig. 6.3.5), an empirical
relationship between the contact length and the

vertical load to the tyre axis is given as follows:

2 d=qnN0-> (4.18)

where q = experimental constant named as contact
length coefficient (given in Eq.6.3)
N = vertical reaction load (=cTé+sz+mg)

Substituting Eq.(4.18) into Eq.(4.17), the equation
of the DBP on a rigid, rough road can be finally

written as:

T 1/¢q 2 fer 1
DBP=—<1+-(-*+ 2T )2 = 2
ro{ T3 (r.,) N} v {2 gl N}

§ers? .
% +J(CTZ+ICTZ) (4'19)

T
—;:ﬁwhng—

where
g= (L _ferer) o
8rd 12V
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4.4 Derivation of System Function

4.4.1 Frequency Domain Analysis

It has been mentioned several times that the terrain
surface profile is a stochastic process. As well, the
profile modified by the tyre enveloping effect is also a
stochastic process. This profile must be regarded carefully
because a pneumatic tyre recognizes the roughness of a
filtered profile, rather than that of the original profile.
In the analytical prediction of the tyre performance, the
time domain analysis can be a powerful and useful concept
if the inputs are defined with an adequate mathematical
representation. However, 1t 1s very difficult to estimate a
random stochastic filtered profile signal from a random
original surface profile in a deterministic manner without
using statistical and probabilistic techniques. Even if it
could be done in the time domain, the computation process
becomes enormously large due to the tedious convolution

integrals.

The requirement 1is to find a quick, economical
prediction method of tyre traction related to the ground
surface roughness. Comparing the frequency domain analysis
and the time domain analysis, the former 1is relatively
cheap but assumes linearity while the latter is relatively

expensive but allows for nonlinearities.
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As stated in Chapter 2 and 3, the frequency domain
analysis may satisfy the requirements such as accuracy,
simplicity and availability of information of dynamic
behavior, if the engaged system 1is linear. The original
ground surface profile can be described in terms of the
amplitude PSD function. The filtering function due to the
tyre enveloping effect is also expressed as a frequency
filter. Therefore, the variation of the tractive force of
the tyre as output can be estimated by using the following

basic, linear input-output relationship:

= 2
Spep (£) = |[Hsy(£)|” Syi(s) (4.20)
where SDBP'(f) = PSD of non-constant component of DBP
Syl(f) = PSD of original surface height profile
Hsy(f) = system function of tyre-rough terrain

system which relates the terrain surface
irreqularities to the DBP including tyre

enveloping effect
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4.4.2 Linearization of Equation

The derived equation for DBP (Eqg.4.19) shows a
nonlinearity with a vertical response of a tyre axle. An
analytical solution of the nonlinear equation is usually
quite difficult because the principles of the additive
property and homogeneous property cannot be applied to a

nonlinear problen.

£(xq + X5 ) f(xq) + £(x5) additive property

f(cx)

c f(x) homogeneous property

Therefore, the solutions of the nonlinear problem are
generally obtained by methods specific to the particular
problem or by linearization methods. Although several
linearization methods have been developed, only two
representative methods will be shown here. They are the
perturbation method (Crandall, 1963) and the equivalent
linearization method (Krylov and Bogoliubov, 1937) which is

employed in this study.

(1) Perturbation method
This method can be used when a deviation from
linearity is very small. As an example, the motion of
a single-degree-of-freedom system is considered. The

nonlinear differential equation is given by

i+ﬂi+g(z)=Fu) (4.4.2.1)
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The nonlinear restoring force,g(x), is assumed to
represent the sum of a linear plus a nonlinear

component as follows:
J(z) = WIT + €go(z) (4.4.2.2)

where w°2 is a constant and 9o (x) is the residual
nonlinear function. € is a perturbation parameter and

is << 1.

The basic idea behind this method is to assume a
response of the system in the form of an expansion of
power of ¢:

ZT(t) = Zo(t) + €T1(t) + € To(e) + -+ (4.4.2.3)

Substituting Eq.(4.4.2.3) in Eq.(4.4.2.1) with 9(x)

defined by Eq. (4.4.2.2),

2 090(z,)

Dz, + Dexy + De*zq + -+ = Fi4) — €90(z,) — €
dz,

zl—lo

(4.4.2.4)

Taylor’s series expansion of 9o (x) about x, was used
in above calculation. D is a differential operator

given by

Setting the coefficients of powers of in Eq.

(4.4.2.4) to cancel each other,
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DIO = F(g) W

Dz, = —o(z,)

\ (4.4.2.5)

0
Dx2==——%fﬁlzl
o]

Thus, Egs.(4.4.2.5) all involve the same linear
operator on the left and the original nonlinearity
has been shifted to the sequence of nonlinear
operations on the right. Solutions to Egs. (4.4.2.5)

will be given by employing the convolution integrals.

% )
2:02/ h(r)Ft-r) dr
~o0

o0
T = —/ h(r)ga[xo(t—r)] dr
~00

> (4.4.2.6)

0 ago[za(t—r)]
2 /_oo (T) azo ( )

where h(T) is the response function to the unit
impulse. When an excitation function,F(t), is a
random process, this method can be used to obtain the
statistical moment of the nonlinear response. The

mean square response is ofcen determined, as follows:
Elz?) = E|z2] + 2¢E|z,z1]| + € {E[z}]| + 2E[zozo|} + -+ (4.4.2.7)
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In principle, the perturbation method can be used to
estimate the response to any order of € . However,
results are obtained to the first order of € only, in
most cases, because the algebra for higher order
estimates becomes very complex. The first two terms
on the right hand side of Eq.(4.4.2.7) are given by

using auto correlation functions.

o0 o0
E[z3] :/ / hiriyh(r)E|F(t=r,) * F(t—r,)] dridr
—-oo J —o0

oo poo
E[’z"xl] = _/ / h‘("t)h(fz)E[F(t"ﬁ)go(zdt-'z))] dridr
—00 J ~00
(4.4.2.8)

(2) Equivalent linearization method

This is a conversion method where the solution of a
system expressed by nonlinear differential equations
is approximated by the solution of the equivalent
system transformed by linear equations. The main
concept in this method is to minimize the difference
between the original nonlinear equations and the
proposed linear equations, and then to find the

equivalence parameters for linear equations.

A linear equation for the nonlinear equation is

assumed as follows:
DBPjinear = €1 + €22 + €32 (4.21)
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where ¢€; (i=1,2,3) are the equivalence parameters.

Taking the difference between Eqgs. (4.19) and (4.21),

M = DBP - DBPlinear

12
X +Jmg — Sers

Jlerz 4+ krz
- Vv +(crz+1-)

(4.22)

- (61 + €22+ Gaz)

where the function,M, is a stationary random process
because of the stationarity of process,z(t). If the
parameters €; are chosen so as to minimize M,
DBP, jnear <an be regarded as to be approximately
equal to DBP. A natural optimization for the
linearization is to choose €; so that E[Mz] is

minimized. This requires that

SEIM| _
661 =0
2
OEMT _ o (4.23)
662
AE[M?] _
653 - 0 /

Substituting Eq. (4.22) into Egq.(4.23),
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OE[M? )
a[il | =€ + B[] + 3 E[z] + %E[éz]
— J(erE[#) + krElz] + mg) - rz
=0
2
?-%—] =1 B[4] + B[] + es =] + ST (3]
— J(erBl#) + krElad] + moB[e]) ~ TElz) ( (4-24)
=0
2
61*;[:-\: ] =¢1 E[2] + e2E[22] + eaE[2*] + f—;?-E[zz’z]
— J(erE[2z] + krE[2%] + mgE|[z]) — g—E[z]

Since the original surface profile is assumed to be a
stationary Gaussian random process whose expected
value 1is zero, the response, z (t), is also a
stationary Gaussian random process having zero

expected value and therefore,

E[z] = O
E[Z2] = —d—E[z] =0
dit
. . d
E[zz] = Rzz(0) =—Rz2z(0) = 0 = E[22)]

dr
E(23] = #E[2%] + 20%E[2] = 0

where R(T) = autocorrelation function

" E[2)

2 standard deviation of z

(2
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With regard to E[z22%], the correlation coefficients
between Z(¢) and i(t)z were investigated by applying
random digit numbers generated by the computer since
it is very complicated to analyze jointed random
variables theoretically. Fig. 4.4.1 exhibits the
results. Correlation coefficients,kK, were computed
twenty times with fifty random variables each. It was
found that the coefficient lies in the range between
- 0.2 < K < 0.2. This means that the function,z, and
the square of .ts derivative have little dependence.
Thus, these two functions are assumed to be

independent of each other. Then,
E[22%] = E[2z] E[2%] =0

Therefore, Egs.(4.24) can be simplified as:

dEM? er .o T ‘

T“€1+7E[z ]—-ng—;;—O

AE[M?

SBIMT _ e2E[2%) — JerE[#%] = 0 > (4.25)
362

AE[M?

OBM| _ ey B(a?) - Jhr Bl = 0
663 }

Finally, the equivalence parameters,¢€¢;, are obtained

as follows:

_ T £CT .2
€1—-;:+ng VE[Z]

€3 = JkT
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Fig. 4.4.1 Correlation coefficients between z and (dz/dt)2



4.4.3 System Function

The system function representing a linearized
relationship between the fluctuating component of the
DBP and the original terrain surface irregqularities
,Y1, can be given by deriving the following

individual transfer functions. That is,

System Function

y2 2

—— BEEE— R au e
filtered vertical
profile response

Fig. 4.4.2 Components of system function

(1) HDBP’/z (between variable DBP and vertical response

of tyre axle)

Setting the second and third term in Eq.(4.21) as

DBP’(;(1)) = €22 + €32 (4.27)

Performing the Laplace transform with the assumption
that the initial values are zero, the transfer

function between DBP’(t) and z(t) is obtained as

follows.
Hppp'/z(s) = €28+ €3 (4.28)

where s is a Laplace operator and equal to i2nf.
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(2) Hz/yz (between the vertical response and filtered

surface profile)

The transfer function will be derived by considering
a simple one-degree-of-freedom vibration system shown

in Fig. 4.4.3.

Fig. 4.4.3 Modeling of experimental rig

The equation of motion can be written as
I,60+ cpaj(a;f - y2) + kpa;(a;f - y2) =0 (4.29)

where I, is the moment of inertia about point P.

Using the following relation, such that
0 = y3/a,
Eg.(4.29) can be rewritten as follows:

Meq¥3 + Cp(¥3 - y2) + kp(y3 - y2) = 0 (4.30)
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where the equivalent tyre mass, Mgq, is
— 2
Meq = Is/ay

Applying the Laplace transform to Eq.(4.30) in the

same way,

(meqsz + cps + kp) ¥3(g) = (ops + Kp) ¥2(g)  (4.31)

Substituting
Z(s) = ¥2(5) ~ Y3(s)

into Eq.(4.31),

(meqsz + CTS + kT) Z(S) = meqsz YZ(S) (4.32)

Thus, the transfer function between the tyre vertical
response and the filtered terrain profile yields,

Megs?
Meqs? + crs + kr

Hz/yZ(s) = (4.33)

Hy2/y1 (between the filtered profile and the original

terrain profile i.e. enveloping function)

As for the transfer function with regard to the tyre

enveloping property,Hyz/yl(s) is discussed in Chapter
3 and 7.
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By multiplying these three transfer functions, the

necessary system function can be finally obtained.

Hsy

HDBP'/Z M HZ/yz . Hyz/yl (4.34)

Fig. 4.4.4 compares the system functions for different
translational velocity and tyre inflation pressure.
Regarding the inflation pressure, it can be indicated that
the lower inflated tyre generally exhibits the larger
variation of the DBP because of a larger value of the
system function. This is probably due to increased tyre
flexibility. As for the effect of the translational
velocity, a simple tendency cannot be derived from the
Figure since 1its effect seems to be determined in
combination with another factor’s effect i.e. inflation

pressure.

Note that this system function can only provide
information of the variation of the DBP, not including the
average value of the DBP. At natural frequencies, the
system functions show their peak values in a lower range
than 20 Hz although Fig. 4.4.4 shows only up to 10 Hz. When
the excitation frequency from the ground meets with the
natural frequency, the performance of the tyre is expected
to be considerably reduced due to severe vertical

vibration.
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4.5 Nominal Tractive Efficiency

The tractive efficiency can represent vehicle
tractive performance as a suitable evaluation index. It is,

in general, expressed by the output/input power ratio as

follows:
DBP .V
=T wr (4.35)
where DBP = drawbar-pull
V = translational velocity
T = input torque
wTr = angular velocity of tyre

Under a static condition, this definition can be
directly used without hesitation since all four parameters
defining the efficiency are assumed to be constant.
However, on a off-road terrain surface, whose surface is
very rough compared with the on-road surface, it is
expected that such variation of DBP becomes much larger.
Therefore, it may be necessary to modify the equation
slightly in order to compensate for the variation effect of
the time-variant parameters in the case of dynanic
operation situations on the rough roads, so that the

practical evaluation of the off-road tyre performance can

be made.
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The DBP as a final output force can vary with time
because of the continuous change of the power loss during
motion, even though the input energy is controlled so that
it is constant. Such time-dependent variable terms were
shown in Eq.(4.19) in terms of tyre response, z (- Fig. 4.5
demonstrates the comparison between the constant DBP
developed on a theoretically flat and smooth ground surface
and the fluctuating DBP developed on a rough terrain
surface. It is found that the two different DBP curves
illustrate the different tractive abilities of the tyre,
even 1f their average values are the same. That is to say
that curve B (variable DBP) produces randomly higher and
lower values than 1its average DBP, whereas curve A
(constant DBP) can consistently produce the effective DBP.
This means that the potential performance expressed by the
curve B is less than that by the curve A. In other words,

curve B exhibits less efficiency than curve A.

A
3
t t
Stationary, constant Stationary, inconstant
average = a gverage = 3
stnd.dev.= 0 stnd.dev.= b

Fig. 4.5 Effect of constant DBP and variable DBP
on vehicle performance
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Therefore, in order to evaluate the tyre tractive
performance on a rough road, a modification of the ordinary
tractive efficiency 1is proposed in this study, by
subtracting the standard deviation of the DBP from its
average value. The nominal tractive efficiency is defined

as follows:

_ (E|DBP)—opgp)-V

n-—

4.36
T wor ( )

where E[DBP] mean DBP

ODBP standard deviation of DBP

It should be noted that the average DBP can also be
reduced by the increased tyre damping energy loss on rough

ground, as shown 1in Eq. (4.26).

4.6 Summary

A predictive model which describes a flexible tyre
moving on a rigid rough terrain was established. Using this
model, the relationship between the resultant DBP and the
terrain surface geometry was found, together with the
energy conservation law. The effect of terrain roughness on
tractive performance of tyre was expressed in terms of the

system function in the frequency domain.

In order to evaluate the vehicle mobility on a rough
road, the nominal tractive efficiency, which accounts for

the variation of DBP, was proposed.
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CHAPTER 5
PREDICTION OF NOMINAL TRACTIVE EFFICIENCY A8 A FUNCTION

OF SLIP FOR ROUGH NON-DEFORMABLE SURFACES

5.1 Introduction

The objective of this chapter is to illustrate the
effect of slip rate on nominal tractive efficiency, using
the system function. The effects of tyre inflation
pressure, vehicle speed and terrain surface roughness are
also introduced while further discussion about the effects
of these parameters will be given in Chapter 7. Derivations
of mean and standard deviation of DBP, which are required
for the calculation of the nominal tractive efficiency, are

shown in Appendix D.2.

Fig. 5.1.1 describes the classified terrain surfaces
used in the computer simulation. Terrain surfaces are
categorized as: i) deterministic rough surfaces and ii)

non-deterministic (random) rough surfaces.

Rough non-deformable surface

Deterministic Non-deterministic

I
[ 1 l Il

Flat & smooth Sinusoidal Very good| |Average| | Very poor

\ /
v

Classified by ISO recommendation

Fig. 5.1.1 Categorized surfaces for simulation
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Fig. 5.1.2 illustrates the general flowchart for the
simulation. The speed range in the computation was taken
approximately between 1 m/s and 5 m/s (3.6km/h and 18km/h).
This reflects the usual operational range of farm tractors.
Here after, the term "tractive efficiency" or solely
"efficiency" indicates the nominal tractive efficiency if
no further explanation is given. In the simulation of this

chapter, the following inputs are commonly used:

static load to the tyre axle = 200.0 kg
tyre diameter = 0,748 m
tyre section height =0.17 m

maximum input torque = 330.,0 N
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//’READ INPUT DATA

Torque

Velocity

Mass

Inflat. press.
etc.

.
FLAT & SMOOTH_——Crprce~2 SINUSOIDAL

1,23
RANDOM | 3,

CALCULATE
SYSTEM FUNCTION

-

CALL SUBROUTINE

Variation of
Vertical Response, E [z°)
Drawbar-pull, E [DBP]

_4
CALCULATE
€ i

!

CALCULATE
TRACTIVE EFFICIENCY PLOTTING

!

WRITE B ‘ /‘\\\\\

Fig. 5.1.2 General flow chart of computer simulation
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5.2 Results for Deterministic Functioned Road Surfaces

$.2.1 Efficiency on a Flat and Smooth Road Surface

on this road surface, the average value of the DBP is
immediately derived to be equal to €4 in Eg.4.26 since no

vertical response of tyre,z(t), is theoretically expected.

E(DBP]

€1

r£+ng (5.1)

o

where

N T &CTUJ% 2
J"<8r§' v )9

The standard deviation of the DBP is also zero.

oppp =0 (5.2)

The effect of slip rate on the tractive efficiency for
a flat and smooth surface (F-surface) is demonstrated in
Fig. 5.2.1 for different vehicle speeds (2 m/s and 5 m/s).
Effect of three kinds of inflation pressures (310.3, 137.9
and 34.5 kPa) was also investigated. From Fig. 5.2.1, the
following effects of each parameter can be briefly

summarized.

For the slip rate, an optimum slip rate can be found
to exist where the tyre can produce the highest tractive

efficiency. The optimum slip rate tends to be increased
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when the tyre is deflated. The tractive efficiency is
decreased with an increase of slip when it is greater than

the optimum slip rate.

As for the effect of inflation pressure, a higher
inflated tyre produces a higher tractive efficiency on a F-
surface due to less rolling resistance. It 1is also
indicated that the efficiency is significantly reduced as

the tyre is deflated.

When a vehicle gains speed (comparison with Fig.
5.2.1a and b), the efficiency is decreased due to increased
tyre deformation power loss. The reduction in efficiency is
intensified with a decrease in inflation pressure. For the
case of an extremely low inflation pressure (34.5 kPa), the
efficiency is greatly decreased by the increased speed, as
compared to other higher inflation pressures (310.3 and

137.9 kPa).
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5.2.2 Efficiency on a Sinusoidal Road Surface

The expected value and standard deviation of the DBP
on a sinusoidal road surface (S-surface) is expressed as

follows, respectively:

_ T Eer .
E[DBP| = o + Jmg — TE[zz] (5.3)
-, /1 72 24 .2 4
°DBP =\/5 {(e2w)? + €2} (5.4)
where
7= mhw?

\/(kT - mw?')z + (cTw)2

Fig. 5.2.2 depicts examples of the DBP variation with
time,t, for three typical tyre inflation pressures on a S-
surface. Peak-to-peak amplitude and the wavelength of the
used S-surface were 0.04 m and 0.8 m respectively. The
translational speed was 3 m/s (10.8 km/h) and the slip rate
was set to 20%. As the tyre inflation pressure is deflated,
variation of DBP is increased due to the increased tyre
flexibility. Furthermore, it is indicated that the average
value of the DBP is decreased. From this result, it is
estimated that the tractive efficiency on a S-surface is
more significantly decreased by reducing the tyre inflation

pressure, compared to on a F-surface.
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Fig. 5.2.2 Variation of DBP with time on a
sinusoidal road surface

Fig. 5.2.3 shows the effect of slip rate on tractive
efficiency on the same S-surface as before. The vehicle
translational speeds are 2 m/s and 5 m/s. The effect of
inflation pressure was also studied. From the results shown
in Fig. 5.2.3, a similar trend in the effects of each
parameter for the case of a flat and smooth surface is
obtained. However the effects of inflation pressure and

speed are more intensified on the sinusoidal surface.

As a general tendency, on a rigid S-surface, the
optimum slip rate is slightly increased as compared to the

slip rate on the F=-surface, for both speeds. This may be
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explained by the requirement of larger input energy on a S-
surface. On a sinusoidal waved ground surface, a
marginally higher slip rate than that for an F-surface is
preferable for achieving the effective work. The efficiency
is decreased over a whole range of slip compared to an F-
surface because of increased tyre deformation power loss
due to vertical motion of the tyre. Increase in optimum

slip rate is more conspicuous at a higher speed.

With regard to the inflation pressure, its effect is
more evident on the S-surface than on the F-surface.
Tractive efficiency is substantially decreased when the

inflation pressure is 34.5 kPa.
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5.3 Results for Non-deterministic Functioned Road Surfaces

5.3.1 Random Rough Road Surface used in the Simulation

Although an approximate expression for a random rough
ground profile has been introduced with a combination of
the sinusoidal waves considering their dominant amplitudes,
wavelengths and frequencies included in that profile
(Wendenborn, 1966; Lesage and Yong,1987), the expression in
the frequency domain will be used due to its simple

handling and universality.

In the space domain, which is independent of the
vehicle velocity, the PSD function of the ground surface

profile can be expressed as follows:
S(Q):Goﬂ_n (2.6)

where S(Q) = one-sided PSD function of ground surface
G, = roughness constant
() = spatial frequency (c/m)

n = slope constant (normally 1.5<n<2.5)

The values of Go and n vary for different road
roughness. The slope constant is usually assumed in many
studies to be n=2, as derived from measured elevation
profiles of a number of grounds (Segel and Lu,1982;
Beres,1987) though IS0 recommended n as 1.5 over

frequencies of more than 1/27m c/m (corresponding to the
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road profile wavelength of 6.3 m). As for the roughness
constant, it varies from 1.27E-7 to 1.30E-4 ("very good" to
"very poor"), according to ISO recommendations. Table 5.1
shows the range of Go values for various types of rough

roads.

Table 5.1 Range of Go value by IS0 ( Q >1/27m c/m)
(after ISO draft)

Type of surface Go
Very Good 1.27E-7 - 5.08E-7
Good 5.08E-7 - 2.03E-6
Average 2.03E-6 - 8.13E-6
Poor 8.13E-6 - 3.25E-5
Very Poor 3.25E-5 - 1.30E-4

Typical values of Go and n corresponding to several
types of roads were suggested by Wendenborn (1966); Robson
and Kammash (1977) and Van Deusen (1965) as shown in Table

5.2.
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Table 5.2 Go and n values of various roads reported
by several authors

Type of Road Go n

First Class Road Average 8E-6
Secondary Road Average 6E-5 N/A
Farm Road Average 6E-4

after

Wendenborn
Mortorway 3E-8 =~ 5E-7
Principal Road 3E-8 - B8E-6 2.5
Minor Road 5E-7 - 3E-5

after Robson
and Kammash

Paved Road 1.2E-6 2.1

Unpaved, with gravel 1.1E~5 2.1

Unpaved, waved 3.7E-6 2.4

Unpaved, rough 2.0E-6 3.8

Virgin, cross-country 1.6E-3 2.0
after

Van Deusen

Considering the above-noted results, three different
rough road surfaces were selected 1in the computer
simulation for the purpose of comparison of their roughness
effect. They are classified as "very poor", "average" and
"very good" surfaces according to their Go and n values.
Fig. 5.3.1 shows the Go and n values of each surface and
their PSD curves in the log-log scale. A rougher road has
more power than does a smoother road. The larger
contribution of the power lies normally in the lower

frequency range.
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Fig. 5.3.1 PSD curves and Go, n values for three rough
roads used 1n comnuter simulation



Although the amplitude PSD function of the ground
surface was expressed in terms of the spatial frequency, it
is preferable to convert it into an expression in terms of
the time dependent frequency if the system response spectra
are to be established over a fixed temporal frequency
range. In the simulation, the range between 0.1 Hz and 20
Hz was determined to be the principal interest frequency
range for off-road vehicle mobility dynamics, in reference

to other studies (Robson and Kammash,1977; Wong,1970).

The PSD function of the original ground surface in
terms of the spatial frequency can be converted into the
PSD in terms of the temporal frequency, using the following

relationships, previously mentioned in Chapter 2.

-

f=va (2.3)

1 <.
Sn=vySm (2.4)

Consequently, the PSD function in terms of the temporal
time~dependent frequency can be written in the following

velocity-dependent manner.
S(f)ﬂGoV"—lf“" (5.5)

If n=2, Eq.(5.5) yields to

Sin =GV f~* (5-6)
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Eq. (5.6) indicates an interesting relationship between
the PSD function and the translational velocity. The level
of the input to the system is directly proportional to
vehicle speed. If the system is linear, it is expected that
the dynamic response of the tyre will increase in direct

proportion to the speed.

5.3.2 Efficiency on a Randomly Rough Road Surface

The mean value of the DBP on a randomly rough road

surface is expressed using Eq. (D.2.15) as follows:

2

T
E[DBm:;;umg_%‘jl Sy @ (5.7)

where £, and f, are banded to 0.1 Hz and 20 Hz respectively
in this study. The standard deviation of the fluctuated DBP

is given by integrating the PSD over a bandwidth between £,

fa
UDBP=\//; Speei(f) df

fa
=\// |Hoy|? Syrsy  df (5.8)

The effect of slip rate on the tractive efficiency for

and f2.

different rough road surfaces is plotted in Fig. 5.3.2. The
translational velocity is 5 m/s. Three different inflation
pressures (310.3, 137.9 and 34.5 kPa), as well as the

previously mentioned case, were applied for comparison of
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their effect. Comparing the predicted results, the

following were obtained.

A clear difference in the efficiency between a "very
good" surface and a 'very poor" surface can be seen while
very little difference is shown between a "very good"
surface and an "average" surface. From this point of view,
it is surmised that the tractive efficiency starts to
decrease abruptly when road roughness exceeds a certain
value. The efficiency, of course, becomes lower on a

rougher ground surface.

Optimum slip rate increases when the ground surface
condition becomes poorer. The optimum slip rate for a
rougher surface and/or lower inflated tyre is larger than
that for a smoother surface and/or higher inflated tyre.
This is probably due to the need for a larger 1nput energy
on such conditions. It is also found that the optimum slip
rate lies between 2% and 10% approximately, for a rough

road within the range from a '"very good" to a "very poor".

With regard to the inflation pressure, the low
inflated tyre exhibited less tractive efficiency over the
whole slip range. The effect of inflation pressure on
efficiency is exponentially intensified by the roughness of
the ground surface. This is significant when the tyre
inflation pressure is low, in spite of the greater

enveloping effect of a pneumatic tyre.
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5.4 SBummary

Considering predicted results of tractive efficiency

on deterministic and non-deterministic road surfaces, the

following may be summarized as general effects of each

parameter:

(1) slip rate

The tractive efficiency is reduced with an increase
of tyre slip due to increased interfacial energy
loss, although the highest efficiency is given at an
optimum slip rate. Optimum slip rate tends to
increase for a rougher surface, low inflated tyre and
higher operational speed.

(2) inflation pressure

Higher efficiency is achieved with a highly inflated
tyre. As inflation pressure 1is decreased, the
efficiency is dramatically decreased by increased
rolling resistance.

(3) vehicle speed

Vehicle speed considerably affects efficiency when
the ground surface is rough or when the inflation
pressure is low.

(4) ground roughness

Lower tractive efficiency is produced on a rougher
ground. The nonlinear relationship between the
efficiency and the ground roughness, vehicle speed

and inflation pressure can be estimated.
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PART II EXPERIMENTAL CONSIDERATIONS

CHAPTER 6

PNEUMATIC TYRE TESTS ON ROUGH NON-DEFORMABLE SURFACE

6.1 Introduction

The laboratory experiments performed in this study are
directed towards the investigation of the effect of surface
roughness on pneumatic tyre performance. Because of the
nature of this study, some prior experimental results are
necessary 1n order to develop a model which mnimics
pneumatic tyre performance. The correlation between
theoretical and experimental analysis in this study is
shown in Fig. 6.1. All the experiments performed were
designed to serve the following objectives:

(1) To study the behavior of the pneumatic tyre under
varying vertical dynamic 1loads and different
inflation pressures,

(2) To investigate the tyre enveloping property together
with the effect of inflation pressure,

(3) To evaluate the effect of traction surface roughness
on the tractive efficiency through the change in
amount of energy wasted in slip and deformation of
the tyre, and

(4) To validate the proposed analytical model for
predicting the tyre mobility performance on rough

non-deformable terrain.
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6.2 Experimental Program

The outline of the experimental program of this study

is illustrated in Fig. 6.2. The experiments can be

categorized into three major divisions, namely:

(1) Non-rolling tyre tests (investigation of mechanical

properties of a tyre)

The tyre is kept stationary without any rotational or

translational motion, and it is further divided into:

a.

static tests

The tested tyre is loaded through its axle by a
compression machine with the tyre resting on top of
a rigid wunyielding surface. The mechanical
properties such as tyre stiffness and contact
length coefficient are found by investigating the
load-deformation relationship and locad-contact area
relationship individually.

dynamic tests

The tyre having freedom of vertical motion is
mounted on a hard unyielding flat surface. Its
damping constant can then be <calculated by
measuring the decay of vertical vibration of the

tyre axle after applying an impulse.

(2) Terrain surface profile measurement

In essence, this information is regarded as input

data to the tyre~-rough terrain system. An ultrasonic

distance detector is used for the surface profile

measurement in the laboratory.
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(3) Rolling tyre tests on rigid unyielding surfaces

These tests are performed in order to consider (a)
the tyre enveloping property and (b) the effect of
rigid off-road surface profile on the tyre mobility

performance, relative to the tractive efficiency.

The controlling parameters which are selected to be
variable in the experiments are:
(1) Random profile of rigid traction surface (arbitrary
amplitude from a reference plane)

(2) Tyre inflation pressure and angular velocity.

Specifications of the pneumatic tyre used in the test

are shown in Table 6.1.

Table 6.1 Specifications of tyre used in laboratory test

Name of tyre Michelin 7:00 R16 XCL
Diameter 0.748 m

Rim diameter 0.408 m

Section height 0.170 m

width 0.114 m
Construction Radial, 6ply
Surface condition Buffed

The experimental results will be presented subsequently

and analyzed where appropriate.
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6.3 Non-rolling Tyre Tests on a Smooth, Non-deformable

Ssurface (Mechanical Prcperties of Pneumatic Tyre)

It is well known that a pneumatic tyre usually
contains a variety of rubber compositions, fabric, beads
and other components which contribute to overall tyre
performance. It is difficult to know a tyre’s properties
precisely since the tyre exhibits complex combined
mechanical and/or chemical characteristics. However it is
important and necessary to investigate those properties
since the difference 1in characteristics of tyres is
expected to considerably affect the performance on a rough
road as opposed to a flat, smooth road because of the
dynamic vertical motion of a tyre. In this study, inflation
pressure is selected as an indexing parameter for several
kinds of mechanical properties of pneumatic tyres since it
directly influences the response characteristics of the

tyre.

Basic properties of tyre compounds, especially
nonlinear characteristics of mechanical properties such as
frequency, load or velocity dependence will be presented in

Appendix C.

123



6.3.1 Static Tests for Tyre Stiffness and Contact Length

Coefficient

The tyre stiffness and the contact length coefficient
as a function of the tyre inflation pressure are
investigated by the load-deformation test and load-contact

area test, respectively.

(1) Load-deformation relationship
Depending upon the test conditions, three different

types of tyre stiffness are generally defined.

a. Rolling dynamic stiffness
This stiffness may represent the most practical
value of a rolling tyre in the actual operational
condition (bumping). The rolling dynamic stiffness
is a function of the rotating speed of the tyre and
of the exciting trequency (see Fig. C.4 in Appendix
C). The rolling dynamic stiffness is thus usually
determined by measuring the response of a rolling
tyre to a known harmonic excitation. The response
is normally measured at the tyre hub and excitation
is given at the tread band. Taking the ratio of
output response to input excitation, the rolling

dynamic stiffness is determined.

b. Non-rolling dynamic stiffness
Several methods are available for this stiffness.

One of the simplest is the rco-called "drop test".
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In this test, a tyre with a certain load is allowed
to fall freely from a height at which the tyre is
just in contact with the ground, so that the tyre
always remains in contact with the ground during
the test. The trajectory of vertical displacement
of the hub is recorded. Then the value of the non-
rolling dynamic stiffness can be determined with

its vibrational period of decay trace.

c. Static stiffness
In this study, the static stiffness 1is adopted as
the tyre stiffness because of a limita*’'on in test
equipment and a comparatively small difference in
the values (10-15%) between the dynamic and the
static stiffness for a slowly rotating off-road

tyre (Matthews and Talamo, 1965).

Experimental method
Both vertical deflection of a tyre and vertical loads
are measured and plotted simultaneously. The static
stiffness is determined from the slope of the derived
curve. The test facility used is shown in Fig. 6.3.1.
The vertical deflection of the pneumatic tyre and
corresponding contact area together with applying
load are measured separately by using the Instron

loading machine.
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Fig. 6.3.1 Instron loading machine for investigation
of deflection characteristics of tyre

In measuring tyre deformation and contact area under
a vertical load, the tested tyre was loaded through
the wheel axle by using a rigid frame connected to a
loading machine. The inflation pressures of the tyre
were measured by an electrical pressure gauge. The
contact areas for different inflation pressures were

measured with wvarious loads,.

Experimental results

Fig. 6.3.2 shows the experimental results for the
static load-deformation characteristics. It is clear
that the tyre deformation increases almost linearly

I with applied vertical load as reported elsewhere
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(Clark, 1971), and curves for a highly inflated tyre

indicate stiffer characteristics.

Several empirical equations for a nonlinear load-
deflection relationship have been introduced (Ariano,
1933; Hadekel,b 1952). Although the nonlinear
characteristics of tyre stiffness are still valid for
a large deflection, linearity could be held for a
relatively small deflection wunder the normal
operation range of a tyre. Accordingly, the static
tyre stiffness can be derived assuming a 1linear
relationship between the applied vertical load and
the tyre deflection. The equation indicating the
load-deflection relationship can be expressed in the

following simple form.
N = Kp(pj)D (6.1)

where kT(Pi) is the static tyre stiffness which is a
function of inflation pressure,P; (Pa), D is the
vertical deflection of the tyre and N is the vertical

load applied to the tyre axle.

The empirical relationship defining tyre stiffness
for the specific tyre (Michelin 7:00 R16 XCL radial,

buffed) can be determined from Fig. 6.3.3 as follows:

kr = 30000 + 0.773 P, (N/m) (6.2)
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(2) Load-contact length relationship

Experimental method
The contact length,2d, between the tyre and the rigid
flat smooth surface is derived based on an assumption
of constancy of the width of contact area under
varying loads. The measurement of contact area was
performed by reading the size of the tyre foot print
after spraying around the contact area under a

specific load.

Experimental results

Fig. 6.3.4 compares the size of the foot prints for
different inflation pressures under the same vertical
load of 1.64 kKN. Each foot print exhibits almost the
same contact width and the lower inflated tyre has a
longer contact 1length. Sets of experimental load-
contact area curve are shown in Fig. 6.3.5. Since the
contact 1length is expected to be a function of the
tyre inflation pressure, the relationship between the
contact length coefficient (defined in Chapter 4) and
the inflation pressure is investigated. The contact
length coefficient exhibits a nonlinear
characteristic with respect to inflation pressure as
shown in Fig. 6.3.6. This coefficient was also
investigated for a different tyre (not shown here)

and also showed a similar nonlinear tendency.
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Based on the results exhibited in Fig. 6.3.6, an
experimental relationship between the contact length
coefficient and the tyre inflation pressure for the

tyre 7:00 R16 XCL (buffed) is derived as follows:
q = (-4.6llog P, + 26.82) - 1073 (m/N) (6.3)
where log is the normal logarithm.

As a reference, the relationship between contact
length and tyre radius shown in Fig. 6.3.7 (Clark,
1971) clearly indicates that the contact length
decreases nonlinearly with an decrease of radius of

the tyre.

0.25% All data at 193Pa inflation

2.54cm deflection

e Bias construction
o Belted construction

3.84cm deflection

# Bias construction
o Belted construction

Contact Patch Length (m)

0.10 b R

¥

1 1
1.83 0.6 0.31 0.15
Aadius of Tyre (m

Fig. 6.3.7 Relationship between contact length
and tyre radius (after Clark)
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6.3.2 Dynamic Tests for Tyre Damping

In this section, the relationship between the damping
factor and tyre inflation pressure will be investigated.
Experimental method
A simple and very popular drop test, which was
explained in the previous section, was used for
measurement of the damping factor of a tyre. Fig.
6.3.8 shows examples of the raw data for the test
tyre inflated to 34.5 kPa or 310.3 kPa respectively.
The damping ratio, g , 1s calculated from the decay

rate of the response in amplitude.

Experimental results
The sophisticated characteristics of structure and
rubber material of tyre viscoelasticity makes it
difficult to focus on one factor alone, but for the
purpose of this study, the effect of inflation
pressure is chosen since it significantly influences
the damping property as well as stiffness of the
tyre. The test results are siiown in Fig. 6.3.9. It is
seen that the damping ratio of tyre compounds
decreases exponentially with increasing inflation

pressure.

The experimental equation for the tyre damping ratio
is also derived as a function of the tyre inflation
pressure, which is

¢ = —0.1363log P, + 0.7884 (6.4)
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Fig. 6.3.8 Examples of tyre damping test results
for different inflation pressure

. 20

o/‘

.15F \

Tyre:Michelin 7: 00 Ri6 XCL (Buffed)

o,
.10} \\\\\\\\
OS5
[ ¢
[
0.00 Llllllil‘n!lllllll!llll’ll]l!v!li
0 20 100 150 200 230 300 350
INFLATION PRESSURE (kPa)
Fig. 6.3.9 Damping ratio as a function of
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6.4 Traction Surface Profile Measurement

It is necessary to obtain information about the
traction surface profile correctly in order to study the
flexible tyre response to terrain surface geometry. By
studying the characteristics of the random terrain surface
geometry using statistical techniques, a theoretical input
comprising the effect of surface roughness on tyre
performance will be available for use with the developed
model. Previous reports on surface profile measurement are

introduced and discussed in Appendix B.

In our test, measuremeant of surface profiles was
performed in the laboratory, wusing different rough
surfaces. The measured data of traction surface profile
were used for analysis of another important tyre
characteristic i.e. the enveloping effect to the original
road surface profile. The enveloping behavior will be

measured in the following section (6.5 Rolling tyre tests).

6.4.1 Prepared Surfaces for Laboratory Test

In order to study the direct geometrical effect of
traction surface profile, four rough non-deformable
surfaces (including a flat and smooth surface) were used as
test surfaces. They are shown in Fig. 6.4.1. As a flat and
smcoth surface (a), a flat wooden board was used. As
randomly irregular surfaces, two surfaces having different

profiles were considered (b and c).

135




National Library
of Canada

Canadian Theses Service

NOTICE

THE QUALITY OF THIS MICROPICHE
IS HEAVILY DEPENDENT UPON THE
QUALITY OF THE THESIS SUBMITTED
FOR MICROFILMING.

UNFORTUNATELY THE COLOURED
ILLUSTRATIONS OF THIS THESIS
CAN ONLY YIELD DIFFERENT TONES
OF GREY.

Biblioth&que nationale
du Canada

Service des thases canadienncs

AVIS

LA QUALITE DE CETTE MICROFICHE
DEPEND GRANDEMENT DPE LA QUALITE DE LA
THESE SOUMISE AU MICROFILMAGE.

MALBECREUSEMENT, LES DIFFERENTES
ILLUSTRATIONS EN COULEURS DE CETTE
THESE NE PEUVENT DONNER QUE DES
TEINTES DE GRIS.




Poyah !

i




The irregqularity was created by arranging several
rectangular ply-wood strips on a flat, rigid wooden board.
For a sinusoidal surface (d), a ply-wood board was manu-
factured in the shape of a sinusoidal curve. The peak-to-
peak amplitude was 0.04 m and its wavelength was taken as

0.8 m.

6.4.2 Apparatus for Surface Profile Measurement and Method
(1) Device for test surface profile measurement
Although several kinds of measuring methods and their
devices used mainly in the field were considered, the
ultrasonic wave apparatus (called ultrasonic distance
detector here) was used. Fig. 6.4.2 shows the
measuring equipment attached to a dynamometer
carriage which sweeps horizontally over a test

surface to collect profile data.

Fig. 6.4.2 Ultrasonic distance detector attached to
dynamometer carriage
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(2)

The fundamental principle of this equipment is
illustrated in Fig. 6.4.3. The intermittent signal is
applied to the transmitter of ultrasonic waves by an
electrical switch, and the signal is regarded as S1.
The reflected signal,S2, 1is picked up by the
receiver. Both signals are sent to "flip-flop", then
the difference of the two signals,S3, is converted

into pulse-type signals,S4, through a counter.

Fig. 6.4.4 plots the characteristic curve of this
detector. It shows a fairly good linear relationship
between the output voltage and the measured distance.
Its useful detectable range was found to be between
about 6 cm and 15 cm. When beyond this range, the

output signal often becomes unstable.

Methods of measurement

In the measurement of traction surface profile, the
following requirements are of major concern; i)
setting the reference plane and ii) establishment of
the horizontal base line in order to carry the
measuring apparatus. As for the reference plane, any
plane (point) can be regarded since the terrain
surface roughness is evaluated as a variation from a
descretionally fixed 1level or point i.e. mean or

thereabouts.
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The need to establish a proper level baseline is
paramount not only for reference determination of the
irregularities but also for support of the moving
carriage which contains the ultrasonic detector
device. The difficulty in establishing this line may
arise in the use of this method outdoors. The trend
of ground surface roughness due to long wavelength
components has to be considered, tooc. In the initial
phase of development and testing, the use of the
ultrasonic device and method has been restricted to

laboratory tow bin trials.

Since the ultrasonic distance detector is
horizontally swept over test surfaces at a constant
speed (Fig. 6.4.5), a sweep line of the detector is
regarded as both the reference plane and the base

line (see also Fig. 6.5.2).

Ultrasonic
Detect
ar r-., V=const (0. 18m/s) ___
Base line At sec o oo
—— - —— ———— 1 R
b C
:_ | ! -
wbud
[~
1]
adead
wn
=
[
[
Fig. 6.4.5 Schematic diagram of surface profile

measurement by ultrasonic distance detector
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In order to deal with stochastic data, one analysis
system was developed for this experiment (Figqg.
6.4.6). All of the measured data were continuously
recorded in a six-channeled tape recorder (Honeywell
Model 5600) for about 30 seconds. The experimental
data which were stored in a magnetic tape were
transferred to a computer through GPIB interface
while analogue signals were converted into 1024
points of digital signals by a digitizer 5B25N of
Tektronix 5223 oscilloscope. These digitized
experimental signals were also stored on a computer
diskette, and Fourier analysis was performed by a
personal computer (HP-85), using the digitized
signals. The calculated data were stored on another
diskette. The computer programs developed for
transferring data through GPIB interface connecting
between HP-85 and Tektronix 5223, and for calculating
PSD using Fast Fourier Transform are given in

Appendix G.

In the surface profile measurement, the sampling
interval should be carefully determined. It must be
large enough to take long distance data and must be
small enough so as not to lose real information of
surface geometry. The sampling interval of 3.5 mm
(1024 points for 20 seconds, corresponding to 3.6 m

surveyed 1length) seems to be sufficient enough for

141




vt

Lanie |

Measuring Device

Trans. Velocity

Drawbar-pull
Torque

Surface Profile
Filtered Profile
Angular Velocity
Verti. Accel.

Power
Amplifier

Low-pass
Filter

™

X-Y Plotter

Calculated Data

O

Store
el

o

Personal Computer
HP-85

GPIB
Interface

-’_,I Monitor
= Data
- Recorder

QO

Y

AAPA A,

compute PSD etc.

Store

I
O

Experimental Data

F1g- 6,4.6 Bloch schermatic dragra— of data process and analvsis

R

Textronix 5223
0scilloscope
A/D converter




off-road surface profile measurement. It is desirable
to measure a longer distance of a surface in order to
detect the components in the low frequency (long
wavelength) range. A short period of measurement is
the most disadvantageous to laboratory use. Ensemble
averages of measured data are also employed for an
achievement of higher reliability of data. Then
measurement was repeated more than 10 times for each
surface although little variation of results was

observed.

6.4.3 Results of Test Surface Profile Measurements

Fig. 6.4.7 shows the measured surface profiles (upper)
and their PSD curves (lower) of each surface individually.
Both coordinates are expressed on a logarithmic scale so
that a large scale of each parameter can be seen. Since the
surface roughness is considered as a spatial disturbance
rather than a temporal time dependent disturbance, the PSD
curves were described in terms of the spatial frequency
(cycle per meter). The spatial frequency is a particular
concept in the space domain and it is therefore possible to
express the PSD functions of various kinds of rough
surfaces in a definite manner with no relation to vehicle

speed.
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(1) Surface profile measurement

(2)

In Fig. 6.4.7d, the characteristics of sinusoidal
surface (peak-to-peak amplitude is 0.04 m, wavelength
is 0.8 m) is described. As for the other surfaces,
the difference in profile is clearly shown. The tiny
and sharp irreqularities 1n the measured profile are
caused by the digitizing process of the analogue
signal recorded in a magnetic tape, likely due to a
noise produced in the measuring device itself or due
to unexpected changes 1in reflection angle of the
ultrasonic wave by rectangular shaped wooden pieces
or surface contamination. Since these sharp
irreqgularities provide 1larger PSD values than the
expected true values in the higher frequency range,
such irreqgularities should be eliminated by applying
the averaging procedure or by multiplying by an

adequate filter.

PSD curves of surface profiles

Fig. 6.4.7c compares the PSD curves of rough2 surface
profile obtained by the ultrasonic measuring method
and by the optical measuring method. The curves show
a good agreement of each other. Each PSD curve,
except for the sinusoidal surface, shows a tendency
of linear decline with spatial frequency 1in the
logarithmic scale. This agrees with the results of

previous researchers (Wendenborn,1966; Ohmiya,1986).
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Comparing these PSD curves, it is also seen that the
rougher the surface is, the larger the PSD values are
at each frequency. Severe irregularities in PSD
curves are plotted over 30 ¢/m. These are presumed to
be a result of the noise in the measured profile

data.

With regard to the slope of PSD curves, each curve
shows a different decrement depending on the type of
surface. The slope of the rough 2 surface is steeper
than that of the flat and smooth surface. A steep
slope means that the power included in a profile
signal decreases rapidly with increasing of the
spatial frequency. That is to say that the amplitude
energy in the surface profile is contributed by the
longer wavelength components (i.e. 1low spatial
frequencies) rather than by the shorter wavelength
ones. If the slope of a PSD curve 1is zero, such a
random process is called the white noise giving the
constant PSD values for all frequencies. As for the
frequency component, the PSD curve can provide
necessary information about frequencies. For
instance, the bump can be clearly shown in the PSD
plots of the sinusoidal surface at a spatial
frequency of 1.25 c/m, which agrees with the

wavelength (0.8 m) of that surface.
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Therefore, it can be said that the PSD function
obtained from measured data supplies the important
characteristic quantities (amplitude and frequency)

of the road surface profile for the dynamic analysis.

The following are concluded for the measurement of

surface profile.
Measurement of Traction Surface Profile

Surface profile measurement by the ultrasonic wave
method gives fairly good results in spite of the short
measuring distance. This ultrasonic measuring method is
practically useful for laboratory use. However, it could
also be available in the field 1f a reference plane |is
clearly defined, and if weasuring equipment can sweep over
a rough terrain surface maintaining a constant distance

from the reference plane.

The advantages of this method are:

a. It is not influenced by the dimension of the measuring
wheel contacting the road surface. In other words, the
purely original geometry of the surface, which is not
smoothed, can be surveyed since it 1is a non-contact
type detector,

b. It is small, compact and cheap
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The disadvantages are:

a. It includes electrical noise, which may be eliminated
by applying a suitable filter,

b. It must be operated at a relatively slow sweep speed
compared to the contact type method, since it
generates unexpected peak values in the measurement

for an abrupt change in surface height.

Expression of Surface Profile by PS

The PSD function can describe the characteristics of
random profile much better than other statistical
expressions such as Root-Mean-Square (RMS) or probability
density function, providing the energy and frequency
information. It is possible to show any kind of surface
roughness of mountains, hills or ball bearings by using the

PSD function.
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6.5 Rolling Tyre Tests on Rough Non-deformable Surfaces

Rolling tyre tests were performed in order to directly
investigate the effect of rough surface profile on the tyre
tractive performance, based on the concept of energy

expenditure during its motion.

The other important objective of the rolling tyre test
is to study the effect of tyre inflation pressure on the

so—-called tyre enveloping property of the pneumatic tyre.

Fig. 6.5.1 describes experimental facilities and
recording devices available in the soil-mechanics
laboratory of McGill Geotechnical Research Center. All the
traction test data were processed in the same manner as

explained in Section 6.4.
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6.5.1 Investigation of Tyre Enveloping Property

As stated in Chapter 3, a pneumatic tyre has a
capability of smoothing (enveloping) the oriainal
irreqularities of road surface. Although it is clear that
the size of contact 1length influences the enveloping
property of a tyre, it is not easy to describe this
characteristic with a mathematical expression since an
original road surface normally has a random profile which
cannot be simply expressed by a mathematical equation in
the time domain. Therefore, one must depend upon the
experimental results in order to investigate this special

property.

In this study, the measurement of the tyre enveloping
property 1is performed in order (a) to compare with the
results of another study and (b) to derive a useful
mathematical expression form for this so that it can be

applied to theoretical consideration.

6.5.1.1 Test Apparatus and Method for the Investigation of

Tyre Enveloping Property

Test apparatus

Fig. 6.5.2 1illustrates the side view of the driven
tyre test rig indicating measuring equipments for two types
of surface profiles (the original rough traction surface

profile and its filtered profile).
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The original surface profile was measured by the
aforementioned ultrasonic distance detector which was
attached at the front edge of the dynamometer carriage. A
displacement transducer for the measurement of filtered
profile was also fixed to the dynamometer carriage whilst
its probe touched the "drawbar-pull frame" and moved freely
with a vertical motion of the tyre axle. It was also set to
a position as close to the vertical axis of tyre as

possible to prevent a distortion of measured data.

Test method

Two kinds of methods are suggested in order to

investigate the tyre enveloping property.

a. A method introduced by Beres (1987)

Sinusoidally rough surfaces whose amplitudes were
fixed to 15 cm were used in his experiment. The
surface was moved horizontally while the pneumatic
tyre could move only in a vertical direction, with a
certain weight applied on it (see Fig. 6.5.3a). Then
the resulitant response to a predetermined surface
amplitude was derived by measuring the vertical
displacement of the tyre axis. Several points were
obtained by changing the wavelength of the sinusoidal
surface. Results of his experiments are shown in Fig.

6.5.3b.
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b.

Fig.

A direct method (engaged 1n this study)

A bald (non-~treaded) pneumatic tyre is operated on a
randomly rough surface which include many frequency
components. Then the original surface profile,yl, and
the filtered profile,y2, are measured simultaneously.
The transfer function of the tyre enveloping property
can be found immediately by taking the ratio of two
PSD functions of yl and y2. The merit of this method
is that the enveloping propc-ty is quickly predictable
because 1t 1s not essential to prepare several

different rough surfaces, as in the other method.

However, the difficulty of selecting an adequate rough
surface should be noted to exist in both methods since
the tyre enveloping property is a function of not only
tyre dimensions such as diameter of a wheel but also
of the terrain surface characteristics. To better
understand this, two surfaces having the same

wavelength but different amplitudes are shown below.

6.5.4 Schematic diagram showing effect of original
surface shape on tyre enveloping property
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As shown in Fig. 6.5.4, one will see little difference
in response (filtered profile) between y2a and y2b in spite
of the clear difference in original surface. If the
ratio,y2/y1l, is taken, this may lead to a fatal error in

prediction of this particular tyre property.

In this study, the latter method was taken because the
effect of the difference by selection of road roughness was
alleviated due to 1its randomness of amplitudes.
Measurements were performed for each surface by alternating
inflation pressures of tyre since this filtering effect
seems to depend mainly on the size of contact length which
is a function of inflation pressure. Only two kinds of
inflation pressures (34.5 and 310.3 kPa) were considered in
the experiment so that one may see their difference more
clearly. The horizontal velocity of the moving tyre was set
to a low velocity of 0.18 m/s so as not to produce a

jumping phenomenon.

6.5.1.2 Measured Filtered Profile

A number of measurements were repeated with different
inflation pressures and simulated rough traction surfaces.
Fig. 6.5.5 compares filtered profiles with different
inflation pressures. It is noted that both the original and
filtered trajectories at each horizontal point do not
correspond with each other because of different sampling

portions in tinme.
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(1)

a.

a.

Comparison of profiles by a change in surface type

In general, as the roughness increases (as shown in
the upper Figures to the lower one), filtered
profiles also gain their roughness.

on the flat and smooth surface, a clear statistical
difference of the shape between the original and
filtered precfile cannot be seen although the
original profile includes noise in the measurement.
This means that there is little effect of tyre
enveloping property for a relatively smooth track,
as might be expected.

On randomly rough surfaces (roughl and rough2),
modifications of the original profiles have been
achieved to some extent depending on tyre
flexibility. It 1s also shown that both filtered
profiles for rough2 surface have larger variations
of height than the ones for roughl surface because
of its severe roughness.

As for a sinusoidal surface, both filtered profiles
also exhibit the sinusoidal shape holding the same

wavelength (0.8 m) as the original surface.

(2) Comparison of profiles by a change in inflation

pressure
As for a flat and smooth surface, the effect of tyre
inflation pressure on the enveloping property is

almost nil.
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b. Comparison of the filtered profiles for roughl and
rough2 surfaces respectively shows that a low
inflated tyre can absorb peaky asperities on a
original surface quite well although a highly
inflated tyre does so to a lesser extent.
Furthermore, one may find that filtered profile for
310.3 kPa dominates longer wavelength components in
the trajectory. On the contrary, the profile for
34.5 kPa contains shorter wavelength components
compared to other filtered profile. These phenomena
may possibly be due to tyre vibration arising from
its increased flexibility.

c. With regard to the sinusoidal surface, different
amplitudes of filtered profile are observed by the
inflation pressure. The profile for 310.3 kPa (very
rigid) tyre indicates almost the same peak-to-peak
amplitude as that of the original surface profile
due to the tyre’s rigidity. In contrast, a clear
reduction in amplitude of filtered profile for the
low inflated tyre is demonstrated. Its amplitude is
0.033 m which is about 80% of that of the original
surface. This result shows that a greater enveloping

effect is obtained by a lower inflated tyre.

Fig. 6.5.6 illustrates the RMS values of the original
and filtered profiles, and the ratio of these RMS values
(filtered/original profile). From the Figure, the following

results are derived:
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(1)

(2)

(3)

(4)

RMS values of the original and filtered profiles
increase as surface type changes from flat and smooth

to roughl, rough2 and sinusoidal surface.

Secondly, a clear decrease in RMS value of the
filtered profile is recognized, and the values for
the low inflated tyre are smaller than those for the
highly inflated tyre. For the flat and smooth
surface, the RMS values of the filtered profiles for
both the high and low inflated tyre are very close,

indicating no distinctive effect of enveloping.

Considering the ratios of RMS values of the filtered
profiles to the original profiles, it can be said
that about 80% of amplitude energy included in the
original signal for 310.3 kPa tyre and only 60% tor
34.5 kPa tyre are transmitted to the filtered signal
respectively. This indicates the necessity of
application of tyre enveloping function since a
pneumatic tyre or vehicle would be given less
excitation (energy) by the filtered profile rather

than by the original surface.

As for the filtered profile for rough2 surface in the
case of 34.5 kPa, its RMS amplitude ratio is greatly
decreased compared to other surfaces. This is

surmised as follows:
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The enveloping property of the pneumatic tyre is
affected not only by the flexibility, size of tyre
and load applied to tyre, but also by geometrical
characteristics of a rough rocad. As previously
mentioned, an incorrect estimate of the enveloping
property often happens in the experiment if the
vertical amplitudes are too large or wavelengths
included in a off-road profile signal are too short

(shown in Fig. 6.5.4).
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6.5.2 Tyre Traction Tests on Rough Non-deformable Surface

Traction is the ability of the vehicle tractive
element (wheel or track) to generate enough forces to
overcome all types of vehicle resisting forces, and hence
provides the vehicle horizontal motion. Although numerous
investigations of vehicle tractive performance have been
achieved for rigid/soft smooth level ground theoretically
and experimentally, only a few limited experimental results
were shown for the geometrical effect ot ground surface due
to complex mechanisms o©of traction on such a surface.
Therefore, 1t was and is still very popular to simply apply
a deterministic sinusoidal excitation to either rolling
tyre or flat rubber plate in order to 1investigate the
effect of exciting frequency and amplitude on tractive
force, simulating the operational condition on a rough
road. These attempts do not seem to represent the actual
condition of a driven tyre on a rough surface, nor do they
consider slip phenomena which 1s also an important
parameter for off-road vehicle traction. Furthermore on a
randomly rough terrain, a tyre would be excited not by a
single frequency component but by a comblined one, since a
rough terrain normally contains an 1infinite number of
frequency components. Therefore in this experiment, a
pneumatic tyre is driven with a certain slip on a non-
deformable, pseudo-random rough surface, assuming an actual

operation of a vehicle on such a road.
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(1)

(2)

The objectives of the traction test are:

to evaluate the power dissipation during a rotation
of tyre on a rough ground surface

to investigate the effect of geometrical surface
roughness on the DBP, which is the final useful
output force of tyre, so that the established
approach in predicting the traction in Chapter 4 can
be verified

and finally,

to consider how much vehicle nominal tractive
efficiency 1is influenced by such a rough terrain

geometry compared to a smooth road.

6.5.2.1 Method and Apparatus for Traction Test

Method

A schematic representation of the input-output

relationship of the tyre traction test is shown in Fig.

6.5.7.
(Input) (Output)
= = = =" F———=- n|
Il Surface H I I
Tyre-Rough ‘
: : Terrain System -—-rDrawbar—pull:
| Slip I | | >Tractive
EFFiciency

. : Inflation Press)| ! I :

s — orque |,

; peed |

L b

Fig. 6.5.7 Schematic representation of input-output

relationship of traction test
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In this test series, the bald pneumatic tyre (Michelin
7:00 R16 XCL) was controlled in such a way as to move over
several types of rough, non-deformable surfaces made of
plywood (Fig. 6.4.1). A very low translational velocity
(0.18m/s) was applied through traction tests due to limited
traction surface length while the velocity range of the
agricultural tractor in normal operation ranged between
about 1 and 5 m/s (18 km/h). The slip was produced by a
differential speed between the rotating tyre and the
dynamometer carriage. Rotational velocities of the tyre
were changed to obtain different degree of slip. On the
other hand, the translational velocity was maintained
constant by a hydraulic motor. The range of slip was
generally covered between 0 and 60% depending on the type
of rough surface since 1t was difficult to produce a high
slip, such as 60%, on a very rough surface. Two kinds of
inflation pressure were selected. 310.3 KkPa was the
inflation pressure for normal operation for the tested
tyre, and 34.5 kPa was chosen to be an extremely low
pressure to clearly observe the effect of tyre inflation

pressure.

For each slip rate and inflation pressure, the applied
torque, DBP and vertical acceleration cf tyre hub were
measured. All of the experimental data, as well as the
measurement data of traction surface profile and its

filtered profile, were recorded in the magnetic tape.
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Average values were computed for input torque and angular
velocity respectively. Both average and standard deviation

were computed for the measured data of DBP.

Apparatus

The measuring devices are shown in Fig. 6.5.2.

6.5.2.2 Results of Traction Test
A. Natural frequencies of experimental device

The machinery or structure normally forms the
vibration system which has individual vibratory
characteristics, depending on its shape, material
characteristics or boundary condition of the attachment of
pieces. The natural frequency is a particular property of
the dynamical vibration system established by its mass and
stiffness distribution. If the frequency of excitation
coincides with one of the natural frequencies (generally
structure etc. possess several vibration modes), a
condition of resonance 1s encountered, and dangerously

large oscillation may result.

Thus, 1t is helpful to know the natural frequencies of
a pneumatic tyre so that one can see the effect of the
difference of tyre construction on 1its vibrational
characteristics. Although a tyre has several vibration
modes, only the lowest natural frequency for the first mode
is investigated due to the fact that the off-road vehicles

generally meet with relatively low frequencies in the field
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compared to the on-road vehicle. Fig. 6.5.8 describes the
natural frequencies of the testing system for the
excitation in both vertical and longitudinal directions as
a function of tyre inflation pressure. These vertical
natural frequencies were calculated based on measured
weight of traction gear and static stiffness of the tyre,
and the longitudinal natural frequencies were determined by
using the response PSD for impulse. The system’s natural
frequencies seem to be generally lower than those of <the
pneumatic tyre itself because of added mass of frame and
tyre shaft. For vertical vibrations, the natural
frequencies increase with an increase in tyre inflation

pressura because of the increased vertical tyre stiffness.

On the contrary, any clear effect of tyre inflation
pressure on the natural frequencies cannot be seen for the
longitudinal excitation. It is found that the natural
frequency in longitudinai direction lies around 4 Hz. This
means that the longitudinal vibration characteristics of a
tyre are affected by the structura! and material properties
of rubber composites themselves rather than by the air

filling the tyre.
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Fig. 6.5.8 Natural frequencies for vertical/longitudinal
excitation as a function of tyre inflation
pressure

These results may suggest selection of the inflation
pressure to improve the off-road vehicle performance, i.e.
ride comfort or operational speed etc. where the vehicle is
operated on a rough harsh road. For instance, if the
vehicle 1is driven on a typical regularly rough surface
which is a "wash-board" road, the vehicle will suffer a
severe excitation from this intolerable ground depending on
the combination of traveling speed, tyre, suspension and/or
vehicle structural characteristics and the nature of the
ground. Looking at only the tyre property and off-road
surface geometry, excluding other vehicle characteristics,

if the dominant wavelength of this type of ground is 0.3 m
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and the vehicle speed is 5 m/s, the tyre will be shaken at
about 17 Hz. The excitation amplitude of the tyre is not
very large if the inflation pressure is 310.3 kPa since the
excitation frequency (17 Hz) is much larger than the
natural frequency (5.6 Hz) of the tyre at such an inflation
pressure. However, if the wavelength is 1 m (everything
else being equal), the rolling tyre is excited at 5 Hz
which 1is very close to its natural frequency. Under this
condition, the tyre may leave the ground surface due to the
severe excitation and therefore lose the traction, which
fails to maintain the controllability of the vehicle and

finally allows it to fall into a very dangerous condition.

Furthermore, the natural frequency for vertical
vibration matches the one for longitudinal vibration when
the tyre is inflated to 120 kPa. If this system travels on
such a ground which contains a dominant 4 Hz fregquency
component in surface geometrical pattern in relation to a
vehicle speed, or if it is excited horizontally by this
frequency due to stick-slip phenomenon etc., this system
will also be shaken hard. It is, therefore, very important
to know the tyre dynamic characteristics and then to
determine the most adequate combination of tyre parameters
and running conditions in order to derive the effective

tractive performance.
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¥ ] B. Tyre deformation eriergy

The power required for tyre deformation (say tyre

deformation power), which is the main concern of this

study, can

where Ein

e

out

where T
wr

DBP

be evaluated by rewriting Eq.(4.2) as follows:

= input power (Nm/s)
= T wy
= useful output power

DBP V

= interfacial power loss
=T wrS;

= power loss by tyre deformation

measured torque (Nm)

rotational velocity of tyre (rad/s)
measured DBP (N)

translational velocity (m/s)

slip rate

With the knowledge of the average values of measured

torque and

DBy at each slip, the tyre deformation power can

be calculated.
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Figs. 6.5.9 and 6.5.10 demonstrate the comparison of
tyre deformation power as a function of slip and tyre
inflation pressure respectively for four different rough
traction surfaces. As for Fig. 6.5.10, the powers were
calculated by averaging the derived values at all measured
slips. From these Figqures, the following tendencies can be

found.

(1) The tyre deformation power has little sensitivity to
the change of the slip rate for both inflation
pressures. This fact was observed by Boonsinsuk
(1979), while oniy a flat and smooth traction surface

was used.

(2) With regard to the effect of inflation pressure (Fig.
6.5.10), the low inflated tyre exhibits a larger
amount of tyre deformation power due to its large
deformation and hysteresis. A highly inflated tyre
exhibited very little difference in tyre deformation
power expenditure for different traction surfaces,
excluding the rough2 surface. As the inflation
pressure is decreased, the effect of road roughness

on tyre deformation power becomes significant.
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6.5.10 Tyre deformation power for different surfaces
as a function of inflation pressure

In Fig. 6.5.10, the 1inclined straight 1lines were
simply drawn, although only two points were given.
This was performed based on the results of
Boonsinsuk. In his experiments, a linear relationship
between tyre deformation power and inflation pressure
was revealed. Theoretically the deformation power of
the tyre should decrease asymptotically as inflation
pressure increases, due to nonlinear material

characteristics (Kamn, 1938). These nonlinear
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(3)

characteristics were not observed at very low speed

regarding the power wasted in a tyre.

On a rougher surface, a pneumatic tyre exhibits
higher power dissipation for both high and 1low
inflation pressures, which leads to less useful

output work. Then the tyre will lose its efficiency.

A sinusoidal surface might be a particular surface
compared with other randomly rough surfaces because
of the unique frequency component included. While the
sinusoidal test surface has a severe roughness
according to its RMS amplitude, the surface cover
itself may be said to be very smooth as well as a
flat and smooth surface since a 1larger wavelength
(0.8 m) than the tyre diameter (0.74 m) was used in

order to conceal the tyre enveloping effect.

Comparing the flat/smooth surface and the sinusoidal
surfaces, a clear difference of tyre deformation
power, therefore, cannot be shown at a high inflation
pressure due to the tyre’s rigidity and low
translational velocity in spite of the existence of
excitation on such a wavy sinusoidal surface. On the
other hand, more deformation power is dissipated when
the tyre moves on that sinusoidal surface with very
low inflation pressure. This 1is caused by the

flexibility and large hysteresis of the tyre.
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Thus, it is clear from the above results that there is

a certain relationship between terrain surface roughness

and the tyre deformation power resulting in resistance to

motion. This will be further discussed relative to the

degree of surface roughness in the following chapter.

C. DBP on various traction surfaces

a.

Average of measured DBPs

Fig. 6.5.11 shows the average values of variable DBP
produced by the test tyre moving on the four types of
surfaces with the tyre inflation pressure of 310.3 KkPa
and 34.5 kPa, respectively. The averaged DBP exhibited
insignificant change in their values with the slip
rate over 20%. As for the effect of tyre inflation
pressure, no distinct change of the DBP was observed.
This means that the mean DBP is not significantly
affected by the size of contact area on a non-
deformable surface, although the contact area is the
key concern to tyre performance on a soft deformable

terrain.

With regard to the effect of surface roughness on the
averaged DBP, the rough2 surface shows a little larger
DBP than the roughl surface does for both inflation
pressures. It may be reasoned that the coefficient of
friction of the rough2 surface is larger on average
than the other due to severe geometrical roughness of

rough2 surface. However, the difference of the
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averaged DBP by the change of surface roughness is
quite small due probably to low operational speed and
tyre enveloping effect. The enveloping property of a

tyre reduces the efeect of the road roughness.

Moreover, it is noted that some compensation of data
seem to be achieved in the testing system, causing
insignificant effect of inflation pressure and surface
roughness. For example, if a traction surface is
rough, a larger torque may be required for the same
output DBP or a smaller DBP may be obtained for the
same input torque. Since both torque and DBP are
output in this experiment (i.e. cannot be fully
controlled), it is necessary that these two quantities
have to be taken into account simultaneously for the
evaluation of vehicle performance. In other words, it
is questionable to evaluate the effect of surface
roughness by sinply considering the average DBP.
Therefore, the ratio of averaged output force (DBP) to
input torque was investigated to observe the effect of
surface roughness. The results were normalized by
setting the ratio of results for smooth and flat
surface (310.3 kPa) to unity. The results are plotted
in Fig. 6.5.12. It is shown from this Figure that the
ratio (DBP/torque) is decreased on a rough surface and
it is also affected by the inflation pressure of a

tyre.
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Variation in DBP

In fact, measured DBPs exhibit a different fluctuation
phenomenon even if averaged values of DBP are similar
or almost the same. Therefore, some additional
consideration has to be added for the true evaluation
of off-road vehicle performance on a rough terrain as

explained in Chapter 4.

With a view to achieve the true evaluation of vehicle
performance and to clarify the effect of surface
roughness on that performance, the raw experimental

data are next evaluated in the time domain. Figqg.
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6.5.13 shows the fluctuation (AC) component of
measured DBP on each traction surface for two kinds of
inflation pressure individually. The full scale for
the horizontal axis is 20 seconds, and 1200 N for the
vertical axis. The slip rate was chosen to be about
20% since an unexpected vibration phenomenon was
observed at a high slip rate due to the non-steady
state rotation of tyre. The input torque showed much a

smaller variation in each measurement.

Difference in magnitude of the DBP fluctuation can be
seen, depending on the type of traction surface. A
larger variation of data is observed in the case of
rougher surface for both inflation pressures, as might
be expected. The peak-to-peak variation of measured
DBP for the rough2 surface 1s about 1000 N for the
case of 310.3 kPa (Fig. 6.5.13a(c)). On the other
hand, it is about 200 N for the smoothest, flat

arface. On a rough road, the tangential (frictional)
force at the contact area varies every instant of time
due to the continuous change of vertical load to the
tyre axis and frictional characteristics. In addition,
the non-uniformity of tyre properties such as radius,
mass distribution, material non-uniformity or
contamination of the road surface may cause the
variation of DBP with a vibration of the testing
machine as experienced even on the flat and smooth

surface.
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A lower inflation pressure generally reduces the
variation of DBP. This result is related to the tyre
enveloping property. When the tyre is inflated to
310.3 kPa, this pneumatic tyre acts like a rigid
wheel. The difference of surface roughness is thus
directly reflected in the variation of DBP. On the
other hand, when the tyre is deflated to 34.5 kPa, the
pneumatic tyre functions as a low-pass filter with
elongated contact 1length between tyre and traction
surface. Therefore, the surface profile is
significantly modified as shown in Fig. 6.5.5 and the
difference of surface roughness would not be
intensified on DBP showing less variation. Thus, it is
important to establish the relationship between
surface roughness and the tyre enveloping property as
well as the surface roughness characterization, so

that one can estimate the DBP on a rough terrain.

Fig. 6.5.14 1illustrates the RMS values of DBP
fluctuation for each surface with different inflation
pressures as a function of slip rate. A larger RMS
value of DBP is observed on a rougher traction surface
for both inflation pressures. The larger value of
RMS decreases the true vehicle performance because of
its fluctuation. Therefore, the tractive efficiency is
estimated to be reduced on a rough road compared to on
a flat and smooth surface. Each RMS value does not

show any distinctive change with the slip.

Y
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c.

PSD of measured DBP

Fig. 6.5.15 displays the PSD curves of measured DBPs
over each rough surface, indicating the effect of
surface geometry (wavelength) on DBP variation. The
translational velocity is 0.18 m/s and slip rate is
set to about 20%. The frequency range is taken between
0.1 and 20 Hz (shown only up to 10 Hz in Figures).
From the comparison of these four Figures, the
following remarks can be derived in terms of frequency

contribution.

On the sinusoidal surface (Fig. 6.5.15d), the peak
value of DBP PSD is observed at 0.22 Hz. Since the
temporal frequency,f, can be altered by the following

relationship with the wavelength, .\,
A= V/f V : velocity (0.18m/s)

this frequency corresponds to the particular
wavelength (0.8 m) of the test sinusoidal surface.
That is to say that the fluctuation of tractive force
is directly influenced by the terrain surface
geometry. The second peak is the harmonic component of

this distorted sinusoidal DBP signal.

As for random rough traction surfaces (Fig.
6.5.15b,c), the PSD curves of the DBP demonstrate, in
general, larger values in the lower frequency range,

especially between 0.2 Hz and 1.0Hz. The corresponding
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wavelength range for this frequency range is between
0.18 m and 0.9 m. A large part of the fluctuation in
DBP is caused by these wavelength components of
traction surface, and in this range, more tractive
power is dissipated by these 1low vibration

frequencies.

However, on a flat and smooth surface, their PSD
curves do not show any particular characteristics such
as mentioned above but display the white noise-like
characteristics, since this surface does not possess
the conspicuous irregularities on it. Therefore, it
can be said that the fluctuation of DBP is related to

the traction surface geometry.

The effect of inflation pressure is also seen in the
PSD curves of the DBP. On a rough surface, a low
inflated tyre shows less PSD i.e. less variation of
DBP for a whole frequency range. Especially, the
dominant fluctuation component between 0.2 Hz and 1.0
Hz of DBP is largely diminished by the reduced
inflation pressure of 34.5 kPa. By contrast, there is
little effect of inflation pressure in DBP PSD for the

flat and smooth surface.
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6.6 Summary

(1)

(2)

(3)

(4)

(3)

(6)

(7)

The stiffness, contact length coefficient and damping
ratio of the pneumatic tyre were obtained as a
function of tyre inflation pressure.

The roughness of pseudo-random rough traction
surfaces were measured in the laboratory using an
ultrasonic distance detector. The measurement by this
equipment would be more effective by improving some
defects.

Smoothed (enveloped) surface profiles were directly
measured by rolling a tyre freely on the test
surfaces. A low inflated tyre exhibited a large
effect of surface enveloping.

A larger tyre deformation power loss was observed on
a rougher surface or for a low inflated tyre. Tyre
deformation power was not affected by the slip.

While a clear difference in the average DBP was not
shown for different traction surface, larger input
torque was required on a rougher traction surface,
indicating the effect of road roughness.

Rougher surface and highly inflated tyre exhibited a
larger variation of the DBP.

Traction surface geometry affects the manner of the
variation of DBP. The range of traction surface
wavelengths, between 0.18 m and 0.9 m approximately,

contributes to the fluctuation of the DBP.
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PART III GENERAL DISCUSSION AND CONCLUDING REMARKS

In Part III, the following two components are studied.

General Discussion
an. Conclusion

Y

'

Discussions of Predicted
and Experimental Results

(Chapter 7)

Conclusion and

Future Recommendations

(Chapter 8)
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CHAPTER 7

DISCUSSIONS OF PREDICTED AND EXPERIMENTAL RESULTS

7.1 Introduction

Both theoretical (Part I) and experimental (Part II)
investigations were attempted in order to study the effect
of ground surface roughness on tyre performance. In this
chapter, three major components of this study (surface
roughness characterization, tyre eaveloping property and

tyre tractive performance) are discussed separately.

Section 7.2 presents a discussion on the measured test
traction surfaces and classification of their surface
roughness by ISO recommendations. The enveloping function
of the specified tyre (Michelin 7:00 R16 XCL) is determined
by using the experimental results in Section 7.3. Section
7.4 provides the discussion of surface roughness effect
through traction test results and shows a comparison of
experimental results and theoretical results. Section 7.5
presents a parametric investigation wusing computer
simulation regarding the effect of road roujhness, tyre
inflation pressure and speed on the nominal tractive

efficiency of a pneumatic tyre.
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7.2 Comparison and Classification of Test Surface Roughness
Our prime interest in this section is the
classification and evaluation of the roughness of measured

test surface profiles.

7.2.1 RMS Value of Surface Height Profile

RMS amplitude value 1is frequently used as an index
representing the degree of road roughness. The RMS value is
obtained by calculating the area under the PSD curves of

the test surface profile. The results are shown in Table

7"1'
Table 7.1 Calculated RMS amplitude values for each
test surface
Surface Flat/smooth| Roughl Rough?2 Sinusoidal
RMS (E-3 m) 2.19 4.52 8.54 14.38

Table 7.1 depicts the "degree" of roughness in the
order of sinusoidal, rough2, roughl and flat and smooth
surface. RMS value may provide a certain basis for the
evaluation of road roughness. However, the "condition" of
road roughness cannot be fully described by information
from the RMS values only. For instance, the variances of
sinusoidal surfaces which have the same amplitude, are
consistent even if their wavelengths are different. Thus,
the description of rcad surface roughness using RMS is
insufficient since the road wavelength determines the
dynamic excitation frequency, in relation to the vehicle

speed.
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7.2.2 Classification of Test Surface Roughness

Fig. 7.2 compares the PSD curves of four types of test
surfaces and the classification boundaries of surface
roughness, as proposed by I1S0. The PSD representation gives
information about both amplitude energies and frequencies
included in a stochastic process. These two guantities are
required for the analysis of dynamic behavior. The
representation by PSD is based on the assumption that the

road surface profile is the stationary random process.

The PSD curve may be approximated by a straight line
inclined at a certain angle on a log-log plot, as suggested
by 1S0. Vertical shifting of the lines occurs for different
road amplitudes that have similar distributions of
wavelengths. Different PSD values show differences in
dimensions of surface amplitudes, and changes in slope
explain different amplitude-frequency (wavelength)

distributions.

The approximation of the PSD curve by a straight 1line
demonstrates the possibility of using a simple mathematical
expression for a random signal. The simplified mathematical
form representing road roughness was given previously as
follows:

S(n) =GN (2.6)

where (2 is the spatial frequency. The roughness

constant,Go, and slope constant,n, for each road surface,
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except for the sinusoidal surface, are determined from
averaged PSD curves (Table 7.2). Large Go and small n
values generally correspond to a rough road due to large
power components over a wide range of frequencies. These
experimental constants take different values depending on
the type of road roughness. However it was reported by
other researchers (Dodds and Robson,1973; Ohmiya,1986) that
the slope constant lies between 1.0 and 2.5 in most cases.
Considering the PSD curves and their experimental
constants, the test surfaces can be individually
categorized based on the proposed classification method by

ISO (Table 7.2).

Finally, the roughness of the test traction surfaces
used in our laboratory are found to correspond to the
following types of actual road surfaces, as shown in Table

7'2'

Table 7.2 Measurement of test surface profile-summary

Test Surface Go n Roughness Actual Road Surface

Flat & smooth | 6E-7 | 1.5 Very Good- | Good paved runway
Good

Roughl 6E-6 | 1.6 Average Poorly paved road

Rough2 5E-51 1.8 Poor Country road

Sinusoidal N/A
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7.3 Analysis of Tyre Enveloping Property

In Chapter 3, two types of theoretical enveloping
functions (rectangular type and exponential type) were
introduced. In this section, these two tyre enveloping

functions are compared by using the experimental results.

7.3.1 Effect of Speed on Tyre Enveloping

A relationship between the enveloping effect and the
translaticnal velocity has not been experimentally
confirmed. It can be estimated that the filtering effect
would be intensified if the translational speed is fast,
since a tyre does not follow a ground profile, but jumps

(Fig. 7.3.1).

Fig. 7.3.1 Effect of speed on tyre enveloping

However, since the jumping phenomenon is assumed to be
negligible because of the relatively heavy weight and slow

operational speed of the off-road vehicle, it is reasocnable
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to assume the enveloping property of the tyre to be a
function of contact dimension only in the space domain,
excluding the effect of speed. Under this assumption, the
derived experimental data can be used for the analysis of

the tyre enveloping effect.

7.3.2 Empirical Derivation of Enveloping Function

Fig. 7.3.2a shows the plots of PSD curves for a
filtered test surface profile,y2, for tyre inflation
pressures of 310.3 kPa and 34.5 kPa respectively. A clear
distinction between the two amplitude PSD curves <can be
seen over the spatial frequency range between 1 c/m and 4
c/m. The total power of amplitude PSD for 34.5 kPa is
clearly less than for 310.3 kPa. This indicates that a
greater amplitude energy from the original surface is
absorbed by the low inflated tyre as compared to the high
inflated one, as a result of a large enveloping effect. As
for the range over 4 c¢/m, no difference between the two
curves is exhibited due to a difficulty in detecting small

road surface asperities with the current equipment.

The frequency response function of the tyre enveloping
property can be directly derived by calculating the ratio
of PSD functions of two surfaces, i.e. the filtered profile

and the original ground surface profile. Thus,

PSD of filtered profile (7.1)
H = i
E@@) \/PSD of original profile
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Fig. 7.3.2b describes the tyre enveloping function
derived from the experimental data obtained by running tyre
tests with two different inflation pressures. It is
indicated that the tyre enveloping function works over the
spatial frequency of 1 c/m for this system. Since this
spatial frequency (1 c/m) corresponds to a wavelength of 1
m, it is estimated that wavelengths shorter than 1 m will
be filtered somewhat by this flexible tyre, depending on
the wavelength of the ground surface and the inflation
pressure of the tyre. The wavelengths which start to
exhibit the enveloping property are approximately 1 m for
both inflation pressures, though the contact lengths on a
flat and smooth test surface are different from each other

by the inflation pressure.

A difference in the enveloping effect of tyre
inflation pressure is clearly exhibited in the results. A
lower inflated tyre is found to show a larger effect of
attenuation. Although several improvements are still
required for precise measurement, it was confirmed that a
tyre acts like a low-pass filter, i.e. the shorter the
wavelengths are, the more intensively an original road
surface amplitude power is reduced by the enveloping

property of a flexible tyre.
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Fig. 7.3.2b Tyre enveloping functions derived from

experimental results
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7.3.3 Comparison of Rectangular Type and Exponential Type

Enveloping Function

Fig. 7.3.3. shows theoretical curves of the
rectangular type (R-type) enveloping function and
exponential type (E-type) enveloping function individually,
exhibiting the effect of the tyre inflation pressure (310.3
kPa and 34.5 KPa). Curves for the R-type function (Fig.
7.3.3a) are derived using the experimental relationship
between the contact length and the vertical static load on
the tyre axle. It is seen that a low inflated tyre has a
larger enveloping effect to shorter wavelengths because of
its flexibility. Gibb’s phenomenron (ripple components) can
be seen over 2 c/m. However, the "enveloping" lines of the
rippled curves give a general decay rate in the response

function with increasing frequency.

For the effect of the tyre inflation pressure, these
theoretical curves agree with the experimental results, up
to a spatial frequency of approximately 4 c/m, while the
slopes of the theoretical curves are slightly smaller than
those derived from experiments. One of the advantages of
this function is the convenience in defining the function
by simply knowing the load-contact length relationship of a

tyre.

The E-type enveloping function can provide better
fitting curves to the experimental results, as seen in Figqg.

7.3.3b, because it relies totally on the experimental

199




RECTANGULAR TYPE

ENVELOPING FUNCTION

TYRE +MICHELIN 7400 RY8 XCL (BUFFED)

resuits

— — — Experinental

Pi=310.XkPs

5 Y Y A

f.l a8 2 L TR T R W

1.0 10,0 T 00,0
SPATIAL FREQUENCY (c/m)

1 1E+01
1E+00
3
=
|
>
x
1E-0L ¢
1E-02
[ l
10. 00

WAVELENGTH (m)

Fig. 7.3.3a Theoretical curves of a rectangular type of

enveloping function for different inflation
pressure

1E+01

EXPONENTIAL TYPE ENVELOPING FUNCTION
TYRE +RICHELIN 7,00 R18 XCL (BUFFED)

1E+00

Pi=310 3Pa

H y2/y1(e/m

1E-01 |

1e-02

PV WY S YN

2l

PSNUE TR TN WA T W W

.

3 deddknt A2 2

1.0 10.0 100.0
SPATIAL FREQUENCY (c/wm)

10. 60

.0l
WAVELENGTH (m)

Fig, 7.3.3b Theoretical curves of an exponential type of

O

enveloping function for different inflation
pressure

200




results. This enveloping function decays smoothly with an
increase of spatial frequency, without exhibiting any
ripples as shown in the R-type enveloping function. Table
7.3 indicates the experimental constants, a and b in Eq.

(3.6), for the derived E-type function.

Table 7.3 Constants for exponential type enveloping
function (tyre:Michelin 7:00 R16 XCL)

Inflation pressure a b
310.3 kPa 6.8 1.6
34.5 KkPa 2.7 1.8

This function is more empirical than the R-type
enveloping function, since no characteristic parameters of
the tyre are included. Therefore, a number of tests are
required to define this frequency response function.
Furthermore the derived function is not wuniversally
determined, but is limited in its application to a specific
type of tyre inflated to a specific pressure. The
advantages and disadvantages of each enveloping function

are compared and are summarized in Table 7.4.
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Table 7.4

Comparison of advantages and disadvantages
of two enveloping functions

Enveloping function

advantage

disadvantage

Rectangular type

includes tyre
parameter
(contact length)

simply determined

not very accurate

displays Gibb’s

phenomenon

(not smoothly
decayed)

Exponential type

smooth filtering

accurate

needs numbers of
experiments

In conclusion, the rectangular type of tyre enveloping

function is chosen in this study because:

(1) it shows relatively good agreement with experimental

results, and

(2) it is determined in a simple manner,

deflection relationship.
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7.4 Discussion of Surface Roughness Effect through Traction

Test Results

7.4.1 Vertical Acceleration, Tyre Deformation Power and DBP

Variation

Fig. 7.4.1 compares the RMS value of vertical
acceleration at the tyre axle, average tyre deformation
power and RMS value of DBP variation as a function of the
roughness constant. Each result is normalized by setting
the value for a flat and smooth test surface (310.3 kPa) to
be unity. The <classification range of road surface
roughness by ISO and derived roughness constants of test
traction surfaces are also indicated at the bottom of the
Figure. The following results may be found by a comparison

of the three sets of experimental curves.

Effect of traction surface roughness

A larger vertical acceleration is produced on a poorer
(rougher) surface. Under a high speed operation, a larger
vertical acceleration would be expected. This produces a
condition similar to rougher road operation. This may
result in a reduction of average DBP because of increased

tyre deformation power.

The tyre deformation power loss 1is increased with an
increase in the test surface roughness. This power loss may
have a 1limited wvalue under the same velocity and 1load,

because a tyre does not recognize the difference in road
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roughness when the roughness exceeds a certain level, as

previously exhibited in Fig. 6.5.4 (pg.156).

As for the variance in measured DBP, the effect of
road roughness is evident. It can be estimated that not
only vertical vibration but also horizontal vibration
arises when a tyre is operated on a rough road. That is,
the change in vertical dynamic load due to road roughness
causes the change in the horizontal frictional force at the
wheel-ground interface, resulting in a horizontal vibration
with a variation of DBP. Since the tractive efficiency is
estimated to decrease with an increased variation of the
DBP, it is important to design a proper suspension or tyre
rigidity to reduce the vertical vibration, as well as to
improve ride comfort and vehicle controllability or

steerability.

Effect of tyre inflation pressure

A highly inflated tyre exhibits a larger acceleration
on a rough traction surface. This is probably due to high
restitution of the tyre. With regard to the tyre
deformation power loss, larger power loss is obtained for a

low inflated tyre.

For the RMS value of DBP, a low inflated tyre exhibits
a small wvariance of DBP. In fact, the smooth rotating
motion of a soft tyre was observed during laboratory tests.

The flexibility has the function of reducing the horizontal
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vibration, in addition to magnifying the enveloping effect,

while tyre deformation power loss is increased.

Thus, in order to achieve high tractive efficiency, it
is necessary to accomplish the two conflicting demands i.e.
less tyre deformation power loss by high inflation
pressure, and less horizontal vibration by low inflation
pressure, since the efficiency is defined by both the mean
and variance of DBP. From the results, it was reconfirmed
that the tyre inflation pressure was one of the most
important parameters controlling not only the vertical
acceleration but also the tractive efficiency on a rigid

rough road, as well as on a soft deformable terrain.

As for the sinusoidal test surface, the vertical
accelerations for each inflation pressure are nearly equal
to those for the flat and smooth surface i.e. very small,
since that test surface cover is smooth and test speed is
quite slow (0.18 m/s). For the tyre deformation power, the
effect of surface roughness is observed at a low inflation
pressure in spite of the low translational velocity. RMS
DBP becomes unexpectedly large on this sinusoidal surface
because of "up and down motion" due to a large amplitude

wave form.
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7.4.2 Nominal Tractive Efficiency obtained by Experiments

Fig. 7.4.2 displays the experimental results of
nominal tractive efficiency for various rough traction
surfaces for the inflation pressures of 310.3 kPa and 34.5
kPa, respectively. It is well understood that efficiency
is decreased with an increase of tyre slip due to an
increased interfacial (slip) power loss. The following

trends are found from the experimental results:

Effect of traction surface on tractive efficiency

The efficiency on a smoother traction surface is
greater than that on a rougher surface over a whole slip
range and, therefore, the efficiency at the same slip rate
is reduced in the following order: flat and smooth, roughl,
sinusoidal and rough2 surface. However, an overly large
effect seems to be exhibited by surface roughness in the
experimental results, despite very low translational speed.
Although these results could be due to a slight change in
horizontal velocity, the effect of traction surface
roughness on tyre performance can still be recognized by
considering the increased input power on a rougher surface,

as previously shown in Fig. 6.5.12 (pg.179).
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Effect of inflation pressure on tractive efficiency

In general, a highly inflated tyre can produce a
higher efficiency because of a smaller power loss by tyre
deformation. However, the reverse effect is exhibited only
for the case of the rough2 surface. The efficiency for
310.3 KkPa pressured tyre is marginally lower than for 34.5
kPa tyre on this surface. This can be due to intensified
variation of DBP resulting from the horizontal vibration (a
slight stop and go motion). This is caused by the high
rigidity of the tyre and insufficient dynamometer carriage
power. As a result, the tractive efficiency of a high
inflated tyre becomes smaller than that of a low inflated

tyre, in spite of small tyre deformation power loss.

7.4.3 Comparison of Experimental Results with Prediction

Fig. 7.4.3 shows the comparison between predicted
results and experimental results using the flat and smooth
road surface. Vehicle speed is 0.18 m/s and inflation
pressures are 310.3 kPa and 34.5 KkPa. It 1is found that
approximately 7% lower tractive efficiency is obtained in
the experimental results. This is assumed to be due to too
much DBP variance during the running test, as explained
earlier. For instance, 50-70 N of variation (RMS) of DBP is
observed in the experiments, even on a flat and smooth
surface. This value corresponds to 6-8% of average DBP
(about 830 N). The variance of DBP reduces the nominal

tractive efficiency.
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However, a completely constant velocity was assumed in
the prediction. Thus the efficiency is larger than that
given in the experimental results because of a lesser
variation in DBP. T[ig. 7.4.4 exhibits the set of typical
curves of tractive efficiency measured on various grounds
(Mckyes, 1985). While the effect of terrain roughness is
not shcwn here, cur predicted result for the flat and
smooth surface shows a good agreement with the results for

a smooth concrete road surface in Fig. 7.4.4.
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Fig. 7.4.4 Tractive efficiency curves versus wheel slip
for different grounds (after Mckyes)
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7.5 Investigation of Tractive Efficiency by Predicted

Results

With the objective of obtaining further information
regarding the effect of the principal parameters for
vehicle mobility on road roughness, several investigations
have been attempted, based on the predicted results. Three
parameters, which are the vehicle translational velocity,
the tyre inflation pressure and the rocad surface roughness,
are taken into account for the analysis. Two assorted rough
surfaces, 1i.e. the deterministic sinusoidal road surface
and the non-deterministic random rough road surfaces, are

employed in the analytical prediction.

7.5.1 Efficiency on a Sinusoidal Road Surface

(1) Effect of vehicle velocity on tractive efficiency

Fig. 7.5.1 shows a plot of the nominal tractive
efficiency curves against the translational vehicle
velocity for different tyre inflation pressure. The
sinusoidal road surface used in the analysis has a peak-to-
peak amplitude of 0.02 m and its wavelength is 0.8 m. The
rovghness of this surface is relatively severe according to
its RMS amplitude (7.07E-3 m). 20% of slip was chosen as
the value at which to quote the coefficient of traction
because this value is commonly used by other authors and is
usually close to the highest value at which an off-road

vehicle can work continuously at reasonable efficiency.
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An unstable operating speed range is found to exist
between 2 m/s and 5 m/s, depending on the tyre inflation
pressure, which alters the natural frequency of a system.
This unpleasant speed range includes two significant
effects; one is the sudden drop in the tractive efficiency
due to a decrease in tractive force (DBP) and the other one
is the occurrence of a dangerous condition of operation
(jumping) due to resonance. The phenomenon of more severe
resonance of a tyre will occur at a higher inflation

pressure.

A decrease in tractive force under an oscillatory tyre
motion was also reported by Wong (1970, 1972) and Cap and
Wambold (1984). Orlandi and Matassa (1986) found an abrupt
reduction of friction at the resonant frequency under
sinusoidal excitation, though the excitation amplitude,
which could give additional insight into the phenomena, was
not shown. Their test facility and experimental results are
shown 1in Fig. 7.5.2. The vertical exciting load was
controlled by the eccentricity of the rotor. Fp and F are
the measured tractions with/without vibration,
respectively. The result exhibits a good agreement with our
prediction that the tractive force drops drastically where
the excitation frequency matches the natural frequency of
the system. The effect of inflation pressure was not shown

in their study,
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(2) ct of inflation pressure on tractive efficienc

The effect of inflation pressure on the tractive
efficiency is plotted in Fig. 7.5.3, for different vehicle
velocities. The same sinusoidal surface as before was used
for the analysis. Since all three investigated parameters
interact, the effect of inflation pressure cannot be simply
described. However, 1in general, a higher inflated tyre
exhibits a higher tractive efficiency and the tendency is
intensified by the increased vehicle speed. An
insignificant effect of the inflation pressure is displayed

at a low speed.

It is interesting to note that the efficiency changes
drastically by changing inflation pressure when this system
is operated at a speed of 3 m/s. At 100 kPa of inflation
pressure, the efficiency drops sharply. As previously shown
in Fig. 7.5.1, this speed lies in the undesirable speed
range. It is found that there is an undesirable inflation
pressure range which shows an abrupt change of efficiency,
as well as an undesirable speed range, since the
vibrational response is determined by the combination of
these quantities in addition to the rocad surface

geometrical characteristics.

Therefore, for the tyre to be vertically excited under
a resonant condition, the inflation pressure has to be
carefully considered in order to prevent this phenomenon.

Selection of the adequate inflation pressure also
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contributes to an improvement in the ride quality and

steerability or controllability of a vehicle.

(3) Effect of surface amplitude on tractive efficiency

Fig. 7.5.4 demonstrates the effect of sinusoidal road
surface amplitude on the tractive efficiency, showing also
the effect of vehicle speed. The wavelength was kept
constant (0.8 m), while the inflation pressure and slip
were assigned as 312.3 kPa and 20%, respectively for the
analysis. When a tyre is operated at a very low speed, such
as 1 m/s, no clear decrease in the tractive efficiency can
be given by the increased amplitude of the sinuscidal road
surface. However, the effect of road roughness 1is
dramatically intensified at a higher speed. It can be
estimated that this tendency is emphasized for 1low
inflation pressures, because large amounts of tyre

deformation power would be dissipated at these pressures.

The definition of negative efficiency is
immobilization, i.e. more input torque is required to
maintain the vehicle motion in order to overcome the
resistance to motion. In addition, a jumping phenomenon of
the tyre can be expected under a high speed operation over
a very rough road. For such an extreme case, the ride
quality or controllability rather than the tractive

efficiency should be taken into account for.
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7.5.2 Efficiency on a Random Rough Road Surface

In calculating the tractive efficiency on a random
rough road, the three different roads, which were
classified as "very good", "average" and "very poor" as

described in Chapter 5, werc considered.

(1) Effect of vehicle velocity on tractive efficiency

Fig. 7.5.5 depicts the nominal tractive efficiency
curves plotted against changing vehicle translational
velocity for three randomly rough road surfaces. The tyre
inflation pressure and slip rate were specified as 250 kPa
and 20%, individually. As an effect of velocity, it is
indicated that the tractive efficiency gradually decreases
as the velocity increases. This can be understood by
considering the fact that rolling resistance is increased
with speed (Fig. c¢.2), which is amplified when the ground
surface is rough. For example, when the speed is increased
from 2 m/s (7.2 km/h) up to 15 m/s (54 km/h), as much as a
10% reduction of efficiency for the "very poor" surface is
observed, while only a 4% decrease in efficiency is seen
for the "average" surface. On the "very good" surface,
speed has 1little effect on efficiency since the tyre
deformation power 1loss is quite small in the total power

balance.
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In addition, the steep drop in efficiency, as
exhibited on a sinusoidal surface, is not shown because no
specific dominant frequency 1is included in a surface

profile of a randomly rough road.

(2) Effect of inflation pressure on tractive efficiency

Fig. 7.5.6 shows the ef“ect of tyre inflation pressure
on the nominal tractive efficiency for the three random
rough roads. A nonlinear relationship between the tractive
efficiency and the tyre inflation pressure is demonstrated.
The efficiency increases asymptotically with an increase in
inflation pressure. A notable effect of inflation pressure
can be recognized at values under 150 kPa. This indicates
that the internal energy expenditure due to tyre hysteresis
increases exponentially as the inflation pressure is

reduced.

The most important factor influencing the power
consumption in the rolling tyre is the hysteresis of the
material, representing 90-95% of the total tyre deformation
power loss (Clark, 1971). A decrease in tyre deformation
during rotation and vibration will help to minimize the
power loss, as well as optimize the tyre structure and
rubber compound to lower hysteresis. It is no surprise that
the higher the inflation pressure the smaller the rolling
resistance. Thus, on a hard smooth ground, the inflation
pressure goes up. However, if the ground is rock-strewn or

uneven, the effect of inflation pressure is great: in the
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first case, the tractive efficiency is strongly affected by
the tyre inflation pressure; in the second, bruising and
wear of the tyre are accelerated by the reduced pressure;
and in the third, the dynamic reacting load may dangerously

exceed the static load by the increased inflation pressure.

Furthermore, since on-road tyres are usually used at
inflation pressures greater than 200 kPa, the effect of
extremely low inflation pressure may not have to be
seriously considered from the viewpoint of tractive
efficiency. However, it beccmes an inevitable and important
problem for off-road tyres because they are used over a
wide range of inflation pressures, covering very low
pressures, - e.g. a terra tyre. Hence, optimization of tyre
pressure is imperative and must consider several
conflicting factors, 1i.e. high tractive efficiency
accomplished by using high inflation pressure and high soft
terrain crossing capability or good ride quality
accomplished by using low inflated tyre, - depending on the

type of supporting ground surface.

(3) Effect of road roughness on tractive efficiency

Fig. 7.5.7 shows the effect of road roughness on the
mean and standard deviation of the predicted DBP, as well
as the effect of inflation pressure. Vehicle speed is 3
m/s (10.8 km/h). At this speed, a clear effect of road
roughness on mean DBP cannot be exhibited for the range up

to "average" rough road. However, comparison between the
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"average" road and the "very poor" road shows a decrease of

about 5% of mean DBP for both inflation pressures.

A low inflated tyre produces a low average DBP under
the same amount of input torque. In other words, more
torque is required to produce the same DBP for the case of

low inflation pressure.

The road roughness shows a significant effect on
standard deviation of the DBP, with a drastic increase as
road roughness is gained, and this tendency is intensified
when the tyre is deflated. It can be surmised that the
effect of inflation pressure on the standard deviation of
DBP is determined by the complex combined effect of the
energy recovery factor, tyre damping, tyre stiffness and
the excitation frequency (speed). A highly inflated tyre
exhibits large mean DBP and less standard deviation of DBP.
From these results, a high inflated tyre seems to provide
effective traction on a rigid terrain and is recommended,

unless the riding quality is a concern.
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Recognizing these results, nominal tractive efficiency
on a random rough road surface is investigated. Fig. 7.5.8
shows the effect of road roughness on tractive efficiency.
The range of roughness classification is associated with
the roughness constant,Go. Vehicle speed and slip rate are
5 m/s (18 km/h) and 20%, respectively. A substantial
decrease in tractive efficiency due to increased motion
resistance is obtained, when the condition of the road
surface becomes sufficiently rough that the road would be
classified as "poor" or '‘very poor" under the ISO proposal.
Since an off-road surface is normally classified as
"average" or rougher than that, the effect of road
roughness on the tractive efficiency should be taken into
vehicle mobility consideration. It is also noted that the
efficiency is decreased by several percent on a very rough
road, even if the inflation pressure is high, such as 310.3

kPa. This is a major concern in fuel economy.

Although no studies have been reported for the
investigation of the off-road surface roughness effect on
the tractive efficiency, the effect of road roughness on
the motion (rolling) resistance of a tyre was investigated

by Segel and Lu (1982) (see Fig. 7.5.9).
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The vehicle speed is 15 m/s (54 km/h). Fyuy is the
motion resistance which can be attributed to tyre
hysteresis and F,g is that attributed to suspension. F, is
a total motion resistance. The rolling resistance, which
directly affects the vehicle tractive efficiency, starts to
increase when the road roughness is beyond "poor". Although
different input values were used in their analysis, our

prediction obtained in Fig. 7.5.8 shows a good agreement

with their result on a qualitative basis.
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7.6 Bummary

In this chapter, surface profile measurement, tyre
enveloping property and the effect of several parameters on

tyre tractive efficiency were discussed.

As a concluding remark, interesting and useful
information for the achievement of not only high tractive
efficiency, but also better ride quality, was obtained from
the experiments and analytical predictions. Nevertheless,
many of the assumptions established in the analytical
analysis are 1likely to be violated when the road becomes

very rough or a very high speed is employed.

In addition, further investigation of software (human
response to the excitation) is needed because the study on
human tolerance to applied vibration is inevitable to the
study on vehicle mobility on a rough road, while only
hardware (tyre) was the focus of the analysis of tractive
efficiency. To do this, one has to recognize the
vibrational characteristics of the human body. For example,
Murphy and Ahlvin (1976) specified the maximum power which
a human can absorb as 6 watts and the maximum tolerable
vertical acceleration as 2.5 g, based on this absorbed
power criteria. There are other criteria, such as ISO 2631,
for evaluating human tolerance to vibration, which are

shown in Appendix E.




CHAPTER 8
CONCLUDING REMARKS, CONTRIBUTIONS AND S8UGGESTIONS

FOR FURTHER 8TUDIES

8.1 Concluding Remarks

The effect of geometrical road surface roughness on
the nominal tractive efficiency of the driven tyre was
investigated. This research program was centered on (A)
the characterization of road surface roughness, (B) the
investigation of tyre enveloping property and (C) the
analysis of tyre tractive performance on a rough non-
deformable road, although it can be argued that the results
will be highly dependent on the tyre used. This study may
be regarded as an essential step in dealing with the actual
of f-the-road situation. The following observations and

conclusions are drawn:

A. Measurement and Evaluation of Road Surface Roughness
(1) For the measurement of traction surface profile, a
non-contact type of measuring equipment using the
ultrasonic wave was used. Measurement was easily and
quickly performed on the four different rough test
surfaces in the laboratory. Satisfactory accurate

data of surface profile were obtained.

(2) The roughness of road surface is uniquely expressed

in the spatial frequency domain by means of the PSD
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(3)

function. It was confirmed that the mathematical
equation for a rough road surface profile is given in

a simple form.

Classification and evaluation of road roughness was
performed based on the ISO proposal augmented by a

PSD correlation scheme.

B. Investigation of the Tyre Enveloping Property

(1)

(2)

The enveloping function of a tyre is directly
determined by calculating the ratio of two profile
PSD functi>ns (the PSD of the filtered surface
profile and the PSD of the original ground surface

profile).

The rectangular type enveloping function, compared to
the exponential type enveloping function, was found
to be suitable as a enveloping function for the

specific tyre (Michelin 7:00 R16 XCL).

C. Analysis of Tvre Tractive Performance

In the theoretical investigation:

(1)

(2)

A relationship between the drawbar-pull and the
ground surface irregularities was developed in the
form of a system function in the frequency domain,

associated with the principle of energy conservation.

The nominal tractive efficiency produced by a driven

tyre on a rough terrain is obtained from the system
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(3)

(4)

(5)

(6)

(7)

function and the PSD of terrain surface geometry.

The tractive efficiency is decreased with increasing
road roughness. The effect of terrain surface
roughness is emphasized when the tyre inflation

pressure is low or the operational speed is high.

As the inflation pressure becomes low, the tractive
efficiency 1is significantly decreased. On a
sinusoidal road, it is found that there are
undesirable inflation pressure and speed ranges which

exhibit an abrupt decrease in the tractive

efficiency.

The tractive efficiency is gradually decreased with

increasing traveling speed.

In general, tractive efficiency is decreased with
slip rate. However, there is an optimum slip rate
which can produce the highest efficiency, - between
2% and 10% approximately. The optimum slip rate is
likely to increase with a rougher ground surface,

lower inflated tyre, or higher operational speed.

Nominal tractive efficiency, which is defined by the
mean and standard deviation of the DBP, is proposed
to evaluate the tractive performance of off-road tyre

traveling on a rough terrain.
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From the traction tests:

(8)

(9)

(10)

(11)

An increase in tyre deformation power due to road
roughness was observed. This results in a loss of
tractive effort of a tyre i.e. less drawbar-pull and

less tractive efficiency.

Tyre deformation power is not dependent on the slip
rate of a tyre, but on the road surface roughness and

tyre inflation pressure.

A larger input torque is required on a rougher

traction surface to obtain the same DBP.

The PSD of measured DBP shows that the fluctuation in
DBP is directly affected by the traction surface
geometry, and a large part of the fluctuation is
caused mainly by the range of wavelength (0.18 m =

0.9 m) of the traction surface.
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8.2 Contributions

The main contributions achieved herein are as follows:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

Establishment of an analytical and predictive system
function that can estimate the tractive efficiency of

a pneumatic tyre on various random rough roads,

Establishment of several test techniques to determine
the road surface roughness and tyre enveloping

property,

Determination of the tyre enveloping function from

experimental results,

Prediction of the motion resistance of a pneumatic
tyre traveling on a rigid rough ground at various
operational <conditions based on the energy

expenditure due to tyre deformation and interfacial

slip,

A better understanding of the influences of the
ground surface roughness, tyre inflation pressure,
operational speed and slip rate for the overall

tyre~rough terrain mobility performance,

Proposal of the nominal tractive efficiency

accounting for the time-variant DBP, and

Presentation of the necessity for turther engineering

study of tyre performance on a rough terrain.
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8.3 BSuggestions for Further Studies

In order to extend the capability of the predictive
model established in this study, so that it can be
available for an actual tyre-rough terrain situation, the
following considerations should be investigated and

modification should be made, if necessary.

A. Measurement of Road Surface Profile

With regard to the ultrasonic distance detector,
further improvement of reduction of measurement
noise, faster sweep speed and wider survey range of

vertical distance are needed.

B. Investigation of Tyre Enveloping Functicn

(1) A more predictive and/or analytical medel which can
more accurately describe the tyre enveloping property
has to be proposed. Considerations should be
associated not only with geometrical characteristics
of the tyre but also with dynamic motion, tyre
stiffness, tyre structural properties and terrain

surface features etc.

(2) The change in contact length during vertical motion
should be considered for a precise analysis of the

tyre enveloping effect.
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C. Analysis of Tyre Tractive Performance

The following should be concerns in the theoretical

modeling of the tyre (vehicle)~-rough terrain system:

(1)

(2)

(3)

(4)

(5)

Investigation of jumping phenomena is needed for a

mobility study of high speed off-road vehicles.

Tribology at the tyre-rough ground interface should
be investigated, including the *"shape effect" of

surface asperities (harshness or roundness etc.).

The mechanism of the reduction of adhesion (friction)
force under the vertical excitation on a flat, smooth
surface has to be studied in parallel with the
investigation of the traction mechanism of a driven

tyre over a rough terrain.

Deformability of supporting ground needs to be taken
into account together with the dynamic property of
the soil, although toco much deformability reduces the
effect of ground surface roughness. For this
investigation, another type of frequency response
function defining the scil deformability should be

considered.

Change in the slip rate due to road roughness should
be studied in relation to the vertical 1load,

traveling speed and tyre characteristics.
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With regard to the traction tests,

(1) A thorough investigation and understanding of the
dynamic mechanical properties of pneumatic tyres is

necessary for the evaluation of tyre performance.

(2) In the laboratory, higher speed tests are desired in
order to 1nvestigate the dynamic bLbehavior of the
pneumatic tyre. It is recommended to use a rough
soil surface 1nstead of the wooden surface for the
evaluation of practical performance of the tyre. The
difficulty in obtaining repeatability of results

poses a particular problem.

(3) Fulfillment of outdoor high speed and long distanced
traction tests on various rough roads are required
for the comparison and the evaluation of predicted
results, despite the high cost and time consumption

inveolved in conducting these experiments.

In conclusion, in order to evaluate the total off-road
vehicle mobility, a theoretical model that —can
synthetically describe the whole driver-vehicle system in
terms of agility, maximum speed, fuel consumption, maximum

drawbar-pull or human fatigue needs to be established.
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POWER SPECTRAL DENSITY FUNCTION

APPENDIX A

The Power Spectral Density (PSD) function of the
random process describes the general frequency composition
of the data in terms of the spectral density of its mean

square values.

A.l1l Derivation of PSD Function

1. Derivation associated with autocorrelation function

The autocorrelation function,R(T) of the function,y(t)

is given by
R(ry = Ely()  Y(e4n |

r

N Y
= lim ,i:/ y(t)'y(t+r) dt (Aol)

T—o0

0]

One-sided PSD function,s(f) is given by the Fourier
transform of the autocorrelation function of Y (t) (Wiener-
Khintchine’s theorenm).

o0
S(f) = 2/ R(T) e~ IT dr
— (A.2)
which will exist if Riq) exists and if
o0
/ |R(T)! dr < o
- 00
The inverse Fourier transform of S(f) gives the auto-

correlation function conversely.

1 [o o]
R, = 5/_00 Sip ™ df (A.3)
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The Eq. (A.2) may be simplified to

Sm=2/ R(sycos2nfr dr

(A.4)
=4/ R(yycos2nfr dr
0

2. Direct derivation of PSD function

Instead of Eq.(A.l), the autocorrelation function,R(T)

is defined, in order to avoid complexity of the integration

period.
R = li -l-/oo dt A.S
() = pimm r o G0 E ) (A.5)
where T
zyy =y |t < 2
T
= t} > —
0 Jt]>3
Let
e anft A.6
Z(f)z/ ZU)C dt ( . )
—00
so that

*® 2r ft
2y = / Z(f) erer df
—00
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Then

1 [® e 2 f(t+T)
. 1a10 T
R(ry = lim = /_w z(t) /_m Zipe df dt

i

1 [ 2xf * 2n fi
. il tamJr z et Ly dtd
1‘1me T/_oo ZU)C /—oo (t) f

1 [® 9
= Jim 7/_“, 2y Z-py e o

T—oo (A.7)
We now let
1 (o e}
Ry = 5/ Sy et df (A.8)
— 00
Comparing Eq.(A.7) with Egq. (A.8), we get
.2 2
Sip = Jim = 12
2 o 2r ft ?
= I ot —12r dt
P T /_m “ne
2 | % ’
a
— Tlew ‘7_‘ / X y(t) e-:21rft dt (Ao 9)
-3

A.2 Discrete Form of PSD

1. Blackman-Tukey method

This digital computation method of PSD was established
by Blackman and Tukey in 1958 and 1is obtained by
calculating the autocorrelation of the sampled data,
followed by its Fourier transform. The discrete form of the

autocorrelation function is given by
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Ry "N—l_—;}:y.-ywk (k=0,1,2- - m) (A.10)
where m is called the lug number and must be much smaller
than the data sampling number. y; is a deviation from an
expected value of y, i.e. y; =y -M. y is the original data
and M is 1its expected value. Then PSD is computed with
Eq.(A.4)

o0
5(1)24/0 R(rycos2rfr dr (A.4)

The integration is performed using Simpson’s rule.

Therefore,

m-—1
Sk = ,1_[10+2Z r‘cos(ﬂ—;—f-)ﬁ-rmcos(%@) (A.11)

1=1

where k is the harmonic number, f. is Nyquist frequency and

C

f is the frequency, equal to kf_/m

2. Cooley-Tukey method

In order to make the Fourier calculation faster, FFT
(Fast Fourier Transform) was developed in the late 1960’s,
and it can be used for the computation of PSD. PSD have
been widely accepted in accordance with the development of
the digital computer (Hullender and Bartley, 1975).
Application of the FFT for computing PSD can be explained
using Parseval’s theorem for computing the average power

associated with a function,y(t). The average power is
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2 l T
Eh«ﬁ | = T‘A Snnz dt

1 [~ <]
=?/ Y Yy df (A.12)

where Y(f) is the Fourier transform of Y(t) and Y(f)* is a

conjugate of Y(f). The discrete form of Y(f) yields:

Yn - Yk - e—tZ:rf,.kAt

il
<
x
o

(n=0,1,2---N — 1) (A.13)

since Nat = T and f,; = n-af = n/T. The FFT is simply an
effective tool for numerically computing the digital

equivalent of the above equation.

A raw estimate of the PSD function at any frequency,f,

is given by the definition of

2
S(f)-—--le(f)[z (A.14)
Therefore,
2
Sn =1 | Vo |? - AL
= I YaP (A.15)
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APPENDIX B

REVIEW OF SURFACE ROUGHNESS8 MEASUREMENT

B.1 Measurement Methods of Road Surface Profile

For the measurement of the road surface height
profile, several methods have been considered depending on
certain objectives. After the Second World War, many road
surface profiles were investigated. One of the most
interesting surfaces was the runway of an airport because
an airplane undergoes severe vibration on the runway before
taking off and especially after landing. These surface
profile data are required for the vibration analysis. These
data are also used to evaluate the repair time of a paved
road. Many different measurement methods were then
developed in order to get data for surface profiles. They

are classified roughly as follows:

(1) Conventional (optical) method
(2) Servo-seismic method

(3) Profilometer method

(4) Slope integration method

(5) Artificial satellite method

(6) Fifth wheel method

(1)-(5) are generally called direct methods, while (6)

is an indirect methcd.
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(1) The conventional method (Fig. B.la) is the most

primitive one, since it uses a level and staffs. It
is cheap and simple, and does not require any
expensive equipment. However this method is very
tedious and requires long measurement time, depending
on the user’s skill. Therefore, other methods were

conceived for the measurement of terrain profiles.

[ranait

Fig. B.la Measurement of surface profile by
conventional method

(2) The servo-seismic method (Fig. B.1lb) has a more

complicated mechanism, described as follows. For
example, as the wheel goes up the bump, the wheel,
actuator and accelerometer are accelerated upward.
This accelerometer signal is integrated twice to
determine the upward displacement of these
components. This displacement signal is used to
create an oil flow in the electrohydraulic valve. The
signal is scaled so that the o0il flow into the top
chamber of the actuator, and the exhausted o0il out of

the bottom chamber, cause a relative movement of the
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actuator cylinder and ram, exactly equal to the
upward movement of the actuator cylinder, thus
causing the ram to remain stationary. The road
profile can be obtained by measuring the displacement

of the actuator cylinder with respect to the ram.

2

ACCELEROMETER—\ %

AGTUATOR

RAM — ANALOG

AGCTUATOR
CYLINDER— __

- ERERARE F XH
il EXHAUST

—ELECTRO-HYDRAULIC
VALVE

Fig. B.1b Schematic diagram of servo-seismic road profile

recording device (after Spangler and Kelly,1962)

(3) The profilometer (Fig. B.lc) 1is basically a 16-

wheeled articulated carriage that supports a
detecting and recording device at a constant height
above the main 1level of the road surface. The 16
wheels and their axles support four 4-wheeled bogies

that cover a total width of 1.2 m (4 ft.) and 6.4 m
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(21 ft.) long wheel base. The tyres of the wheels are
made of soft rubber and are inflated to a 1low
pressure to ensure that very small irregularities in
the road surface are not introduced into the
measurement. Due tc the large span of the device, it
may not be suitable for the measurement of off-road

surface profiles whose wavelength is relatively

short.
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Fig. B.lc The Ontario Department of highways profilometer
(after Chong and Phang, 1973)

(4) In order to overcome the disadvantage of the
preceeding method, the slope integration method was
developed by the University of Michigan and the Land
Locomotion Research Laboratory (Sattinger and

Sternick, 1961). In this method, the terrain surface
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profile is derived by a continuous measurement of two
quantities, i.e. distance traveled by the vehicle and
the slope angle of the ground points. In 1982, Ohmiya
and Matsui manufactured a three wheeled surface
height detector using this method (Fig. B.1d), and
agricultural farm profiles were obtained with fairly

good accuracy.

Vertieal gyiruscope

Electiic magnetic
proxumity sensor
1o measure distance

Metal piece to
measure distance

Fig. B.1d Side view of measuring system using slope
integration method (after Ohmiya and Matsui)

(5) The artificial satellite method can be used for
mapping the distribution of obstacles, slope or
vegetation. Sample measured data is shown in

Fig.B.1le.
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Fig. B.le Global trafficability map
(after Deitchman, 1964)

The maps were prepared primarily for strategic and
tactical planning. Since the accuracy of this method
has been improved over the last two decades, and it
can survey a large area 1n a short time, it could be
expected to be widely used for surveying terrain

roughness in the near future,

unless the cost

becomes exorbitant.

The fifth wheel method as an indirect measurement

(Fig. B.1f) was introduced by Fujimoto in 1983. The
fifth wheel, whose transfer function is known, is
attached to the tail of a vehicle. The vehicle is
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then driven at a constant speed on a terrain, while
an accelerometer attached to the fifth wheel measures
the vertical vibration (response). Surface profile as
an input can be determined from a relationship

between the response and transfer function.
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Fig. B.1f Fifth wheel for indirect method and its frequency
response curve (after Fujimoto)
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B.2 Measured Surface Profiles and Description of Roughness

A relatively large number of road profile measurcements
have been performed. Several indices for a description of
roughness are 1introduced. They are Root-Mean-Square
vertical acceleration (RMSVA), quarter-car index (QI) or
riding comfort index (RCI) etc.. Moyer (1951) suggested the
use of the roughness index (RI). Two sets of bogie wheels
nine meters apart (Fig. B.2a) provide reference points from
which vertical displacement is measured by a recording
wheel at the midpoint. The cumulative vertical displacement
per mile is termed tne roughness index. This index is
correlated with another index, such as RMSVA or QI.
However, it cannot provide useful information for a dynamic

analysis.

Recordlng
Dial

Recordlng
Wheel

Reference
Wheel

Fig. B.2a Profile measurement by common straightedge

Manor and Nir (1987) investigated the effect of
span,l, of the straightedge, and the measuring point,r, on
the accuracy of the surface roughness measurement (Fig.

B.2b). The standard deviation of y was calculated. It was
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mentioned that the minimum deviations were found at the
wheels, the deviations increased at the middle of the
machine’s span and rose steeply outside the span. Higher
accuracy was found on a smoother surface, especially in the

case of the machines with longer wheel spans.

Xy Xg X3 Kj Xjer Xj+d

t/d

Fig. B.2b Straightedge on a ground and effect of measuring
point on height deviations using different
wheelbases (after Manor and Nir)
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Wendenborn (1966) investigated the surface profile
from on-road surface to agricultural fields. Fig. B.2c
shows various profiles of the ground surfaces. The
simplest, conventional step by step method was employed for
the measurement because of the smaller error in data
processing. Sampling was performed at every 0.15 m. The PSD
function was calculated from the measured profile, and it
was generally expressed in the following form for most of

the naturally formed surfaces.

Sy =bF %3 (B.1)

where b is an experimental constant and F 1is frequercy

(rad/m) .
20
e T e No.
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Fig. B.2c Measured surface profiles (after Wendenborn)
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Gray and Johnson (1972) measured the micro surface
roughness of elastic disk surface, to study the dynamic
response of these bodies in rolling contact. Differing from
the case of off-road surfaces, a very wide range of
frequency, including high fregquencies, was investigated
(Fig. B.2d). White noise PSD can be seen for wavelengths
shorter than 2.5 mm. By using the measured PSD and the
system transfer function, the acceleration PSD was obtained
as an output and compared with the measured acceleration

PSD.
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Fig. B.2d Roughness spectrum of aluminium-alloy lathe
-turned disc (after Gray and Johnson)
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Kozin and Bogdonoff (1960, 1966) described the surface
roughness using the variance of profile. A form of PSD was

introduced for the surface description.

202 —f;—,
Sy = e o .
(\) Ao2m (B.2)
where ¢? = variance
A, = constant
A = frequency (1/wavelength)

A smaller )\, means that most of the power is concentrated in
the low frequency region, while conversely, a large A, means
that most of the power is distributed in the high frequency

region,

Hullender and Bartley (1975) numerically generated
spectra using & random number generator by an ideal
sampler, which provided uncorrelated data with variance, o?.
It was found that their PSD curves dropped significantly
for the wavelengths below approximately 66 m (200 ft). Then
another PSD function was expressed in terms of variance and
section length,h of of the road. It was suggested that the

following expression for PSD could be applicable for very

short wavelengths. The equation yields

40?
Sy = Egﬁz(l—cosﬂh) (B.3)
where the spatial frequency has units of radian/ft. For

relatively long wavelengths compared to h, Eq.(B.3)

simplifies to the form of G,N~? where G, =20%/h,
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A realistic description of road surface roughness has
to be achieved by two-dimensional spectral densities, since
the surface height points 2z are determined in the x-y
plane, not only along the x axis, as shown in Fig. B.2e.
Such an expression becomes very complicated because of the

joint probability.

N
N
—~
>
-
~
A

Fig. B.2e Height of surface as measured from the x-y plane

Dodds and Robson (1973), Kamash and Robson (1977) made
a considerable simplification by assuming that the surface
concerned is isotropic i.e. independent of the direction of
the vector separating the two points (x,y), in addition to
the stationarity. As a result of this, the complete
probabilistic description of the surface was inferred from
the probabilistic description of a one-dimensional profile.
Note that PSD should essentially be defined for all the
frequencies because of the use of the Fourier transform.
However, it 1is only necessary that the mathematical
expression of PSD be valid within the range of frequency

over which response is to be expected. A bounded PSD form
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was proposed as follows, assuming fixed values beyond the

range of interest.

S(a.) 0] <0,
S(s2) [0/ Qa7 N, <0<,
(B.4)
Sta,) (Qo/Qa) ™" [0/ 0, < |0] <O,
0 0] >

The values of (], {lyand (], are suitably chosen.

Ohmiya (1986) measured profiles of meadows and roads
with a three wheeled machine using the slope integration
method. Its running speed was 0.3 m/s. Fig. B.2f exhibits

the measured profiles.
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Fig. B.2f Measured profiles of meadow (after Ohmiya)
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It was concluded from the PSD curves that the slope
integration method was suitable for the measurement of
agricultural fields, the ground surfaces were geometrically
random, including no periodic undulations, and an
approximate form of PSD could be employed for a dynamic

analysis. The PSD was given by

Q)"
Sty = Ga) (ﬂ_) (B.5)
0

The value of n was found to be 2.3 and ! was taken
from 0.1 ¢/m to 4 c/m. The coherence functions were
calculated in order to investigate the correlation between
two parallel tracks, spaced at 1.5 m. The values of
coherency functions were small over 0.2 c¢/m and, therefore,
it was suggested that the two parallel profiles were
independent of each other. With regard to the evaluation of
roughness, it was wuseful to apply the recommended

classification by ISO.

While many surface profile PSDs showed a linear
decrease with increasing frequency, HaC (1987) took notice

of the bump in the PSD curves as plotted in Fig. B.2g.
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Fig. B.2g PSD curves for three types of roads (after Haé)

A slightly complicated mathematical form of PSD was

determined as follows:
s(m) = (512/7)[klv/002+k12v2)]+

(S52/7) [kyV (wP+k, 2V24k,52v2) 1/ (w2+ky2V2-k32v2) 244 (K, k4) 204

(B.6)

where w angular frequency

v

vehicle velocity
ki1,Ky,ky,81,8, = coefficients depending on

type of surface

The sum, slz+522, gives the variance of road surface
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irreqularities.

shown in Fig. B.2g are shown in Table B.1.

Values of each parameter for the surface

Table B.1 Values of parameterg describing three road
spectrums (after Hac)

Type of road kl(l/m) kK, (1/m) k3(1/m) slz(mz) s22(m2)
Asphalt 0.2 0.05 0.6 7.65E-6 | 1.35E~6
Paved 0.5 0.2 2.0 2.55E-4 | 4.50E-3
Dirt 0.8 0.5 1.1 7.50E-4 | 2.50E-4

B.3 Detrend

of the Measured Profile

As a preliminary to the power spectrum calculations,

it appeared desirable to make some modifications to the

actual measured profiles.

The process of detrending the

terrain record was discussed by Van Deusen (1965) and Walls

et al.

(1954).

This process 1s necessary 1in order to

eliminate the characteristic of non-stationarity included

in the measured data.

of trend by low frequency

(Fig. B.3a)

y (t)

(long wavelength)

First order
linear trended

Jetrended

P

time

Fig. B.3a Trended and detrended data
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The effect of this trend is to raise the estimate of
the surface roughness at each frequency, as shown in Fig.
B.3b. In order to cope with this problem, a linear moving
average associated with the exponential weighting function
was adopted (Fig. B.3c). This exponentially weighted
average appears similar to the effect derived from an
electrical high-pass filter. The mathematical expression
for computing the detrend is given in the following manner:

1 [T .
Yd(r) Uu)*';x~/ ) {yu+a)—'yu—aﬂ e X da (B.7)
- a={

where Yd(x) is the detrended filtered function, Y(x) is the
original function and .\ is the exponential weighting

constant.

Since the test surfaces were prepared by distributing
the wooden pieces on a flat and level surface in our
laboratory, the detrending process of the measured surface
profiles was not considered in this study under the

assumption of stationarity of the profiles.
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APPENDIX C

MECHANICAL PROPERTIES8 OF PNEUMATIC TYRE

C.1 Tyre Carcass Construction

The modern automobile tyre is classified as bias-ply
or radial-ply, depending on its carcass construction, which
is made up of a number of layers of flexible cords of high
modulus of elasticity, encased in a low modulus of rubber.
The carcass 1s the most important part of the tyre
structure, and it affects the mechanical properties of a
pneumatic tyre. The conventional bias-ply tyre (Fig. C.1la)
is made by fabricating several plies of cord material in a
definite angle with respect to the direction of tyre
rotation. Half of the layers have the cords at a positive
angle and half at a negative angle. The radial-ply tyre
(F1g. C.1b) has been produced for several decades. The
difference from the cross-bias tyre is the angle of cord,
which 1is disposed in a radial or substantially radial

direction in relation to the axis of rotation of the tyre.

The crown angle is the angle between the cord and the
circumferential centerline of the tyre. Recent technology
placed several belts on top of the radial tyre. When the
cords have a small crown angle, the tyre will have good
cornering characteristics, but a poor ride. O0On the
contrary, for right angled cords, the opposite effect

occurs.
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(a) Bias-ply tyre
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— CARCASS PUIES
RUNNING AT RADIAL ANGLE

(b) Radial-ply tyre

Fig. C.1 Comparison of tyre construction between

(2) bias-ply and (b) radial-ply tyre
(after Wong, 1978)
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Fig. C.2 shows the coefficient of rolling resistance
as a function of speed, for bias~-ply and a radial-ply tyre.
Rolling resistance increases with an increased speed. As
can be seen, the radial-ply tyre has an advantage when it
is new i.e. less resistance than the bias-ply tyre. However
it displays the opposite characteristic in behavior when

the tread is lost.

10

Rolling resistance (10N/10kN)

4
'.
//1\‘;53;&: Tread removed

]

[ Lo g’
H

[

£-*
'—"mf‘y

— e

20 40 60 80 00 120 W0 160 180 100

Speed (km/h)

Fig. €.2 Variation of coefficient of rolling resistance
for bias/radial-ply tyre (after Clark, 1971)
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C.2 Frequency Range of Interest for Various Types of Noise

and Vibration Problems

When the noise and vibration problem caused by
terrain/road surface roughness or tyre peripheral surface
roughness is considered, the frequency induced by these
kinds of roughness has a dominant role in the response cof
the tyre. Several frequency ranges, depending on the type
of problem, are presented in Fig. C.3. It is generally said
that high fregquency, above approximately 107 Hz, 1is
important for the tyre noise problem and relatively low
frequency 1is vital for a vertical and horizontal vibration
problem. As described in this Figure, the tyre response as
a spring-mass-damper system 1is influenced by very low

frequencies, below 20 Hz.

FREQUENCY (Hz)
l He} 100 1000
| | ] |
PAVEMENT INDUCED
A ROAD . I HARSHNESS TIRE / PAVEMENT/INTERACTIGH NOISE
INDUCED U\wnGGLE| | IMPACT
te—ROAD ROAR =
NIBBLE BOOM RO ‘
TIRE_INDUCED
5 TIRE )NAODLE—*-{ |~ | SHAKE| ROUGHNESS =1 0e T ERVEMENT INTERACTION NOISE
INDUCED  "LA WIGGLE ROLLING
e THUMP = ‘-————-
NIBBLE | BOOM
¢ TIRE ,‘-SPRING/MASS/DAMPER——I ‘——sneu_ Mooss——-—ol
RESPONSE = [ LOCAL MODES, AIRPUMPING
! ORGAN PIPES
CHASSIS
BEAM—‘P—?-»-ST cT ODES
VEHICLE  ——RIGIO BODY 2 RUCTURAL M —
D gesponse ! ~— ACOUSTIC mnnsmssnenurr—-{
{RIGID)SUSPENSION ELEMENTS ——]|
(LOCAL)
60-1g
£ T ION 48, _a0- -DETECTABLE IN HANDS
1 1
SENSITIVITY 20~
100-
EQUAL 70
F LOUDNESS dﬂc 80- E\ ;
TO HUMANS 60- AFTER FLETCHER AND MUNSON -

Fig. C.3 Frequency range of noise/vibration problem
(after Pottinger and Yager, 1986)
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C-3 Nonlinear Characteristics of a Pneumatic Tyre

1.

Tyre stiffness

a‘

frequency dependence

The effect of exciting frequency, which is also
related to vehicle speed, on the tyre stiffness is
indicated in Fig. C.sa. The stiffness increases
nonlinearly with an increase in frequency. However,
since the vertical spring rate at low frequencies is
not very frequency dependent, the use of a constant
stiffness is a reasonable approximation, especially
for a off-road vehicle’s tyre vibration problem
arising from terrain surface roughness. Hardening of
the tyre by higher frequencies is supposedly due to a
molecular process of tb= rubber composite (Laib,
1978) .

A-CROSS PLY, O km/h PRESSURE, 0 172 MN/m?

O-CRCSS PLY, 50km/h PRELOAD, 2 22kN
X-RADIAL PLY, Okm/h

+-RADIAL PLY, 50km/h /A
-

(@]
[o3)

04 /// e

DYNAMIC SYIFFNESS (MN/m)

! i t |
0 i0 20 30 40
FREQUENCY (Hz)

Fig. C.4a Frequency dependency of tyre stiffness
(after Phillips, 1972)




b. velocity dependence

Although it has been reported by many authors that the
tyre stiffness varies with the operational velocity of
a vehicle, a definite conclusion may not be derived.
For example, Matthews and Talamo (1965) indicated that
the stiffness increases with velocity, although Chiesa
and Tangora (1959) showed the opposite results.
Furthermore, Gough (1963) concluded that pneumatic
tyre stiffness was unlikely to vary by more than 1-2%
between the static mode and ci.e dynamic mode. These
differences may result from the testing method,
equipment or consideration of heat generation inside a

tyre.

However, the stiffness is generally considered to
increase with wvelocity due to the centrifugal force
and the increase in inflation pressure by heating

during the rotation (see Fig. C.4b).

50MPH (80 5 KM/H) = 000
o 1 1l 6 DIFFERENT CONSTRUCTIONS-RA(ON,GLASS, and
e STEEL BELIS - G,H, 8L SIZE, 70 8 78 ASPECT
p RATIO o
V]
—
2 + /g"
@ | O}— _—®
2 —3
&
a .
(TR VRN WA (N U
0 060 080 100 120 140

RELATIVE SPEED

Fig. C.4b Velocity dependency of tyre stiffness
(after Pottinger and Yager, 1986)
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load dependence

Effect of load on vertical stiffness of the tyre is
also shown in Fig. C.4c. The stiffness increases
slightly with an increase in load (deflection), but
the degree of increase depends highl! on the type of
tyre. Although it seems to be due to an increased
inflation pressure, this mechanism has not been proved
theoretically due to the complexity of the tyre
structure, since some tyres show the opposite

tendency from that described above.

RATED LOAD=100
Q-
g
o
Wl
f~
2 -
!0 —y—y— A
(5; 5 DIFFERENT CONSTRUCTIONS-G,H, 8L SIZE
O > 708 78 ASPECT RATIO
Y R 1 | !
0 06 08 10 12 14

% of TBR 24 PSI RATED LOAD

Fig. C.4c Load dependency of tyre stiffness
(after Pottinger and Yager, 1986)
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2. Tyre damping

Damping is expected to have a dependency on the above-

mentioned factors since it is directly related to

stiffness.

a.

frequency dependence

The effect of exciting frequency on damping of a
rubber composite specimen was investigated by Laib
(1978) and Weiner and Gogos (1961). Damping
characteristics were studied by creating a sinusoidal
excitation in bending of a rubber specimen (6.4mm
thick). The results are shown in Fig. C.5. It was
found that damping of the rubber specimen was caused
by the energy loss in shear, and that the damping
ratio increases markedly with the frequency range

above 100 Hz.
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Fig. C.5 Effect of excitation frequency on quality
factor (Q = 1/2() (after Weiner et al.)
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b. Velocity dependence
The tyre damping is inferred to be decreased by an
increased rolling speed because the tyre stiffness is
hardened by the inflation pressure rise and
centrifugal force under a high speed operation. It may
include the effect of chemical reaction due to heat

generation in the tyre.

c. Exciting amplitude dependence
Amplitude dependency of the tyre damping was indicated
by Matthews (1965). The damping ratio was decreased
with an increased exciting amplitude. It was reported
that about 50% of the decrease in damping ratio was
observed over the excitation amplitude range between
0.0127 m and 0.0508 m (0.5 in. and 2 in.), (peak-to-
peak), which, in most cases, an off-road vehicle

receives from the rough ground.

Up until now, the effect of several factors on tyre
stiffness and damping have been mentioned. These, however,
merely show the general tendencies of the mechanical
properties of a tyre. Some of them may exhibit different
characteristics. Unfortunately, since there is a lack of
information about these properties in spite of their
importance,; especially for vehicle dynamics, no rational
explanation, except empirical results, has been given for

these phenomena.
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C.4 High Frequency Behavior of a Tyre

On the highway, the tyre is expected to vibrate at
high frequencies, compared to the off-the-road operation.
Barson et al. (1967-68) investigated the transmissibility
and acceleration level of a tyre, which is excited at high
frequencies, using a vibrator and slatted drum. Fig. C.6
shows the result for longitudinal excitation. Tyre A and B
are radial/bias-ply tyres, respectively. The Figure
describes the vibration mode and actual acceleration level
and the author thus concluded that both tests are necessary

to obtain useful information for tyre dynamics.
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Fig ¢.6 High frequency behavior of a tyre
(after Barson et al.)
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APPENDIX D
DERIVATION OF ROLLING RESISTANCE AND STANDARD DEVIATION

OF DRAWBAR-PULL ON VARIOUS ROUGH SURFACES

D.1 Rolling Resistance on a Rough, Non-deformable Terrain

Fig. D.1 shows a schematic diagram of a rotating tyre
on a rough, non-deformable terrain moving at a horizontal
velocity of V. There are tyre vertical motions due to
terrain surface and constart rotational motion. During the
motion, several powers are dissipated by tyre deformation.
For the first part, power is spent by the vertical motion
due to ground roughness, namely évl' If the tyre contacting
the ground surface is not in point contact, other forms of
power expenditure,évz, will be given by the rotational
motion of a tyre. This power is contributed by the tyre
deflection due to static wheel loading in contrast to
dynamic loading. These two power components result in the

rolling resistance of a pneumatic tyre on a rough terrain.

Power Loss due to Vertical Excitation (Evl)

When a tyre is excited vertically at a velocity of Vi,

the energy spent per unit time is

d
Evlﬂ./. ¢ dr V}?
—d

cr Vi (Nm/s) (D.1.1)

fl
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where c’ and cp are the distributed and total damping of
the tyre, respectively. It is assumed that the tyre is

always touching the ground surface.

: T
//////A’\\ V2//_\ ////

Fig. D.1 Schematic diagram of rolling tyre with
vertical excitation
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Power Loss _due to Tyre Rotation (évz)

Since each point along the contact region obtains a
vertical impacting velocity,V,, which is dependent on both
rotational velocity and the distance from the center of the
contact region, the following work will be achieved while a
distributed damping element of tyre is being compressed
between point A and A’.

Wy, - ¢'Vi-At (Nm/m) (D.1.2)

where it is the time required for a point to move from A to
A’, and is given by

At = 2 (D.1.3)

wr

where (r 1s an angle _AOA’ due to tyre deflection.

The total work performed by whole damping elements
along the chord A to A’ can be given by integrating the

energy,W, , through that region.

d
PV{,Q = / ‘V‘: dr (Nm) (D.1.4)
—d

Since the work W'/, is performed 27/a times in one

revolution of the wheel travel, the work per revolution is

Wi = Wi,

I

(Nm) (D.1.5)

The number of revolutions of the wheel per second is
«T /27, because the rotational (angular) velocity is
rad/sec. Therefore, the power which will be dissipated by

the tyre rotation is,
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Sy T
2(,’.4.':{ (id ,
= "'—"“;'I_‘" (Nm/s) (D.1.6)

Since the total damping factor,cp is expressed as
follows,

er =2dc (D.1.7)
the power dissipation can be finally rewritten as

o
-

1
Ev, = §CT(W’I‘d) (D.1.8)

Therefore, the total tyre deformation power of a tyre

traveling on a rough road is

EIT = Evl t E‘v2
=c1-{v34-%(wT@2} (D.1.9)

As pointed out by Bekker (1983), it 1is preferable to
apply the energy recovery factor in the computation of tyre

deformation power. Thus,

Er = ¢EL
s 1)
=€er V4 é(wrd)‘f (D.1.10)
where §== energy recovery factor
A : constant

(7.0/radial, 15.0/bias tyre; Bekker,1983)

o

tyre deflection

H : tyre carcass height
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D.2 Standard deviation of Vertical Response and DBP
D.2.1 On a Sinusocidal Surface

(1) E[iz] (Variance of vertical response of a tyre)

When a wheel rotates on a rigid, sinusoidal wavy road
(wavelength= | ) at a certain translational velocity,
the wheel axle moves up and down due to a base
excitation from the ground. The steady-state response
of the wheel axle,z(t), is given by solving a well=-
known differential equation for a one degree-of-
freedom vibration systern.. That is

mz . crz - kpz = —-my (D.2.1)

where z is a relative displacement (response) between
the ground and the wheel axle elevation. y is a
sinusoidal ground surface profile which is assumed to
be

y = hsinwt (D.2.2)
where h 1is an amplitude of the road wave (half of
peak-to-peak amplitude), and w is an excitation
frequency (=27TV/l). Assuming the particular solution

for steady-state motion in the form of
z = Zsin(wt — ¢) (D.2.3)
The derivative of the response is simply expressed as

z = Zwcos(wt — @) (D.2.4)
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Substituting Eq.(D.2.2) into Eq.(D.2.1), the response

is given as:

mhw? 7
N U:;f ,;;72'572 Th (;r"(:j’.’ (D.2.5)
The phase angle is
6= tant . ST
ky - mw?

Thus, the variance of z on a sinusoidal road is

obtained from Eq.(D.2.4).

- Bl < L

N oo

ag

(D.2.6)

(2) oppp (standard deviation of DBP)

Substituting Eq.(D.2.3) and (D.2.4) into Eq.(4.21),
the drawbar-pull (DBP) on a sinusoidal road 1is

ocbtained as follows:

DBP(” =€+ €22 + (42

=¢ + €2 Zwcos(wt —P) + €37 sin(wt @)

ey + 21/ (€aw)? -+ €2 sin(wt -- ¢ + o)

Il

— cTWw
=tan"} —————
QS kT — mw?
_1 €W
% = tan™!
€3 (D.2.7)




.2.2

(1)

The expected value of the DBP is expressed as
E[DBP] =€

§cr E[2?]
=_—tJmg-— (D.2.8)

To

where

(T Eerwi)
= (srg 12v )7

The standard deviation of the DBP on a sinusoidal

road is given from Eq. (D.2.7).

1 D.2.9
O'DBI:):\/5 Z2 {(fZW)2+€32} ( )
On a Randomly Rough Surface
E[2%]
The autocorrelation function of Z () is obtained

from its PSD function with the well-known Wiener-

Khinchine relation. That is,
oo
Rz(f)=/ Sapy e df (D.2.10)
0

where R is the autocorrelation function, and

z2(T)

Sz(f) is the one-sided PSD function of Zity-

If the random process of Z(¢) is stationary, the
autocorrelation function of the derivative of Z(t) is
given by
d2
R:ny=—73 Rz(,.) (D.2.11)

72
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Substituting Eq.(D.2.11) into Eq.(D.2.10),

d2 o] .
Rer) = "PUO Sep ™7 df

oQ
_— 2 2
*/0 (27f)* Sapye*™m df (D.2.12)
Since é(t) is also a stationary random process,
o0
Ré(r)Z/ Sy e df (D.2.13)
0

Comparing Eq.(D.2.12) with Eq.(D.2.13), the following

relation is obtained.

Sa() = (211)* Sys) (D.2.14)

Since E[z] = E[z] = O,

(D.2.15)
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(2) onpp
Standard deviation of random DBP can be calculated by

integrating the PSD function of the DBP with

frequency.

aoap=\// Spep(f) df (D.2.16)
0

The PSD function of DBP’ (t) which is the variable
component of DBP is given by using the 1linear
relationship between surface geometry and the DBP,

together with a system function.
Sospr(f) = [Hoy(r) I* Syics) (4.20)

The system function is expressed as follows:

l”*y(f) 1 = lHDBP’/z “ Hypya - Hy2/y1(5) ]

3rfd

2 . 2nfd
) (L) e§+262227rf)2 2sm S (D.2.17)
(=) h)

where £, is the natural frequency of a system and

( is the damping ratio.

9
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APPENDIX E

RECOMMENDED VIBRATION CRITERIA FOR RIDE DYNAMICS

In order to improve the vehicle traction on a rough
terrain, human response or sensitivity to the vibration
must also be considered because the problems of human
sensitivity and vehicle traction are inseparable. For
example, a higher operation speed may be required as one of
the superior mobility factors. However, it 1is out of
discussion if the driver or passengers cannot stand the
severe shaking inside the vehicle hull. Therefore a
coordination of these two factors is necessary in designing
a high-performance off-road vehicle. In this Appendix, two
criteria from the view point of ride dynamics will be

introduced.

E.l1l Factors to be Considered for Ride Comfort

(1) Vehicle factors
Considering the off-road vehicle performance, the
following two factors may be important in relation to
ride dynamics criteria.
a. maximum speed

b. maximum permissible vibration level
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(2) Human factors

Considering the human sensitivity for vibration due
to surface roughness of the ground, the following
considerations are suggested.

a. frequency and amplitude

b. exposure time of vibration

c. r.chod of excitation (continuously, discretely

or mixed)
d. individuality of human

e. position and direction of vibration

E.2 Recommended Criteria

(1) ISO 2631 criteria
This criteria was proposed by ISO in 1978. For three
directions of vibration (x axis= back-to-chest, vy
axis= right-to-left side and z axis = foot-to-head),
the criteria is described in terms of maximum
permissible RMS acceleration as a function of
frequency and exposure time (Fig. E.1l). According to
the criteria, humans are most sensitive to the
frequency range between 4 and 8Hz for vertical, and
between 1 and 2Hz for horizontal and 1lateral

directions (not shown here), respectively.
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Fig. E.1 Vertical acceleration limits as a function of

frequency and exposure time (ISO 2631)

(2) Absorbed power criteria

Marphy and Ahlvin (1976) suggested another criteria
based on the assumption that there should be a
maximum absorbable vibrational energy to the human
body. Absorbed power is the measure of the rate at
which vibrational energy is absorbed at the man/seat
interface by an average man under vibration
conditions of different frequency and severity. It is
the quantity used to determine human tolerance to

vibration when a vehicle is traveling on a rough
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terrain. The absorbed power 1is computed from the
product of force and velocity vectors, both of which
are computed from an input acceleration. The absorbed
power corresponds to mean square acceleration rather
than RMS acceleration. In a series of experiments,
the maximum power which a human being can stand was
found to be, on average, 6 watts. This criteria is
used 1in part of the NATO Reference Model for
predicting vehicle 1limiting speeds. Fig. E.2a
schematically shows the ride limiting speed (RS) for
a particular terrain profile having a certain RMS

surface roughness, based on the 6 watt criteria.

. RMS (1) >RMS (2) >RMS ()
2
£ 8 (
= . Ride tolerance RUSCL) RUS @) RMS @)
~ laval _
g 6F--7"==---
g i I
a- : ! Pointe in ride-limiting
2 4T ! speed-surface
e | | ' roughness array
@ ! ;
< 2er | ,

'RS(1) RS ' RS
O S Y { ¢ 3 1o X i
0 2 4 o] 8 10
SPEED (m/s)

Fig. E.2a Ride limiting speed and absorbed
power (after Marphy and Ahlvinj}
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Fig. E.2b illustrates the relationship between
frequency and tolerable maximum acceleration when the
power of 6 watts is applied to the human body. It 1is
found that humans are most sensitive when vehicle
vibrations are predominant at low frequencies such as

4 or S Hz, according to this criteria.

100

RMS Acceleration (m/s?)
o

1 | 2 1 1 L 1
0.5 1 S 10 S0 100
Frequancy (Hz)

Fig. E.2b Relationship between acceleration and
frequency for constant 6-watt absorbed
power level (after Marphy and Ahlvin)

Although these ISO 2631 and absorbed power criteria
may serve as initial 1limits for a ride dynamics study,
further investigation is required in order to improve
precision, and therefore usefulness, of these craiteria
since the human factors for vibration described in B.2 have

not yet been fully explained quantitatively.
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APPENDIX F

EXPERIMENTAL DATA

299




00t

Table F.1 Test Surface Measurement

Type of RMS of Y1 GO n RMS of Y2 Vertical Roughness
Surface Acceleration { Classification
X 10_3 m X 10—6 x 10> m m/s2
1.36 0.229 very good
Flat & Smooth 2.19 0.6 1.5 4 /M good
3.80 0.289
Rough 1 4.5?7 6.0 1.6 f”ﬁf?ﬁ;” 5 274 average
6.94 0.323 .
Rcugh 2 8.54 50.0 1.8 —55 | —t2s | PO
13.86 0.237
N/A
Sinusoidal 14.38 N/A N/A /1{ % /
P = 310.3

34.5 kPa

= Root-Mean-Sguare

- Inflation pressure of tyre

[
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Table F.z.1 Traction Test Data on Flat and Smooth Surface
- Ship Torque DBP = E Pull Coeff. Tractive Nominal
0BP T

Tractive

rad/s % hm N N Nm/s Efficrency |Efficiency
0.57 16.3 361.2 870.8 68.6 12.2 0.531 0.740 0.682
0.625 2z.8 323.0 843.1 63.3 6.¢ u.514 0.693 0.641
0.849 43.2 344.5 834.6 £3.5 15.4 0.509 0.502 0.451
1.033 53.3 338.8 813.6 172.4 15.1 0.496 0.408 0.322
1.457 67.1 326.0 859.6 251.8 10.0 0.524 0.318 0.225

a. P] = 310.3 kPa
0.594 14.9 319.3 810.6 37.9 19.5 0.494 0.747 0.713
0.720 29.3 334.2 839.5 41.4 22.0 0.512 0.610 0.580
0.805 37.2 332.6 865.7 52.2 16.6 0.528 0.565 0.531
0.962 47.4 339.7 873.2 53.9 19.1 0.532 0.467 0.438
1.105 54.0 337.0 883.4 45 9 24.7 0.539 0.417 0.395
bH. p] = 34.5 kPa
DBP = average of DBP
E;+ = tyre deformation power
Pull Coefficient = DBP/Static Load
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Table F.2.2 Traction Test Data on Rough 1 Surface
w Shp Torque DBP 0 p ET Pull Coeff. Tractive Nominal
DB Tractive
rad/s % Nm N N Nm/s Efficiency [Efficrency
0.551 | 15.0 306.7 782.4 114.8 9.1 0.477 0.790 0.679
0.580 | 19.7 314.8 806.2 135.8 8.8 0.492 0.753 0.632
0.588 20.3 330.6 508.1 134.2 14.9 0.493 0.709 0.596
0.599 | 21.7 320.0 /77.6 191.2 16.0 0.474 0.693 0.574
0.728 | 35.6 339.6 854.8 162.8 12.2 0.521 0.589 0.481
a. P} 310.3 kPa
0.533 | 11.2 323.0 807.2 72.9 21.4 0.492 0.762 0.698
0.551 12.5 334.5 835.2 90.5 23.1 0.509 0.751 0.675
0.555 { 13.1 334.4 811.6 95.6 27.5 0.495 0.723 0.643
0.654 1.8 333.0 839.2 109.8 23.1 0.512 0.677 (3.593
0.707 | 28.38 345.3 837.0 170.8 28.2 0.510 0.591 0.474
b. P 34.5 «Pa
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Table F.z.3 Traction Test Data on Rough 2 Surface

Ship Torque DBP " gp ET Pull Cheff. Tractive Nominal
b8 Tractive
rad/s % Nm N N Nm/s Efficiency |Efficiency

0.547 | 11.8 342.3 833.4 Z51.1 17.6 0.508 0.782 0.550

0.562 | 14.7 348.1 859.2 231.6 15.6 0.524 0.771 0.568

0.576 | 18.6 341.8 856.2 ¢58.1 13.0 0.522 J.742 0.538

0.585 | 19.9 355.9 876.2 254.9 16.1 0.534 0.718 0.528

0.629 | 25.5 344.9 876.2 256.72 13.4 0.534 0.679 (0.492
a. P] = 310.3 kPa

0.531 3.7 343.2 834.2 132.8 27.8 0.509 0.804 0.681

0.£33 4.1 333.3 844.6 150.3 20.9 0.515 0.835 0.692

0.556 8.0 340.8 822.3 144.5 28.8 0.501 0.762 0.633

0.558 8.8 342.2 847.5 174.1 24.9 0.517 0.775 0.621

0.566 | 12.7 340.6 840.7 111.4 24.5 0.513 0.740 0.647
b. = 34.5 kPa

P
1
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Table F.2.4 Traction Test Data on Sinuseidal Surface

w Slip Torgue DBP @ gp ET Pull Coeff. Tractive Nominal
Tractive
rad/s % Nm N N Nm/s Efficiency fEfficiency
0.527 8.5 276.6 700.4 172.5 9.4 0.427 0.850 0.641
0.608 | 20.7 303.3 820.9 171.3 8.8 0.500 0.788 0.624
0.700 | 30.6 335.1 848.6 185.4 12.6 0.517 0.640 0.490
0.955 | 49.5 338.2 862.6 198.7 10.4 0.526 0.472 0.364
1.020 | 52.6 349.8 509.6 193.1 8.1 0.555 0.451 0.355
a. P] 310.3 kPa
0.605 | 15.4 315.4 788.1 163.8 21.9 0.481 0.731 0.579
0.678 | 24.6 332.4 835.4 181.1 22.1 0.509 0.647 0.514
0.772 | 33.8 345.2 877.9 175.9 21.0 0.535 0.579 0.466
0.891 | 42.6 348.4 .7 0. 0. 0.
0.954 | 35.0 346.4 .5 0. 0. 0.




APPENDIX G

COMPUTER PROGRAMS

G.1 Transfer of Analogue B8ignal to

33a
349
358
364
3va
388
399
460
419
429

438
444
459
460
470

Digitizer of Tektronix SB25N

1SS A S FEEE PSSO EPEZENFISRS 4
£ PROG FOF TPHNSFEERIHF }
* DATH FROM OSCIL TO APES
X csampPrling Mo =18924 b 4
S 223 e et et TeTssT LS
X=9 B ¥2%=@ @ M7= 1371
DISP “DATH FILE NAME>"

INPUT F$
Na=1016
CRERTE F§,N9+3,2

STIGH# 1 TO F$
REMOTE 719
GOSUB 489
ON INTR 7 GOSUB 439
DISP = EHMTER DESIRED ACCESS
CNODE?* ® INPUT 0%
DISP “EHTER VOLT/DIW"
T v
DISP
AL YOLT (MAX )"
R$="ASCII,ACCESS
QUTPUT 71@ ,R$
GOSUB 518

OUTPUT 718 , "CURVE""®
DIM B(1324),WsC501
K9$=CHR$ (44)5CHR$(10)
CONVERT IN 718 PAIRS ,
CLEAR

€ INFU

“CONVERSIDN RATE FOR RE
£ INPUT VS
"LQE

Kos

DISP "FLERSE WRIT "

DISP "DRTA RRE BEING TRANSFE

RRED"

FOP N=3 TO N9-1

ENTER 719 . Bs

IF N«=T THEN 658

B(H>=VAL(BR$> -180%VEVS

PRINT# 1.N+1 , B(N>

X9=X9+B (N>

NEXT N

FOR N3=NS TO N9+3

B(H3 =1

PRINT® 1,N3 .,

NEXT N3

ASSIGN# t TO %

OuUTPUT V16 ,“SET DISP L.DISP
Rl‘

X8=X9ftM7 1824

DISP *MEAN VALUE=",XS8

DISP "TRANSFERED COMPLETELY"®

GOSuB r3e

END

BN

305

Digital computer by

REM SERIRL POLL ROUTINE -~
S=3POLL«718)

RETURHN

QUTPUT 718 ,“SELECT SRYE L.,%
AYE R, MFMPRE""

ENTER 718 ., W$

A1=POSCUS, "NR PT “)45
A2=A1+3

L$=W$LCHRL1,A2]

L=VAL(L%$)>-1

DISP "POINTS RECORDED BY 0SC
ILLOSCOPE".,L
AZ=POS(W$,"PT OFF
Ad4=RZ+3

T$=WSL34]
T=VALC(T$>

DISP "TRIGGEF POSITION".T
DISP "PRESS LCONT1" @ PAUSE
RETURH

")+7

I B(NY=2

IF N=8 THEN X=VYRAL(EBSLC7I1)
B{BY=X%XVXVUS- 189
IF N=8 THEN GOTO
X=(UVALC(B$)>+X /2
GOTO 349

' PLOTTING
CLERR @ GCLEAR

BEEP 104,108

DISP "PLOTTING ROUTINE"
SP

PLOTTER IS 1

340

@ DI

DISP *"MIN Y,MAX Y"
INPUT M3, M3

LORG 5

GCLERAR

LOCATE 18.,120,15,998
Fx0 ©.,1

FRAME

SCALE B.N9.M8, M3
LAXES -106, 1.,0.0.2,2
FOR I=68 TO N9

IF I=0 THEN MOVE I1.BCID
PLOT I.BCI>

NEXT I

FOR I=19 TO S8 LTEP 18
BEEP 1,188

NEXT 1

RETURH




______ )

499
500
518
526
53

540
554
568

(I 4 COMPUTE POWER X
assian file

“"FS0 FILE MAME™"

DISP

INPUT F3

! PRINT "PSD FILE NAME=
CREATE F#&" D7AL1".N3. 16
ASSIGN® t TO FS$A™ DvVOL"

"lFs

G.2 Computation of PSD by Fast Fourier Transform
18 1 XREXXRRTR Lk ek kst &kt
28 ! XPOWER SPEC DENSITY «loa ¥
38 | ¥ COMPUTE "PSDO" WITH P4
42 ¢ & DIGITIZED DATA BY THE X
58 t ¥ QSCILLQOSCLOPE X
63 I ¥ camplins No =512 ¥
IR+ 235333333330 043 8¢ 33245581
83 t ¥ N1/L>=20 3
99 ! This program 1s tor LTIME
DOMAINI data HNot ESPACE DOM

ARIN]
1é9 ' For ROAD RQUGHNESS.,
cation 15 needed
118 I It 1= done 1n "PSD-PLOT"
DcoT B 825 m-Volt
ULTRA cm Yol
radssecrV
3 N ms/Yolt
N-Volt
318 mesVolt

modit1

—
~
@

o G

fon
— D
S
rafs
-0
ono

OPTION BASE 1

DIM X(512),R¢2567.,1(28€6),8¢2
960

L=26
N3=298 @ ! COMPUTATION CYCLE
T=L/ /N1l = !
FS=1sL @ !
Fo=2%T-N1

I === Print
PRINT "ESTIHATION OF PUWER S
PECTRAL DENSITY (PSD>*

PRINT "-—=semmre—mre e - "
PRINT 2 PRINT

PRINT "ND OF DARTA POINTS=",
N1

PRINT USING 334 ., L
IMAGE “DHTR LENGTH=",
» Msac”

FRINT "COMPUTATIONM CVCLES=",
N3

PPIHT * DELTR t=
PRINT ™ DELTA {=
PRINT @ PRINT
LDIR &

GOSuUB 839

DISP "PEFLALCE DISK OF D 7To1"
DISP "PRESS CONTINUE WHEN RE
ROvY™"

PRUSE 2 BEEP 458,200

REM

delta ¢t
delta treaq

OIIGEM
L) e DAY

30 D,2X%

", T
“,FS

306

570
586
590
688

618
629
630
640
€5a
660
676
€80
692
788
710
729
738
740

758
7EB
770
7 8@
790
gan

828
g40
858
8683
£ 9
889

8299
966
919
924
934
240
T
960
979
98y
994
18006
1914

1029
1938
19408
1858
18608
1979
1888
16958
1109
1118
1128
1139

PRINTH# 1.1 , N3

! ——- compute PSD

GOSUER 1189

PRINT

FPRINT * No
PSOwmx2 Hz»"

Mi=9

S1=S{1>~2¥FG6KFSkC!

S2=5{2"~2¥F6XFSxC!t

FOR Ki=1 TO N3

Fi1=(K1-1)/T/N1+ 680000001

IF F1> 5,7 THEN 798

G1=S(K1)~28F6XC1

FREQ«Hz)

AL=G1XFD
Mi=M1+R1
PRINTH® 1,K1+1 , F1,G!
NEXT K1
M1=M1-51-82
MS=X5~2+M!
M2=50R(MI1>Y @ ' STANDARD DEVI
ATION
PRINT " STND DEVIR= ",M2
PRINT " MEAN SQUARARE= ".MS
PRINT®# 1,N3+2 , M2
ASSIGHN® 1 TO %
STOP
END
PSSV EEFCSC N FESSE ST ST R
I X READING DATA b 4
' ¥ REDUCTION OF DATH X
I % APPLY HRNNING X
P S¢S > S FTECI LSS TS SRS T
DISP “RAW DATA FILE MAME?" @
INFUT 0%
PRINT “DATA FILE MAME= ",D$
ASSIGNH# 1 TO 0Osa" DYoL
I —-— reduction of data ——-
*S=0
FOR I=1 TO H1
I1S=2%1-1
READH® 1,15 , “<I»
KOIO=4CT kMO @ 1 "y
TS=11-1,%T4V1
AO=RG+0 1)
NEKXKT 1
RO=XS /N1
PRINT “MEAN WALUE (m, = ", ¥
S
' -— resrransement of datz-
' -~ Hanning ——=—--—-——-——
FOR I1=1 T3 NS
I18=2%11-1
19=2%11
Wi= S&k/1~COSC(2¢PIXIZ /N1,
WZ2= S&71-COSC(2XPIXI2/M1,)
ROILI=XK(IZ) &MWL
ICII)=KC19)%U2
NEXT 11
SSIGN#® 1 TO %
RPETUPN



W= TOVDNCNL W~ DPD-gyRh ks
GREIICRIORIOCIITINEON

ACIW W WM PO FITI M PITO P 10 s ot rt 4t s 4o

[l andl ol el et e e
£
A
o]

FAXXERTRIT R RER R KK RARYX
£ SUBROUTINE FFT x
X # MRX=18Z4 X
FREXXXEERTEERRLARKLKERES

'
1
]
|
F
N
0

[N N

—H o

12
P Y FPERFOFMING FFT HQWI"
DISP * UWAIT FOP 2 MIN ++++"
GOSUB 127wy

M2=N-Z

GOSUR 1348
RETUKN

I —— parform FFT ——w==———-
F=1

FORP I=1 70O 12
P=P¥_

IF P=N THEN 13208
MEXT 1

P1=1

RETURH

GOSUE 1476
M=R(1) N2

[1=IC(1¥/ N2

SC1)=CAR(RC(1II~Z+I (132>

PRINT @ FRINT “DC TERM=",M

PRINT “MAX FREQUENCY=",11

PRINT "“FRER RERL I

MAGINERY ABSOLUTE"

FOR I=2 TO Nz

SCII=SERP(R(IY"Z+TI 1 2~2)

FPRINT USING 11760 , I-1,RCID
S ICT), 8L

IMRGE DDD., 34,M2 Z0e, 22X, M2
30e.,Z.4,. M =0e

NEXT 1

RETURHN

R=NZ2¢«=3 QR F<I 1 AND F{. -1 1}

PPz

IF B=) THEH 1524

FPRINT "ERRFROR IH SUBFROUTIHNE"

PRINT "CHECK INPUTS*®

PRUSE @ GOTO 1470

RAD

IF F=-1 THEN 1770

K=0

307

o e ps e
Q-Jg,U

A Ao

—
DO oD

— P et e
[+
fu

-
D dy
4= G
LX)

1654
15698
1678
16383

1639
1790

—
=~
[ous

.t . e -
Y NN B R BN N
o

oSDeT O @

~{oh L

-
o]
w

FOrR J=t TO HZ2-1

I=2

IF K<N2-1 THEN 1599
§=K—N2/I @ I=I+1 @ GOTO 157
K=K+NZ .1

IF K<{=J THEMN 1€38

A=RCJ+1) 2 R{J+1)=R(K+1)> @
R(K+12=A @ A=1CJ+1)
IMJ+1)=17K+1> B I(K+1)=R
MEXT J

L= 9 @ pP2=1

FOR I=1 TO P1-1{

G=G+L @ C=1 @ E=AQ @ R=SQR((
1~P2)-20%F
§2=(1—_¥(I=1))tSQR((1+P23/2
FOR R=1 T3 G

FOP J=R TO N2 STEP G+G

K=J+G @ A=C¥R{KI+EXICK)Y @ B
SEXR(KD>=CEI(K) B R(KI=R{(JIO-

A

ICK2=TCU)+B @ R{OJ=RC(ID+R B
[CH)=ICJo-E

NEXT J

A=E¥P2+C4Q B C=C¥P2-EfQ @ E
=R

NEXT R

NEXT I

IF F=-1 THEN RETURN

A=PI /N2 @ PZ2=COS(A) ® Q=FxS
INcA)

A=RC1> @ RC1>=R+I¢1) @ IC(1)
=R~I (1>

IF F=-1 THEHN 1318

R{13=P (172 @ I(=I(1),2
C=F @ E=2

FOR J=2 TO Nz2-2

A=E&PZ+CXQ @ C=C%¥P2-EXQ @ E
=R & K=N2-J+2 & A=R{JII+RK)
B=(I{Jd>+T(KIYXC~{R(IDI=RCK))
E R U=I(N-ICK)

UsC(I (2 +ICKIDXE+(RCIDI-RCKD)
XC

RuJy=1tR+BY -2 @ T(DH={U-Y).2
C RKY=\A-E>»r/2 @ I<K)=-(U+

N s2

NEXT J

I(N2/2+1)=-T(N2-2+1>

IF F=—1 THEN 195408

BEEP 15@.258 ® BEEP 29,824

J )

DISP " FINISHED FFT COMPUT
ATIOHN *

DISP " CALCULARTING ABSOLUT
E VARLUE"

RETURN



720
339
340
250
360
278
280
390
489
410
429
430
4402
450
450
476
430
499
500
518
520
539
549
550

9

(4]
~J
L)

P S 54 SRS TES SRS EFEAEFEESTATESY
I 4 COMPUTE

I X TRARCTIVE EFFICIEMCY %
U 4 FOr e
% PANDOM SURAFALCE ¥
I ¥ - STANDRPD DEVIATION X
[ 4 USE EXP EQUATIONS %
LI 4 no shock ¥
U 4 2EFF I-RAND" ¥
P $ 253023 SRS S S EEE S &4
DISP "DATA FILE NAME®

INFUT F¢

CREATE Fs&* D7Va1",288.18
ASSIGHN# 1 TO F3&" OToB1"
PRINT *© TRABCTIVE EFFICIEN
cyY™"

PRINT
G=4-12039086 @ !
FOR J9=1 T0 3

IF J3=1 THEN 226
IF J%=2 THEN 238
IF J9=3 THEN 244
3358338 & LINETYPE 1
Pl )

=13V%e @ LINETYPE 4 @
25908
=34588
N=2
PRINT *®
L] .G
PRINMT ¢
PRINT *
SURE <(Fay=",P
PRINT *

FQUGH COEFF

GOTO

©

GOTO
@ LIMETYPE 3,

0

FOUGH COEEF =

N= * . H
INFLATION PRES

PRINT *

QUEC(Hm>
DPs1ama

PRINT "

Yimrs=s) SLIFP TOR
ECd”/dt~2] ECDF1
EFFICIENCY {%)>"

nerut data

(4 R

RADIUS
S @ ' STOPPER

M=280 @ |
Ml=M%x3 81
HS= 17 @ ' SECTION HEIGHT
FOP S=2 TO 6C

S1=5.-189
Kl=-3@ & ! EXP
]

MASS

@6u8+ ans 44
-4 ol4LGT ' P)+26 8Z)-1080@
{383XLGTrPY+ 7334
SXQXSQR(Ml)
-M1/K
“EXP(-7EM1 FK/HS)
Ds7¢1-S1>
SORK/MY r2/7P]
¥3EMEAFLAPT
T2%¥(1-EXPC(K1%51))>+26

— =R en o
IlmnC’-JU!l l/‘tl

——e—OOMECOrr Mo X

308

580
598

6986
619
628

6308
648
658
66
6783

€39
698
788
719

Computation of Nominal Tractive Efficiency

' print statements -————-——
PRINT " TYRE-~-—MICHELIN 7 @
8 (BUFFED»"

PRINT "ROUGH COEFF *,G

PRINT "V (ms/g)=",\

PRINT “INFLATION PRESS (KPa
> =".P

PRINT "SLIP () =",9

i

] e s e e e e = v e . ——

1

RE=(T1 "B/RA3-UXCEW~2-12-V)%Q
A

ES=7T1. R+R3¥xML

E2=RS&4C

EZ=REBXK

GOSUB 84w @ | ECAdZ-dt~21 &

DP-s19ma

720 E1=ER-UKE3XCrvV

738 1

743 W=(E1-M4O XV /TLAW

798 t print statements ——-—--——-—-

69 IMAGE 3X.20 7D.3X.2D D, 2X.SD
D .5X.0 3De.6D 2D.,60 2D,5X.
DD

779 PRINT USINHG 760 ., V,S,T1.,EQ,
El.Ma.3

73989 PRINT# 1 ., S5,¥%

79 NEXT S

893 NEXT J23

818 ASSIGHN# 1 TO %

820 DISP "f5ixt¥ END ¥tftxx™

828 END

84 | AR ARXKKEATEEXEAL AR KRR KRS

859 ' ¥ COMPUTE VARIANCE OF £

g6l ! % dZ/dt %2 b 4

g87@ ' % ODF -c19ma t

880 I X WITH PZD ot Y1 *

B9 ! flkdkEKAYEREEELREERLREN L

o0 i

919 C9=0 R Z%9=hH

320 FOFP I=1 Ty 200

23a Wi=l- 106

943 P1=CGAU~YN-1tW]l~—~N)

959 Bil=W1/F1

908 HI=EZ~2+(EZ¥2%PT W12

978 HZ2=¢(1-B1 2,+2+(2%EXB1)~2

983 BI=2*Pl AH14XLS Y

993 H3=SIN‘B3)-B9

19898 !

1918 H4=Bl1~d tHZ~2/H2

19028 H6=4%F - 2ftH4tW1~2%P

1838 H7=H4xH14P1 @ ' (H DOP- Y1 2P}
»

184a !

1850 C9=CI+HA

1868 Z93=79+H7

1878 MNEXT I

1989 ES3=C9%x 1|

18368 Z23=29% 1

11868 M4=SQP(23)

1118 RETURN




