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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 t't.ce 1S investigated. A system funct ion 

which represents the theoretical relationship betwccn the 

drawbar-pull and the random traction surface geametry is 

developed in the frequency domain, associated with the 

energy conservation law. 

Prior ta the analysis, measurement of road profile 1s 

achi eved us ing an ul trasonic distance detector, and 

characterization of the stochastic road profile lS 

evaluated by a power spectral density function. Further to 

this, the resulting drawbar-pull and tract1ve efficiency 

for a given slip rate, applled 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 orig inal road profile by a flexible tyre, is 

also experimentally investigated. Systernatic laboratory 
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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 obtatned: 

(1) As the traveling speed increases, tractive efliciency 

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 cond i tion of the road surface 

becomes sufficiently rough that the road would be 

classif ied as "poor" or rougher under the ISO 

recommendations, at a speed of 5 mjs (18 kmjh). 
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EFFETS DES SURFACES RUGUEUSES HORS ROUTE SUR LA 

PERFORMANCE DES PNEUS 

RÉSUMÉ 

Les effets de rugosite geometrique d'une surface routicrc 

non-déformable sur la performance d'un pneu sont etudies dans 

cette thèse. Un systeme fonctionnel qui represente les 

relations théoriques entre le couple moteur et la traction 

aléatoire 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 routlere est 

obtenu à l'aide d'un détecteur de distance à 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 système mentionne ci-haut, en fonction d'un taux de 

glissement donné, du couple appliqué, des caracteristlques du 

pneu selon la pression d'air, et de la vitesse du véhlcule. 

La fonction globale qui décrit les modlflcations du 

profil routier original par un pneu flexible est egalement 

étudiée. Des tests ont ete effectués en laboratoire 3 l'aide 

de quatre surfaces tractives rugueuses dites "pseudo

aléatoires», afln de comparer et de verifier les predictlons 

theoriques. 
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A partIr des resultats des études theoriques et 

experImentales combines, les conclusions suivantes ont été 

degagees 

1) l'efficacite tractive décroît proportionnellement à 

l'augmentation de la vitesse du vehicule; 

2) un plus haut taux de glissement entraîne une 

reduction de l'efficacité tractive, l'efficacité 

optimale correspondant à un taux de glissement se 

situant entre 2 et 10 %; 

J) l'efficacite tractive croît hyperboliquement en 

fonction de l'augmentation de la pression de l'air 

dans le pneu; 

4) l'efficacite tractive dlminue considérablement 

lorsque l'etat de la surface routière se dégrade et 

que la chaussee correspond au mieux à la catégorie 

«mediocre» de la classification ISO, pour une 

vItesse de 5 mis (18 km/hr). 
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1.1 General 

CHAPTER 1 

INTRODUCTION 

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 sI ip rate at tyre

ground interface. 

An off-road vehIcle such as a bulldozer, agricultural 

tractor or heavy dut Y rnllitary 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, suppl ies poor operational condi tians for 

the vehicles as cornpared with a properly paved road. The 

rnost 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 

deformabil i ty, which is related to the strength of the 

soi1, many studies have been given in the consideration of 

f lotation and traction (Schuring, 1966; Bekker, 1969; Yong 

élnd Fattah,1976; Gee-Clough,1980 and others). If the 

terrain material can provide the necessary flotation and 

traction to maintaln a vehicle in constant travel and 

produce the required pull force, terrain caver 
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characteristics can constl tute 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), iii) 

roughness and iv) vegetation (Fig. 1.1.1) . 

Sraund Slope 

Ride 

Roughness 

.looJ~ 
~ VegetatIon 

Contra 1 1 Traction 1 Lite 

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

i) Ground slope 

Ground slope increases vehicle motion reslstance 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 irnpediments to vehicles (immobilization). The 

main concern to the vehicle traction is the 

capability to climb over these obstacles. 

iii) Roughnes~ 

This can be defined as small ground surface 

irregulari ties. When a vehicle travels on such a 

ground surface, resul tant vibrations are generated 

which cause rnany problems to both the vehicle and the 

human body. 

lV) Vegetation 

Vegetation can be regarded in a very broad sense to 

lnclude the surface vegetation (muskeg, moss etc. or 

even ground surface contamination by oil or water 

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

In this investigation, the terrain surface roughness 

is considered to bp one of the biggest problems faced in 

off-road vehicle rnobility in order to achleve efficient 

transportation, which me ans that a vehicle transverses as 

fast as possible wi th a minimum energy spent. As for a 

rough road operation, several important problems arise with 

the resul tant effect of changes in vehicle performance. 
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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 

Vehicle speed across rough terrain is usually limited 

by the abili ty of the operator to wi thstand the 

transmitted accelerations. Therefore, vûhicle 

performance is also affected by ride comfort. 

Vertical acceleratlons or displacements of a 

vehicle/driver were mainly investigated (Kozin et 

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

(2) Vehicle control (handling) 

Off-road vehicles are today operated not only at Iow 

speeds but aiso at high speeds. For example, in a 

tactical sltuation (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 runnlng gear no longer 

contacts the ground aIl the time. The more the 

running gear loses contact with the terrain surface, 

the less controllability is evidenced. 
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(1) Life cycle cost 

With the 8xci tatio'1 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 

proportional relationship based on the 

inversely 

life cycle 

cost. In order to decrease life cycle cost over a 

certdin time period, it is necessary to reduce 

efficient payload and/or vehicle 

terrain. In doing so, a penalty 

speed on a rough 

for producti vi ty 

must be paid. Few reports have been published on both 

controllability and 11fe cycle cost related to the 

ground surface roughness. 

(4) Tractive performance 

As expected, the off-road vehicle may jump or bounce 

on a rough ground. This severely limits the speed of 

the vehL::le because of excessive vibrations leading 

to total immobi1ization. The slip rate of the running 

gear (wheeljtrack) rnay be increased as a resul t of 

thlS phenornenon. Furtherrnore, the energy of 

v ibratory motion lS dissipated in vehicles in rnany 

ways, which may cause deterioration of tractive 

performance (norrnally evaluated by the drawbar-pull) 

of the vehicle due to an increase in the motion 

res] stance resulting from the off-road surface 

roughness (Fig. 1.1.2). 
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t Vibration 
\1 

Drawbar-pull ~ Thrust 

+'\ -----:> 

Motion Resistance 

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

Although ail 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 thlS study 

since traction is an essential required capabi li ty for 

off-road 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 condi tioned by the roughness characteristics of the 

ridinq, surface. Nevertheless, terrain roughness is 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 is 

urgent since the surface roughness effect will be 

intensified with an increased vehicle speed. 

In addi tlon f on a rough road, more fuel consumption 

will be expected compared to tha t on a smooth road due to 

change in the rolling resistance. In general, a 10% change 

in the roll i ng res lstance coef f icient resul ts 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 sol ved at the present 

time to achieve optimum work, energy economy and safety in 

operation of off-road vehicles. 
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l 1.2 statement of the Problem 

The investigation of tractive performance on a rough 

road is very complicated due te the random features of the 

terrain surface profile which cannat be described by a 

deterministic functlan. The resul ting contact area, sl ip 

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 dey ice w i th the ground, 1. e. the tyre carr les 

the vehicle load and transfers the forces WhlCh drive, 

brake and guide the vehlcle ta 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 fundamentai parameters which have 

to be considered in the anaIysls of off-road tyre tractive 

performance. They can be categorized into three factors, 

namely terrain, operational and tyre factors. In arder ta 

predict the tyre-rough terrain interaction, i t i s 

necessary to establ ish a proper analytlcal model which 

reflects the physics of interaction between tyre and rough 

ground, taking into account aIl of these parameters in the 

analysis. 
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Flg. 1.2.1 Fundamenta1 parameters to be considered in the ana1ysis 
of tyre tractlve performance on a rough road 

• 



To predict the tyre tractIon on a rough road, three 

complex phases of tyre motions (rotation, vertical and 

translational motlons) simultaneously need to be accounted 

for. A wheel does not simply rota te , but 1.S dr 1. ven wi th a 

certain slip at the wheel-ground interface. Because of the 

mul ti -directional and interdependent dynamic behav ior 0 f 

the tyre-ground lnteraction system, the dnalytical 

procedure adopted in this study is descr1.bed in terms of 

scalar quanti ties, i. e. energ ies, for the practica l 

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 

mea5ured? How do we characterize and quantify terrain 

roughness 50 that it can be used ln analyses? How do 

we relate random surface irregular i ties to tract ive 

force (drawbar-pull)? 

(2) Enveloping effect to original ground surface due to 

flexible tyre: 

Fig. 1.2.2 compares the pOInt contact (a) and l ine 

contact (b) of the running gear, showing different 

observation of the terrain profile. 
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Observed 
prof ile 

a. Point follower b. Actuel contact of 
pneumetic tyre 

Observed 
profile 

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

The profile which a running gear "sees (observes)" is 

modified depending on the type of contact, and it 

affects the way of loading ta tyre. The trajectoty of 

the point follower is directly affected by the 

geometry of the original terrain surface proflle. As 

for the trajectory of the center of a pneurnatic tyre, 

a modified (srnoothed) trajectory is expected, since a 

pneurnatic tyre does not replicate exactly the terrain 

surface profile due to a line (or area) contact with 

the ground. This is 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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However, a modified surface profile has to be 

considered for the analysis of true reaction loading 

to a tyre since the loading condicion has a 

significant effect on tyre performance. How do we 

define this enveloping function in relation to tyre's 

mechanical properties 50 that it can be employed ln 

the theoretical analysis of the tractive performance? 

(3) Additlonal energy dissipation by road roughness: 

It is presumed that more energy will be spent on a 

rough ground surface than on a fIat and smooth 

surface. What causes this extra energy dissipation? 

How can the governing mechanism of energy loss of a 

rOlling tyre be explalned, in conjunction wlth the 

terrain surface roughness? ln 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? In 

addi tion 1 what is the ef fect of operational speed, 

slip rate and inflation pressure on the tract ive 

efficiency? 
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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 

~nvestigation of rolling resistance on rough roads began in 

the late 1970'5 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 

tests were performed to relate the skid number to 

highway/runway grooving and textures. Sugg (1969) 

stated that rolling resistance (RR) was increased 

wi th a low inflated tyre and rougher pavement. 

However, these experirnents 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 lncreasing texture of road. 

(2) Wong created a pilot study in order ta 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 
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excitation force and lower shear rate produces less 

shear force, Le. traction. However, the effect of 

excitation frequency was not clearly observed in his 

experiments wi thin 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 wi th a chang ing frequency range 

between 1 and 12 Hz on a concrete surface. A maj or 

loss in traction at higher amplitude or higher 

frequencies was observed, while Wang 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 ta that in the absence of 

vibrations. Unfortunately, the mechanism of the 

14 
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reduction of RR was not clearly given in these 

experimental studies. 

(3) Dzie!ski and Hedrick (1984) 

resistance. The resistance 

calculated a train 

force at wheel-rail 

interface was assumed ta be expressed in the forro of 

a quadratic polynomial equation as a function of 

traveling speed. 

(4) In order ta 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 ra ad . The point contact model, 

rigid tread band tyre model, fixed foot print tyre 

model and adapti ve foot print tyre model (see 

Fig. 3 . 1.3) wert:! 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 compone nt of 

propulsive force associated with the energy 10ss oE a 

one-degr8e-of-freedom vibrating system (simplified 

vehicle) was estimated by Karnopp (1978). In cl 

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 

through the transfer 

average RR on rough roads 

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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From previous studies performed, an increase in RR, 

t ... together with the effect of excltation amplitude, frequency 

and traveling speed were demonstrated when road roughness 

was encountered ln vehlcle mobili ty. It was found that 

terrain roughness signlficantly aff~cts the tractive 

performance of vehicles. 

However, whlle these studies can provide certain 

information about the effect of road roughness, some of 

them have been achieved in an irrat ional way us ing a 

simplified Experimental device which does not properly 

represent an actual roll ing tyre, or deterministicj 

periodlcal slmpllfied road profiles WhlCh generally do not 

exist in real road or fleld condltions. Even if the random 

terrain prof iles were considered, the descripti on of 

roughness was briefly attempted by their height Root-Mean-

Square values. They have also investig~ted the change in RR 

only in relatlon to road surface roughness. The effèct of 

the tyre 1 s inflatlon pressure was ignored ln spi te of i ts 

key role on vehicle traction. Al though RR is an important 

part of the lnvestigatlon of tracti ve performance of 

vehicle runnlng gear, future research should now be towards 

the predlctive and analytical investigation of vehicle 

traction, which is the most inherent and direct performance 

parameter of an off-road vehicIe, in conJunction wi th a 

randomly profiled non-deformable rough terrain. It has not 

yet been achieved due to the aforementioned complex 

traction mechanis~. 
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1.4 Objective 

In view of the previous discussion of tyre-rough 

terrain interaction and related problerns, requirements for 

a successful predictivejanalytical procedure call for the 

following: 

(1) Development of a rational, simple predictive scheme 

which considers the effects of tyre characteristics 

on tyre-rough, non-deformable terrain mObility 

performance. 

(2) Development of 

technique which 

an appropriate rneasuring device or 

can be easily operated to provide 

information on the f~llowing: 

a. road surface profile 

b. tyre enveloping property 

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

torque and angular velocity etc. 

(3) 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 study 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 

roughness so that the random silaped terrain profile 

can be used in the theoretical analysis. 

(2) Definition of the tyre enveloping function that 

smoothes the original terrain surface profile. 

(3) Establ ishment of an analytical relationship between 

tractive 

can also 

pressure 

force and ground surface 

predict the effect of 

and speed, assnciated 

conservation law. 

Experimental Considerations 

rou ness, which 

slip, inflation 

wi th the energy 

(1) Design of simple equipment for measurement of surface 

roughness, and establishment of a measurement method. 

(2) Measurement of the filtered profile of the terrain 

surface and establlshment of the mathematical form of 

the enveloping function. 

(3) Performa.lce 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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1.6 Organization of the Thesis 

The presentdtion of thl.s study is arranged in eight 

chapters (F ig. 1.6) and seven appendices. The seven 

chapters, excl uding Chapter l, are classif ied into three 

major parts, each of which can be described briefly as 

follows: 

, 
(CHAPTER1) 

Introduction 

1 , 
PART l 

'l'HEORLTICAL COUSIDERATIONS 
PART II 

EXPERIMENTAL CONSIDERATIONS 

(CHAPTER 2) 
Descrlption of Terraln 
Surtace Roughness 

(CHAPTER J) 
'l'yre Enveloping Property 

(CHAPTER 4) 
Theoretical Development 
and Energy Conslderatlon 

(CHAPTER 5) 
Comparisor. of 
Theoretlcal Results for 
Several Rough Surfaces 

(CHAPTER 6) 
Pneumatl.c Tyre Tests on 
Rough, Non-deformable 
Surface 

PART III 
GENERAL DISCUSSION AND 

CONCLUDING REMARKS 

(CHAPTER 7) 
D1Scussions 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 l --- 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 l THEORETICAL CONSIDERATIONS 

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

of terralll surface roughness together with 

the roughness classification by ISO 

recommendation 

CHAPTER 3 --- introduces representative tyre enveloping 

functions 

(Present work) 
CHAPT ER 4 --- describes the predictive procedure, the 

idealization of the tyre-rough terrain system 

and the application of the frequency domain 

approach to Qbtaln the system function 

representing the relationship between the 

drawbar-puli and the t8rrain surface geometry 

CHAPTER 5 --- compares the sirnulated results with fIat and 

smooth surface, sinusoidal surface and 

randomly rough surfaces as a function of slip 

PART II EXPERIMENTAL CONSIDERATIONS 

CHAPTER 6 --- presents the experirnental resul ts including 

l 
the rneasurement 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 

investlgating for further study 

APPENDICES 

APPENDIX A shows the derivation and discrete forro 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 reC'jarding to the stiffness 

and damping of tyre 

APPENDIX D --- explains the mechanism of energy dissipation 

of flexible tyre moving on a rigid rough 

terraln 

APPENDIX E --- explains the human tolerance criteria to the 

vibration (ISO 2631 and Absorbed Power 

criteria) for future study of the tractive 

efficiency in connection with ride comfort 

23 
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APPENDIX F --- presents the test results in tabular forms 

for further reference 

APPENDIX G --- presents the computer programs transferring 

thp. analogue signal to digital computer, 

calculating PSD functions with those 

digitized data and computing the nominal 

tractive efficiency 
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, PART l THEORETICAL CONSIDERATIONS 
1 

In Part l, the following four components are presented. 

1 THEORETICAL CONSIDERATIONS J 

,~ Ir ,~ 

Road Surface Tyre Enveloping Equilibrium Equation 

Characterization Property for Drawbar-pull 

(Chapter 2) (Chapter 3) (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 resul t of 

vehicle speed, vehicle dimensions, their mechanical 

properties, terrain surface geometry, surface and/or soil 

deforrnability and finally, human sensitivity. In other 

words, the degree of terrain surface roughness whi ch 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 excitatlon from the ground if the 

terrain is extremely 50ft, 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 aIl 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 ef fect 1 reduces the complex 
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1 
problem to the set of issues which pertain to surface 

geometry, while the randomness of the surface geometry is 

held. With an assumption that the terrain is non

deformable, the most influential parameter for off-road 

vehicle dynarnics on a rough terrain can be considered ta be 

the terrain surface geometry. Al though 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 restr icted to a "narrow-~~ensed" model which can be 

described in terms of surface geometry only. It is defined 

as the deviation of a surface from a true planar surface 

with characteristic dimensions that affect vehicle 

dynamics, ride quality, dynamic load and drainage. The 

interesting range of road wavelength to the off-road 

vehicle mobllity falls between O.lm 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 Rouqhness 

It can be said that the largest difference in effect 

between a srnooth 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 fIat and 

smooth terrain surface, in contrast to the dynamic loading 

resul ting 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. 

-~ 
-I------~ 

a. Flat and Smooth 
Road Surface 

time 

b. Rough Road 
Surface 

Fig. 2.2.1 Comparison of reaction loading to tyre 
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Accordingly, surface characterization is of pr ime 

interest to vehicl e and tyre designers 1 since the terrë1 in 

surface profile lS the cri tical function in def1n ing the 

loading function for a tyre traveling on a rough terrë1in. 

It is noted that the enveloping function shou Id 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 

Tyre Envelop1ng 

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 comparatl ve evaluation of designs, it is recognized 

that the terraIn (roaà) 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 rea1 road surface, taken as a random exciting 

functlon, is used as an input to a tyre-terrain system. A 

special mathematlcal expression of random surface prOfile 

is deve10ped to characterize terrain ro~ghness, 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 quanti ties. The excitation frequenc.i.es are 

dlrectly 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 is, t.here is no way to 

predict an exact value at a future time. The function must 

be described in terms of probabil1ty statements and 

statistical averages, rather than by explicit cqudtions. 

Four main types of statistical funct10ns can be used to 

describe the basic properties of random data: (1) Root

Mean-Square values, (2) probabil1ty denslty functions, (3) 

autocorrelation functions and (4) power spectral dcnsity 

functions. 

(1) The Root-Mean-Square (RMS) value 

This value furnishes a rud1mentary 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 rouqhness, HMS 

vertical acceleration (RMSVA) has been used by Hudson 

et al. (1985). It lS obtained by calculatlng the 

second derivative with respect to tlffie for the height 

of an object in contact wlth a profile movlng at a 

constant horizontal speed. A large value, ln general, 

rneans a paor condlt10n of the road surface. The 

approach lS attract1ve for ItS slmpllclty, in that d 

road has a unique roughness val ue, but i t does not 

recognize that the roughness effects on vehicle 

mob1l i ty are dependent on the speed, nor does i t 

include any frequency information WhlCh is required 

for vibration analysls. 
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(2) The probability density function 

This functl.on furnishes information concerning the 

properties of the data l.n the amplitude domain. 

Therefore, l. t IS possible to determine the output 

values in that domain with their probability. 

However, knowledge of the n-th arder joint 

probabllity lS required for the determination of the 

statistical properties of a stochastic process, which 

is a diffl.cult procedure. Furthermore, the 

probabl.llty density function may not be suitable for 

dynamic analysis because of the difficulty of 

expresslng values in the time domain. 

The above 5tatistical functions are useful as indices 

50 that one can simply define the terrain surface 

roughness. However, once again, lt lS necessary to lnclude 

informatlon of not only the degree of roughness, but also 

dynamlc properties, such as energy dlstribution, mean value 

and/or frequency components in that signal. If one can find 

a suitable way to satisfy the above requirernents, the 

ampll.tude data of the surface proflle can be used as inputs 

for dynamlc theoretical studies. There are two other 

statistical functions which rnay satisfy the requirements: 
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(3) Autocorrelation function 

The autocorrelation function,R(T), for a stationary 

record is a measure of tirne-related properties ln the 

data, which are separated by fixed time delays, T. An 

estimation may be made by delaylng the record 

relative ta i tsel f by sorne f lxed tlme delay, then 

multiplying the original record with the delayed 

record, and averaging the resul ting prùduct values 

over the available record length or over sorne desired 

portion of this record length (Fig. 2.2.)). The 

procedure is repeated for all tirne delays of 

interest. 

1 /3 R(r) = lim - y(t) . y(t + r) 
T-~oo T _I 

~ 

dt ( 2. 1 ) 

y (t· + T,) 

Y ! t , ) y ! t, + TV 

T 

Fig. 2.2.3 Estimation of autocorrelation functlon 
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(4) Power spectral density function 

The power spectral densi ty (PSD) function for a 

stationary record represents the rate of change of 

mean values with frequency. It is estimated by 

computing the mean square value in a narrow frequency 

band at varlOUS center frequencles, and then dividing 

by the frequency band. The total area under the PSD 

curve over a Il frequencies will be the total mean 

square value of the record. 'l'he partial area under 

the PSD curve from frequency f l to f 2 represents the 

mean energy value of the record associated with that 

frequency range. 

The autocorrelatlon function and the PSD function are 

Fourier transforms of each other (Wiener-KhinC'hine 

relation), and therefore furnish similar information in the 

tlme domaln and frequency domain, respectl.vely. Most 

importantly, the PSD functlon may satisfy the requlrements 

for off-road vehlcle studies since both amplitudes and 

frequencles, which are essential factors for vehicle 

vibration dynamlcs, are descrlbed in terms of energy 

density. Furthermore, the use of the following simple 

relationship between lnputs 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 
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of 

system 
x 

PSD 
of 

input 

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

Thus it may be suitable to express the off-roild 

surface profile (representation of surface roughness) by a 

spectral description such as the PSD function. The PSD 

function will contribute to a response analysis WhiCh wIll 

describe, WI th adequate preCIsIon, the motion of the 

system expressed ln terrns of dlspldcernent, acccieration or 

stress. This functlon has been used previously for vehicle 

mobility analysis by many authors (Matthews, 1966; 

Laib,1975; Slreteanu,1984: Lu,1985). 

Since the terrain surface roughness under 

consideration is a spatial dlsturbance, rather than a 

disturbance in time, it is deSlrable to define the PSD in 

terms of the spatial frequencY,!l, in cycles per rneter, 

rather than in terms of the conventional time frequency,f, 

in cycles per second (Walls et al., 1954; Crolla, 1981) . 

Spatial frequency is another description of frcquency ln 

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 thls 

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

1966; Bekker,1960): 

2 

dx (2.2) 

where S (D) one-sided PSD of the road surface 

profile (m3 le) 

spatial frequency (c/m) 

x length of course (m) 

horizontal distance over surface (m) 

surface height profile from a reference 

plane (m) 

In Appendix A, detailed derivations and discrete forms 

of PSD are gi ven. This estimated PSD allows a reasonably 

accurate measurement of the frequency content of a 

particular surface, and thus lS useful for surface 

roughness class1fication. Whilst the spatial frequency, n, 
is to be used as a disturbance frequency for a rough road 

prof ile, i t can be converted to a convt:::ntional time-

dependent exciting frequency,f, for a given velocity,V, by 

the following relationship. That is, 

f=vn (2.3) 

Therefore each PSD of the ground surface profile can 

be represented by a respective curve for a given velocity. 

(2.4) 
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Accordingly, the expression of terrain surface 

roughness in terms of PSD hav 1.ng the aboye-ment ioned 

features is acceptable and effective for the analys1.s 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 attemf.':.s have been made to class i [y the 

roughness of a road surface. In the field of construction, 

the PSR (Present Serviceability Rating) is often used in 

the AAS HO (American Association of Stat~ Highway Officials) 

road test for this purpose, as weIl as by RMSVA. The PSH 

are correla ted w i th var ious obj ect ive measurements 0 f 

pavement features through a regression equation, so that 

the ob) ecti ve measurernents could be used to est irna te the 

PSR. The nurnerical 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 

38 



There is yet another method of classlfication of 

roughness. Ground surfaces are classi f ied 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 a.5mm 

Road macrotexture about a.5rnm < \ < lOcm 

Terrain roughness about IOcm < .\ < lOOm 

Topographical undulations \ > about 50m 

Al though these indlces 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 prey iously mentioned. For exarnple, the 

classi f ication by wavelength may be an unrellable method 

slnce a real road surface possesses an infinlte number of 

wavelengths and amplitudes, and therefore is not 

recornmended for classifying the surface roughness based 

only on the dominant range of wavelength. 

The properties of the surface profile can basically be 

described only ln statistical terrns, 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 ù 

roughness rneasure that can be classified ln a direct mùnner 

so that not only random surface waves, but aiso their 

harmonie 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. 

- 10-5 

M 
..§ 

3 
Cl -6 
U) 10 
0-

107 2 

10-8 

0 15 20 25 10 5 

1 

Fig. 2.3.1 Classlficatlon of PSD curves for (1) average 
first class roadi (2) average sccondary road: 
(3) average agrlcultural fleldi (4) average 
agricultural field wlth per10dlclty 
(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 borderllne between 

"good" and "bad" 15 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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1 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 is needed. 

The International Organization for Standardization 

(ISO) has proposed road roughness classification (class A 

to H) using the PSD values. Fig. 2.3.2 shows the 

classification by ISO (1982) and corresponding range of PSD 

values at a particular frequency of 1/2 7f 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 

stralght 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: 

1 
for n ::; no = 27r c/m 

for n > no (2.5) 

where nI and n2 are 2.0 and 1.5 respecti vely in the ISO 

draft. These two values are determined from field 

measurements. A more simplified mathematical form is 

suggested as follows (Crolla, 1981): 

1 (2.6) 
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The advantage of this description is that it presents 

a very easy simple forro. The realization of surface profile 

by any other method requires rnuch effort, and leads to 

inaccuracies which cause unavoidable discrepancip~ i!! the 

results due to the approximate method to be appljed. 

2.4 Summary 

In order to characterize the ground surface roug!mess, 

description by the PSD is used due to: 

(1) simplicity of rnathernatical 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 domaln. 

The classification and evaluation of road roughness 

can be achieved based on the ISO recomrnendations, using the 

PSD values at each frequency. 
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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 rnoving on a rigid, rough terrain. As 

previously stated in Chapter 1, the tyre's contacting 

condition wi th the ground is not a point contact 1 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 repl ica te the 

original road surface profile. The tyre moves as if over a 

"filtered" road profile of the original road profile. 'l'his 

rcsults 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, yI, can be basically deterrnined by 

the ratio of y2 (response) to yI (input) in the frequency 

domain. In order to deterrnine a modified reaction load, the 

enveloping function needs to be derived. 
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yI 

D 

Enveloping 
Function (y2!y1) 

Filterad profile (y2) 

Urlginal profile <yi) 

y2 

Fig. 3.1.1 Linear low-pass enveloping effect of 
pneumatic tyre on a rigid rough terrain 

Van Deusen (1966) dernonstrated very simple models of 

the tyre enveloping effect for the specifie obstacles shawn 

ln Fig. 3.1.2. Model (a) lS a rigld circular wheel of 

radius,R, which encounters a burnp of height,H. In this 

representation, the path of the wheel center 1S an arc of a 

circie of the same radlus, R. The other model (b) 1S an 

idealized enveloplng wheel where the helght of the tyre hub 

is dlrectly proportlonôl ta the percentage of the contact 

length that has encountered the bump. The exponential 

function was aiso introduced as the third madel. 
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Fig. 3.1.2 Trajectories of tyre center and thelr 
enveloping models (after Van Deusen) 

Although these models give basic lnformatlon about the 

tyre enveloping effect, it is not realistic ta apply these 

to a randomly raugh road. 

Captaln et al. (1979) showed tour V:.lnrJs of 

representatlve analytlcal tyre-rough terriJin madels, 

including their enveloplng effects (Flg. 3.1.3). The 

analysis of wheel center motion becames very compl icated 
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Direction of Motion ... 

a. Po i nt contact mode l 

~ Fixed footprint model 

.. ... 

b. Rigid tread band model 

d. Adoptive footprint model 

FIll. 3.1. J Sc\'eral tyre-terraw nndels showlng enveloplng 
ctfcct (after Captaln et al.) 
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because of the complex contact between the ground ond th~ 

tyre hav1ng distinct properties. In the tlme dom~lln, Li 

sophisticated calculation procedure is requlred to estlm3te 

the filtered random surface profIle and the reaction load. 

However, a conC1se technique to derlve the enveloplnq 

function can be found by using the frequency dom,! ln 

analysis (Gray and Johnson, 1~72). It was suggested that ~ 

runnlng tyre on a rough terraIn behaves LiS a lOW-p.1SS 

fil ter WhlCh attenuates high spatlal frequenc les (short 

road wave1engths). In the frequency doma ln, the dl t t l CU l t Y 

in modellng the enveloplng funetlon could be largely 

e1irninated by eonsiderlng the low-pass fllterlng etfect, 

assuming 11ne contact between the tyre ilnd the terraI n 

surface. The enveloping function of il tyre can be derlvuJ 

in terrns of a slmple attenuatlng functlon ln thlS domain. 

Another advantage of defining the enveloping function in 

the frequency domain is the possibllity of associatIon with 

the PSD function. 

In order to der Ive a tyre enveloplng functlon, 

experirnental resul ts are required, together w 1 th the tyrc 

characterlsties. In this chapter, the relationshlp between 

the original and flltered surface proflle (l.e. envelopln~ 

function) is presented, givlng the following two baSIC 

models. 
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3.2 Useful Models of Tyre Enveloping Effect 

; 

Beres (1986, 1987) lntroduced several tyre enveloping 

models as welghting functlons. These functions are 

classified into two types of the enveloping 

characterlstlcs, depending on the smoothing manner of the 

terrain profile at tyre-ground interface. They are (1) 

rectangular type and (2) exponential type (N.B. dlfferent 

from the exponential function stated by Van Deusen) 

weighting (enveloping) functions as shown ln Fig. 3.2. The 

profilee: at the tyre-ground interface are exaggerated in 

the Figure. The fil tering characteristics (functlons) are 

generally expressed as follows: 

hE(X) --- weighting function ln the road length domain 

f requency response function ln the 

spatial and ordinary frequency domain, 

respectively 

~ 
1 1 

I-d-l 

a. Aectangular type 
weightlng function 

t- d--l 

b. Exponentlal type 
weighting function 

Fig. 3.2 Rectangular type and exponential type weighting 
(enveloplng) functions 
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(1) Rectangular type weighting function (FIg.3.2a} 

This type of funetion has been used by mùny ùuthors 

(Kozin et al., 1966; Segel and Lu, 1982) due to its 

simplicity and aceuracy. It wIll be assumed that the 

contact length,2d, lS constant while the running tyre 

is eontinuously deformed at the 1nterface betwecn the 

tyre and the terraIn surface due to vlbrdt lonal 

motion caused by the terraIn surface roughness. The 

10 cal de f 0 rm a t Ion 0 f the sur f ace a 5 p e r l t les 1 s 

neglected since the ground is rigide 

The various vertical height5 of the terraIn surf.:tce 

profile at the interface are smoothed by multlplying 

by this weighting function. In the frequency domdln, 

th1s lS equlvalent to stating thélt each harmon Il' 

compone nt Included ln the slgnal of the terrain 

surface prof lIe 1S attenuùted by a certa in amount, 

depending on the tyre flexibility, tyre load and road 

wavelength. 

The rectangular welghtlng funet1on,hER(X)' 15 glven 

by the following simple forme 

for Ixl ~ d 

=0 for Ixl > d ( ) . 1 ) 
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The frequency response function is derived by 

performing the Fourier transform on the above 

function. 

or 

where x = 

u= 
f = 

V = 

d = 

sin 27rOd 
Il ER(n) = 27rOd 

. 27rfd 
sm--

_ V 
IlE R(f) - 27rfd 

V 

distance from center 

spatial frequency (= 

of contact 

f/V) 

temporal tlme frequency 

vehlcle speed 

half contact length 

line 

(2) Exponential type weightlng function (Fig.3.2b) 

(3.2) 

The theory of this enveloplng function is similar to 

that of the rectangular type function. As shown in 

Fig. 3.2b, the smoothlng of the terrain surface 

irregularltles at the tyre-road lnterface can be 

determined by multiplylng by the exponential function 

instead of by the rectangular functlon. The concept 

orlginates from an electrlcal R-C low-pass filter 

which decays the outputs at a certain rate by 

increaslng the frequency. The weighting function for 

the exponential type is expressed as follows: 

h -21falxl 
EE(x) = 7rae Ixl < 00 ( 3 • 3 ) 
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where a is the experirnental constant. Perforrnlng the 

Fourier transform, the frequency response function is 

obtained. 
1 

lIEE(o) = 

G)' 1+ 
or 

lIEE(!) ~ 
1 

(!v) 2 1 + (3.4) 

Although other frequency response functions were 

introduced by Beres, such as 

or 

llEEl(O) = 
1 

1 
,---------

[1+(~)2r 
Il EE2(U) = 

1 
Il EE3(n) = 

1 ~ (~)4 
(3. :;) 

these functions should be determined experlmenta Il y 

by rolllng the tyre on the rough terraIn surface. 

However, the general characteristics of these 

weighting functlons are basically simllar to each 

other. The general form of the exponentlal type 

weighting function ylelds 

1 
HEE(rl) = b 

1 + (~) 
( 1 • 6) 

where a and b are the experimental constants. 

A comparison betweE::n the rectangular enveloplng 

function and the exponentiai 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 

SURFACE EFFECT ON TYRE TRACTIVE PERFORMANCE 

4.1 Introduction 

A schematic diagram of the tyre moving over a rough, 

non-deformable terraIn wi th an angular velocl ty, wT, is 

lllustrated ln FIg. 4.1.1. Three major fields of interest 

tor the theo~etical lnvestigation of road roughness effect 

on tyre tractIve performance are shown there. Forces acting 

on the driven tyre are also shawn and they are individually 

L'xplained as: 

TQr.9l!~ 

ThIS lS produced by the engine to deliver a driving 

torce to the supportlng terrain. 

Th Cll_~:; t 

Thls 1S the force developed by a vehicle tractive 

clement (wheel/track) due ta applled torque. 

Mot.l0.Q _R~2 i stance 

ThIS can be considered as resistance forces converted 

from total energy expendlture due to interfaclal slip 

and due to flexing of the running gear (tyre). 

Drawbar-pull (DBPl 

This represents the abllity of the vehicle ta pull or 

push varlOUS types of worklng machlnery, including 

Implements of earthmoving agrlcultural or construction 

equlpment. 
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Drawbar-pull 
<..------1 

<~::::J 
Motion Resistance Thrust 

Terrain Surface Roughness(Chap.2) 

Tyre Enveloping Property (Chap.3) 

Flexible Tyre and Rough 
Terrain Interaction (Chap .4) 

v mis 

Flq. 4.1.1 Schernatlc dlallrarn of forces rJctinq on fllovlnq 
t'Ire over rough terraln anrl thr~p ITIi'Jlor problf>lw, 
assoclated wlth thl,) operatlon 
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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 OBP produced by the tyre. 

It is establl shed ln a forro of system functlon that def ines 

the resultant DBP from the terrain surface geometry in the 

frequency domaln, ln conjunctlon with the principle of 

energy conservatIon. 

One of the important factors in the development of a 

system functlon 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 origlnated by the difference in speed between 

rotation and translation of the tyre. While the mechanism 

of slip is very sophisticated, as shown in Wolfson (1987), 

i t 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 investigations 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 deal t w i th 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 

n'tost influential phenomena to be considered for off-road 

vehicle performance. In developing a theoretlcal model 

which can predict and analyze the effect of terrain surface 

roughness on tyre performance, the effect of base (ground) 

excitation to the flex1ble tyre should be the prlmary 

focus. Three lead1ng factors, (geometrlcal characteri~tlcu 

of terrain surface, the mechanlcal properties of il flexible 

tyre and operatlonal conditions), control the excitation 

phenomenon interelatedly. The vibration of d rolllng tyre 

would be expected to cause sorne change in the tract ive 

performance of the tyre, which 1S an lncrease ln mot ion 

resistance (Fig. 4.1.2). The tractive performance w 111 be 

offset by an increased motion resistance as a resul t of 

extra energy expenditure due to production of heat, noise, 

slip and vibration etc .. 
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Faster 

Roughness 

Fig. 4.1.2 Diagram of relationship between motion 
resistance and road roughness with effect 
of translational speed (Vl<V2<V3) 

The objectives of this chapter are: 

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

terrain system, including terrain surface 

characteristics, mechanical properties of the tyre 

and operational conditions, 

(2) to find a predictivejanalytical method for the 

investigation of surface roughness effect on a tyre's 

tracti ve performance in the most simple economical 

and time-saving rnanner, 

and finally, 

(3) 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 

c.:etermination of DBP on a rig id, rough terra in is shawn in 

Fig. 4.1. 3. In SectIon 4.2, madellng of the tyre-terr.lll1 

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 efflclency is proposed. 

SelectIon of Parameters 
of Tyre-Terraln System 
affect~ng Exc~tatlon 

Inputs 
4.2 , 

Tyre Par8meters 
Model~nQ of Tyre-Rough Surface Property 
TerraIn System Operat~0r.81 Cond1tion 

Tyre Mass-Center 1 

,\ppllcation of MotIon 

Energy Balance t 
Vertical Dyné'mic Force 
at contact Area 

+ t 
1 Thrust 1 l Motlon ResIstance 

J 
1 

by Energy Loss 

J 
4.3 , 

Drawbar-pull as 8 
function of Tlme 

1 L1nE8rizat1on 1 
of Equation 1 1 Frequency Dama in J 

4.4 1 APproach 

Developllent of CHaD 3 
System Funct lOn ri Enveloping Property 1""" 

Ctlap 2 J 
4.5 l Surface Geometry J 

ProposaI of NomInal 
Tractive Efficiency 

Fig. 4.1.3 Flow chart of predictlve/analytical 
procedure ln Chapter4 
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4.2 Flexible Tyra Model on a Aough Terrain 

1 4.2.1 Parameters affecting the Tyre Performance 

Fig. 4.2.1 depicts the parameters concerning tyre, 

terrain and tyre-terrain 1nteraction individually. The 

di f f icul ty in thls investIgation 1S the treatment of the 

variabllity of all ~he parameters. Tyre deflection is not 

constant as in the case of flat and smooth surface 

operation. Torque, slip, inflation 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, aIl the others are influenced. Changes 

in vertical ~oad on the wheels also affect the friction at 

tyre-ground lnterface, and changes ln friction Interfere 

with the Slip rate and translational velocity. If the 

vehlcle velocity is changed, dynamic loading on the wheel 

is also affected. Therefore 1 the aspects which cover all 

these influential parameters for the tractive performance 

on a rough terraIn have not yet been fully understood 

because ot the lack of lnformatlon concer.ning the complex 

mechanis~s of the tyre-rough terrain system. 

In view of the above, it is clear that a comprehensive 

tractlon model including road roughness effect, tyre 

properties and aperational conditions (slip and speed etc.) 

is needed. 
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Orawbar 

Tyre Parameters 

N Wheel load 

T Input torque 

DBP Drawbar-pull 

v . Translational velocity 

WT Angular veloclty 

ro Wheel radius 

p. 
l 

Inflation pressure 

kT stiffness 

cT Damping 

r\ 
d - \-J 

v 

Filtered surface y profIle ly21 

- -~ 
OrIgInal terraIn 
surface proflle (yi) 

'~ Undeformed tyre surface 

yl : original terrùln 
surface prof ile 

Tyre-terra ln 1 nJeX<1ct l V(~ 

Parameters 

2d contact lcngth 

D Tyre deflection 

y2 Filtered surf~ce profile 

y3 vertical response of tyre 

Fig. 4.2.1 Parameters for flexible tyre-rourJh 
terrain system 
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4.2.2 Idealization of Movlng Tyre on Rough Terraln and 

Established Assumptions 

Based on the hypothesis that the excitation arising 

from the rough ground, which is a functlon of ground 

surf ace roughness, tyre propert les and transl at lona l 

velocity, lS the key çoncern of the tyre tractive 

performance study on the rough terrain, the following 

ideal ization of the tyre-terrain system is proposed, as 

lllustrated ln Flg. 4.2.2. Whllst the ground surface, in 

fact, has a random proflle, the ground WhlCh has a fIat and 

smooth surface mayes backward at the same speed as the 

translatlonal speed,V, of the tyre, while osclllating 

vertlcally ln a random manner. This vertlcal oscIllation 

characterlzes the loadlng functlon of the tyre. 

v 

.::.::.'.:';':."';._- _.- ....... ::.:::: .. ::. ! . ... .. .. .. ......... . ...... .. 

v yi, (y2) 

Fig. 4.2.2 Idealization of moving tyre over rough terrain 
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Accordingly, the following assumpt10ns were establlshûd. 

Terrain 

(1) The random process of tE'rra~n surface lS weakly 

stationary (the first and second statist~cdl moments 

of the process are t ~me- invar ~ant) ilnd ergord lC (tl1l' 

first two moments do not d~ffer over the diftercnt 

samples) . 

(2) Terrain surface is rigid and undeformable, ~.e. tllc 

coordinates of the prof~le po~nts do not ch,lngc> d~.:; 

the tyre travels over the ground surtace. 

Tyre 

( 1) Translat~onal veloc~ty ~s 

affected by the mot~on 

relat~vely 

of the tyrû 

low, 

but 

ùnd not 

l S kcpt 

constant. Therefore, the tyre is ùlwùys ln contact 

with the ground surface. 

(2) Wheel surface lS buffed (smoothed), l.e. the tyre 

does not have any tread on its surface. 

(3) Moment of inertia about the tyre's lateral aX1S l!j 

neglected since the rotat1ona l velOCl ty of an of f

road tyre is usually much smaller than that of an on

road tyre. 

(4) Inflation pressure during mot1on lS constant and the 

swelling of the tyre is neglected. 
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Interface 

(1) Shear stress between the tyre and ground surface is 

generated onl y at the tyre contact area, and is 

distributed uniformly. 

(2) Frictional characteristics are unique in the contact 

area. 

(3) Contact length is not var ied dur ing the dynamic 

loading, and is determined by the static load of the 

tyre and the tyre's stiffness. 

(4) Horlzontal deformat10n or twisting of rubber tread lS 

neglected. 
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4.2.3 Flexlble Tyre-Rough TerraIn Systen 

In order ta Investigate the effect of ground 

excitation on i;:yre tractIve performance, an analytlcal 

tyre-terrain system is suggested, as shown ln FiC]. 4.2. J. 

It consists of uniformly dlstributed stitfness ilnd ddmplnq 

elements over the foot print length, to represent the 

inflation pressure and carcass v1bratlonal characterlstics. 

While the rolling rad1us of the tyre lS dependent on !ts 

vertical deflection, the foot pr1nt length is assumed ta bc 

constant, independent 0 f the tyre de f lect Ion, du rl:lq the 

rough road operat1on. The fln1te foot prlnt lenqth provlde~ 

thlS model with the abllity ot enveloplnq. ft will 

negotlate the small Irregularlties over the terr,lln 

surface. Dynamlc reactlon load IS a funetlon of the 

filtered prof1le rather than of the original sur1ace 

profile because of thls property. 

Although the tyre lS aetually dr1ven over cl tcrrclin 

surface and therefore the Sllp eXlsts at the Interface 

between the tyre and terraln, the distributcd elements of 

the tyre carcass are cons ldered not to be dl storted 

horizontally, but only vertically in the model. 
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y 
Direction of Motion ... 

Strut length 

Wheel center 
motion (y3) 

1-.. ---- (a) ----'1- Wheel mass (ml J 
Distributed stiffness 
and damping elements 

k' 

1-.- Foot prlnt ~I 
length (2d) 

t -E 
tn 
::l 

'" 'C 
ca 
t.. 

CJ 
c: 

,r-f 
r-t 
r-t 
o 
0: 

1 Filtered t profile (y2) 

Or iginal 
profile (yi) 

L-------_----...J J 
tlq.4.2.1 Flexlble tyre-rouqh terraln system 
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4.3 Development of Equilibri um Equation between DBP and 

Terrain Surface Roughness 

4.3.1 Energy Balance of Tyre Moving over Rough Terrain 

The prlnc~ple of energy conservat1on lS one ot the 

basic laws of physics. The lnput (total) energy must oc 

equal to the sum of output energy and energy 10ss dunnq 

the motion of a system. Although several attcmpts have becn 

made to lnvestlgate the DBP based on the force equll1brium, 

the energy method is preferable in the tyre-rouqh qrounù 

interaction analysls Slnce it has a C<lp,lbllity ot 

incorporatlng all the resultant forces, velocitles ,1nù 

dlsplacement of the entlre system. As statcù edrl1cr, the 

energy method of analysls may be sUltable for appllcdtion 

to a problem where a number of pararneters are comblncù in Il 

complex fashlon wlth each other. The cnerqy rnethoù 

considers sirnul taneously bath the force system and the> 

different modes of rnovement ln a tyre-rouqh grounù system, 

namely the rotational, vertlcal and translatlonal motlons. 

This rnethod will consequently satlsfy the equlllbrium 

requlrements both statlcally and dynamlcall y. It has also 

been successfully used to evaluate the whcel/trclck

soil/snow performance, provlded the dlfterent cnerqy 

cam po n e n t s l n th a t S y 5 t e m ( Yon 9 e t al., 1 <J 7 8; Yon rJ d TH l 

Muro, 1981) . 

Fig. 4.3.1 shows a schematic representation of the 

resultant energy components generated by a tractlve clement 
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(whee l/track) ~nteracting with a terrain surface. 

Consider ing the farm of evaluatl.on of rnobili ty performance 

of a tyre-raugh terrain system in tenus of energy 

conservation, the governing equation has been written a~: 

(4.1) 

where Ein input torque energy which ~s obtained by 

subtracting the mechanical energy lasses due 

to gear and bearing friction etc. from net 

engine power, 

Es = sllp (interfacial) energy which is wasted at 

the interface ln forros otner than work done, 

ET = tyre deformation energy wh1.ch lS the amount of 

energy required to deform the flexible tyre, 

output OBP energy WhlCh 1.5 the remainder for 

available work from energy accounted for. 

Output 
Orawbar-pull Energy Input 

Torque Energy 

SlIP Energy 

Tyrr. DeformatIon Energy 

Fig. 4.3.1 Schematic diagraro of energy componen.s of 
rolling wheel on ground 
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Fig. 4.3.2 schematlcally shows an Incre~se ln the tyrp 

deformatian energy due to graund surface roughness, 

resul ting in a decrease of output energy where the saml? 

input energy is applied. It is obvious that the energy 

losses (tyre deformation energy and sl1p energy) must be 

reduced if a greater output energy 15 deslred. Therefore, 

it is necessary to pay proper attentlon ta the design of ~n 

optimum running gear system WhlCh mlnlmlzes these energy 

losses. 

>
Cl 
L
eu 
c: 
l1J 

ContrIbutIon of 
_ flat surface 

Lk~r~~f-Jie7~~..Lj..~ - r ough sur face 
for tyre deformatlor. 

Fig. 4.3.2 Diagrarn 5howlng effect of terrain surface 
roughnes5 on tyre deformation energy 

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

considered instead of us ing the energy l tsel f for the 
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1 
benefit of the evalùation of the tyre performance in 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. 

output power = input power power loss ( 4.2 ) 

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

4.3.2 Derivation of Equation for OBP on a Rough Ground 

The prediction of the drawbar-pull (OBP) is an 

essential part of the requirement for vehicle performance 

simulation. The OBP is def ined as the resul tant of the 

thrust,TH, minus total mot1on resistance,MR (Bekker, 1960). 

Thus, 

DBP = TH - MR (4.3) 

It is 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 15 from the products of the power losses, the 

use fuI 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. 0,1 a rlgid, ur.yieldlng 

surface, the lnput power to apply a wheel torque 1S 

directly transID1tted to the ground surface to produce 

the thrust. Taking advantage of the principle th"t 

the power induced by the torque transmlttcd to the 

tyre must be equal ta the power proùuced by t1w 

product of the thrust and constant translational 

velocity, thrust is given as follows: 

, T'WT 
111 = -----

V 

Slip rate i5 given by 

(4.4) 

(4.~») 

100% slip indicates no-transversal motion while the 

tyre is rotating. Then, 

( 4 • 6) 

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

( 4 • 7 ) 

where T input driving torque 

rr = rolling radius of tyre 

wT = angular velocity of tyre 

s· = slip rate at tyre-ground interface 
1 
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(2) Motion resistance 

1 Before considering the motion resistance of a 

rotating tyre, it may be useful to consider the 

frictional mechanism of a rubber tyre. Several types 

of frictionai components have been introduced to 

explain the frlctional mechanism between a tyre and a 

rigid surface. Bowden and Tabor (1954), and Meyer and 

Kummer (1968) suggested the two rnaj or frictionaJ. 

cornponents, which were caused by the adhesion,Fa, 

(surface friction) and by the 

(internaI frlction). Therefore, 

becomes, 

Ftotal = Fa + Fd 

deformation,Fd, 

total friction 

(4.8) 

Fig. 4. 3 • 3 dep icts these two components. Fa i s 

attributed to bonding of exposed surface atoIDs 

between sI iding rnernbers. Fd is a 

available when a rubber specimen 

perfectly lubricated surface 

resisting 

is rolling 

with 

force 

on a 

sIDall 

irregulari ties. This is due to tyre hysteresis. Any 

individual rubber surface element goes through a 

deforrnation cycle as it passes over an asperity of. a 

terrain surface. A certain energy 1S dissipated every 

cycle. 

71 



1 

STONE CI-'Ip 

DUE Ta 
ADHESION 

Fa 

--

::QICTION 

v-

AND HYSTERESIS 
DEFORMATION 

Fd 

Fig. 4.3.3 Two principal components of pavement friction 
(after Meyer and Kummer) 

Pottinger (1986) added another frictional component 

to the above-mentioned equation, i.e. weùring 

(tearing) of l ubber tlpS. Clark (1971) introduced 

four components to explain frlctional mechanism, 

namely adheslon, deformation, tearing, and ViSCOU5 

components. The V15COUS frlctiona] compone nt 15 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 ~n 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 

, \ .. -" ...... -
•••• Aecover~' Compression 

.-.'.,,,. ~~,~~~ ' .... :', , ... 
IAdhes@ .. -- .... - ..... Slip 

Fig. 4.3.4 Friction components of a driven tyre 
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Therefore, it is 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, i.e. vertical 

excitation resistant force (MR1) resulting from tyre 

deformation power loss and the slip resistant force 

(MR2) produced by the slip power 1055. 

Vertical Excitation Resistance Force (MR1) 

slnce this resistance force is a product arising from 

a hysteresis power 1055 of tyre aamping property, the 

velocity components of the tyre deformation should b~ 

defined in order to derive the darnping power loss, 

which is called the tyre deformation power loss. 

Two di fferent kinds of vertical veloci ties are 

obtained for a rotating tyre on a rough terrain. One 

is identified as vertical excitation velocity,V1(t), 

originating from the rough surface geometry. Euler's 

theorern (instantaneous axis of rotation) defines 

another vertical velocity ~omponent,v2(t)' resulting 

from the tyre rotation (Fig. 4.3.5). 
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Euler's Theorern 

A motion of a rigid body with both rotation about a 

fixed point,o, of the body and a translational 

velocity of V/ is equivalent to a rotation about an 

instantaneous axis of rotation/O / , which lies at a 

vertical distance of rr (=Vj wr) from point o. 

: 1 Vi (tl 

1 

r---
X 

T 

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 = V1(t) + V2 (t,a:) (4.9) 

where 
d 

V1(t) = dt (y3 - y2) 

V2(t,z) = -x' WT 

where x is a horizontal distance from an 

instantanec.as 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,v1, is equal to zero. Each point along the 

forward contact portion interacts wi th the ground 

surface at a distance-dependent velocity of -x 'WT • 

Points along the backward contact portion are being 

repulsed at a negati ve veloci ty (stretching). The 

dissipation of tyre deformation power by these two 

velocities is derived in Appendix D. 

ÈT = ç (EVl + ÈV'2) 

= ÇCT { V1
2 + ~(WTd)2} (D.1.10) 

. . 
where EVl and EV2 are power dissipations caused by 

the velocity VI and V2 respectively. Since the 

velocity, V1 is equal to vertical response of the 

tyre,z, 

(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 

cT = total damping of tyre (=2dc') 

~ = energy recovery factor suggested by Bekker 
(1983 ) 

= 1-e-AD/ H A constant 

D tyre deflection 

H tyre carcass height 
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The vertical excitation resistant force could be 

qiven by dividing this tyre damping power dissipation 

by the translational velocity. !t is therefore, 

MRI = ET 
V 

(4.11) 

Slip Resistance Force (MR2) 

Tyre slip is an inherent phenomenon caused by the 

difference in rel~tive 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 is dissipated elsewhere without 

producing any use fuI ou'cput 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 is little transversal motion. As 
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1 previously seen in Fig. 4.3.2, a large amount of 

input energy is wasted at a higher slip because the 

output energy deve10ped a t tyre-gr.ound interface 

remains the same or is decreased sligl\\tly. 

For economical mobi1ity purposes, it is desirab1e 

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 10ss must 1:.,e a minimum. 

The power loss due to the slip can therefore be 

converted into another form of the res l'lstance to 

motion in terms of force units, because it does not 

contribute ta useful work done. The power 108s due to 

the tyre sI ip is calculated on the basis of the 

average slip occurring over the tyre-terrain 

interface. Assuming a uniform distribution of shear 

forces, the power 10ss by the slip can be obtained 

as: 
(4. 12) 

where T = input torque 

WT = angular velocity of tyre 

si = slip rate 

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

MR2 = Ès 
V 

T· wT' Si (4.13 ) 

1 - V 
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(3) Drawbar-pull 

As explained by Eq.(4.3) 1 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 - (MRl + MR2) 

T [€CT {'2 l( d)2} TWTSi] = - - z + - WT + -~ 
Tr(l - St) V 3 V 

T eCT { ,2 1 ( d)2} =--- Z +-WT 
Tr V 3 

(4.14) 

The rolling radius, rr' is given by a geometrical 

relationship between the hal f contact length, d, and 

the original (undeflected) tyre radius,r o (Fig. 

4.3.6). 

- == 
1 1 

(4.15) 

. ". _:. d 
':'; ',:':.: '.:.~, .. '" .. - - ~ 

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 1 { 1 (d) 2} --- 1+- -
rr ro 2 ro 

(4.16) 

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

T { 1 (d) 2} CeT { .2 1 } DBP = - 1 + - - - - z + -(wT d)2 
ro 2 ro V 3 (4.17) 

Assuming that the contact length is proportional to 

the square root of the vertical load from the load-

contact area experirnents (Fig. 6.3.5), an ernpirical 

relationship between the contact length and the 

vertical load to the tyre axis is given as follows: 

2 d = q NO. 5 (4.18 ) 

where q = exper imental constant narned as contact 

length coefficient (given in Eq.6.3) 

• N = vertical reaction load (=cTz+~z+mg) 

Substituting Eq.(4.1B) into Eq. (4.17), the equation 

of the DBP on a rigid, rough road can be finally 

written as: 

T { 1 ( q ) 2} CeT {1 } DBP = - 1 + - - N - - Z2 + -(qwT)2N 
ro 8 ro V 12 

(4.19) 

where 

J = (I.... _ eCTW~) 2 
8r3 12V q o 
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~.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 weIl, 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, lt lS very difficult to estimùte a 

random stochastic fil tered profile signal from a random 

original surface profile in a determlnistic manner without 

using statistical and probabilistic techniques. Even if it 

could be done in the time demain, the computation process 

becomes enormeusly large due to the tedious convolution 

integrals. 

The requirement is te find a quick, ecenomical 

prediction reethod of tyre traction related to the ground 

surface roughness. Cemparing the frequency domain analysis 

and the time domain analysis, the former is 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 is l inear. 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 aiso expressed as a frequency 

filter. Therefore, the variation of the tractive force of 

the tyre as output can be estimated by using the foilowing 

basic, Iinear input-output relationship: 

SDBP'(f) = 2 
HSY(f) SY1(f) (4.20) 

where SDBP'(f) = PSD of non-constant component of DBP 

= PSD of original surface height profile 

= system function of tyre-rough terrain 

system which relates the terrain surface 

irregularities to the DBP including tyre 

enveloping effect 
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4.4.2 Linearization of Equation 

The derived equation for DBP (Eq.4.l9) 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 appl ied to a 

nonlinear problem. 

f(X l + X2 ) = f(Xl) + f(X2) 

f(cx) = C f(x) 

additive property 

homogeneous property 

Therefore, the solutions of the nonlinear problem are 

generally obtained by methods specifie to the partieular 

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 eonsidered. The 

nonlinear differential equation is given by 

x + (Ji; + g(z) = F(t) (4.4.2.1) 
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The nonlinear restoring force,g (x)' is assumed to 

represent the su:" of a linear plus a nonlinear 

component as follows: 

(4.4.2.2) 

where W o 
2 is a constant and go (x) is the residual 

nonlinear function. f 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 f: 

(4.4.2.3) 

Substituting Eq. (4.4.2.3) in Eq. (4.4.2.1) with g(X) 

defined by Eq. (4.4.2.2), 

D D D 2 2 agO (Zo) 
Xo + EXl + E X2 + ... = F(t) - Ego(zo) - E axo Xl - ••• 

(4.4.2.4) 

Taylor's series expansion of 90 (x) about Xo was used 

in above calculation. D is a differential operator 

given by 

D == - +fJ- +w2 
[ 

d2 d 1 
dt2 dt 0 

Setting the coefficients of powers of in Eq. 

(4.4.2.4) to cancel each other, 
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(4.4.2.5) 

Thus, Eqs. (4.4.2.5) aIl involve the same linear 

operator on the left and the original nonlinearity 

has been shifted to the sequence of nonl inear 

operations on the right. Solutions to Eqs. (4.4.2.5) 

will be given by employing the convolution integrals. 

(4.4.2.6) 

...... 

where h( T) is the response function to the unit 

impulse. When an exc1tation function, F (t), is a 

random process, this rnethod can be used to obtain the 

statistical moment of the nonlinear response. The 

me an square response is ofcen deterrnined, as follows: 
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In principle, the perturbation method can be used to 

estimate the response to any order of f. However, 

results are obtained to the first order of f only, in 

most cases, because the algebra for higher order 

estimates becomes very complex. The f irst two terms 

on the right hand side of Eq. (4.4.2.7) are given by 

using auto correlation functions. 

E[x;] = l: i: h(rI)h(r2)E[F(t-rd • F(t-T'2)] drldT2 

E[xox d = - f-: i: h(r.)h(rz)E [F(t-rl)go(zO(t_ r 2»] dTldT2 

(4.4.2.8) 

(2) Equivalent linearization ~ethod 

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 i5 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: 

(4.21) 
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where fi (i=1,2,3) are the equivalence parameters. 

Takinq the difference between Eqs.(4.19) and (4.21), 

M = DBP - DBPlinear 

(4.22) 

where the function,M, is a stationary random process 

because of the stationarity of process,z(t). If the 

parameters f i are chosen so as to minimize M, 

OBP1inear can be regarded as to be approximately 

equal ta OBP. A natural optimization for the 

linearization is to choose 

minimized. This requires that 

(4.23) 

substituting Eq. (4.22) into Eq. (4.23), 
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8E[M2] €CT 

al! =El + E2E[z] + f.3 E[Z] + -yE[i2
] 

- J(cTE[z] + kTE[z] + mg) _ T 
ro 

=0 

8~M21 =llE [Z] + E2E[Z2] + E3 E [ZZ] + eCT E[i3] 
f.2 V 

- J(cTE[Z2] + kTE[zz] + mgE[z]) - T E[i] 
ro 

(4.24 ) 

=0 

8E[M2] . ec 
8ë3 =llE[z] + f2E[ZZ] + E3E[Z2] + V

T E[zz2] 

- J(cTE[zz] + kTE[Z2] + mgE[z]) - T E[z] 
ro 

=0 

since the original surface profile is assumed ta be a 

stationary Gaussian random process whose expected 

value is zero, the response, z (t) , 1s also a 

stationary Gaussian random process having zero 

expected value and therefore, 

E[ z] = 0 

• d 
E[z] = - E[z] = 0 

dt 

• • d • E[zz] -- Rzz (0) = - Rzz (0) = 0 = E[zz] 
dT 

E [Z3] = Ji. E[Z2] + 2u2 E [z] = 0 

where R(T) = autacorrelation function 

• Ji. = E [z] 

1 (J2 deviation of • = standard z 
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with regard to E [ZZ2], the correlation coefficients 

between z(t) and Z(t)2 were investigated by applying 

random digit numbers generated by the computer sinee 

it is very eomplieated to analyze jointed random 

variables theoretieally. Fig. 4.4.1 exhibits the 

results. Correlation coeffieients,K, 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, 

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

(4.25) 

Finally, the equivalence parameters,Ei' are obtained 

as follows: 

T ÇCT.2 
fI = - + Jmg - - E[z 1 

To V 

(4.26) 

fa = JkT 
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4.4.3 System Function 

The system function representing a linearized 

relationship between the fluctuating component of the 

OBP and the original terrain surface irregularities 

,y1, can be given by deriving the following 

individual transfer functions. That is, 

System Function 

y2 ~ 1 HZ/Y2 ! 

filtered 

Z ~I HOBP ' Iz ~DBP' 
vertical 

profile response 

Fig. 4.4.2 Components of system function 

(1) HOBPI/Z (between variable DBP and vertical response 

of tyre axle) 

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

(4.27) 

Performing the Laplace transform with the assumption 

that the initial values are zero, the trans fer 

function between OBP' (t) 

follows. 

and is obtained as 

(4.28) 

where s is a Laplace operator and equal to i27r:f. 
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(2) HZ/ y2 (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. 

p 

Fig. 4.4.3 Modeling of experimental rig 

The equation of motion can be wri~ten as 

•• •• 
Io 0+ cTal(a1B - y2) + kTal(a18 - y2) = 0 (4.29) 

where Io is the moment of inertia about point P. 

Using the following relation, such that 

Eq. (4.29) can be rewritten as follows: 

•• •• 
meqy3 + CT(y3 - y2) + kT Cy3 - y2) = 0 (4.30) 
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where the equivalent tyre rnass,meq , is 

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

sarne way, 

(4.31) 

Substituting 

z (s) = 1[2 (s) - Y3 (s) 

into Eq. (4 . 31) , 

(4.32) 

Thus, the transfer function between the tyre vertical 

response and the filtered terrain profile yields, 

2 H _ meqs 
zly2(s) - m

eq
s2 + CTS + kT 

(4.33) 

(3) 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,Hy2/ y1 (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. 

= HDBP ' /z • Hz/ y2 • Hy2/ y1 (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 OBP because of a larger value of the 

system funct ion. This is probably due ta increased tyre 

flexibility. As for the effect of the translational 

velocity 1 a simple tendency cannat be derived from the 

Figure since its 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 OBP, 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 graund meets wi th the 

natural frequency, the performance of the tyre is expected 

to be considerably reduced due ta severe vertical 

vibration. 

94 



... ... 

1E+09 

1E+OB 

lE+07 
N -- 1E+06 N 

:c -
oc-f 

\0 
~ 1E+05 " Ul 

~ .......... 
a.. 
m 
0 1E+04 
:r: 

1E+03 

1E+02 

1E+01 

1E+OO 

lE-Oi 
. 1 

SYSTEM FUNCTION 
SLIP = 20.0 1 

5m/s. 
2m/s, 
2m/S. 
5m/s, 

34.5kPa 
34.5kPa 

310.3kPa 
310.3kPa 

/' / " j' 
;' " \ 

// ...... '/\\ / J' \ '-."./ ,l"" '" /. \\ ' 

./."." /' l' \', 
./ ' \ 

./ ' , ",'" ,/,/,1 
'" / ' 

././ /'/ ,/" " 
/./ /''/ l' ,/,/~,,/,,/ l ./ / " 

/,/ ,,/" 1 

/
.. ,/ 

., / .... .... 
1.0 

FAEQUENCY (Hz) 
Flg. 4.4.4 Derl'.·ec1 systerr· functolns as a functlon of velcclty 

and tyre loflatlon ç:~eSSll!"e 

10.0 

'. 



1 

r 
\ , 

4.5 Nominal Tractive Efficiency 

The tractive eff iciency 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 
"1= 

T'WT (4.35) 

where DBP :: drawbar-pull 

V = translational velocity 

T = input torque 

WT = angular velocity of tyre 

Under a static condition, this defini tion can be 

directly used wi thout hesi tation since aIl four parameters 

defining the efficiency are assumed to be constant. 

However, on a off-road terrain surface, whose surface is 

very rough compared wi th the on-road surface, i t is 

expected that su ch variation of DBP becomes much larger. 

Therefore, i t may be necessary to modify the equation 

slightly in order to compensate for the variation effect of 

the tirne-variant pararneters in the case of dynamic 

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 wi th 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(t). Fig. 4.5 

demonstrates the comparison between the constant DBP 

developed on a theoretically fIat 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 if their average values are the same. That is to say 

that curve B (variable OBP) produces randomly higher and 

lower values than i ts 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 

t 
Stationary, constant 

average = a 
stnd.dev.= a 

B 

t 
Stationary. inconstant 

average = a 
stnd.dev.= b 

Fig. 4.5 Effect of constant OBP and variable OBP 
on vehicle performance 
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Therefore, in order to evaluate the tyre tractive 

performance on a rough raad, a modification of the ordinary 

tractive efficiency is 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]- UDBP)' V 
TIn = 

T'WT 
(4.36) 

where E[DBP] = mean DBP 

UOBP = standard deviation of DBP 

It shauld be noted that the average DBP can also be 

reduced by the increased tyre damping energy loss on rough 

ground, as shown in 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 resul tant DBP and the 

terrain surface geometry was found, together wi th 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 domaine 

In arder 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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CBAPTER 5 

1 PREDXCTION OP NOMINAL TRACTXVE EFFXCIENCY AS A FONCTION 

OP SLIP POR 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 0.2. 

Fig. 5.1.1 describes the classified terrain surfaces 

used in the computer simulation. Terrain surfaces are 

categorized as: i) deterrninistic rough surfaces and ii) 

non-deterrninistic (random) rough surfaces. 

Rough non-deformable surface 

Non-deterministic 

'--____ -J ... ___ ~ 1 Very paorl 

, ~ _____ ..JI 
V 

Classified by ISO recommendation 

Fig. 5.1.1 Categorized surfaces for simulation 

99 



1 

Fig. 5.1.2 illustrates the general flowchart for the 

simulation. The speed range in the computation was taken 

approximately between 1 mIs and 5 mIs (3.6krn/h and 18km/h). 

This reflects the usual operational range of farrn tractors. 

Here after 1 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 cornrnonly used: 

static load to the tyre axle = 200.0 kg 

tyre diameter = 0.748 ID 

tyre section height = 0.17 ID 

maximum input torque = 330.0 N 
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HAITE 

( END ) 
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Fiq. 5.1.2 General flow c~art of computer simulation 
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5.2 Results tor Deterministic Functioned Road Surfaces 

5.2.1 Efficiency on a Flat and Smooth Road Surface 

On this ra ad surface, the average value of the DBP is 

immediately derived to be equal to E1 in Eq.4.26 since no 

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

where 

E[DBP] = fl 

T = - +Jmg 
ro 

J = (I- _ eCTW~) 2 
8r~ 12V q 

The standard deviation of the DBP is also zero. 

0DBP = 0 

(5.1) 

(5.2) 

The effect of slip rate on the tractive efficiency for 

a fIat and smooth surface (F-surface) is demonstrated in 

Fig. 5.2.1 for different vehicle speeds (2 mis and 5 mIs). 

Effect of three kinds of inflation pressures (310.3, 137.9 

and 34.5 kpa) was also jnvestigated. 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 deflateè. 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 ta less rOlling resistance. It is 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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Fig. 5.2.1 Effect of slip rate on tractive efficiency 
for a fIat and smooth road 
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5.2.2 Efficiency on a sinusoidal Road Surface 

The expected value and standard deviatian of the DBP 

on a sinusoidal road surface (S-surface) is expressed as 

follows, respectively: 

[ T ter 2 E DBPl :::: - + Jmg - -E[i 1 
Ta V (5.3) 

(5.4) 

where 

Fig. 5.2.2 depicts examples of the DBP variation with 

time,t, for three typical tyre inflation pressures on a S-

surface. Peak-ta-peak ampl i tude and the wavelength of the 

used S-surface were 0.04 ID and 0.8 m respectively. The 

translational speed was 3 mis (10.8 km/h) and the slip rate 

was set ta 20%. As the tyre inflation pressure is deflated, 

variation of DBP is increased due ta the increased tyre 

flexibility. Furthermore, it is indicated that the average 

value of the DBP is decreased. From this resul t, i t is 

estimated that the tractive efficiency on aS-surface is 

more significantly decreased by reducing the tyre inflation 

pressure, compared to an a F-surface. 
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SINUSOIDAL SURFACE (peak-peak amp.= 0.04m. rave length= O.8m) 
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800 

600 .. 

0.0 .5 1.0 

TIME (sec) 

1.5 

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 mis and 5 mis. 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 fIat 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 

marqinally hiqher slip rate than that for an F-surface is 

preferable for achieving the effective work. The efficiency 

is decreased over a whole rang~ of slip compared to an F

surface because of increased tyre deformation power 10ss 

due to vertical motion of the tyre. Increase in optimum 

slip rate is more conspicuous at a higher speed. 

Wi th regard ta the inflation pressure, i ts 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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Fig. 5.2.3 Effect of slip rate on tractive efficiency 
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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 prof ile 

eWendenborn,1966i Lesage and Yong,19B7), 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 veloci ty, the PSD function of the ground surface 

profile can be expressed as follows: 

(2.6) 

where seO) = one-sided PSD function of ground surface 

Go = roughness constant 

0 = 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 ISO recommended n as 1.5 over 

frequencies of more than 1/271 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 ISO (Q >1/271' c/m) 
(after ISO draft) 

Type of surface Go 

Very Goed 1. 27E-7 - 5.08E-7 

Geod 5.08E-7 - 2.03E-6 

Average 2.03E-6 - 8.13E-6 

Poer 8.13E-6 - 3.25E-5 

Very Poer 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 

First Class Road 

Secondary Road 

Farm Road 

Mortorway 

Principal Road 

Minor Road 

Paved Road 

Unpaved, with gravel 

Unpaved, waved 

Unpaved, rough 

Virgin, cross-country 

Go 

Average 8E-6 

Average 6E-5 

Average 6E-4 
after 
Wendenborn 

3E-8 - 5E-7 

3E-8 - 8E-6 

5E-7 - 3E-5 
after Robson 
and Kammash 

1. 2E-6 

1.1E-5 

3.7E-6 

2.0E-6 

1.6E-3 
after 
Van Deusen 

n 

NIA 

2.5 

2.1 

2.1 

2.4 

3.8 

2.0 

Considering the above-noted results, three different 

rough road surfaces were selected in 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 do es a smoother road. The larger 

contribution of the power lies normillly in the lower 

frequency range. 
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1 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,1977i 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 = vn (2.3) 

(2.4) 

Consequently, the PSD function in terms of the temporal 

time-dependent frequency can be written in the following 

velocity-dependent manner. 

S G V n-l,-n 
(1) = 0 (5.5) 

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

(5.6) 
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l 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 ta 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: 

T ÇCT 1/2 E[DBP] = - + Jmg - -V S(z(J» 
ro il 

dl (5.7) 

where f l and f 2 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 f l 

and f 2 • 

(5.8) 

The effect of slip rate on the tractive efficiency for 

different rough road surfaces is plotted in Fig. 5.3.2. The 

translational velocity is 5 rn/s. Three different inflation 

pressures (310.3, 137.9 and 34.5 kpa) , as weIl as the 

previously mentioned case, were applied for comparison of 
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their effect. Comparing the predicted resul ts, 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 tract ive eff iciency 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 lnput energy 

on such conditions. It is aiso found that the optimum slip 

rate lies between 2% and 10% approximately, for a rough 

road wi thin the range from a "very good Il to a "very poor". 

Wi th regard to the inflatlon 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 spi te of the greater 

enveloping effect of a pneumatic tyre. 
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_._ .... _-_._--------------------------------.. 

S.4 summary 

Considering 

on deterministic 

predicted results of tractive efficiency 

and non-deterministic road surfaces, the 

following may be summar ized as general effects of each 

parameter: 

(1) sI ip rate 

The tractive efficiency is reduced with an increase 

of tyre sI ip 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 is decrea~ed, 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 nonl inear 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, sorne prior experirnental results are 

necessary ln order to develop a model which mimics 

pneumatic tyre performance. The correlation between 

theoretical and experimental analysis in this study is 

shown in Fig. 6.1. AlI the experiments perforrned were 

designed to serve the following objectives: 

(1) To study the behavior of the pneumatic tyre under 

varying vertical dynarnic loads 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 

arnount of energy wasted in slip and deformation of 

the tyre, and 

(4) To val idate the proposed analytical model for 

predicting the tyre mobility performance on 

non-deforrnable terrain. 
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6.2 Experimental proqram 

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-roll ing 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 i ts axle by a 

compression machin~ with the tyre resting on top of 

a rigid unyielding surface. The mechanical 

properties such as tyre stiffness and contact 

length coefficient are found by investigating the 

load-deformation relationship and load-contact area 

relationship individually. 

b. dynamic tests 

The tyre having freedom of vertical motion is 

mounted on a hard unyielding fIat surface. Its 

damping constant can then be calculated by 

measuring the decay of vertl.cal vibration of the 

tyre axle after applying an impulse. 

(2) Terrain surface profile measurement 

In essence, this inforrnati on 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 (h) 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 rn 

section height 0.170 rn 

width 0.114 rn 

Construction Radial, 6ply 

Surface condition Buffed 

The experimental results will be presented subsequently 

and analyzed where appropriate. 

" i 
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6.3 Non-rollinq Tyra Tests on a Smooth, Non-daformabla 

Surface (Hechanical prcperties of pneumatic Tyre) 

It is weIl 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 in characteristics of tyres is 

expected to considerably affect the performance on a rough 

road as opposed te a fIat, smeoth 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 cornpounds, especially 

nonlinear characteristics of mechanical properties such as 

frequency, load or velocity dependence will be presented in 

Appendix c. 
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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 rpsponse of a rolling 

tyre to a known harmonie 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 dynarnic stiffness 

Several rnethods are available for this stiffness. 

One of the simplest is the ~o-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, sa that the tyre 

always remains in contact with the ground during 

the test. The trajectory of vertical displacernent 

of the hub is recorded. Then th~ value of the non

rolling dynamic stiffness can be deterrnined with 

its vibrational period of decay trace. 

c. Static stiffness 

In this study, the static stiffness is 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 

Bath vertical deflection of a tyre and vertical loads 

are measured and plotted simul taneously. The static 

stiffness is determined from the slope of the derived 

CUlve. 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 

Ioading machine. 
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Axial load 

Algid trame cannected 
ta the compression machine 

Tyre 
Shaft through the rim 

L......,-..,..----1. • 

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 leaded through 

the wheel axle by using a rigid frame cennected te a 

loading machine. The inflation pressures of the tyre 

were measured by an electr ical pressure gauge. The 

contact areas for different inflation pressures were 

measured with varieus loads. 

Experimental results 

Fig. 6.3.2 shows the experimental resul ts for the 

static load-deformation characteristics. It is clear 

that the tyre deformation increases almost 1 inearly 

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,1952) . Although the nonlinear 

characteristics of tyre stiffness are still valid for 

a large deflection, linearity could be held for a 

relatively small deflection under the normal 

operation range of a tyre. Accordingly, the static 

tyre stiffness can be derived assuming a l inear 

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 = kT(Pi)D (6.1) 

where kT(Pi) is the static tyre stiffness which is a 

function of inflation pressure, Pi (Pa), D is the 

vertical deflection of the tyre and N is the vertical 

load applied te the tyre axle. 

The empirical relationship defining tyre stiffness 

for the specifie tyre (Michelin 7:00 R16 XCL radial, 

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

kT = 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 

fIat srnooth surface is derived based on an assurnption 

of constancy of the width of contact area under 

varying loads. The rneasurement of contact area was 

performed by reading the size of the tyre foot print 

after spraying around the contact area under a 

specifie 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 kN. Each foot print exhibits almost the 

sarne contact width and the lower inflated tyre has a 

longer contact length. Sets of experimental load-

contact area curve are shown in Fig. 6.3.5. Since the 

contact length 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 coefficlent was also 

investigated for a different tyre (not shown here) 

and also showed a sirnilar nonlinear tendency. 
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Based on the resul ts eKhibi ted in Fig. 6.3.6, an 

eKperimental relationship between the contact length 

coefficient and the tyre inflation pressure for the 

tyre 7:00 R16 XCL (buffed) is derived as follows: 

q = (-4.61/0g Pl + 26.82) . 10-3 (miN) (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. 

AlI data at 193kPa inflation 

2.54cm detlection 
• Bias constructIon 
o Belted construction 

3.S1em defleetlon 
• Bias construction 
o Belted constructIon 

0.10 

0.15 
Radius of Tyre ~I 

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, wh ich 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, ~, is 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 resul ts are silown in Fig. 6.3.9. It is 

seen that the damping ratio of tyre compounds 

decreases exponentially with increasing inflation 

pressure. 

The experimantal equation for the tyre damping ratio 

is also derived as a function of the tyre inflation 

pressure, which is 

ç = -O.1363log Pl + 0.7884 (6.4) 
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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 terra in 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, measureme.'\t of surface profiles was 

performed in the laboratory, using 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 origina l 

road surface profile. The enveloping behavior will be 

rneasured 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 fiat and srnooth surface) were used as 

test surfaces. They are shown in Fig. 6.4.1. As a flat and 

srnooth surface (a), a flat wooden board was used. As 

randomly irregular surfaces, two surfaces having different 

profiles were considered (b and cl. 
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The irregularity was created by arranging several 

rectangular ply-wood strips on a fIat, 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) Deviee 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 

carr iage which sweeps horizontally over a test 

surface to collect profile data. 

Flg. 6.4.2 Ultrasonlc distance detector attached to 
dynamometer carriage 
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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 SI. 

The reflected signal,S2, is 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. 

(2) 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 l ine 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 level or point 1. e. mean or 

thereabouts . 
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The need to establish a proper level baseline is 

paramount not on1y for reference determination of the 

irregulari ties but also for support of the moving 

carriage which contains the ul trasonic 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, too. 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 1ine of the detector is 

regarded as both the reference plane and the base 

1ine (see also Fig. 6.5.2). 

Ultrasonic 
Detector 

Base line ~t sec ----
3.5mm 

V=const (0.i8m/s) 
~--, ~--, 
1 1 
1 1 
1 
1 1 .. ---' 1 1 

, f 

" 

Fig. 6.4.5 Schematic diagram of surface profile 
measurement by ultrasonic distance detector 
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In order to deal wi th stochastic data, one analysis 

system was developed for this experiment (Fig. 

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 si gnals were converted into 1024 

points of digital signals by a digitizer 5B25N of 

Tektronix 5223 oscilloscope. These dig i tized 

experimental signaIs were also stored on a computer 

diskette, and Fourier analysis was performed by a 

personal computer (HP-a5), using the digitized 

signaIs. The calculated data were stored on another 

diskette. The computer programs developed for 

transferring data through GPIB interface connecting 

between HP-a5 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 he 

small enough 50 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 length) seems to be sufficient enough for 
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off-road surface profile measurernent. It is desirable 

to measure a longer distance of a surface in order ta 

detect the components in the Iow frequency (long 

wavelength) range. A short period of measurement is 

the most disadvantageous ta 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 (Iower) of each surface individually. 

Bath coordinates are expressed on a Iogari thmic scale 50 

that a large scale of each parameter can be seen. Since the 

surface roughness is consl.dered as a spatial disturbance 

rather than a te~poral 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 spacè domain and it is therefole possible ta 

express the PSD functions of various kinds of l'ough 

surfaces in a defini te manner wi th no relation to vehicle 

speed. 
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(1) Surface profile measurement 

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 irregularities ln 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 in reflection angle of the 

ul trasonic wave by rectangular shaped wooden p ieces 

or surface contamination. Since these sharp 

irregularities provide larger PSD values than the 

expected true values in the higher frequency range, 

such irregularities should be eliminated by applying 

the averaging procedure or by multiplying by an 

adequate filter. 

(2) PSD curves of surface proflles 

Fig. 6.4.7c compares the PSD curves of rough2 surface 

profile obtained by the ultrasonic rneasuring rnethod 

and by the optical rneasurlng rnethod. The curves show 

a good agreement of each other. Each PSD curve, 

except for +:he sinusoidal surface, shows a tendency 

of linear decline with spatial frequency ln the 

logari thmic scale. ThlS agrees Wl th the resul ts 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 irregulari ties in PSD 

curves are plotted over 30 c/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 fIat and smooth surface. 

slope means that the power included in a 

signal decreases rapidly with increasing 

A steep 

profile 

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. low spatial 

frequencies) rather than by the shorter wavelength 

ones. If the slope of a PSD curve is zero, such a 

random process is called the white noise giving the 

constant PSD values for aIl frequencies. As for the 

frequency component, the PSD curve can prov ide 

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 wi th the 

wavelength (0.8 m) of that surface. 
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Therefore, i t can be sa id that the PSD funct ion 

obtained from measured data suppl ies 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 prof ile measurement by the ul trasonic wave 

method gives fairly good results in spite of the short 

measuring distance. ThlS ul t.rasonic measurlng 

practically useful for laboratory use. However, 

also be available in the field l f a reference 

method is 

it could 

plane is 

clearly defined, and if measuring 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 i t is 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 PSD 

The PSD function can describe the characteristics of 

random profile rnuch better than other statistical 

expressions such as Root-Mean-Square (RMS) or probability 

dens i ty funct ion, prov lding the energy and frequency 

informatlon. It is possible to show any kind of surface 

roughness of mountains, hllls or baIl bearings by using the 

PSD function. 
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6.S 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 

tracti ve 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 pneumatlc tyre. 

Fig. 6.5.1 describes experimental facilities and 

recording devices available in the soil-mechanics 

laboratory of Mccill Geotechnical Research Center. AIl the 

traction test data were processed in the same manner as 

explained in Section 6.4. 
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1 6.5.1 Investigation of Tyre Enveloping Property 

As stated in Chapter J, a pneumatic tyre has il 

capability of smoothing (enveloping) the oriClinal 

irregularities of road surface. Although it is clear that 

the size of contact length influences the enveloping 

property of a tyre, i t lS not easy to describe this 

characteristic with a mathematical expression since an 

original road surface normally has a random profile which 

cannot be slmply expressed by a matherndtlcal equation in 

the tlme doma in. There fore, one must depend upon the 

experimental resul ts in order to investigate this special 

property. 

In this study, the measurement of the tyre enveloping 

property is performed in order (a) to compare with the 

results of another study and (b) to derive a useful 

mathematlcal expression forrn for this 50 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 illustrates 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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Fig. 6.5.2 Side view of driven tyre test riq 
and measured variables 
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The original surface profile was measured by the 

aforementioned ul trasonic distance detector which was 

attached at the front edge of the dynamometer carriage. A 

displacement transducer for the measurement of fil tered 

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 vertica l 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 1ntroduced by Beres (198Zl 

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 resultdnt 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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Fig. 6.5.3a Test rig used by Beres for the investigation 
of tyre enveloplng property 
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Fig. 6.5.3b Transfer function of tyre enveloping 
(after Beres» 
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b. A direct rnethod (engaged ln this stu~ 

A bald (non-treaded) pneurnatic tyre is operated on a 

randomly rough surface which incl ude 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 propr~ty is quickly predictùble 

because lt lS not essentiai to prepùre severai 

different rough surfaces, as in the other rnethod. 

However, the difficulty of selectlng an ddequ~te rough 

surface should be noted to exist in both methods since 

the tyre enveloping property is a function of no~ only 

tyre dimensIons such as diameter of a wheel but aiso 

of the terrain surface characteristics. To better 

understand thlS, two surfaces having the same 

wavelength but different amplitudes are shown below. 

Fig. 6.5.4 Schematic diagram showing effect of original 
surface shape on tyre enveloping property 
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As shown ln 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 

rat io, y2/yl, 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 ta it~ randomness of amplitudes. 

Measurements were performed for each surface by alternating 

inflation pressures of tyre since this filtering effect 

seems ta depend malnly on the size of contact length which 

is a functlon of inflation pressure. Only two kinds of 

inflation pressures (34.5 and 310.3 kPa) were considered in 

the experiment sa that one may see their difference more 

clearly. The horizontal velocity of the moving tyre was set 

ta a low veloei ty of 0.18 mis 50 as not to produce a 

jumping phenomenon. 

6.5.1.2 Measured Filtered Profile 

A number of measurernents 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 trajeetories at eaeh horizontal point do not 

correspond w i th each other because of different sampling 

portions in time. 
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(1) Comparison of profiles by a change in surface type 

a. In general, as the roughness increases (as shown in 

the upper Figures to the lower one), filtered 

profiles also gain their roughness. 

b. On the fIat and smooth surface, a clear statistical 

di fference of the sh&pe between the original and 

flltered profile 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. 

c. On randoml y rough surf aces (roughl and rough2), 

modifications of the original profiles have been 

achleved to sorne extent depending on tyre 

flexibili ty. It is also shown that both fil tered 

profiles for rough2 surface have larger variations 

of height than the ones for roughl surface because 

of its severe roughness. 

d. As for a sinusoidal surface, both filtered profiles 

aiso exhibit the sinusoldal shape holding the same 

wavelength (0.8 m) as the original surface. 

(2) Comparison of profiles by a change in inflation 

pressure 

a. As for a fIat 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 asperi ties on a 

original surface quite weIl although a highly 

inflated tyre does sa to a lesser extent. 

Furthermore, one may find that filtered profile for 

310.3 kPa dominates longer wavelength camponents in 

the trajectory. On the contrary, the profile for 

34.5 kPa cantains shorter wavelength companents 

compared ta other filtered profile. These phcnomena 

may possibly be due to tyre vibration arising from 

its increased flexibility. 

c. Wi.th regard to the sinusoidal surface, different 

amplitudes of filtered profile are observed by the 

inflation pressure. The profile for 310.3 kPa (very 

rigid) t.yre incticates almost the same peak-ta-peak 

amplitude as that of the original surface profl.le 

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 

(filteredjoriginal profile). From the Figure, the following 

results are derived: 
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1 (1) RMS values of the original and filtered profiles 

increase as surface type changes from fIat and smooth 

to roughl, rough2 and sinusoidal surface. 

(2) 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 fIat 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. 

(3) 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. 

(4) As for the filtered profile for rough2 surface in t~e 

case of 34.5 kPa, its RMS amplitude ratio is greatly 

decreased compared ta 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 appl ied to tyre, but also by geornetrical 

characteristics of a rough road. As previously 

mentioned, an incorrect estimate of the enveloping 

property often happens in the experiment if the 

vLrtical 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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1 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 reslsting forces, and hcncc 

provides the vehicle horizontal motion. Although numerous 

investigations of vehicle tractive performance have been 

achieved for rigldjsoft smooth level ground theoretic<llly 

and experimentally, only a few Ilmited experimental results 

were shown for the geomctrlcal effect ot ground surf~cc duc 

to complex mechanlsms of tractIon on !o-;uch ~ sur1.:lce. 

Therefore, It was and is still very popular to simply ~pply 

a deterrninlstic sinusoldal excitation to clther rollinq 

tyre or flat rubber plate in arder to Investlqatc the> 

effect of exci ting frequency and amplItude on trilctive 

force, slmulating the operational condition on a rough 

road. These attempts do not seem to represent the ùctual 

condition of a driven tyre on a rough surface, nor do they 

cons ider SlIP phenomena wh ich lS al so dn impo rtant 

parameter for of f-road vehIcle tract ion. Furthermore on il 

randomly rough terraIn, a tyre would be exclted not by <l 

single frequency compone nt but by a combined one, since il 

rough terraIn normally contains an InfInite number of 

frequency components. Therefore in this experirnent, a 

pneurnatic tyre is driven with a certain <;lip on a non

deformable, pseudo-random rough surface, assuming an actual 

operation of a vehicle on such a road. 
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The obj ecti ves of the traction test are: 

(1) to evaluate the power dissipation during a rotation 

of tyre on a rough ground surface 

(2) to investlgate the effect of geornetrical 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, 

(3) to consider how rnuch vehicle nominal tractive 

efficiency is lnfluenced by such a rough terrain 

geornetry cornpared to a smooth road. 

6.5.2.1 Method and Apparatus for Traction Test 

Method 

A schema tic representation of the input-output 

rela t ionship of the tyre traction test is shown in Fig. 

6.5.7. 

(Input) 

~ 
- - - -, 
Surface Il 

l, 

" l Sllp 
J , 

l II Speed Il - ____ J L.: 

Tyre-Rough 
TerraIn System 

IInflation PressJ 

COutput) 
r----- , , 
,lorawbar-pull! 

1 

Il 
1 

Torque 
,1 
L- _____ .. 

Tractive 
Efficiency 

Fig. 6.5.7 Schernatic 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 applled through traction tests due to limited 

traction surface length while the vel oci ty range of the 

agricultural tractor in normal operation ranged between 

about 1 and 5 mis (18 km/h). The sl ip was produced by a 

differential speed between the rotating tyrc and the 

dynamometar carriage. Rotational velocities of the tyre 

were changed to obtaln different degree of slip. On the 

other hand, the translational velocity was maintaincd 

constant by a hydraulic motor. The range of slip was 

generally covered between 0 and 60% depending on the type 

of rough surface Slnce lt was difflcult to produce a high 

sl ip, such as 60% 1 on a very rough surface. 'l'wo kinds of 

inflation pressure were selected. 310.3 kpa was the 

inflation pressure for normal oper~tion 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 lnflation pressure, the applied 

torque, DBP and vertical acceleration cf tyre hub were 

measured. AIl of the experimenta l 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 cornputed for input torque and angular 

velocity respectively. Both average dnd 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 freguencies of experimental device 

The machinery or structure norrnally forms the 

vibration system which has individual vibratory 

characterlstlcs, depend1ng 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 w i th one of the natural frequencies (generally 

structure etc. possess several vibration modes), a 

conditlon of resonance lS encountered, and dangerously 

large oscillation may result. 

Thus, it is helpful to know the natural frequencies of 

a pneumat1c tyre so that one can see the effect of the 

difference of tyre construction on its vibrational 

characterlstics. 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 ~he on-road vehicle. Fig. 6.5.8 describes the 

naturai frequencies of the testing system for t~e 

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 maS5 of frame and 

tyre shaft. For vertical vibrations, the natural 

frequencies increase with an increase in tyre inflation 

pressure because of the increased vertical tyre stiffness. 

On the contrary, any clear effect of tyre inflation 

pressure on the naturai frequencies cannot be seen for the 

longitudinal eXL~tation. It is found that the natural 

frequency in longitudina~ direction lies around 4 Hz. This 

means that the longitudinal vibration charact~ristics of a 

tyre are affected by the structura~ and material properties 

of rubber composites themselves rat.her than by the air 

filling the tyre. 
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These resul ts 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 is driven on a typical regularly rough surface 

which is a "wash-board" road, the vehicle will suffer a 

severe excitation fram this intolerable ground depending on 

the cornbination 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 rn 
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and the vehicle speed is 5 mIs, 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 

exci tation 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 ID (everything 

else being equal) , the rolling tyre is excited at 5 Hz 

which is 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 frequency 

component in surface geometrical pattern in relation to a 

vehicle speed, or if it is excited horizontally by this 

flequency due to stick-slip phenomenon etc., this system 

will also be shaken harda It 1s, therefore, very important 

to know the tyre dynamic characteristics and then to 

determine the most adequate combinat ion of tyre parameters 

and running conditions in order to der ive the effective 

tractive performance. 
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B. Tyre deformation energy 

The power required for tyre deformation (say tyre 

deformation power), which is the main concern of this 

study, can he evaluated hy rewriting Eq.(4.2) as follows: 

• • • • 
ET = E· - Eout - Es (6.5) ~n 

• 
where Ein = input power (Nm/s) 

= T WT 

• 
Eout = useful output power 

= DBP V 

• 
Es = interfacial power 1055 

= T wTSi 
• 
ET = power loss by tyre deformation 

where T = measured torque (Nm) 

wT = rotational velocity of tyre (radis) 

DBP = measured DBP (N) 

V = translational velocity (mis) 

s· = slip rate 
~ 

with the knowledge of the average values of measured 

torque and DB~ at each slip, the tyre deformation power can 

be calculated. 

171 



1 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 aIl measured 

slips. From these Figures, 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 fa ct was observed by Boonsinsuk 

(1979), while on~y a fIat and smooth traction surface 

was used. 

(2) With regard to the effect of inflation pressure (Fig. 

6.5.10), the low inflated tyre exhibi ts a larger 

amount of tyre deformation power due to its large 

deformation and hysteresis. A highly inflated tyre 

exhibited very little difference in tyre deforrnation 

power expendi ture for different traction surfaces, 

excl uding the rough2 surface. As the inflation 

pressure is decreased, the effect of road roughness 

on tyre deformation power becomes significant. 
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Fig. 6.5.10 Tyre deformation power for different surfaces 
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In Fig. 6.5.10, the inclined straight lines were 

simply drawn, although only two points were given. 

This was perforrned based on the results of 

Boonsinsuk. In his experiments, a linear relationship 

between tyre deforrnation 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 (Kamm, 1938). These nonlinear 
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characteristics were not observed at very low speed 

regarding the power wasted in a tyre. 

(3) On a rougher surface, a pneumatic tyre exhibi ts 

higher power dissipation for both high and low 

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 wi th other randomly rough surfaces because 

of the unique frequency compone nt 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 srnooth as well as a 

flat and srnooth surface since a larger wavelength 

(0.8 m) than the tyre diameter (0.74 m) was used in 

order to conceal the tyre enveloping effect. 

Cornparing the flatjsmooth surface and the sinusoidal 

surfaces, a clear difference of tyre deforrnation 

power, therefore, cannot be shown at a high inflation 

pressure due to the tyre's rigidity and low 

translational veloci ty in spi te of the existence of 

excitation on such a wavy sinusoidal surface. On the 

other hand, more deforrnation power is dissipated when 

the tyre moves on that sinusoidal surfdce with very 

low inflation pressure. This is caused by the 

flexibility and large hysteresis of the tyre. 

175 



1 

1 

Thua, it is clear from the above results that there is 

a certain relationship between terrain surface roughness 

and the tyre deforrnation 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 kPa 

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 rneans that the rnean DBP is not significantly 

affected by the size of contact area on a non-

deforrnable surface, although the contact éirea is the 

key concern to tyre performance on a soft deforrnable 

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 rnay 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 di fference of the 
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averaged DBP by the change of surface roughness 15 

qulte smaii due probably to Iow operationai 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 exarnpIe, if a traction surface is 

rough, a larger torque may be required for the sarne 

output OBP or a smailer DBP may be obtained for the 

same input torque. Since both torque and DBP are 

output in this experiment (i.e. cannot be fuIIy 

controlled), it is necessary that these two quantities 

have to be ta ken into account simuitaneously for the 

evaluation of vehicle performance. In other words, it 

15 questionable to evaluate the effect of surface 

roughness by s imply cons ider ing 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 norrnalized by 

setting the ratio of resui ts for smooth and fIat 

surface (310.3 kpa) to unity. The results are plotted 

in Fig. 6.5.12. It is shown from this Figure that the 

ratio (DBPjtorque) is decreased on a rough surface and 

it ls aiso affected by the inflation pressure of a 

tyre. 
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b. variation in OBP 

In fact, measured OBPs exhibit a different fluctuation 

phenornenon even if averaged values of DBP are sirnilar 

or alrnost the sarne. Therefore, sorne addi tional 

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 ta clarify the effect of surface 

roughness on that performance, the raw experimental 

data are next evaluated in the tirne domain. Fig. 
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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 

Iarger 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 is 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, fIat 

~rface. On a rough road, the tangential (frictional) 

force at the contact area varies every instant of time 

due to the continuous change of vertical Ioad 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 fIat 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 fil ter wi th 

elongated contact length 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 OBP showing less variation. Thus, it is 

important to establish the relationship between 

surface roughness and the tyre enveloping property as 

weIl as the surface roughness characterization, so 

that one can estimate the DBP on a rough terrain. 

Fig. 6.5.14 illustrates 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. 
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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 mis 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 the se 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, .l , 

.l = Vif V velocity (0.18m/s) 

this frequency 

wavelength (O. 8 m) 

corresponds to the particular 

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 ls the harmonie 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 low vibration 

frequencies. 

However, on a fIat 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 OBP is related to 

the traction surface geometry. 

The effect of inflation pressure is also se en in the 

PSD curves of the OBP. On a rough surface, a low 

inf lated tyre shows less PSD i. e. less variation of 

OBP for a whole frequency range. Especially, the 

dominant fluctuation component between 0.2 Hz and 1.0 

Hz of OBP 1S 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 

fIat and smooth surface. 
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6.6 Summary 

(1) The stiffness, contact length coefficient and damping 

ratio of the pneumatic tyre were obtained as a 

function of tyre inflation pressure. 

(2) 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 improviIig sorne 

defects. 

(3) Smoothed (enveloped) surface profiles were directly 

measured by roll ing a tyre freely on the test 

surfaces. A low inflated tyre exhibited a large 

effect of surface enveloping. 

(4) 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. 

(5) 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. 

(6) Rougher surface and highly inflated tyre exhibited a 

larger variation of the DBP. 

(7) 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 

1 

In Part III, the followlng two components are studied. 

General Discussion 
an ... Conclusion 

1 

t , 
Discussions of Predicted Conclusion and 

and Experimental Results Future Recommendations 

(Chapter 7) (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 maj or components of this study (surface 

roughness characterization, tyre e.weloping 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 resul ts and shows a comparison of 

experimental results and theoretical results. Section 7.5 

presents a parametric investigation 

simulation regarding the effect of road 

using computer 

rou,.}hness, 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 Rouqhness 

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 is frequently used as an index 

representing the degree of road roughness. The RMS value 1s 

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 Rough2 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, rough1 and fIat 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 arnpl i tude, are 

consistent even if their wavelengths are different. Thus, 

the description of road surface roughness using RMS is 

insuff icient 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 ISO. The PSD representation gives 

information about bath amplitude energies and frequencies 

included in a stochastic process. These two quantities are 

required for the analysis of dynamic behdvior. 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 ISO. 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 ampli tude-frequency (wavelength) 

distributions. 

The approximation of the PSD curve by a straight line 

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: 

(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 detennined 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 frequF.:ncies. These 

experirnental constants take different values depending on 

the type of road roughness. However i t was reported by 

other researchers (Dodds and Robson,1973i Ohrniya,1986) that 

the slope çonstant lies between 1. 0 and 2.5 in most cases. 

considering the PSD curves and their experirnental 

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 & srnooth 6E-7 1.5 Very Good- Good paved runway 
Good 

Rough1 6E-6 1.6 Average Poorly paved road 

Rough2 5E-5 1.8 Poor country road 

Sinusoidal NIA 
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_ ... __ . -_ .. __ . __ ._-------------" 

7.3 Ana1ysis of Tyre Enve10pinq 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 eompared by using the experimental results. 

7.3.1 Effect of Speed on Tyre Enveloping 

A relationship between the enveloping effect and the 

translational veloeity has not been experimentally 

confirmed. It can be estimated that the filtering effeet 

would be intensified if the translational speed is fast, 

sinee a tyre does not follow a ground profile, but jumps 

(Fig. 7.3.1). 

Fig. 7.3.1 Effeet of speed on tyre enveloping 

However, sinee 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 reasonable 
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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 

deri ved 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 

fil tered test surface profile, y2, for tyre inflation 

pressures of 310.3 kPa and 34.5 kPa respectively. A clear 

distinction between the two ampl i tude 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 differeflce 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, 

H _ 1 PSD of filtered profile 
E(O) - y PSD of original profile 

(7.1) 
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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 l 

m, it is estimated that wavelengths shorter than l 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 l 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 improvernents are still 

required for precise measurement, it was confirrned 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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7.3.3 Comparison of Rectangular Type and Exponential Type 

Enveloping Function 

Fig. 7.3.3. shows theoreticùl 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 deri ved us ing 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 phenomenon (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 

ta a spatial frequency of approximately 4 c/rn, while the 

slopes of the theoretical curves are slightly smaller than 

those derived from experlments. 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 ta the experimental results, as seen in Fig. 
T , 7.3.3b, because it relies totally on the experimental 
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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 kPa 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 te define this frequency respense function. 

Furtherrnore the derived function is not universally 

determined, but is limited in its application to a specifie 

type of tyre inflated to a speci fie pressure. The 

advantages and disadvantages of each enveleping function 

are eompared and are surnrnarized in Table 7.4 . 
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1 Table 7.4 Comparison of advantages and disadvantages 
of two enveloping functions 

Enveloping function advantage disadvantage 

includes tyre not very accurate 
parameter 

Rectangular type (contact length) displays Gibb's 
phenomenon 

sirnply deterrnined (not smoottlly 
decayed) 

srnooth filtering needs numbers of 
Exponential type experiments 

accurate 

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 deterrnined in a simple manner, using load-

deflection reiationship. 
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7.4 Discussion of surface Rouqhness Effect throuqh Traction 

Test Resul ts 

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 resul t 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 is increased with an 

increase in the test surface roughness. This power loss may 

have a limited value under the sarne velocity and load, 

1 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 1 the effect of 

road roughness is evldent. 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 trdctive efficiency is 

estimated to decrease wi th an increased variation of the 

DBP, it is important to design a proper suspension or tyre 

rigidity to reduce the vertical vibration, as we1l as to 

irnprove ride corn fort and vehicle contro1labil i ty or 

steerabi1ity. 

Effect of tyre inflation pressure 

A highly inflated tyre exhibits a larger acceleration 

on a rough traction surface. This is probab1y due to high 

restitution of the tyre. With regard to the tyre 

deformation power loss, larger power 10ss is obtained for a 

low inflated tyre. 

For the RMS value of DBP , a low inflated tyre exhibits 

a small variance of DBP. In fact, the smooth rotating 

motion of a soft tyre was observed during laboratory tests. 

The f1exibility has the function of reducing the horizontal 
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vibration, in addition to magnifying the enve10ping effect, 

whi1e tyre deformation power 10ss 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 resul ts, i t was reconf irmed 

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 weIl as on a soft deformable terrain. 

As for the sinusoida1 test surface, the vertical 

accelerations for each inflation pressure are nearly equal 

to those for the fIat and smooth surface i.e. very srnall, 

since that test surface cover is smooth and test speed is 

quite slow (0.18 mis). For the tyre deformation power, the 

effect of surface roughness is observed at a low inflation 

pressure in spi te of the low trans1ational veloci ty. RMS 

DBP becomes unexpectedly large on this sinusoidal surface 

because of Itup and down motion" due to a large amplitude 

wave forme 
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7.4.2 Nominal Tractive Efficiency obtained by Experiments 

Fig. 7.4.2 displays the experimental resul ts of 

nominal tractive efficiency for various rough traction 

surfaces for the inflation pressures of 310.3 kPa and 34.5 

kPa, respectively. It is weIl 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 experirnental results: 

Effect of traction surface on tractive efficiency 

The efficiency on a srnoother traction surface is 

greater than that on a rougher surface over a whole sl ip 

range and, therefore, the efficiency at the sarne slip rate 

is reduced in the following order: flat and srnooth, rough1, 

sinusoidal and rough2 surface. However 1 an overly large 

effect seems to be exhibi ted 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 recognizcd 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 10ss by tyre 

deformation. However, the reverse effect is exhibited only 

for the case of the rough2 surface. The efficiency for 

310.3 kPa pressured tyre is marginal1y 10wer than for 34.5 

kpa tyre on this surface. This can he 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 dynarnometer carriage 

power. As a result, the tractive efficiency of a high 

inflated tyre bccomes smaller than that of a low inflated 

tyre, in spite of small tyre deformatlon 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 fIat and smooth 

road surface. Vehicle speed is 0.18 mis and inflation 

pressures are 310.3 kpa and 34.5 kPa. It is 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 fIat 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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1 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. r~g. 7.4.4 exhibi ts the set of typical 

curves of tractive efficiency measured on various grounds 

(Mckyes, 1985). While the effect of terrain roughness is 

not shown here, our predicted resul t for the flat and 

smooth surface shows a good agreement with the results for 

a smooth concrete road surface in Fig. 7.4.4. 

1 O~---r--~----r----r--~--~ 

08~--~---+----~~~---+--~ 
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la 20 
Wheelsllp S % 

Fig. 7.4.4 Tractive efficiency curves versus wheel slip 
for different grounds Cafter Mckyes) 
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7.5 Investigation of Tractive Efficiency by Predioted 

R~sults 

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 veloci ty, 

the tyre inflation pressure and the road surface roughness, 

are ta ken into account for the analysis. Two assorted rough 

surfaces, i. 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 

rorghness of this surface is relatively severe according to 

its RMS amplitude (7.07E-3 ml. 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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i An unstable operating speed range is found to exist 

between 2 mis and 5 mis, depending on the tyre inflation 

pressure, which alters the natural frequency of a system. 

This unpleasant speed range includes two signif icant 

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 ta resonance. The phenumenon 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 Wang (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. ~heir test facility and experimental results are 

shown in Fig. 7.5.2. The vertical exci ting load was 

controlled by the eccentricity of the rotor. FE and Fare 

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) ~ff~ct of inflation pressure on tractive efficiency 

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 aIl three investigated parameters 

interact, the effect of inflation pressure cannot be simply 

described. However, in general, a higher inflated tyre 

exhibits a higher tractive efficiency and the tendency is 

intensif ied by the increased vehicl e 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 rn/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 weIl as an undesirable speed range, since the 

vibrational response is determined by the combination of 

these quantities in addition to the road 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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,1 
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 31Q.3 kPa and 20%, respectively for the 

analysis. When a tyre is operated at a very low speed, such 

as 1 rn/s, no clear decrease in the tractive efficiency can 

be given by the increased amplitude of the sinusoidal road 

surface. However, the effect of road roughncss is 

dramatically intensified at a higher speed. It can be 

estimated that this tendency is emphasized for low 

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 

quaI ity or controllabili ty 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 ttvery good", "average tt and "very peor" 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 chang ing vehicle translational 

velocity for three randomly rough road surfaces. The tyre 

inflation pressure dnd 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 veloci ty increases. This Cdn 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 mis (7.2 km/hl up ta 15 mis (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 little effect on efficiency since the tyre 

deformation power 1055 is qui te small in the total power 

balance. 
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1 In addition, the steep drop in efficiencYr as 

exhibited on a sinusoidal surface, is not shown because no 

specifie dominant frequency is included in a surface 

profile of a randomly rough road. 

(2) Effect of inflation pressure on tractive efficiency 

Fig. 7.5.6 shows the efCect 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 internaI energy expenditure due to tyre hysteresis 

increases exponentially as the infl ation 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 defol~ation 

power loss (Clark, 1971). A decrease in tyre deformation 

during rotation and vibration will help to minimize the 

power 105S, as weIl 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 pressurei 

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 becomes 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, i.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 weIl 

as the effect of inflation pressure. Vehicle speed is 3 

mis (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 concerne 
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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 i5 associated with 

the roughness constant, Go. Vehicle speed and slip rate are 

5 mis (18 km/hl 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 proposaI. 

Since an off-:road surface i5 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 aiso 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. 

Al though no studies have been reported for the 

investigation of the off-road surface roughness effect on 

the tractive efflciency, 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 vehicl e speed is 15 mis (54 km/h). F xt is the 

motion resistance which can be attributed to tyre 

hysteresis and Fxs is that attributed to suspension. Fx is 

a total motion resistance. The raIl ing resistance, which 

directly affects the vehicle tractive efficiency, starts to 

increase when the road roughness is beyond "paor". 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 aiso better ride quality, was obtained from 

the experiments and analytical predictions. Nevertheless, 

many of the assumptions establ i shed in the analytical 

analysis are likely to be violated when the road becomes 

very rough or a very high speed is employed. 

In addition, further investigation of software (human 

response ta the excitation) i5 needed because the study on 

human tolerance to applied vibration is inevitable ta the 

study on vehicle mobility on a rough road, while only 

hardware (tyre) was the focus of the analysis of tractive 

ef f iciency. 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 ta vibration, which are 

shawn in Appendix E. 
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CHAPTER 8 

CONCLODING REMARKS, CONTRIBUTIONS AND SUGGESTIONS 

FOR FORTHER STUDIES 

8.1 Concludinq 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 

off-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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function. It was confirmed that the mathematical 

equation for a rough road surface profile is given in 

a simple forme 

(3) Classification and evaluation of road roughness was 

performed based on the ISO proposaI augmented by a 

PSD correlation scheme. 

B. Investigation of the Tyre Enveloping Property 

(1) The enveloping function of a tyre is directly 

determined by calculating the ratio of two profile 

PSD functi :ms (the PSD of the fil tered surface 

profile and the PSD of the original ground surface 

profile) . 

(2) The rectangular type enveloping function, cornpared to 

the exponential type enveloping function, was found 

to be suitable as a enveloping function for the 

specifie tyre (Michelin 7:00 R16 XCL). 

C. Analysis of Tyre Tractive Performance 

In the theoretical investigation: 

(1) A relationship between the drawbar-pull and the 

ground surface irregularities was developed in the 

forro of a system function in the frequency domain, 

associated with the principle of energy conservation. 

(2) The nominal tractive efficiency produced by a driven 

tyre on a rough terrain is obtained from the system 
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j function and the PSD of terrain surface geometry. 

i 

(3) 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. 

(4) As the inflation pressure becomes low, the tractive 

efficiency i5 significantly decreased. On a 

sinusoidal road, it is found that there are 

undesirable infla~ion pressure and speed ranges which 

exhibit an abrupt decrease in the tractive 

efficiency. 

(5) The tractive efficiency is gradually decreased with 

increasing traveling speed. 

(6) 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. 

(7) Nominal tractive efficiency, which is defined by the 

mean and standard deviation of the OBP, 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) An increase in tyre deformation power due to road 

roughness was observed. This resul ts in a 1055 of 

tractive effort of a tyre i.e. less drawbar-pull and 

less tractive efficiency. 

(9) Tyre deformation power is not dependent on the slip 

rate of a tyre, but on the road surface roughness and 

tyre inflation pressure. 

(la) A larger input torque is required on a rougher 

traction surface to obtain the same DBP. 

(11) The PSD of measured DBP shows that the fluctuation in 

DBP is directly affected by the traction surface 

geomatry, 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: 

(l) Establishment of an analytical and predictive system 

function that can estimate the tractive efficiency of 

a pneumatic tyre on various random rough roads, 

(2) Establishment of several test techniques to determine 

the road surface roughness and tyre enveloping 

property, 

(3) Determination of the tyre enveloping function from 

experimental results, 

(4) 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, 

(5) 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, 

(6) ProposaI of the nominal tractive efficiency 

accounting for the time-variant DBP, and 

(7) Presentation of the necessity for turther engineering 

study of tyre performance on a rough terrain. 
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1 8.3 Suqqestions for Further studie. 

In order to extend the capability of the predictive 

model establ ished in this study, so that i t 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 model which can 

more accurately describe the tyre enveloping property 

has to be proposed. Considerations should be 

associatod 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: 

(l) Investigation of jumping phenornena is needed for a 

mobility study of high speed off-road vehicles. 

(2) Tribology at the tyre-rough ground interface should 

be investigated, including the "shape effect" of 

surface asperities (harshness or roundness etc.). 

(3) The mechanism of the reduction of adhesion (friction) 

force under the vertical excitation on a flat, srnooth 

surface has to be studied in parallel wi th the 

investigation of the traction rnechanism of a driven 

tyre over a rough terrain. 

(4) Deformability of supporting ground needs to be taken 

into account together with the dynamic property of 

the soil, although too much deformability reduces the 

effect of ground surface roughness. For thls 

investigation, another type of frequency response 

function defining the soil deformability should be 

consldered. 

(5) Change in the slip rate due to road roughness should 

be studied in relation to the vertical load, 

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 

arder ta Investigate the dynamic behavior of the 

pneumatic tyre. It is recommended ta use a rough 

sail surface Instead of the wooden surface for the 

evaluation of practical performance of the tyre. The 

difflculty 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 

resul ts, despi te the high cost and time consumption 

involved in conducting the se experiments. 

In conclusion, in arder to evaluate the total off-road 

vehicle mobility, a theoretical model that can 

synthetically de scribe the whole driver-vehicle system in 

terms of agility, maximum speed, fuel consurnption, maximum 

drawbar-pull or human fatigue needs to be established. 
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APPENDIX A 

POWER SPECTRAL DENSITY FONCTION 

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.l Derivation of PSD Function 

1. Derivation associated with autocorrelation function 

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

is given by 

Rer) = E [Y(t) • Y(t+r) 1 

1 f 
= lim -T- j Y(t)' Y(t+r) dt 

T-.oo T 
-l" 

(A.1) 

One-sided PSD function,s(f) i5 given by the Fourier 

transform of the autocorrelation function of Y(t) (Wiener

Khintchine's theorem). 

(A. 2) 

which will exist if R(T) exists and if 

The inverse Fourier transform of S{f) gives the auto

correlation function conversely. 

R I JOO s t27!"fr d" (r) = - (f) e 'J 
2 -00 
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The Eq. (A.2) may be simplified to 

CA.4) 

2. Direct derivation of PSD function 

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

i5 defined, in order ta avoid camplexity of the integration 

periode 

1/00 

R(r) = lim T z(t) • Z(t+r) dt 
T-oo -00 

(A.5) 

where 
T 

z(t) = Y(t) 1 tl:5"2 

=0 
T 

1 tl >"2 
Let 

J
oo 

-i2,.. ft 
Z(f) = -00 z(t) e dt CA.6) 

so that 
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Then 

R(r) = l!...m Tl foo Z(t) 100 

Z(!) e'2!1,/(t+r) dl dt 
T 00 -00 -00 

We now let 

R I JOO S .2lrfr dl' 
(r) :::: 2 -00 (1) e J 

Comparing Eq.(A.7) with Eq.(A.8), we get 

S(f) = Hm T
2 

1 Z(f) 1

2 

T-oo 

l' 2 = lm -
T-oo T 1 f-: Z(t) e-'2Jrft 

x-
r 2 ! 2 Y(t) e-

127r
/

t = lm -
T-oo T _L. 

:l 

A.2 Discret. Form ot PSO 

1. Blackman-Tukey rnethod 

dt l' 
2 

dt 

(A. 8) 

(A.9) 

This digital computation method of PSD was established 

by Blackman and Tukey in 1958 and is obtained by 

calculating the autocorrelation of the sampled data, 

followed by its Fourier transform. The discrete forro of the 

autocorrelation function is given by 
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(k = 0, l, 2· . m) (A.10) 

where m is called the lug number and must be much smaller 

than the data sampl1ng !"lumber. Yi 1s a dev1ation from an 

expected value of y, i.e. Yi = Y -~. Y is the original data 

and Il is i ts expected value. Then PSO is computed wi th 

Eq. (A. 4) 

S(f) = 4 i CXJ 

R(T) cos 271" fr dr (A. 4) 

The integration is performed using Simpson' s rule. 

Therefore, 

l [ ~1 7rtJ rrmf 1 
Sk = Je To + 2 ~ TlCOS( Je ) + TmCOS(/c) (A.11) 

where k is the harmonie number, te 1s Nyquist frequeney and 

f is the frequency, equal to kfc/m 

2. cooley-Tukey method 

In order to make the Fourier caleulation faster, FFT 

(Fast Fourier Transform) was developed in the late 1960's, 

and i t can be used for the computation of PSD. PSO have 

been widely aecepted 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'5 theorem for computing the average power 

associated with a function,y(t). The average power is 
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(A.12) 

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

conjugate of Y(f)' The discrete form of V(f) yields: 

N-l 

Yn = L !,Ik • e-I'},ff fnlell. t 

k=O 

N-l 
~ ~ 

= L. Yle' e N (n=O,l,'}. .. ·N-l) (A.l3) 
le=-

since N'6t = T and f n = n· Af = niT. 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 2 
S (f) = T 1 Y(f) 1 (A.l4) 

Therefore, 

2 2 2 
Sn = - 1 Yn 1 • tl.t 

T 

(A.15) 
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APPENDIX B 

REVIE. OP SURFACE ROOGHNESS HBASOREHENT 

B.l Measurement Methods of Road Surface Profile 

For the measurement of the road surface height 

profile, severaI methods have been considered depending on 

certain objectives. After the Second World War, many road 

surface prof il es were invest igated. 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 fo11ows: 

(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 method. 
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l 

(1) The cono,entional method (Fig. B. la) is the most 

primitive one, sinee it uses a level and staffs. It 

is cheap and s impl e, and does not requi re 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. 

~ 
100:' Tapf! 

/' Rod 
/' Slope 

from)) t 

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

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

compl icated mechan ism, descr ibed as follows. For 

example, as the wheel goes up the bump, the wheel, 

actuator and accelerometer are accelerated upward. 

This accelerometer signal is integrated twicc to 

determine the upward displacement of these 

components. This displacement signal is used to 

create an oil flow in the èlectrohydraulic valve. The 

signal is 5caled 50 that the oil flow into the top 

chamber of the actuator, and the exhausted oil out of 

the bottom chamber, cause a relative movement of the 

257 



actuator cyl inder and ram, exactly equal to the 

upward movement of the actuator cylinde~, 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 rame 

ACCELEROMETER, X 
\ 

ACTUATOR 
RAM-

AcrUATOR _ ~~ 
CYLINDER- ' ... ~ ~~ ~}-- EXHAUST 

1" _ , ~ PRESSURE .,P ''''EXHAUST 

l j ~ELECTRO-HYDRAULIC o VALVE 

Fig. B.1b Schematic diagram of servo-seismic road profile 
recording device (after Spangler and Kelly,1962) 

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

wheeled articulated carriage that supports a 

detecting and recording device at a constant height 

above the main level of the road surface. The 16 

wheels and their axles support four 4-wheeled bogies 

that caver 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 low 

pressure to ensure that very small irregularities in 

the road surface are not intraduced into the 

measurement. Due te the large span of the device, it 

may not be suitable for the measurement of off-road 

surface profiles whose wavelength is relatively 

short. 

Fig. B.1c The Ontario Department of highways profilometer 
(after Chong and Phang, 1973) 

(4) In arder to overcome the disadvantage of the 

preceeding method, the slape 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.ld), and 

agricultural farm profiles were obtained with fairly 

good accuracy. 

Electflc rndgnetlc 
plOXIlTlIly sensor 
10 ll1ed~Ule dlsldllce 

Metal plece 10 
medsure dlstdllce 

FOWdrd 

VerllLdl !lylUscolle 

Fig. B.ld Side view of measuring system using slope 
integration method Cafter Ohmiya and Matsui) 

(5) The artificial satellite method can be used for 

mapping the distribution of obstacles, slope or 

vegetation. Sample measured data is shawn in 

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

1200 

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 tirne, it could be 

expected to be widely used for surveying terrain 

roughness in the near future, unless the cost 

becomes exorbitant. 

(6) The fifth wheel method as an indirect rnE:.asurement 

(Fig. B.1f) was introduced by Fujirnoto in 19H3. 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 . 

• c:,~ 
~:tt. ' •• _,Ii,.'" • ,J.' 
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u... 
10- 2 

a 4 la 
Frequgncy 

b. 

Fig. B.lf Fifth wheel for indirect method and its frequency 
response curve Cafter Fujimoto) 
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B.2 Measured Surfa~e Profiles and Description of Roughness 

A relatively large number of read profile measurcments 

have been performed. Several indices for a description of 

roughness are introduced. They are Reet-Mean-Square 

vertical acceleration (RMSVA), quarter-car index (QI) or 

riding comfort index (Rel) etc .. Moyer (1951) suggested the 

use of the reughness index (RI). Two sets ef 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 the roughness index. This index is 

correlated with another index, such as RMSVA or QI. 

However, it cannot provide useful information for adynamie 

analysis. 

r 

Reference 
Wheel 

Recordlng 
0101 

Record1ng 
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 anà rose steeply outside the span. Higher 

accuracy was found on a smoother surface, especially in the 

case of the machines with longer wheel spans. 

li 

Xj+f 

a. 

dcm 9 t-----.--t------t---

8+---

4 

----~-

2 

~----4-----~+L ______ _+----------~r.~ 
o 0/1 10 1/1 

b. 

Fig. B.2b straightedge on a ground and effect of measuring 
point on height deviations using different 
wheelbases Cafter 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 prof iles 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, dnd it 

was generally expressed ln the following forro for roost of 

the naturally formed surfaces. 

(B.l) 

where b is an experimental constant and F is frequer.cy 

(rad/m) . 

320 

\ 
280 

...... 
E 
0 
'-' 240 

:r 
\ 

'? 
+l 
..c. 
C') - 200 
cu 

:I: 

/ 
~ 

.......... 
160 -
120 "'" 
BO 

40 
..... 

0 

o 

..." / 
~ l '-'"V ;J' ! 

3..--.. ~ 
v 

~ ..f\. ~ ~Y .AJ ~ ~ 5\ k. ~ ~ J\." r-... 
:j-V 'v 

..---, 

è\ : V"' -v~ f--/ ------[.,.---
9\ 

~ t--\..-
12 ~ ---... 
v"-:--.. ~ ....... --~ ~ 

15 \ ~ ""'\ 
rv- Iv" ~ v--' ~~.....,.r-~ 17 \ 

~ -...... .i----r 
40 80 

Length of coursa (~ 

No. 
(F 1 rst cl ass roads) 

2 Bad concrete 
10 Very good blacktop road 
13 Bad blacktop 
14 Secondary road wlth 

blacktop cover 

(Secondary Reaus) 
1 Bad corduroy 
3 Average seconJary rûad 

415 Bad secondary roads 
7 Average secondary road 
8 Steep average secondary 

road 
9 Very good secondary 

road 
11&12 Bad dlrt roads 

15 Very, barl secondary 
roaa 

17 Access road ta harvested 
potata fIeld 

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 ctynamic 

response of these bodies in rolling contact. Differing from 

the case of off-road surfaces, a very wide range of 

frequency, including high frequencies, 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. 

---o 
t.. 

+> 
t) 

QI 
a.. 

(J) 

10-11,---___ .,.-____ -,-____ --,.. ____ --., 

Inverse wovelength O/m) 

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. 

(B. 2) 

where 0'2 = variance 

>'u = constant 

>. == frequency (1/wavelength) 

A smaller >'0 means that most of the power is concentrated in 

the low frequency region, while conversely, a large '\0 means 

that most of the power is distributed j~ the high frequency 

region. 

Hullender and Bartley (1975) numerically generated 

spectra using é& random number generator by an idea 1 

sampler, which provided uncorrelated data with variance,02. 

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 terrns 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 

(B. 3) 

where the spatial frequency has units of radian/ft. For 

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

simplifies to the forro of Go 0- 2 where Go = 20'2 jh. 
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A realistic description of road surface roughness has 

to be achieved by two-dimensional spectral densities, Slnce 

the surface height points z 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. 

.. ... 
T 

z (x. y) 

x 

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 

eoncerned is isotropie i.e. Independent of the direction of 

the vector separating the two points (x,y), in addition ta 

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 aIl the 

frequeneies beeause of the use of the Fourier transforme 

However, it is only l'\eCessilry that the mathematical 

expression of PSD be valid within the range of frequency 

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

range of interest. 

(B. 4) 

o 

rfhe values of na, rh and no are sui tably 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 rn/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 

randoro, including no periodic unctulations, and an 

approximate form of PSD could be employed for adynamie 

analysis. The PSD was given by 

(B.5) 

The value of n was found to be 2.3 and i! was taken 

from 0.1 c/m ta 4 c/m. The coherence functions were 

calculated in arder ta investigate the correlation between 

two paralle 1 tracks, spaced at 1.5 m. The va lues 0 f 

coherency functions were small over O.? ciro and, therefore, 

it was suggested that the two parallel profiles were 

independent of each other. With regard ta the evaluation of 

roughness, it was use fuI ta apply the recommended 

classification by ISO. 

While many surface profile PSDs showed a 1 inear 

decrease with increasing frequency, Haé (19B7) 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 cornplicated rnathernatical form of PSD was 

determined as follows: 

SCII') =- (S12/"T)[k1V/(I<,2+k12V2)]+ 

(s2 2/"T) [k2 V (",2+k2 2V2+k3 2V2 ) ]/ [ (1I)2+k2 2V2 - k 3 2V2 ) 2+4 (k
2

k
3

) 2V4 ] 

where ro' = angular frequency 

V = vehicle velocity 

k1 ,k2 ,k3,Sl,S2 = coefficients depending on 

type of surface 

(B.6) 

The sum, s12+s22, gives the variance of road surface 
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irregulari ties. Values of each parameter for the surface 

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

Table B.1 Values of parameters describing three road 
spect~ums (after Haé) 

Type of road k l (l/m) k 2 (l/m) k 3 (1/m) s12(m2 ) 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-) 

Dirt 0.8 0.5 1.1 7.50E-4 2.50E-4 

B.3 Detrend of the Measured Profile 

As a prelirninary to the power spectrum calculations, 

it appeared desirable to make sorne modificatl.ons 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 is necessary in order to 

eliminate the characteristic of non-stationarity included 

in the measured data. Non-stationarity is the sub-product 

of trend by low frequency (long wavelength) cornponents 

(Fig. B.3a). 

F l rst arder 
Ilneor trended 

De:rended 

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. 3e). This exponentially weighted 

average appears si~ilar to the effeet derived from an 

electrieal high-pass fil ter. The mathematical expression 

for computing the detrend is given in the following manner: 

j
a::=;oo 

1 r ' ., 
YJ(I) !J(x) -- :)A ~Y(x+(l) - Y(X-ll)J e- X da 

- <l=U 
(B. 7) 

where Yd(x) is the detrended filtered function, Y(x) is the 

original function and .l is the exponential weighting 

constant. 

since the test surfaces were prepared by distributing 

the wooden pieces on a fIat and level surface in our 

laboratory, the detrending process of the measured surface 

prof iles was not considered in this study under the 

assumption of stationarity of the profiles. 
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Fig. B.3e Moving average with exponential weighting 

funetion (after Van Deusen) 
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APPENDIX C 

MECHANICAL PROPERTIES OF PNEUHATIC TYRE 

C.l Tyra Carc&ss 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 is the most important part üf the tyre 

structure, and i t affects the mechanical properties of a 

pneumatic tyre. The conventional bias-ply tyre (Fig. C.la) 

is made by fabrIcat~ng several pl~es of cord material in a 

definite angle with respect to the direction of tyre 

rotation. Half of the Jayers have the cords at a positive 

angle and half at a negative angle. 'l'he radial-ply tyre 

(FIg. C. lb) has been produced for several decades. The 

difference from the cross-blas tyre is the angle of cord, 

WhlCh is 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 bel ts 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. On the 

contrary, for right angled cords, the opposite effect 

occurs. 
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CRUWN ANGLE 

CARCASS PLI ES 
RUNNING AI BIAS ANGLE 

(a) Bias-ply tyre 

>. CORDS 

Ul0WN AN(;Ll 
UF eURUS IN IllE. UEL! 

- CARCASS PLIES 
RUNNING AT RADIAL AtJGLE 

(b) Radial-ply tyre 

/ 

Fig. C.l Comparison of tyre construction between 
(a) bias-ply and (b) radial-ply tyre 
(after Wang, 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 hds an advantage when it 

is new i.e. less reslstance than the bias-ply tyre. Hawever 

i t displays the opposite characteristic in behavior when 

the tread is last. 

~r---------------------
1 

1 

25 -------------------j~_i-l'------Z 1 

6 1 
9""4 

§/ 
- 10-.------------ '~--~-----

~ 
§ 
(1) .... se Ir 
c: 15l-------------/---~~-------

~~~------~-----~~---------
.... Il ~--__",L-----,,L!_ _ __"__r/------~'-

;;;7 .' ..... 
..... 11h ___ -=---t>1 : 
~ ~/ ~ .. 

11~ 1 / ~'.-. ----

, 1 ~4 Tread removl!d 
1 ." 

1 -----~~: ..... ~. -------

1~~~~~----------------------

20 40 iO 80 tao 170 "0 160 180 200 

Speed (kil/IV 

Fig. C.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 ot 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 ot 

the tyre. Severai frequency ranges, depending on the type 

of problem, are presented in Fig. C.3. It is g~ner~lly said 

that high frequency, above approximately 1vl) Hz, is 

important for the tyre noise problem and relatively low 

frequency is vital for a vertical and horlzontal vibration 

problem. As described in this Figure, the tyre response as 

a spring-mass-damper system is influenced by very Iow 

frequencies, below 20 Hz. 
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Fig. C.) Frequency range of noise/vibration problem 
(after pottinger and Yager, 1986) 
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C.) Nonlinear Characteristics of a Pneumatic Tyra 

1. lyre stiffness 

a. frequency dependence 

The effect of exciting frequency, which is also 

related ta vehicle speed, on the tyre stiffness is 

indicated in Fig. C.~a. The stiffness increases 

nonlinearly with an increase in frequency. However, 

since the vertical spring rate at Iow frequencies is 

not very frequency dependent, the use of a constant 

stiffness is a reasonable approximation, especiaIIy 

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 tp"! rubber composite (Laib, 

1978) . 

~·CROSS PLY, 0 km/h 
a·CROSS PLY, 50km/h 
X·RADIAL PLY, 0 km/h 

PRESSURE,O 172 MN/m2 
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Fig. c. 4a Frequency dependency of tyre stiffness 
(after Phillips, 1972) 
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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 Chicsa 

and Tangora (1959) show8d 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 l.~.~ dynamic mode. These 

differences may resul t from the testing method, 

equipment or consideration of heat generation inside a 

tyre. 

However, the stiffness is generally considered to 

increase with velocity due to the centrifugaI force 

and the increase in inflation pressure by heating 

during the rotation (see Fig. C.4b). 
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Fig. C.4b Velocity dependency of tyre stiffness 
(after Pottinger and Yager, 1986) 
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c. Ioad dependence 

Effect of load on vertical stiffness of the tyre is 

also shawn in Fig. C.4c. The stiffness increases 

slightIy with an increase in load (deflection), but 

the degree of increase depends high: on the type of 

tyre. Al though i t seems to be due ta an increased 

inflation pressure, this mechanism has not been proved 

theoretically due to the complexity of the tyre 

structure, since sorne tyres show the opposite 

tendency from that described above. 

RIlT EU LOAD: 100 

0" 5 OlfFERENT CONSTRUCTIONS-G,H, aL SIZE 
5l <- 70 a 78 ASPECT RATIO 

L ~ ___ 1 ___ J L---.- 1 
o 06 08 la 12 14 

"10 01 T BR 24 PSI RATED LOAD 

Fig. C.4c Load dependency of tyre stiffness 
Cafter 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). Oamping 

characteristics were studied by creating a sinusoidal 

excitation in bending of a rubber specimen (6.4rnrn 

thick). The resul ts are shown in Fig. C. 5. It was 

found that damping of the rubber specimen was caused 

by the energy 1055 in shear, and that the damping 

ratio increases markedly with the frequency range 

above 100 Hz. 

Fig. C.5 
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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 preasure rise and 

centrifugaI 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 

propertles of a tyre. Sorne of them may exhibit different 

characteristics. Unfortunately, since there is a lack of 

information about these properties in spi te of their 

importance i especiéllly for vehicle dynamics, no rational 

explanation, except empirical resul ts, has been gi ven for 

these phenomena. 
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C.4 Hiqh Frequency Behavior of a Tyra 

On the highway f the tyre is expected to v ibrate 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 âcceleration level 

and the aut~or thus concluded that both tests are necessary 

to obtain useful information for tyre dynamics. 
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Fig C.6 High frequency behavior of a tyre 
Cafter 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 Rouqh, Non-deformable Terrain 

Fig. 0.1 shows a schematic diagram of a rotating tyre 

on a rough, non-deformable terrain moving at a horizof!tal 

veloci ty of V. There are tyre vertical motions due to 

terrain surface and constant rotatlonal 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 EVI' If the tyre contacting 

the ground surface is not in point contact, other forms of 

power expenditure, ÉV2 ' will be given by the rotational 

motion of a tyre. This power is contributed by the tyre 

deflectlon due to static wheel loading in contrast to 

dynamic loading. These two power components result in the 

rolllng 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 

(Nm/s) (D.1.1) 
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where C' and cT are the distributed and total damping of 

the tyre 1 respecti vely. It is assumed that the tyre i5 

always touching the ground surface. 

Fig. 0.1 Schematic diagram of rolling tyre with 
vertical excitation 

286 

v 



1 

.. 

Power Loss due to Tyre Rotation (Ev2 ) 

Since each point along the contact region obtains a 

vertical impacting velocity,v2 , which i5 de pende nt 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'. 

(Nm/m) (D.1.2) 

where ~t is the time required for a point to move from A to 

A', and is given by 

a 
è..t =

wT 

where ft is an angle _ AOA' due to tyre deflection. 

(D.1.3) 

The total work perforrned by whole dampins elements 

along the chord A to A' can be given by integrating the 

energy'Wv2 through that region. 

W~r:o -= Jd n\:o dx 
-- d 

(Nm) (D.1.4) 

since the work W' v2 i5 performed 2 "'TI(}: time5 in one 

revolution of the wheel travel, the work per revolution i5 

(Nm) (D.l. 5) 

The number of revolution5 of the wheel per second is 

... 'T /2"'1, because the rotational (angular) velocity i5 

rad/sec. Therefore, the power which will be di55ipated by 

the tyre rotation is, 
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E - "." ~'T 
t,. - •• ~'_, 

:!rr 

(S7II/$) (0.1.6) 

Since the total damping factor, cT is expressed as 

follows, 

CT -= 2dc' (0.1.7) 

the power dissipation can be finally rewritten as 

(0.1.8) 

Therefore, the total tyre deformation power of a tyre 

traveling on a rough road is 

(0.1.9) 

As pointed out by Bekker (1983), it is preferable ta 

apply the energy recovery factor in the computation of tyre 

deformation power. Thus, 

where ~ = energy recovery factor 

= 1 - e-ADjH 

A constant 

(0.1.10) 

(7.0jradial, 15.0jbias tyre; Bekker, 1983) 

D tyre deflection 

H tyre carcass height 
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0.2 Sta.ndard deviation of Vertica.l Response and DBP 

0.2.1 On a Sinusoidal Surface 

(1) E[Z2] (Variance of vertical response of a tyre) 

When a wheel rotates on a rigid, sinusoidal wavy road 

(wavelength;.l) at a certain translational velocity, 

the wheel axle moves up and down due to a base 

excitation fro~ 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

freedorn vibration syste~. That is 

(0.2.1) 

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 ta 

be 
y = hsmwt (0.2.2) 

where h is an amplitude of the road wave (half of 

peak-ta-peak ampli tude), and w is an excitation 

frequency (;2~V!\). Assuming the particular solution 

for steady-state motion in the forro of 

z = Z sin (wt - <1» (0.2.3) 

The derivative of the response is simply expressed as 

z = Zwcos(wt - <1» (0.2.4) 
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SUbstituting Eq.(0.2.2) into Eq.(D.2.1), the response 

is given as: 

mhw 2 

Z ~ ~-;(k; ~--m~-'2"r2t- (~:r-~)2 

The phase angle is 

Thus, the variance 
. 

of z 

obtained from Eq.(D.2.4). 

') /'[ . ') 1 a; ~ j z" -= 

on a sinusoidal 

l ') 2 -- 2~w 
') 

(2) UOBP (standard deviation of DBP) 

(0.2.5) 

road is 

(0.2.6) 

Substituting Eq. (0.2.3) and (D.2.4) into Eq. (4.21), 

the drawbar-pull (DBP) on a sinusoidal road is 

obtained as follows: 

= (1 + (2 Z W cos(wt - 4» -t ('J 2 !>lJ1(wl rp) 

-1 CTw 
ri> = tan k 2 

T -mw 

(0.2.7) 
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The expected value of the OBP is expressed as 

E[DBP] = fI 

(0.2.8) 

where 

The standard deviation of the OBP on a sinusoidal 

road is given from Eq. (0.2.7). 

aDHP = J~ 2 2 
{(f:2 W)2 + t:3

2
} 

(0.2.9) 

0.2.2 On a Randomly Rough Surface 

The autocorrelation function of Z (t) is obtained 

from its PSO function with the well-known Wiener-

Khinchine relation. That is, 

1
00 

12rrfT 
R'(T) = 0 Sz(J) e dl (0.2.10) 

where Rz (T) is the autocorrelation function, and 

SZ(f) is the one-sided PSD function of z{t). 

If the random process of z(t) is stationary, the 

autocorrelation function of the derivative of z(t) is 

given by 

(0.2.11) 
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substituting Eq.(D.2.11) into Eq. (0.2.10), 

(D.2.12) 

. 
Since z(t) is also a stationary random process, 

1
00 

Ri(r) = 0 Sz(f) e 
1211" fr df (D.2.13) 

Comparing Eq.(D.2.12) with Eq.(D.2.13), the following 

relation is obtained. 

(D.2.14) 

since E[z] = E[Z] = 0, 

df 

- E'f .;.21 - """1 .... 
(D.2.15) 
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(2) (J[JBP 

~ Standard deviation of random OBP can be calculated by 

integrating the PSO function of the OBP with 

frequency. 

(0.2.16) 

The PSO function of OBP' (t) which is the variable 

component of OBP is gi ven by using the 1 inear 

relationship between surface geometry and the OBP, 

together with a system function. 

SDI3P'(!) = 1 Hsy(J) 1
2 

Syl(!) (4.20) 

The system function is expressed as follows: 

1 [(~y(f) 1 = IIlDBPI/ z . H z / y2 . H y2 / y1 (J) 1 

.. (f.)' (0.2.17) 

where f n is the natural frequency of a system and 

(, is the damping ratio. 
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APPENDIX E 

RECOMMENDED VIBRATION CRITERIA FOR RIDE DYNAMICS 

In arder to improve the vehicle traction on a rough 

terrain, human respon~e 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 he required as one of 

the superior mobility factors. However, it is out of 

discussion if the driver or passengers cannot stand the 

severe shaking inside the vehicle hull. Therefore il 

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 ridt~ dynamics will be 

introduced. 

E.l Factors to be Consldered 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 levei 
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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 anà amplitude 

b. exposure time of vibration 

c. ~~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, y 

axis= right-to-left side and z axis = foot-to-head), 

the cri teria is described in terms of maximum 

permissible RMS acceleration as a function of 

frequency and exposure time (Fig. E.1). According to 

the criteria, humans are most sensi ti ve to the 

frequency ranqe between 4 and 8Hz for vertical, and 

between 1 and 2Hz for horizontal and lateral 

directions (not shown here) , respectively. 
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Fig. E.l vertical acceleration limits as ct function of 
frequency and exposure time (ISO 2631) 

(2) Absorbed power criteria 

M:lrphy 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 manjseat 

interface by an average man under vIbration 

conditions of different frequency and severity. It is 

the quanti ty used to determine human tolerance to 

vibration when a vehicle is traveling on a rough 
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terrain. The absorbed power is 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 in part of the NATO Reference Model for 

predicting vehicle limiting 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 (3) 

B 
R· d l RMS (1) RMS (2) RMS (3) 

l Q to erenee 
level 

a:::: 6 ------
W 
3E 
C) 
Cl.. 

Cl 4 w 
CD a:::: 
~ 
CD 2 -< 

Pointe in r1de-limit1ng 
speed-surfClce 
roughness array 

Fig. E.2a Ride limiting speed and absorbed 
power (after Marphy and Ahlvin) 
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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 is 

found that humans are most sensitive when vehicle 

vibrations are predominant at low frequencies such as 

4 or 5 Hz, according to this criteria. 

100 r----------------., 

..-. .... 
Q) 

"-
E 

"J 

c: 
0 

~ 
0 
C- 10 QI 

QI 
U 
U 

< 
(J) 
::E: 
0:: 

1 1 ~ 
0.5 5 10 50 100 

FreguGnCy (Hz) 

Fig. E.2b Relationship between accelerdtion and 
frequency for constant 6-watt absorbed 
power level Cafter Marphy and Ahlvin) 

Although these ISO 2631 and absorbed power criteria 

may serve as initial limi ts for a ride dynamics study, 

further investigation is requlred in order to improve 

precision, and therefore usefulness, of these crlteria 

since the human factors for vibration described in B.2 have 

not yet been fully explained quantitatively. 
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APPENDIX P 

EXPERIMENTAL DATA 
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w 
C> 
.;::) 

Type of 
Surface 

Flat &. Smooth 

Rou31l 1 

RCUgtl 2 

Slnusoldal 

RMS of YI 

-3 
x 10 m 

2.19 

4.52 

8.54 

14.38 

Table F.l Test Surface Measurement 

G n RMS of Y2 Vertlcal 
0 

Acce l erat lOn 
-6 -3 2 x 10 x la m mis 

0.6 1.5 ~ 1.18 ~ .241 

6.0 1.6 ~ 2.96 ~ 0.274 

50.0 1 Q .0 ~ 3.69 ~ .284 

NIA NIA ~ Il.64 ~ 0.241 

~ l 34.5 kPa 

RMS Root-Mean-Square 

P - lnflatlon pressure of tyre 
l 

1It- ~ 

Roughness 
ClasslflcatlOn 

very good 
good 

average 

pOOt' 

NIA 



uJ 
Cl 

~ 

radIs 

0.S7 

0.625 

0.849 

1. 033 

1. 457 

0.594 

0.720 

0.805 

0.962 

1.105 

j 11 P 

% 

16.3 

22 .8 

43.2 

53.3 

67.1 

14.9 

29.8 

37.2 

47.4 

54.0 

Table F.2.1 Tractlon Test Data on Flat and Smooth Surface 

Torque 

r,m 

361. 2 

323.0 

344.5 

338.8 

326.0 

319.3 

334.2 

332.6 

339.7 

337.0 

-
D8P 

N 

870.8 

843.1 

834.6 

813 .6 

859.6 

810.6 

839.5 

865.7 

873.2 

883.4 

c E 
DBP T 

1 

N i~m/ s 

68.6 12.2 

63.3 6.'" 
83.5 15.4 

172.4 15.1 

251.8 10.0 

a. P = 310.3 kPa 
1 

37.9 19.5 

41.4 22.0 

52.2 16.6 

53.9 19.1 

45 9 24.7 

b. P 34.5 kPa 
l 

Pull Coeff. 

0.531 

u.514 

0.509 

0.496 
0.524 

0.494 

0.512 

0.528 

0.532 

0.539 

OBP = average of OBP 
Er = tyre deformatlon power 

Pull CoefflClent = OBP/Statlc Load 

Tractlve 

Efflclency 

0.740 

0.693 

0.502 

0.408 
0.318 

0.747 

0.610 

0.565 

0.467 

0.417 

Nomlnal 
Tractlve 

Efflclency 

0.682 

0.641 

0.451 

0.322 
0.225 

0.713 

0.580 

0.531 

0.438 

0.395 



w 
o 
N 

w 

radis 

0.551 

0.580 

0.588 

0.599 

0.728 

0.533 

0.551 

0.555 

0.654 

0.707 

S 11 P Torque 

% Nm 

15.0 306.7 

19.2 314.8 
20.3 330.6 

21. 7 320.0 

35.6 339.6 

11. ;: 323.0 

12.5 334.5 

13. l 334.4 

.:'1.3 333.0 

.?S.S 345.3 

10-

Table F.2.2 Tractlon Test Data on Rough 1 Surface 

-
OBP (1 E Pu 11 Loeff. Tractlve Nomlnal OBP T Tractlve 

N I~ Nm/s Efflclency Efflc1enc)' 

782.4 114.8 9.1 0.477 0.790 0.679 

806.2 135.8 8.8 0.492 0.753 0.632 
i 

808.1 134.2 14.9 0.493 0.709 0.596 1 

1 

777 .6 191. 2 16.0 0.474 0.693 0.574 

854.8 162.8 12.2 0.521 0.589 0.481 

a. Pl 310.3 kPa 

807.2 72.9 21.4 0.492 0.762 0.698 
835.2 90.5 23.1 0.509 0.751 0.675 

SIL 6 95.6 27.5 0.495 0.723 0.643 

839.2 109.8 23.1 0.512 0.677 0.593 
1 

1 

837.0 170.8 28.2 0.510 0.591 0.474 
1 

b. Pl 34.5 i<.Pa 



w 
o 
w 

" 

radis 

0.547 

0.562 

0.576 

0.585 

0.629 

0.531 

0.S33 

0.556 

0.558 

0.566 

S 11 P Torque 

% Nm 

1l.8 342.3 
14.7 348.1 

18.6 341. g 

19.9 1 355.9 

25.5 344.9 

3.7 343.2 

4.1 333.3 

8.0 340.8 

8.8 342.2 

12.7 340.6 

Table F.2.3 Tract10n Test Data on Rough 2 Surface 

-
DBP 

N 

833.4 

859.2 

856.2 

876.2 

876.2 

834.2 

844.6 

822.3 

847.5 

840.7 

- ET DBP 

N Nrnls 

251.1 17 .6 
231. 6 15.6 

258.1 13.0 

254.9 16.1 

256.2 13.4 

a. P :: 310.3 kPa 
1 

132.8 27.8 

150.3 20.9 

144.5 28.8 

174.1 24.9 

111.4 24.5 
----

b. Pl 34.5 kPa 

Pu 11 C )eff . Tractlve 

Eff1c1ency 

0.508 0.782 
0.524 0.771 

0.522 0.742 

0.534 0.718 

0.534 0.679 

0.509 0.804 

0.515 0.835 

0.501 0.762 

0.517 0.775 

0.513 0.740 

~ 
.......... 

, 
Nom1nal 

T ,-act l ve 
Efflclency 

0.550 

0.568 
1 

0.538 

0.528 

0.492 i 

1 

0.681 

0.692 

0.633 

0.621 

0.647 



w 
o 
~ 

w 

radis 

0.527 

0.608 

0.700 

0.955 

1.020 

0.605 

0.678 

0.772 

0.891 

0.934 

Sllp 

% 

8.5 

20.7 

30.6 

49.5 

52.6 

15.4 

24.6 

33.8 

4.:'.6 

48.0 

Table F.2.4 Tractlon Test Data on Slnusoldal Surface 

--
Torque DBP 

Nm N 

276.6 700.4 

303.3 820.9 

335.1 848.6 

338.2 862.6 

349.8 909.6 ( 
--

315.4 788.1 

332.4 835.4 

345.2 877.9 

348.4 863.7 

346.4 869.5 

(1 

DBP 
N 

172.5 

171. 3 

185.4 

198.7 

193.1 

a. P 
l 

163.8 

181.1 

175.9 

158.6 

166.7 

. 
ET 

Nm/s 

9.4 

8.8 

12.6 

10.4 

8.1 

= 310.3 kPa 

21.9 

22.1 

21.0 

25.3 

23.4 

b. P 34.5 "Pa 
l 

Pull Coeff. Tractlve 

Efflclency 

0.427 0.850 

0.500 0.788 

0.517 0.640 

0.526 0.472 

0.555 0.451 

0.481 0.731 

0.509 0.647 

0.535 0.579 

0.527 0.492 

0.530 0.452 

...... 

Nom lna l 
Tractlve 

Efflclency 

0.641 

0.624 

0.490 

0.364 

0.355 

0.579 

0.514 

0.466 

0.396 

0.365 
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APPENDIX G 

COMPUTER PROGRAMS 

G.l Transter of Analoque signal to Digital Computer by 

Diqitizer of Tektronix SB2SN 

10 1 **~*tr~~t*r~t~r~~t~t~~~tt* 
20 1 

113 
413 
59 
613 
79 
80 
99 

* PROG FOP TPANSFEERltjÇ~l 
:; DATA FRO~ GSell Tu HP~~ 
.t: =- :J m PlI n 'J ~j 0 ; 1 li) 2 4 :; 

1 ***t***t**t*ttfx~tt;**tt*~ 
X=8 e X9=B e M7= 1378 

11313 
119 

OISP wDATA FILE NAME?" 
INPUT F$ 
N9:=11316 
CREATE F.$, N9+8, 8 
ASSIGH# 1 TO F$ 

!20 REMOTE 7113 
1313 GOSUB 480 
14~ ON INTR 7 GOSUB 430 
t ~0 DI SP n EtHER OE2 r RED ACCESS 

COOE0" ~ INPUT QS 
1613 DISP aUITE!" ~}OL T/DI'~'" e INPU 

T 'J 
t~B DISP ·CON~ER2ION 

AL VOLT (MAX )0" 

188 RS="ASCII,ACCESS 
199 OUTPUT 7113 ,R$ 
21313 GOSUB 510 

RATE FOR RE 
e INPUT V9 
u~Q$ 

210 OUTPUT 719 ,"CURVE"n 
229 OIM 8(1024),W$[50J 
238 K9$=CHR$(44)~CHR$(le) 
2413 CONVERT IH 7113 PAIRS , K9$ 
250 CLEAR 
268 BEEP 10B,lB8 1 - ______________________ _ 

DISP ·PLE~SE WAIT M 

2 7 0 
280 
298 OISP "DATA ARE BEING TRAHSFE 

RREO" 
FOP N=B TO N9-1 
ENTER 716 , B$ 
IF t'oh:;;:T rH EN 658 
B(N)=VAL(B$)'180fV*V9 
PRINTlt 1.N+l , B(N .... 
X9="<9+B~N) 
NEXT N 
FOR N~~N9 TO N9+8 
B< NT' =8 
PRINH 1,N3 , Bo"t-l3) 
NE:H N3 
ASSIGNtt 1 TO t 

3913 
310 
3213 
330 
340 
3513 
3613 
3~'O 
388 
399 
490 
410 
4213 OUTPUT 710 ,"SET DISP L,DISP 

R" 
4313 X8:~9tM7/1e24 
440 DISP "MEAN VALUE:",X3 
458 OISP "TRANSFERED COMPLETELY· 
460 GOSUB 7313 
4713 EHD 

305 

4813 REM SERIAL POLL ROU1IHE --
498 S=SPOLU 71 8) 
51313 RETURN 
5113 OUTPUT 718 ,"SELECT S~VE LIS 

A'JE R, HFMPRE ..... " 
5213 ENTER 710 1 W.$ 
5J0 Al:POS(WS, -NR PT M)+6 
548 A2:=Al+3 
5513 LS=W$[Al,A2J 
5613 L='JAL<L$)-l 
5~0 OISP "POINTS RECORDEO BY ose 

ILLOSCOPE",L 
5813 A3:POS(WS,"pT OFF ")+7 
59~j A4=A2+3 
61313 T$=W$[34] 
6113 T=VAL<TS) 
620 DISP HTRIGGEP POSITIOH",T 
6313 OISP ·PRESS [CONT]" @ PAUSE 
6413 RETURH 
6513 REM SUB-------------------
660 1 B(N)=0 
6713 IF N~13 THEN X:VAL<B$[7]) 
688 B(8'=X~V~V9/!8e 
698 IF H=13 THEN GOTO 3413 
7BB X:(VAL(B$)+X)/2 
718 GOTO 3413 
728 1 PLOTTING ---------- ____ _ 
730 CLEAR e GCLEAR 
748 BEEP lBI.L lee 
7513 DISP ·PLOTTiNG ROUTINE" @ DI 

SP 
768 PLOTTER IS 1 
7713 DISP "MIN y,MAX Y· 
7813 INPUT M8,M9 
790 LORG 5 
8813 GCLEAR 
818 LOCATE 113,128,113,98 
820 FXD 8,1 
838 FRAME 
848 SCALE 6}N9,M8,~9 
858 LAXES -198, 1,8,9,2,2 
868 FOR 1=8 Ta H9 
878 IF 1;8 THEN MOVE 1,8(1) 
BS9 PLOT I,B(I) 
890 HEi<T l 
gee FOR 1=10 TG 5e ~TEP 19 
9113 BEEP I,ll21e 
9213 HE:><T l 
938 RETURt-l 



... 

G.2 Computation of PSD by Fast Fourier Transtorm 

18 ~**~*t~t*~t*~~***ttt~t*t~~ 
213 *POWER SPEC DENSITY ~lo~'t 
313 1 * COMPUTE ~PSD· WITH ~ 
413 1 ~ DIGITI:Eû DATA 5Y THE :1: 
50 * OSCILLOSCOPE * 
60 :1: ~amplln~ No =512 t 
78 1 %***~**********t:l:~**t***~t 
80 1 $ Nl/L>=2C1 j: 

90 1 This pr09ram 15 tor [TIME 
DOMAIN] data Not [SPACE DOM 
AIN] 

108 1 For ROAo ROUGHNESS. Modltl 
catlon 15 needed 
1 It 15 done ln "PSD-PLOTn 110 

1213 
1313 
148 
158 
160 
178 
180 1 

DeOT B e25 rn/Volt 
ULTRA 13 78 CM/Volt 
OMEGA 3 6e rad/sec/V 
TORQUE ~62 a N rn/Volt 
OBP 1660 eN/Volt 
ACe 084316 ms/Volt 

198 M9= 1378 
21313 1 .. .'1 = 177 
218 Nl=512 
220 N5=Hl/2 
238 Cl=8/3 
2413 GCLEAR 
258 OPTION BASE 1 
260 DIM X(512),R(256),I(256),S(2 

56) 
2713 L=29 
289 N3=208 ~ 1 COMPUTATION CYCLE 

2913 
3ee 
318 
320 
330 

340 
350 
368 

378 
388 

399 

·Hll3 
418 
420 
4'313 
440 

T=L/Nl e delta t 
F5=1/L @ delta tre~ 
F6-=2:1:T/Hl 
1 --- prln1 ---------------
PRINT "ESTIMATION OF POWER 5 
PECTRAL DEHSITY (PSD)" 
PRINT "--------------------. 
PRINT e PRINT 
PRINT "NO OF DATA POINTS=-. 
Nt 
PRINT USING 389 • L 
IMAGE "DATA LEHGTH=".3D O.2X 
l' nseo l:

1I 

PR 1 tH .. COMPUTATI ON C'I'CLES=", 
N'3 

DELTR 
DELTA 

PRINT 

PPItn " 
PRINT " 
PRINT @ 
LOIR e 
GOSUB 838 

459 orsp "PEPlACE OISK OF 0 ;01" 
4613 orsp "PRE';S CùNTHWE WHEN RE 

AOY" 
470 PAUSE @ BEEP 4513.208 
480 REM 

306 

4~~ 1 t COMPUTE POWER * 
~ee 1 --- aSSl~n flle ---------
518 DISP ·PSD FILE NAME0" 
520 INPUT Ft 
539 1 PRINT "PSO FILE NAME= ".F$ 
548 CREATE F$~n 07Bl".N3. 16 
558 ASSIGN# 1 TD FJ~· 0701" 
568 PRINT# 1.1 • 1-13 
S78 1 --- compute PSD ---------
588 GOSUB 118e 
598 PRINT 
6e8 PRINT " No FREQ~Hz) 

PSO\m*2/H-;:)" 
610 Ml=0 
620 Sl=S(1)~2~F6~F5~Cl 
638 S2=S(2)A2tF6tF5*Cl 
6413 FOR Kl=l TO N3 
658 Fl=(Kl-1)/T/Nl+ 908008131 
660 IF F 1> 5/ T HIEN 798 
678 Gl=S<kl)A2!F6tCI 
688 Al=GUF5 
698 MI=Ml+Al 
7aa PRINT# l,KI+l • Fl,Gl 
718 NEXT KI 
728 Ml=Ml-Sl-S2 
73e M5=X5~2+Ml 
748 M2=SQP(Ml) e 1 STANDARD DEVI 

ATION 
759 PRINT" STNO OEVIP= ",M2 
7Œ PR l NT Il MEAH SQUARE= •. 11~ 
778 PRINT# 1.N3+2 • M2 
780 ASSIGN~ 1 TO * 
7913 STOP 
8aB END 

830 **t~~tt*tt~~t~tttt*~*ttt 
848 * READING DATA * 
858 1 ~ REDUCTION OF DATA * 
868 1 * APPLY HAHNIHG * 
& B 1 ~~~1~*f*~~tt*~*ttt~~~*t* 
888 orsp MRAW DATA FILE NAMEQ- @ 

1 ~~PUT 0$ 
890 PRIHT "DATA FILE NAME= -,0$ 
98a ASSIGN~ 1 TD 01&" 0701" 
910 1 -- rO:-r1uc:tlon of data ---
928 X5=O 
930 FOR 1"'1 TO tH 
94a 15;21:I-l 
951i1 READ** 1,15 • A( 1) 
960 X r 1 )=,1(1 )tM9 e 1 ·m· 
970 T5=1, I-l ),tTtVl 
980 X 5 "" X 5 + ~~ t 1 ) 
990 NE:<T 1 
109\3 X'5~X5/N1 
1010 PRINT "MEAN VALUE Cm) ~ n,A 

5 
10213 1 -- roO'::.rran'3,=,ment of dat;s-
1938 1 -- Hdnnln9 ----------
UHB FOR 11=1 TO H'5 
1135 e 1 8 = 2:1: 1 1 -1 
1136B I9=2U 1 
107B Wl= 5t t 1-COS(2lPItI8/HIJ) 
113813 W2; 5t f 1-COS(2lPUI9/tH) 
11398 R(Il)=~(I8)*Wl 
11813 I(Il)=X(19)lW2 
1118 NEXT 1 l 
112B ASSIGN~ 1 TO t 
1138 PETUPN 



n 

- - ---------------------------------------

11413 t *.tHU1:1::U.t.tu:t.t*.t.ttit:n: 
1158 t -* SIJ8ROUT 1 Nf FFT .t 
11613 1 * lt MFlX=1024 * 
11713 1 -*~~~~~t1:*~tt*:t~.t:;j::-*j::-*1:~~ 
1180 F=l 
1190 N=512 
12013 0 l 3P .. F'EPFO~'M l t~G FFT HO lai 1 " 

1218 OI~P .. WAIT FOP 2 MIH ++++n 
1220 GOSUB 12:0 
1238 H2=N/2 
12413 GOSUB 1340 
1258 RETUF<N 
12613 1 -- perlorm FFT ---------
1278 F=l 
12813 FOP 1=1 TO 113 
12911 P=P.t.::. 
13013 IF P=N THEN 1328 
13113 NE?!T l 
1320 PI=! 
1338 RETUR~1 
13413 GOSUB 1470 
1358 M=R ( 1) /N2 
13613 1 1 = 1 <1 'J/ N2 
IJ70 S(1)=SQR(RCl)~2+I(1)A2) 
1330 PRINT @ PRINT "OC TERM=".M 
13913 PRINT -MAX FREQUEHcy=n.ll 
14~13 PRINT "FREQ REAL 1 

MAG1NERY RBSOLUTE" 
14113 FOR 1=2 TO N~ 
1428 S(I)=SQP(R(I)~2+I{I)A2) 
1438 PRINT USING 1170 • I-LR(I) 

.I(l).S(!) 
1440 IMAGE 000. 3X.M: 30e,2X.M2 

30e , :::.< ,M;:: ::= De 
1458 NE.:O<T l 
1468 RETURN 
14713 8=N2(=~3 OR F<,; 1 AND F<:-l 1) 

R Pl, =u 
1480 IF B=U THEN 1520 
1498 PR l NT .. ERROF. Hl SU8f.<'OlITI NE" 
15130 PRINT "CHECK INPUTS M 

15113 PAUSE e GOTO 1470 
1520 RAD 
15313 IF F=-l THEN 1770 
154e 1<=0 

307 

1550 FOR J=1 TG N2-1 
151513 1=2 
15~e IF K<N2/I THEN 1590 
15S0 K=K-H2/1 @ 1=1+I @ GOTO 157 

o 
1590 K=I<+N2-d 
1600 IF K<=J THEN 1~30 
16113 A=RCj+l) ~ RCJ+l)=R(K+l) @ 

R(K+l)=A @ R=ICJ+l) 
1620 I(J+l)=r~K+l) @ I(K+l)=A 
1639 NEXT J 
16413 G= 5 ~ P2:::1 
1659 FOR 1=1 TG Pl-l 
16150 G=G+G e C=1 e E~0 e Q=SQR« 

I-P2)/2 HF 
16~B P2~(!-2~(I=I»tSQR«I+P2)~2 

) 

16313 FOR R=l TO G 
16913 FOP J~R TG H2 STEP G+G 
1708 K=J+G e A=CtR(K)+EtI(K) e B 

=EtR(K)-C~I(K) @ RCK)=R(J)
A 

1710 I(K)~I(J)+B @ R'j)=R(J)+A @ 
I(J)=I(J)-5 

17213 NDT J 
1730 A=E~P2+CtQ e C=ClP2-E~Q @ E 

=R 
1 ;'40 NE'>:r R 
1758 NE:n l 
1760 IF F=-1 THEN RETURH 
1770 A=PI/N2 @ P2=COS(A) @ Q=FtS 

IN(A) 
178~ A=R(I) e R(l)=A+I(l) e 1(1) 

=R-ICI) 
1790 IF F~-l THEN 1810 
1809 R(I)=P~1)/2 @ 1(1)=1(1)/2 
ISlel C=F @ E=13 
1829 FOR J=2 Ta N2/2 
18313 A=EtP2+C:;Q @ C~CtP2-E*Q @ E 

=A e K=N2-J+2 e A=R(j)+R<K) 
1840 B~(I(J)+r(K))~C-(R(J)-R(K)) 

tE e U=I(J)-IO() 
1850 V=(I(J)+I(K»*E+(ReJ)-R(K» 

t:c 
1860 R\J)=lA+8)/2 @ I(J)~(U-V)/2 

e PCK'=\A-5)/2 e I~K)=-(U+ 
',,ri /2 

13?0 HEXT J 
18813 I(H2/2+1)~-I(N2/2+1) 
1890 IF F=-1 THEN 1~40 
1900 BEEP 150.250 ~ BEEP 20.80 
1910 DISP" FIHISHED FFT COMPUT 

ATIOH .. 
1920 DISP" CALCULATIHG ABSOLUT 

E VA'-UE" 
19313 RETURN 



G.l computation of Nominal Tractive Etticiency 

18 ***t~t~ttt1tt~tlt~t~*t~t~ 
213 t COMPUTE * 
313 * TI"ACTI'v'E EFFICIHlC',' 1-
40 1 t: FOR ~ 
se 1 * RANDON SURAFACE ~ 
613 * - STANOAPD DEVIATION * 
713 * USE EXP EQUATIONS * 
80 '* no shock 't 
90 1 * *EFF 1 -RAND" :t 
l~e l ,***t***t*:*tt~**t**t*t*** 
110 OISP ~OATA FILE HAME" 
120 INPUT F$ 
130 CREATE F$&- 07131".:00.16 
148 ASSIGN# 1 TO F$&" 0701" 
158 PRINT Il TRACTIVE EFFICIEH 

CY" 
1613 PRINT 
178 G=4/1e80000 ~ 1 POUGH COEFF 
1813 FOR J9=1 TO 3 
198 IF J9=1 THEN 220 
20B IF J9~2 THEN 230 
218 IF J9=3 THEN 248 
2213 p=Jle380 @ LIHETYPE 1 e GOTO 

2513 
230 P=13-;'90tl ~ LIHET'I'PE 4 @ GOTO 

250 
240 P=34500 I~ LI NET,(PE 3. 8 
258 N=2 
2613 PRINT .. POUGH COEEF = 

", G 
270 PPHlT " N= ", N 
2813 PRINT Il INFLATION PRES 

SURE (Pa)=",P 
298 PRINT Il -------------------

3130 PRINT" V(m/s) SLIP TOR 
QUECHm) E[d=/dt~2] E[OP] 

DPsI9ma EFFICrENCY(~)~ 
310 PRINT Il 

320 1 
3313 1 Input ddtêl -------------
349 V=5 
350 R= 3~4 e 1 RADIUS 
3613 Rl= 5* 15 @ i STOPPER 
37@ T2=3313 
388 M=2130 e 1 MASS 
390 M1=M*9 81 
408 H5= 17 e 1 SECTION HEIGHT 
4113 FOP S=2 TO 6~ 
4213 S1==$/100 
410 K1=-30 e 1 EXP 
440 1 

450 1 ------------------------

460 K=10060+ 77J~P 
470 Q=(-4 61tLGT· P)+26 82)/1000 
480 E=- 1363*LGT(P)i 7884 
490 L5~ 5tQtSQR(Ml) 
Sa0 D=R-Ml/K 
sie U=1-EXP(-7*Ml/K/H5) 
5213 w=v 0/( 1-SI) 
5113 F1=SQR(K/M)/2/PI 
540 C=Ef4*MtFltPI 
550 Tl=T2*(1-EXP(Kl*Sl»+29 
560 1 

57B 1 

308 

58G 1 Prlnt =-t,de",,,,,nts -------
599 PRINT" TYRE---MICHELIN 7 e 

e <BUFFED)" 
6ee PPINT "ROUGH COEFF M,G 
619 PRINT "U (m/s)=",V 
628 PRINT "INFLATION PRESS (KPa 

) =U.p 
630 PRINT "SLIP (~) =n,8 
64a 1 

650 1 ------------------------
660 1 

6713 R8=<Tl '8/R"3-UtCtW""2/12/V>1:Q 

680 E8=Tl,R+R8tMl 
6ge E2=R8:t.C 
7013 E1=R8:1< 
7113 GOSUB 840 @ 1 E[dZ/dt A 2] & 

OP-sl9ma. 
ï~O E1=E8-UtE9tC/V 
T3a ! 

7413 ~=(E1-M4)~V/ll/W 
750 1 prlnt st,:.telllot'nts --------
760 IMnGE 3X.~O ,O,3X,2D D,2X,50 

o .5X,Q 30e,6D 20.60 20,5X. 
3D 0 

770 PRINT USING 760 . V.S,Tl.E~. 
El. M4 'x 

,S0 PRINTt 1 1 S.X 
790 NEXT S 
8013 HEXT Y3 
8113 ASSIGN# 1 TO i 
820 OISP n~~t*t* END *t*;*~N 
830 ENO 

840 
850 
8613 1 

870 1 

880 
890 
9elB 1 

tit~*~t~tttttt~t~tt*ttt* 
t COMPUTE VARIANCE OF * * dl/dt **2 * 
* OP-~lgma l 
1: WITH PSO ot Y1 1: 
tt~t*tt~tt*t~*t~"~'*t*t 

910 C9=0 ~ 2':'=0 
9213 FOR 1=1 TI] 200 
930 Wl=l/10 
9413 P1=G-1:IJ"'o'N-1 Jt::W1 ..... • -N) 
950 BI =101 l/F 1 
909 Hl=EJA2+(E~12*prtWl)'2 
978 H2;(1-81 2)A2+(2*E*Bl)A2 
98~ B9=2*PI~Wl*L5/V 
990 H3=SIH(B9)/B9 
leBe 1 

le1e H4=Bl~4tH~A2/H2 
113213 H6=4tPI'2tH4tWI A 2tPl 
1 e 3 13 H 7 ;: H 4 * H 1 t P 1 I~ 1 (H 0 P / '( l 'P 1 

) 

1840 1 

1'350 C9=C9+H6 
113613 Z9=:9+H? 
11370 HE'<T l 
1820 E9=C91 1 
109B Z3=29* 1 
l1ee 114=SQP( Z3) 
1110 RETURN 


