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PREFACE

The work presented in this report was performed during

the years 1967-1969 and was published in Swedish in

"Statens väginstitut, Specialrapport 85, 1970". The

experimental material and the findings of this work

have been used in connection with a new project, the

development of the SAAB ROAD SURFACE TESTER 1978-1980.

The friction measuring equipment of this vehicle - like

most of the friction test vehicles of the Institute -

also uses the continuous slip principle.

For this reason it seemed appropriate to publish the

material in English. The theories and the reference

list have not been revised and today there exists a

huge amount of publications dealing with the theoreti-

cal problems of aguaplaning. In spite of that the

experimental findings in this report may be of interest

to a large group of specialists.

Linköping in March 1980

Peter W Arnberg

Project manager
RST-Vehicle
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Aquaplaning Tests, 1967 to 1969
Investigation of Braking Action Developed by Motor
Car Wheels

by A Nilsson and E Ohlsson
National Swedish Road and Traffic Research Institute

8-581 01 LINKÖPING SWEDEN

ABSTRACT

The National Swedish Road Research Institute has carried

out an invesgitation dealing with the reduction in bra-

king action on water covered road surfaces,: :ig,

An account is given of the theories of friction involved

in rubber and in materials which are rigid in comparison

to rubber. A review of the existing theories of aquapla-

ning is followed by definitions of the concepts of iner-

tial aquaplaning and viscous aquaplaning.

Field tests have been carried out with a friction test

vehicle constructed at the Institute. The braking force

has been measured both with rolling and locked wheels

at speeds up to 140 km/h on a rough road pavement, on a

smooth pavement, and on an extremely smooth pavement.

The tyres used varied in type and in degree of wear. The

test areas comprised two strips of pavement. One strip

was kept in the merely wet conditionwhereas the other

was covered with a water layer of uniform depth.

The tests have shown that the braking action on a road

surface completely covered with water is substantially

reduced compared to the braking action on the same sur-

face in the merely wet condition. This decrease takes

place as soon the speed exceeds a certain definite value.

The decrease in the braking action occurs at a higher

speed if the pavement surface is made rougher and if the

tyre is provided with a more effective tread pattern. A

greater effect on the braking action is produced by in-

creasing the roughness of the road surface than by im-

proving the tread pattern of the tyre.
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l INTRODUCTION

The present report is a summary of the investigation

which has been made by the National Swedish Road

Research Institute during the years 1967 and 1969 in

order to study the causes of aquaplaning, i.e. that

reduction in the braking action developed by pneumatic-

tyred wheels which can occur when the road surface is

covered with a layer of water. Preliminary accounts of

this investigation have beenpublished to some extent

in the Annual Reports of the Institute, viz., Report

No: 49 A, 1968, Report No. 50 A, 1969,Iand RepOrt No.

51 A, 1970, (English editions). The investigation in

question comprised theoretical studies, as well as

field tests. It was carried out at the request of the

National Swedish Road Board by the Mechanical Depart-

ment of the Road Research Institute under the direc-

tion of the Head of this department, Mr. Gösta Kullberg.

The experimental part of the investigation, and the

analysis of the test results, were made primarily by

Mr. B. Ohlsson and Mr. A. Nilsson.

2 BACKGROUND

For their propulsion, directional stability, and brak-

ing, all road vehicles depend almost exclusively on the

frictional forces which are transmitted through the'

areas of contact between the vehicle and the road sur-

face. On an ordinary private motor car, these areas

of contact, which are often subjected to very heavy

tangential forces, consist of the four surfaces of

support of the vehicle, each of which is approximately

palm-sized. Consequently, the laws which govern the

generation and the maintenance of the frictional connec-

tion between the wheel and the road surface are of very

great importance, both directly, in their effects on
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the road traffic safety, and indirectly, in development

work on improvement of pavement surfaces and motor car

tyres.

It is generally known that the frictional Characteris-

tics of pavement surfaces in the wet condition are

inferior to those of the same surfaces in the-dry state.

Accordingly, so far as slipperiness is concerned, wet

road surfaces involve greater risks of road traffic

accidents than dry surfaces. In fact this statement

can readily be substantiated by road accident statis-

tics. For this reason, routine measurements of friction

in Sweden, as well as in several other countries, are

most frequently performed on wet road surfaces - which

are in most cases artificially watered. Irrespective

of whether the methods used for the friction measure-

ments themselves are identical or not, the results of

these measurements carried out in various places are

notcomparablefrbecause, in spite of some attempts

made by the Committee on Slipperiness of the PIARC, it

has not proved possible to come to an agreement con-

cerning the quantity of water that should be applied

to the pavement surface. This lack of agreement is

primarily to be attributed to the difficulties experi-

enced in defining and measuring the quantity of water

spread on the pavement surface, but it is also in part

due to divergent Opinions as to the appropriate magni-

tude of this quantity.

Accidents and quasi-accidents which have occurred in

connection with the landing of aircraft during heavy

precipitation were caused by apparently inexplicable,

serious reductions in the friction between the

landing gear wheels and the runway surface. In many

cases, the calculated values of the coefficient of

friction were found to have been close to zero. In

other words, the order of magnitude of these values was

quite different and, in fact, very much lower than,
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what is usually observed on wet surfaces. The accidents

which had actually or very nearly occurred have given

rise to detailed investigations of the friction condi-

tions met with in the case of landing gear wheels, e.g.

in the United States, /l/, /2/, and in Great Britain,

/3/, /4/. These investigations showed that a water film

on a surface can completely prevent the direct contact

between a wheel and the surface under certain condi-

tions, thus precluding the possibility of transmitting

any notable frictional forces to the surface. This

phenomenon is often designated by the term "aquaplan-

ing", or "hydroplaning". This term, which has been

borrowed from shipbuilding, indicates that the load is

carried by a hydrodynamic pressure in the water film.

By means of practical as well as theoretical studies,

aeronautical engineers have in part succeeded in eluci-

dating the conditions under which aquaplaning occurs,

and have alsorecommended certain counter-measures

in this connection.

The experiences relating to aquaplaning in aeronautics

have gradually begun to interest road and vehicle

engineers. Obviously, the results obtained in the air-

craft field need not be directly applicable to road

vehicles since the pneumatic-tyred wheels used in

these two fields are not closely similar in construc-

tion, and are designed to operate under substantially

different loads, internal enl: pressures, and speeds.

Furthermore, EMXME specialists have expressed doubts

as to whether aquaplaning can really occur within U

the speed range one may expect to meet in road

traffic. However, some investigations dealing with

motor cars and motor car wheels which had equally

been carried out in the United States and in Great

Briatin, /l/, /5/, and /6/, have convincingly demon-

strated that worn tyres, in conjunction with accu-

mulations of water on pavementsurfaces, involve the

risk of aquaplaning at speeds below 100 km/h. These
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investigations were not specifically directed towards

studies of the effects produced by differences in the

depth of the water layer and in the depth of the tread

pattern on the tyres. On the other hand, these prob-

lems have been studied in detail in extensive labora-

tory tests which were made in the Federal Republic of

'Germany, /7/. Laboratory tests are interesting in them-

selves, and often serve as a reliable basis for subse-

quent theoretical treatment of the subject. All the

same, the results of laboratory tests must always be

verified by, and supplemented with, investigations

carried out under more practical conditions, i.e.

field tests.

3 OBJECTIVE

The Mechanical Department of the National Swedish Road

Research Institute has for many years made friction

measurements on roads of various types. In 1967, at

the request of the National Swedish Road Board, the

Department started a series of studies dealing with

friction between pneumatic-tyred wheels and road pave-

ment surfaces covered with water in varying quantities.

The purpose of these studies was to find out by means

of braking tests whether the wheels intended for use

on private cars were exposedto the risk of aquaplaning

and to what extent they were. The Institute is provided

with special equipment for friction measurements, which

can be carried out, for instance, with rolling wheelseü:

speeds of up to 150 km/h, and it was intended that this

equipment should be utilised for the studies in ques-

tion. The tests were to be made on different types

of surfaces in order to determine the effect of the

surface texture of the road pavement. Moreover, use

was to be made of tyres which differed in type and

in tread pattern depth, so as to investigate the

behaviour of tyres in connection with aquaplaning.
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Finally, a secondary purpose of the investigation was

to record findings which might serve as a basis for

establishing a method regarding the quantity of water

and the method of application of water to the pavement

surface in friction investigations.

In assessing the available resources with reference to

the above-mentioned objectives of this investigation,

it was found necessary to carry out the field tests in

several stages, phased over a number of years. The

first stage was to consist of informatory tests, in

order to ascertain whether the planned methods of test-

ing would be appropriate for use, and whether in fact,

aquaplaning effects would be produced at all. In

reality, the tests were performed during the course of

three consecutive summers, viz., in 1967, 1968, and

1969, while the test results were evaluated during the

intermediate periods.

4 THEORETICAL BASIS

4.1 Theory of Friction

 

The mechanism involved in the friction between pneumatic-

tyred wheels and road pavement surfaces is of a very

complex nature, and is still not completely known.

In practical use, as well as in experiments, it has

been easy to observe the manifestations of a great

number of parameters, such as the construction of the

wheel carcass, the composition of the rubber compound,

the design ofijmatread, the texture of the road surface,

the presence of lubricants - e.g. water - in varying

quantities, the running speed, ijma temperature, etc.

However, there were no available theories reliable

enough to explain the interactions between these para-

meters, until quiterecently.
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In basic research, this problem has been tackled by

means of laboratory experiments which were performed

in order to study the friction produced by the sliding

motion between rubber and some other material that was

rigid in comparison to rubber. For instance,çTabor,

/8/, has demonstrated that the frictional force in such

experiments can be resolved into two components, Viz.,

first, a component that is dependent on adhesion, i.e.

the forces of attraction between the atoms in the

boundary layers of the two materials, and secondly, a

component that is dependent on hysteresis, i.e. the

 

energy losses due to internal friction in rubber. It

is to be noted that the concept of friction is used in

this connection in a wider sense than it has been in

common parlance, since the process that causes hystere-

sis takes place in the interior of the rubber body. In

addition, Tabor has shown that adhesion is the predom-

inant factor in dry friction, and that hysteresis can

be predominant in friction between lubricated surfaces.

Practical tests on motor car wheels have confirmed the

validity of the results obtained from these laboratory

tests.

Another author, Kummer, /9/, has expanded Tabor's

theories, and is of the opinion that, strictly Speaking,

adhesion as well as hysteresis are manifestations of

the same physical process, but adhesion is on a mole-

cular scale, while hysteresis is on macroscopic and

microscopic scales. Accordingly, adhesion is for the

most part due to the energy losses caused by damping

- damping losses - which take place when the molecular

chains in rubber are subjected to periodic extensions

and relaxations during the formation and the disruption

of bonds between the atoms which are situated in the

contact surfaces of the two materials, and which pass

each other when.these surfaces move in relation to each

other. On the other hand, hysteresis is constituted by

the damping losses which occur when the rubber is
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submitted to periodic deformations as it slides over

the irregularities of the surface of support. Since the

damping losses in the rubber are in part dependent on

the type of rubber and on its temperature, this theory

can explain those differences in friction which are

caused precisely by variations in the type of rubber

and in its temperature. Furthermore, the roughness of

the surface can be used, in conjunction with the type

of rubber, as a more or less general parameter to

express the frictional Characteristics of the surface

of a material. This presupposes, however, that the term

"roughness" is used in a wider sense so as to cover

micro-roughness and macro-roughness, as well as "equiva-

lent nmdecular roughness" - a fictitious notion, which

expresses the extent of formation of atomic bonds.

When the surfaces of contact are not in motion, the

energy losses are obviously caused by zero damping.

This explains why almost no static friction exists, in

the Classical sense of this term, between rubber and a

rigid surface. Accordingly, if the frictional force

acting between these two materials is represented as a

function of the sliding speed, see Fig. 1, then it is

found that the frictional force is minimal when the

sliding speed is equal to zero. As the sliding speed

increases, the frictional force becomes greater, and

reaches a marked maximum at a critical speed, of 0.04

to 0.4 m/s.

A further increase in the sliding speed causes a grad-

ual decrease in the frictional force. The fact that the

frictional force reaches a maximum at a certain definite

sliding speed is due to the fact that the energy losses

reach a maximum when the frequency of the deforming

forces of attraction is in resonance with the natural

frequency of the extension and relaxation motions of

the molecular chains.
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,Fig. 1 Frictional force and the sliding speed of
rubber on a rigid surface.

Applications of Pneumatic-Tyred Wheels

 

The variation in the frictional force of the sliding

speed described above is of xüjxü_ importance to the

practical application of the theory of friction to the

pneumatic-tyred wheel, which cannot transmit any nota-

ble frictional forces to the surface of support, unless

the wheel performs a relative motion with reference to

this surface, as has been shown in Section 4.1. For a

pneumatic-tyred wheel in process of braking, the

coefficient of friction - i.e. the ratio of the fric-

tional force to the wheel load - will be a function of

the slip, s, i.e. the ratio of the difference between

the velocity of the centre of the wheel, v0, and the

peripheral velocity of the wheel, V1, to the velocity

of the centre of the wheel, V0, - because the slip is

a dimensionless expression of the above-mentioned

relative motion of the periphery of the wheel with

reference to the surface of support. In conformity

with this definition, the Slip, in per cent, is written

VO_.VI
s = _je-- - 100 per cent (l)

0
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The relation between the coefficient of friction and

the slip at a constant velocity, V0, is shown in prin-

ciple in Fig. 2.
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Fig. 2 Coefficient of friction and slip in a
pneumatic-tyred wheel

When the slip is zero, the coefficient of friction is

also equal to zero. As the slip inCreases, the coeffi-

cient of friction becomes greater, and reaches a

characteristic maximum by analogy with the graph in

Fig. 1. Since an increase in slip implies an increase

in sliding speed, it is logical that the coefficient

of friction decreases when the slip becomes still

greater. When the slip reaches 100 per cent, the wheel

is locked, that is to say, it does not rotate any

longer. The optimum slip is of the order of 10 to 20

per cent, but it cannot be calculated directly from

the critical sliding speed represented in Fig. 1,

because the slip also comprises a component known as

deformational slip, which is difficult to define, and

which is not associated with sliding motion. The rising

full-line branch of the curve, onthe left of the

vertical dash line in Fig. 2, is of paramount impor-

tance in determining the correct behaviour of the

wheel during braking, since this branch represents

stable conditions,that is to say, the region where the

requirement for an increase in the braking force

corresponds to an increase in the frictional force,
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which is accompanied by a moderate relative motion

(s is less than 10 to 20 per cent). The dash-and-dot-

line branch of the curve, on theright of the vertical

dash line, represents the range where the requirement

for an increase in the braking force corresponds to a

decrease in the frictional force. The resultant differ-

ence in force decelerates the rotary motion of the

wheel, and this causes a further decrease in the fric-

tional force. In other words, the process in this

range is not stable, and the wheel rapidly approaches

the locked condition. The direction of motion of the

wheel in the locked condition cannot be influenced by

any steering manoeuvres acting on the wheel, and its

motion takes place in the direction of the resultant

forces. When the wheel is in the locked condition,

the value of the coefficient of friction is always

lower than its value at the Optimum slip, but, so

far as the Authors know, no relation which would make

it possible to calculate one of these values from the

other has been deduced up to now.

Pressure Distribution under Pneumatic-Tyred Wheels

and Their Rolling Resistance

 

If the carcass of a pneumatic-tyred wheel had no inher-

ent rigidity and no .internal. friction, the pressure in

the surface of contact would be constant, and would be

equal to the pressure within the tyre. However, this

is not the case, since the above-mentioned conditions

are not fulfilled in reality. Figs. 3 and 4 show in a

Simplified form the pressure distribution under a roll-

ing pneumatic-tyred wheel in two sections at right

angles to each other.
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Fig;3 Pressure distribution Fig.4. Pressure distribution
under a rolling pneu- under a rolling pneu-
matic-tyred wheel. matic-tyred wheel.
Section at right Vertical section
anglestx>the axis of through the axis of
the wheel. the wheel

It is seen from Fig. 3 that the contact pressures at.

points which are situated before and after a vertical

plane passing through the axis of the wheel, at equal

distances from this plane, are not equal. The cause of

this inequality can be explained by the greatly simpli-

fied reasoning in what follows. As a point on the wheel

rolls into the contact surface, those parts of the

wheel which become bearing, i.e. pass into the surface

of contact, are subjected to a deformation which gradu-

ally increases all the way right to the vertical plane

through the axis of the wheel. After that, as these

parts of the wheel pass out of the contact surface, they

gradually recoVer their initial form which they had

before passing into this surface. On account of

hysteresis in the wheel carcass and in the rubber tyre,

the forces which are required for the compression of

the tyre do not completely recover their initial values

during this return to the original shape due to resil-

ience. The energy loss due to this fact manifests itself

in the temperature rise in the tyre. The simplification

in this reasoning consists primarily in disregarding

the considerable deformations varying in magnitude
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which also occur before and after the surface of con-

tact. Fig. 4 shows the characteristic saddle-shaped

pressure distribution curve as seen in a vertical plane.

passing through the axis of the wheel. The maximum

values of the pressure close to the shoulders of the

tyre are due to the rigidity of the side walls of the

tyre, and become less accentuated as the inflation

pressure increases.

Owing to the contact pressure distribution shown in Fig.

3, the line of action of the resultant normal force

exerted on the wheel by the road surface will lie before

the vertical line passing through the axis of the wheel,

when seen in the direction of the rolling motion. This

implies a resistance to rolling, known as rolling

resistance. The rolling resistance is usually consid-

ered to be composed of several factors, but their

effect can be accounted for by a fictitious increase

in the distance from the vertical line through the

axis of the wheel to the line of action of the normal

force.

      

///'7//7

Fig. 5 Forces acting on a freely rolling pneumatic-
tyred wheel.
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This distance is denoted by 6%,in Fig. 5, which repre-

sents the forces acting on a pneumatic-tyred wheel

that is freely rolling at a peripheral velocity v0.

The frictional resistances in the wheel bearings, the

air resistance, etc., are disregarded in this connec-

tion. In order to keep the wheel rolling, a traction

force, DO, must obviously be applied to the axle of the

wheel, or possibly a torque of magnitude DooeO about

the axis of the wheel. In the case of the traction

force, the notion of free rolling cannot be used in

the strictest sense of the term, since the frictional

force, FO, must act between the wheel and the road

surface, and the peripheral velocity, V0, will there-

fore be slightly lower than the velocity of transla-

tion of the centre of the wheel.

Definition of Different Quantities of Water Present on

Road Surfaces

If a wet road surface is compared with the same surface

in the dry state, then it is found that the presence of

water produces an unfavourable effect on friction,

particularly as the speed increases. In order that

contact between the rubber tyre and the road surface

may be established, the water must be removed. This

process takes time, and this implies that the friction-

reducing effect of the water increases as the speed

becomes higher, due to the brief moment of contact

between the rubber tyre and the road surface covered

with water.

Because the coefficient of friction on dry road sur-

faces is generally very high it is possible to obtain

the decelerations necessary from a road safety point

of View, hence the reason why road friction measure-

ments have for a long time been made on wet pavement

surfaces; The wet condition of the pavement surface
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also makes it possibletxatest the cooling ability of

the tyre with a view to obtaining reproducible measure-

ment values and a reasonable life span for the tyre.

Experience has shown that friction on fairly rough

pavement surfaces is insensitive to variations in the

quantity of water which is applied to the surface, so

long as this quantity is moderate, and exceeds a

certain definite threshold value, /lO/. Measurements on

such a surface give the same results whether the sur-

face is moist, or whether the textural depressions on

the surface are covered with small quantities of water

which the rubber tyre never reaches but drapes around

the aggregate particles. Friction under such conditions

is usually termed "wet friction" or "friction on a ;

merely wet surface", and is not clearly defined in

terms of the quantity of water that is present on the

surface. Fricticn on a merely wet surface is lower than

on a dry surface and has a higher speed gradient, i.e.

a higher rate of change with the speed, /9/.

If the water increases and its level rises above the

draping edges of the tread, then the friction would

decrease in comparison to the friction on a merely wet

surface, However, for measurement reasons, it is

practical to define the quantity of water othhe road

pavement surface in terms of the depth of.the water

layer above the roughness of the extremity of the pave-

ment surface texture. The local depth of the water

layer is most frequently measured with reference to a

flat surface or.astraightline which touches the pave-

ment surface, and which is the same size as the area

of contact or the length of contact of the tyre.

Lv
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Discussion of Drainage Characteristics of Road

Surfaces and Tyres

 

As has been mentioned in the above, the wheel must

remove the water from the pavement surface before it

can come into contact with the surface in order to

make the transmission of frictional forces possible.

In the most unfavourable cases, where the pavement

surface is completely covered with a layer of water,

the removal of water may be imagined to take place in

three stages. It is obvious that these stages are not

sharply delimited in reality, but the distinction

between them makes it easier to understand the effects

of different parameters.

The first stage consists of removing the water layer

whose level is higher than the peaks of the textural

asperities of the pavement surface. The inertia of

this water layer constitutes the greatest obstacle to

its removal, and it is possible that asüjçünzamount of

water is removed from the pavement surface through the

drainage facilities inbuilt in the tread pattern of the

tyre. If the layer of water is deep, the drainage

Channels may be assumed to have very little effect.

In the second stage, the tread of the tyre andthe

irregularities of the road surface form in the zone of

contact a system of completely or partly closed

Channels, which provide possible outlets along the edge

of the contact area. As the tyre rubber overlaps around

the asperities of the pavement surface, more water must

be removed, and this removal is opposed by the resist-

ance to flow in the drainage channel system, where

inertia as well as viscous effects come into play. The

resistance to flow is dependent on the effective cross-

sectional area of the drainage Channels, among other

factors. This cross-sectional area is a function not

only of the tread pattern, but also of the macro-
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roughness(readilyvdsible individual irregularities)

of the pavement surface. The macro-roughness can be

practically measured by determining the profile of the

surface or by determining the depth of the depressions

in the surfaces, up to the peaks of the asperities,

with the help of fine sand, fat, soft soap, or, alter-

natively, by means of outflow tests made with water

between the pavement surface and a rubber body which

is applied to the surface under a certain pressure.

Finally, in the third stage, the tyre must break through

the thin remaining water film. The decisive factors in

this connection are the micro-roughness (not visible

individual irregularities) of the pavement surface and

the viscosity of the water. Field methods for measuring

the micro-roughness of road surfaces are little

developed. A rough-and-ready method that may be used

to form an approximate idea of the micro-roughness is

the visual evaluation of the reflection of light from

the surface.

Even though the macro-roughness and the micro-roughness

cannot generally be expressed in terms of directly

measurable quantities, there is some need for classi-

fying road surfaces in categories according to these

properties. In what follows, we have provisionally

adopted the terms "rough" and "smooth" for the extreme

limits of macro-roughness, as well as the terms "harsh"

and "polished" for the extreme limits of micro-

roughness. Unfortunately, this categorization is crude

and rather subjective. All the same, the terms in

question have for some time been used by the Road

Research Laboratory, Crowthorne, England.

The ability of the tread pattern of the tyre to remove

water from the surface of contact can in part be char-

acterized by stating the principal direction of the

pattern, i.e. longitudinal or transverse. Furthermore,
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it is possible to state what percentage of the tread

surface is occupied by the drainage Channels. The

extent of the drainage Channels in a radial direction

is stated as the actual depth of the tread pattern.

Effect of Variation in Quantity of Water on Friction

A pneumatic-tyred wheel rolling on a pavement surface

covered with a layer of water whose level lies higher

than the peaks of the textural asperities of the sur-

face is opposed by a resistance due to the water, and

this resistance increases as the speed becomes higher.

At a discussion of the general principles of this

phenomenon, the wheel may be considered to be at a

standstill - apart from its rotation, if any - and

the pavement surface, together with the layer of water,

may than be regarded as moving with reference to the

wheel. The contact between the wheel and the pavement

surface obstructs the flow of water, which must there-

fore deviate from its original direction. This inertia

of the body of water causes a water pressure to be

generated in the wedge-Shaped opening immediately

before the area of contact between the wheel and the

pavement surface.

The pressure in the water wedge has been theoretically

deduced by several authors, e.g. Horne, /l/, Meyer,

/ll/, and More, /12/.

According to Moore, this pressure can be written

, 2
å___X_ (2)

where 6 is the water density, and V is the relative

velocity of the wheel with reference to the flowing

water.
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As is seen from Eq. (2), the water pressure increases

as the square of the velocity, and when the velocity

reaches a certain definite value, the water pressure

will exceed the value of the contact pressure at the

front edge oftümacontact area. Then, since the tyre is

not a rigid structure, the tread will buckle upwards

and inwards, and the water willbe enabled to penetrate

some distance under the contact area of the tyre. Figs.

6 and 7 demonstrate schematically the conditions immedi-

ately before and under the contact area, and the forces

which act on the wheel during this stage. In zone A,

before the contact area, the water pressure is produced

by forces of inertia in the body of water. In zone B,

the water has penetrated under the contact area, and

the layer of water has reached a thickness which pre-

vents direct contact between the tyre and the pavement

surface. Accordingly,cxü47very small tangential forces,

which are limited by the internal friction in the

water, can be transmitted in this zone. The tapering

form of the water layer at the horizontal plane is due

to the fact that the pressure is higher under the

shoulders of the tyre. In principle, the contour of the

water layer coincides with an isobar. Zone B will be

termed "thick film zone".

   

 

 

 

Fig. 6 Division of the contact area into a thick film

zone (B) and a thin film zone (C).
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In zone C, a water film is still present, but it is so

thin that the peaks of the asperities on the pavement

surface can penetrate through the film, and can come

into contact with the tyre. Zone C will be called "thin

film zone". The possibilities of transmission of fric-

tional forces in zone C are discussed further on in

this report.

  

 

 

    

 

V
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Fig. 7 Forces acting on a braked pneumatic-tyred wheel
rolling in a layer of water.

As the speed continues to increase, the pressure rise

first causes the water to break through zone C -

probably in an abrupt manner -, allowing the water to

flow relatively freely through the contact area, while

zone C is divided into two strips which are situated

under the respective shoulders of the tyre, see Fig. 8.

Moreover, these two strips gradually decrease in size,

and when the speed becomes sufficiently high, the wheel

will float entirely on the water layer, and then no

appreciable frictional forces can be transmitted any

longer between the wheel and the road surface. This

phenomenon will be designated by the term inertial aqua-

planing (or hydroplaning) for the reason that the

upward thrust is caused by forces of inertia in the

water layer. In this situation, the highest pressure in

the water layer is equal to the highest surface pressure

between the tyre and the road surface.
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Configuration of the contact area at the
instant when the water breaks through the
thin film zone (C).

According to Seitz, /13/, who has studied the pressure-.

condition under rolling pneumatic-tyred wheels, among

other things, the ratio of the highest pressure under

the shoulders of the tyre to the surface pressure

under the centre of the contact area is of the order of

and 2 to 3 for

radial tyresvüjjitextile girdle belts.

3 to 6 for ordinary diagonal tyres,

Seitz's investigations were made on ordinary private

car tyres, without tread pattern.

The differencesin pressure may be supposed not to be

quite so great for tyres provided with tread patterns.

Furthermore, we cannot completely disregard the fact

that the above-mentioned buckling of the tread, which

is caused by the water in zone A, probably also changes

the pressure distribution, which therefore tends to

Thus,

shoulders of the tyre is supposed to be three times as

and if the

pressure at the centre of the contact area is assumed

become more uniform. if the pressure under the

high as at the centre of the contact area,
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to be approximately represented by the inflation

pressure, Pi, then it follows from Eq. (2) that the

inertial aquaplaning speed can be written

 

(3)

In the present investigation, use was made of an infla-

tion pressure of 1.8 e 105 N/m2 (1.8 kg/cmz), which was

determined by the size of the tyre and by the wheel

load. Hence, the inertial aquaplaning speed is found to

be about 40 m/s, or 150 km/h.

It should be emphasized that this is only a rough esti-

mate of the speed calculated in this way. In addition

to the approximations which have been directly stated

above in deduCing Eq. (2), it has also been assumed

that the water is deflected at right angles to the

direction of motion, and that it does not leak even

partly, past the wheel. The error which is involved

in all these approximations may be expected to produce

such an effect that the actual value of the aquaplaning

speed will be higher than its calculated value. It is

evident that the increase in the pressure of the water

wedge does cause the vertical force which has been

dealt with in the above - i.e. (the upward thrust) - ,

but also a horizontal force - i.e. (a resistance) - ,

which acts on the wheel, as is shown in Fig. 7.

To begin with, this resistance increases in accordance

with the square of the speed. However, when the water

breaks through zone C, the rate of increase becomes

lower, and decreases to zero when the wheel floats on

the water layer. At speeds above which aquaplaningsets

in, the resistance diminishes because, for reasons of

equilibrium, an increase in speed within this range

does not correspond to a further increase in pressure,

but results only in an additional upward movement of
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the wheel, and this causes a reduction in the horizontal

impulse. In principle, the resistance acts on the wheel

as a braking force, but cannot prevent undesirable

directional deviations of the wheel.

In the aquaplaning range, the resultant torque due to

the upward thrust, the horizontal resistance, and the

frictional force, see Fig. 7, which are expressed in

terms relative to the axis of the wheel, produces a

significant effect on the freely rolling wheel. In

order that the wheel may be kept rolling, an increase

in the upward thrust must correspond to an increase in

the horizontal forces. However, when aquaplaning

begins, the possibilities of mobilizing frictional

forces for this purpose become smaller on account of

an increase in the extent of zone B. As a result of

the disturbance of equilibrium, the speed of rotation

of the wheel is reduced when aquaplaning is initiated,

and the rotation ceases altogether when aquaplaning is

fully developed. This has been demonstrated experimen-

tally, e.g. by Horne, /l/. The reduction in the speed

of rotation of a freely rolling wheel has also been

observed in the present investigation, in some of the

tests which were made outside the regular programme.

As has been mentioned before, so long as zone C exists,

there is a possibility that frictional forces can be

transmitted from the road surface to the wheel. Of

course, this is possible on condition that the thin

water film which then still remains on the road surface,

and which prevents molecular contact in this zone, can

be removed.

For the time it takes two elements level in surface

- separated by a water film, and affording unlimited

possibilities of drainage along their edges - to
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approach each other from the distance hO to the dis-

tance h, Reynolds has deduced the following:

t = (-"- *"-) (4)

 

where K is a factor which represents the size and the

shape of the surface element, n is the viscosity of the

water, and N is the normal force acting between the

surface elements. As may be inferred from Eq. (4), this

time rapidly increases as the thickness of the residual

water film diminishes. The removal of the residual

water film is rendered more difficult by the fact that

the viscosity of the water markedly increases when the

thickness of the film decreases below about 10-3 mm.

However, on account of the increase in viscosity, the

water can transmit relatively great tangential forces.

Therefore, so far as adequate friction is concerned, a

very thin water film might be tolerated.

In accordance with the reasoning in the preceding para-

graph, it is justifiable to assume that, in the case

under consideration, the time required for the peak

asperities of the pavement surface through the water

film in zone C is dependent on the normal force in this

zone, on the viscosity of the water, and on the possi-

bilities of drainage from the zone, whereas it is inde-

pendent of the speed of the wheel. Nevertheless, the

time during which the tyre rubber can come into contact

with the road surface is inversely proportional to the

speed. Therefore, as the speed increases, the drainage

time becomes insufficient at a progressively increasing

number of points, and frictional forces are developed to

a gradually decreasing extent. When the speed is suffi-

ciently high, a residual water film, which separates

the tyre from the road surface, will extend over the

whole of zone C and will thus prevent direct contact
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between them. This phenomenon is termed viscous aqua-

 

planing (or hydroplaning), and is characterized - just

as inertial aquaplaning delt with in the above -'by

the fact that the wheel can no longer transmit any

notable frictional forces.

It should be pointed out that neither a developed thick

film zone nor an appreciable increase in pressure in

the layer of water before the wheel is required in order

to initiate viscous aquaplaning. The only necessary

condition for this is that the water which remains in

the prospective area of contact should not be removed

during the time lapse-

On the basis of the theories established up to the

present time, it is not possible to predict, whether

viscous or inertial aquaplaning constitutes the pre-

dominant risk which makes the braking action inopera-

tive for all combinations of road surfaces and tyres.

All the same it is possible to state some very simple

guide lines which will serve for this purpose.

A smooth, polished pavement surface, in conjunction

with tyres without tread patterns, resultsin inadequate

drainage. Under such conditions, viscous aquaplaning

can occur even at very low speeds, and inertial aqua-

planing is therefore of academic interest only. A rough,

harsh pavement surface, in combination with well-

patterned tyres, affords adequate drainage, and hence

reduces the risk of viscous aquaplaning. Under these

circumstances, it is possible that inertial aquaplaning

will be a decisive factor.
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5 DESCRIPTION OF EXPERIMENTAL INVESTIGATION

5.1 Equipment for Friction Measurements

 

At an early stage, it was decided that a Type BV 8

Skiddometer, see Fig. 9, would be used for the experi-

mental investigation. This Skiddometer, which has been

designed and constructed at the National Swedish Road

Research Institute, is described in several Annual

Reports of the Institute, see Reports Nos. 41 A, 43 A,

and 45 A (English edition). One reason for this

decision was that the test wheel of this Skiddometer

is placed in such a way as to enable the friction

measurements to be made in a wheel path which is not

influenced by the other wheels of timaSkiddometeI itself,

or by the wheels of the towing vehicle, as may also be

seen from Fig. 9. Furthermore, this Skiddometer is

equipped for friction measurements at the optimum slip

as well as in the locked-wheel condition, and has such

road-holding qualities that the measurements can be

performed at speeds of up to about 150 km/h.

 

Fig. 9 Type BV 8 Skiddometer.
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5.2 Test Areas

 

In order that the tests might be carried out undisturbed,

and without endangering the ambient traffic, it was

decided that the present investigation should be made

on an air field. By kind permission of the Swedish Air

Force, the taxiway at the Borlänge Training Air Field

was placed at the disposal of the Institute for the

tests in question.

A level section of the taxiway, about 50 m in length,

horizontal at least in its longitudinal direction, was

considered necessary in order that it might be possible

to produce water layers of uniform thickness. It was

found to be very difficult to comply with this require-

ment on the available pavement, in spite of the fact

that, as a rule, taxiways possess better properties

than ordinary roads. Then it was decided that a series

of preliminary tests, which would involve moderate

requirements for uniform depth of the water layer,

should be made on the existing pavement, which consists

of Type Ab 12 t rolled dense asphalt concrete. The

results of these tests would decide whether the costs

of constructing a special level test area might be

considered to be justifiable.

Therefore, after levelling a section of the existing

taxiway which exhibited acceptable Characteristics in

respect of evenness and horizontal orientation, it was

then chosen for the preliminary tests. An area, about

50 m in length and about 0.6 m in width, was bordered

with raised edges consisting of rubber strips, which

were glued to the taxiway surface. These edges formed

a closed pool, in which the depth of the water layer

was maintained constant as it was determined by several

overflow outlets distributed along one of the longer

sides of the pool. However, the pavement surface was so

uneven as not to permit the depth of the water layer to
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be less than 7 to 8 mm. In addition, the measurements

were also made in water layers which were 12 to 13 mm

in depth. The depth of the water layer was measured

with a simple Visual depth gauge. Two taxiway areas

situated before and after the water pool, respectively,

were utilized as reference surface areas for the fric-

tion measurements. The reference areas were kept wet -

but not more - by watering them by means of a stationary

pumping device.

In the measurements made in the water pool Which had

been constructed on the existing pavement, a marked

decrease in the braking action was observed when the

depth of the water layer was 12 to 13 mm, as well as

when this depth was 7 to 8 mm. This decrease was

already noticeable at a low speed, about 40 km/h. It

was evident from these test results that the scope

of the investigation should be extended so that

shallower water layers might also be included, and,

moreover, so that surfaces differing in texture might

equally be compared.

The following year, i.e. in 1968, in order that thin

layersmxfwater might be produced, a rolled steel channel

beam was laid by way of trial on each side of the pros-

pective test area. These steel channel beams were accu-

rately levelled in a horizontal plane, and their top

surfaces were used as planes of reference for a flat-

bottomed depression which was cut in the existing taxi-

way pavement, and which had the dimensions specified

for the test area, namely, 40 x 0.5 m. A layer of

softened tar pitch mixed with epoxy resin and hardener

was spread on the bottom of this depression, which was

to serve as a water pool, and this layer was covered

with aggregate. After hardening, the surfacing construc-

ted in this way was found to be extremely resistant to

wear, and its frictional Characteristics under constant

conditions changed very little while it was in use.
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In order to make it possible to compare different sur-

face textures, two different aggregate fractions were

used for the test area surfacings during several

periods of time. These fractions were sand, 0 to 2 mm

 

in particle size, see photograph in Fig. 10 and the

 

profilogram in Fig. ll, and natural gravel, 6 to 12 mm

 

in particle size, see photograph in Fig. 12 and the

 

profilogram in Fig. 13. The profilograms were recorded

by means of a needle profilograph which had been

designed and constructed at the Institue, see Fig. 14.

The needle point of the profilograph was hemispherical,

0.5 mm in radius. The texture of the surfacing made

with sand, 0 to 2 mm in particle size, was similar in

appearance to that of a cement-concrete surfacing which

had not been exposed to the action of traffic, while

the texture of the surfacing made with natural gravel,

6 to 12 mm in particle size, was of an open type dress-

ing. In connection with the construction of the surfac-

ing in the pool, a reference area was alsoprovided

with surfacings made of the same materials as the

surfacings in the pool. Just as in the previous tests

carried out in 1967, the reference area was kept wet,

but without any visible excess water, during the

measurements .

On the above-mentioned two surfacings in the pool, it

proved possible to maintainvwnxarlayers which had a

minimum depth of 2 mm. In addition, the tests also

included a depth of 4 mm, as well as a depth of 8 mm,

just as in the measurements made in 1967. All these

values of the water layer depth were reckoned from the

. water surface level down to the highest peak asperities

of the respective surfacings, and were determined by

means of a stepped depth gauge, which was constructed

at the Institute, but had originally been developed at

the Road Research Laboratory, Crowthorne, England, see

Fig. 15.
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Fig. 10 Pavement surface. Aggregate 0 to 2 mm
in particle size.
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Fig. ll Profilogram of the pavement surface

shown in Fiq. 10. Aqqreqate 0 to 2 mm
in particle size. 

Fig. 12 Pavement surface. Aggregate 6 t012 mm
in particle size.   

F19. 13 Profilogram of the pavement surface
shown in Fiq. 12. Aqqreqate 6 to 12
mm in particle size.
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Fig. 14 Profilograph

 

v

F19. 15 Stepped gauge for measuring the depth of the
water layer.

  

   

u.-.-

Fig. 16 Precision gauge for measurihg the depth of

the water layer.
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The friction on the surfacing made with sand, 0 to 2 mm

in particle size, was found to be sensitive to the

presence of the water layer, and was considerably

reduced even at moderate speeds when the minimum depth

of the water layer was 2 mm. It was therefore decided

that further tests should be carried out in 1969 on a

surfacing of this type in layers of water having a

depth of 1 mm and less.

Because of the desire to use very thin water films in

this test it was necessary to resort to a new method

of construction in order to meet the high standards of

evenness which the trial surfaces demanded. To provide

a base for the surfacing in the prospective test area,

a concrete bedding was poured on a level with the

surrounding taxiway pavement surface. A layer of rela-

tively fluid epoxyresin was spread on this bedding, and

the quantity of resin was so adjusted that the surface

of the bedding was completely covered. Thus, after

curing, a firm, even, and practically horizontal sur-

face was available for the tests. A new, thinner layer

of epoxy resin was spread over this surface, and was

strewn with aggregate, which consisted of sand, 0 to 2

mm in particle size. At the same time, a reference test

area was provided with a surfacing made of the same

materials as the surfacing in the pool. The frictional

properties which were exhibited under equal conditions

by the surfacings constructed in this way wereon the

whole the same as those of the corresponding surfacings

used in 1968.

The depth of the water layer in this test series was

measured by means of a portable precision gauge, which

had been specially designed for this purpose, see Fig.

16. This gauge consists ofaaset of needles which are

fitted to an insulating frame, and are adjusted to

different levels ranging from 0.45 mm to 2.5 mm over

the four points of the frame. Each needle is connected
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to a separate electric Circuit, which is closed when

the needlegxüxnzcomes into contact with the water sur-

face. Therefore, a given depth of the water layer corre-

sponds to a definite number of closed circuits, which

is indicated on a signal lamp display panel.

Finally, in order to collect data about the nature of

an extremely smooth surface, a test area was also pro-

vided with a surfacing which consisted of epoxy resin

alone. As was to be expected, the preliminary tests

showed that shallow water layers, about 0.5 mm in

depth similarly produced a more marked friction-

reducing effect on this surface than on the above-

mentioned surfaces. Some tests were therefore made on

very thinwater films, about 0.02 to 0.1 mm in thick-

ness. These water films were producedby spraying,

and the thickness of the water film was calculated

from the quantity of water applied to the surface and

from the sprayed surface area.

To sum up, Table l gives the main data on the surfaces

for which the test results are presented in this

report. Fig. l7 shows the test area used in 1969. The

layer of water represented on this photograph was

2 mm in depth.
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Table 1. Data on test areas

Classification according to Aggregate in Mean Idealized profilogram

top surface depth scale 1:1
Particle size of

Macro-texture Micro-texture fraction profile
mm mm

Rough Intermediate 6 to 12 4
form,

polished,
harsh

Smooth Harsh 0 to 2 l

Extremely Polished - O
smooth
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Fig. 17 Test area used in 1969.

water layer 2 mm in depth.
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Tyres

From the outset, it was intended that the experimental

investigation was to be carried out on tyres of two

types: a special tyre designed for friction measurements,

the ASTM Standard Tyre for Pavement Tests, Designation

E 249-66, and a commonly used diagonal tyre of conven-

tional design of the same size. Several tyres of these

two basic types, which varied in the depth of tread

pattern from 0 mm ("completely smooth-worn") to 9 mm

("full-depth"), were prepared for the tests. Moreover,

a variant of the ASTM tyre was produced by supplementing

the original ribbed tread pattern with transverse

grooves.

Furthermore, as the tests progressed time was made -

available for testing some-additional types of

tyres. A number of radial and diagonal tyres were

procured for this purpose. One of the radial tyres was

provided with transverse tubular drainage holes with a

view to reducing the risk of aquaplaning. It is also to

be noted that the radial tyres under test included'

textile cord tyres as well as steel cord tyres.

It did not prove possible to obtain tyres belonging to

this supplementary group the same size as the ASTM I

tyre, i;e. 7.50-14. In consideration of the comparisons

to be made in the future, that size which agreed most

closely with the ASTM tyre in respect of the load-

carrying capacity and the rolling radius was chosen

from among the available commercial sizes.

Before the tests the relationship between the braking

force and the slip was checked for the tyres which were

to be used in the tests. The results of this check

showed that all the measurements which corresponded to

a rolling wheel braked at the Optimum slip might be

MEDDELANDE 193



35

performed to a sufficient degree of accuracy by means

of a Type BV 8 Skiddometer equipped with trailer wheels

of a standard size which correspond to a test wheel slip

of about l3 per cent.

The inflation pressure ofijuatyres in all tests was

maintained at a gauge pressure of 1.8 '105 N/m2

(l.8 kg/cmz). Table 2 gives some data on the tyres

used in the tests, and the photographs in Figs.

25 show portions of their treads.

18 to

   

  

  

 

   

Table 2. Characteristics of tyres under test

Designation Type of Size Depth of tread Photograph Tested on the follow-
carcass pattern, mm Fig. No. ing surfaces

9 3 1

GD Diagonal 7.50-14 x x x 18 Rough, smooth

AD(ASTM) Diagonal 7.50-14 x x x 19 Rough, smooth,
extremely smooth

ADS(ASTM) Diagonal 7.50-14 20 Rough, smooth

CD Diagonal 175-14 2 Smooth, extremely smooth

CR Radial 175-14 22 Smooth, extremely smooth

(textile

cord)

MR Radial 175-14 x 23 Smooth
(textile
cord)

DR Radial 185-15 x 24 Rough, smooth

(textile
cord)

DRS Radial 185-15 x 25 Rough, smooth,
(textile extremely smooth

cord)
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Treaäåpattérñ'dépth Treáa'pattern dépth Tféáa pattern dépth

3 mm 1 mm

 

Tread pattérn deptñ
0 mm

Fig. 18 GD tyre.
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attern depth Tread pattern depth Tread pattern depth

Fig. l9 AD tyre.

Tréad p

     

   
págtêrn depth

9 mm

Fig. 20 ADS tyre.

Tread
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Tread pattern depth Tread pattern depth
9 mm 3 mm

Fig. 21 CD tyre.

 

Tread pattern depth Tread pattern depth
9 mm 3 mm

F19. 22 CR tyre.

 

-  _ _________ .. __ _
Tread pattern depth Tread Pattern dePth Tread pattern depth

9 mm
9 mm

9 mm

Fig. 23 MR tyre. Fig. 24 DR tyre. Fig. 25 DRS tyre.
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Test Procedures

 

The following is a brief outline of the test procedure.

In each individual test, the pool was filled with water

at a predetermined level. Then, the Skiddometer, with

the test wheel in the braked condition, was runby the

towing vehicle over the test area at a speed which had

similarly been determined in advance. Since the refer-

ence test areas were directly contiguous to the water

pool, the results obtained from each measurement

covered the braking action in the test area proper, as

well as that in the corresponding reference area at the

same time.

This procedure was repeated as the travel speed was

varied stepwise in a random sequence within the range

from 20 to 140 km/h. Each tyre was tested separately in

this way at the Optimum slip, and in the locked wheel

condition on the different surfaces and in water layers

which differed in depth. Recurrent check tests were

made by means of the ASTM Standard Tyre on each surface

in order to find out whether the surface hadundergone

any changes.

Conversion of Observed Braking Torque Values to Braking

Action

Two methods are commonly used to study the friction

between a road surface and a braked pneumatic-tyred

wheel. One of these is based on directly measuring how

the retarding force would act on a braked wheel if it

were fitted on a vehicle. The other method is based

on the measurement of the braking torque which acts on

the wheel. It was the latter method, which offers

certain advantages in connection with the construction

of the measuring equipment, that was used in the

present investigation.
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Fig. 26 Forces acting on a braked pneumatic-tyred
wheel rolling on a dry or merely wet pavement

surface.

Fig. 26 represents a braked wheel rolling on a dry or

"merely wet" road surface. If use is made of the nota-

tions in Fig. 26, and if the coefficient of friction

is denoted by u, then the conditionscüfequilibrium can

be written

NO = P (5)

D* = F = u .P (6)
l

M = F - r - N - e (7)
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The distance el and the height, rl , of the centre of

the wheel above the road surface level vary with the

friction that is utilised, and their values are not

the same as in the case of those of a freely rolling

wheel. As rl is directly measurable, this quantity can

be determined experimentally in a relatively simple

manner. On the other hand, the determination of el -

after the value of r1 has been found - requires simul-

taneous measurements of M1 and D1.

The coefficient of friction can be determined from Eqs.

(6) and (7)

u=--+--- (8)

The Authors do not know any relation which can be used

to calculate e1 when Dl is unknown. However, there

are good reasons to assume that el and rl differ

relatively little from eO and ro, respectively. There-

fore, since the ratio eo/rO is of the order of 0.01 to

0.02, the ratio el/rl may be disregarded within the

limits of reasonable requirements <yf accuracy. Accord-

ingly, if the road surface is dry or "merely wet", then

we have

 

(9)

As may besüüaifrom Fig. 7, the situation is different

when the wheel is braked on a road surface which is

covered with a layer of water. In Fig. 7, N2 is the

total upward thrust in the whole apparent contact area,

i.e. in the thick film zone as well as in the thin film

zone, V2 is the vertical component of the hydrodynamic

compressive force, and H2 is the horizontal component

of this force. For the sake of simplification, the point

of application of these hydrodynamic forces is assumed
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to be situated on the road surface, at the front edge

of the contact area. If use is also made of the other

notations in Fig. 7, then we can deduce the following

conditions of equilibrium:

F2 '1' H2 = D2

M2==(Hzi'F2)*rá 'V2°a*'N2°ez (12)

The total braking force which acts on the wheel is

F2 + H2 , that is to say, it consists of a frictional

component and a hydrodynamic component. In order that

the concept of coefficient of friction may not be used

improperly when it is required to express braking

action, the term "braking force coefficient" has been

introduced to designate the ratio of the braking force

to the wheel load. Accordingly, the braking force

coefficient is

  

b z F2 + H2 (13)

P

From Eq. (2), the braking coefficient is found to be

M2 .V2°a N2°ez

b = P.r2+ P-r2 + P°r2

where M2 is the braking torque which has been directly

observed in the friction measurements. In addition to

the trivial division by the wheel load and by the height

of the centre of the wheel above the road surface, the

conversion of the observed braking torque value to the

braking force coefficient also requires an estimation

of the orders of magnitude of the second and third

terms in Eq. (14).
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V2°a
P-r

mentally by means of the test set-up used in the present

 

It was not possible to determine the term experi-

investigation. However, approximate values of this term

have been calculated on the basis of the hydrodynamic

pressure expressed by Eg. (2) and by means of experi-

mental determination of the area which is acted upon by

the vertical component, V2 , of this pressure.

It is obvious that the extremely low values of the

braking force coefficient observed under conditions of

almost complete aquaplaning anna in themselves of

interest, but, from a practical point of view, it is

of no importance whether the value of this coefficient

is 0.01 or 0.03. Furthermore, some of the more or less

significant comparisons between various tyres and

different road pavement surfaces have been made at

braking force coefficients of 0.3 (slip of 13 per cent)

and 0.2 (slip of 100 per cent). Hence it was considered

justifiable to disregard the term EÃLâÅ which is no
.1:2

more than a few hundredths.

6 RESULTS

In examining the results of the present investigation,

it is important to bear in mind the fact that, as a

rule, the value of the braking force coefficient on

dry as well as on wet pavement surfaces varies with

the speed. Moreover, in estimating the aquaplaning

effect in layers of water which differ in depth, it is

necessary to take into account the absolute value of

the braking force coefficient as well as the relation

between this value and the one which is observed in a

merely wet reference test area. From a road safety

point of view, it is the absolute value that is a deci-

sive factor. On the other hand, the ability of differ-

ent pavement surfaces and tread pattern designs to

drain water from the contact area between the tyre and
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the pavement surface can be investigated in a more

differentiated manner if the values of the braking

force coefficient observed during partial or complete

aquaplaning are considered in conjunction with the

corresponding values observed in a merely wet refer-

ence test area.

Braking Action on Merely Wet Surfaces

22§s§_wi§ä_ägl1-2:êêé_EêEEeEE_QsEEE

The braking action determined by means of_tyres with

full depth of tread pattern on merely wet surfaces

makes it possible to compare the surfacings used in

test areas with other surfacings which are represen-

tative of the friction levels and the speed gradients

of friction in a whole road system.

âmeofh_52ráase_(ågsrsgets 9 :0_2_mm.in_ParEisls åiâel

The variation in the braking force coefficient with the

speed for several tyres with full depth of tread

pattern is shown in Fig. 27. In general, this type of

pavement surface exhibited good frictional properties,

viz., a high level of friction and a low speed gradient.

At a slip of 13 per cent, practically no difference is

to be observed between the two respective surfacings

constructed in 1968 and 1969. At a speed of 20 km/h,

the mean value of the braking force coefficient for the

different tyres was about 1.0, and at 120 km/h, it

decreased to between 0.85 and 0.90. At a slip of 100

per cent, the properties of the surfacings constructed

during 1968-1969 were found to be somewhat different.

At a speed of 20 km/h, the values of the braking force

coefficient observed on these two surfacings were equal

0.80 to 0.85, but the surfacing laid in 1969

exhibited a lower speed gradient. At a speed of 120

viz,

VTI MEDDELANDE 193



44

km/h, the two differently hatched bands which refer to

the respective surfacings constructed in 1968 and 1969,

and which represent the corresponding ranges of varia-

tion due to differences between the tyres under test,

do not cover each other any longer. Furthermore, the

band width, the difference between the best tyre*

and the poorest tyre, is relatively great at high speeds

on the surfacing constructed in 1969. This great band

width is due to the fact that, for unknown reasons, the

ASTM tyre proved to possess better properties than the

other tyres on this particular surfacing.

5029.11 äng-:face 1A2gsregâts .6. 2212-_ Elmia Barticle_s_i.zs>

The variation in the braking force coefficient is shown

in Fig. 27 for a number of tyres with full depth of

tread pattern. This type of surfacing has also exhibi-

ited good frictional properties. At a slip of 13 per

cent, the mean value of the braking force coefficient

for the various tyres was about 0.9 at a speed of 20

km/h, while it decreased to about 0.8 at a speed of

120 km/h. The speed gradient of the braking force

coefficient on the rough surface was the same as on

the smooth surface, but its level was about 0.l lower.

When the tests were made in the looked-wheel condition

(slip of 100 per cent), the rough surface showedtypi-

cal hysteresis Characteristics. At a speed of 20 km/h,

the braking force coefficient was about 0.7; at 80 km/h,

it reached a minimum of about 0.55; finally, at 40 km/h,

it increased again to-Umesame value as at 20 km/h.

EXEråmåll ämQOEh_SErÃaSe_(åiâdår_AlOEel

For extremely smooth surfaces, the braking force coeffi-

cient on a surface in the merely wet conditioncannot

be properly defined. Even very small guantities of

water applied to the surface cause the braking force

coefficient to differ greatly from its value on the
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same surface in the dry state. Thus, Fig. 27 shows

the braking force coefficient on the extremely smooth

surface in the dry condition at a slip of 13 per cent.

No measurements at a slip of 100 per cent have been

made on the extremely smooth surface, because of a

high local temperature rise on the tyre under test,

plus other factors, the results of these measurements

would be unreliable. The extremely smooth surface in

the dry state exhibited good properties at a slip of

13 per cent.

6 1-2 Iy§s§_wi:b-52é99sé_lrsêé_åsEEs§§_QsEEE

The study of the braking force coefficient for tyres

with reduced depth of tread pattern on merely wet sur-

faces is of importance, for instance, in order that it

may be possible to estimate the minimum depth of tread

pattern which should be stipulated from a road safety

standpoint.

åmgofh_32ráase_(ågsrsgsts 9 :0_2_mm in_Perisls åiâel

The effect of the braking force coefficient when tyres

of different tread pattern depth are used is shown in

Fig. 28. At a slip of 13 per cent on the smooth surface,

it was found that the full depth of tread pattern did

not result in a maximum braking action. In the entire

speed range covered by the tests, a tread pattern depth

of 3 mm gave values that were 0.05 to 0.1 units higher

than those which wereproduced when the full tread

pattern depth of the GD tyre was used. The tests on the

AD tyre gave the same result, although this is not

shown in Fig. 28. Compared with the full tread pattern

depth, a tread pattern depth of 1 mm resulted in a

deterioration of the braking action which at a speed

of 140 km/h is equal to nearly 0.1. In the above-

mentioned cases, the speed gradient of the braking
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force coefficient was moderate. A zero depth of tread

pattern was foundto be equivalent to the other values

of this depth up to a speed of about 20 km/h, but the

decrease in the braking force coefficient was consider-

able when the speed Wasihcreased.T%us, at a speed of

140 km/h, the braking force coefficient decreased to

about 0.45, which is about half the braking force

coefficient obtained with other depths of tread pattern

at the same speed.

Throughout the tests, the level of the braking force

coefficient was lower, and its speed gradient in all

tests was higher at a slip of 100 than at a slip of 13

per cent. The absolute value of the difference in the

braking force coefficient between the maximum and

minimum depths of tread pattern was smaller than at a

slip of 13 per cent. It is also to be observed that,

on the whole, the values of the braking force coeffi-

cient grouped in the same order as those of the tread

pattern depth.

BOEQQ åuäfâcâ lAågäeiaEe_6_t9 l2_mm in_PêEthle_Sååel

The effect of the tread pattern depth on the variation

in the braking force coefficient with the speed is

shown in Fig. 28. On the rough surface, the differences

in the braking force coefficient between the tyres

which differed in the depth of tread pattern were very

small even at high speeds. Consequently, the speed

gradient of the braking force coefficient was low even

for the tyres with reduced tread pattern depth.

6.1.3 Summary of Results and Conclusions Concerning Braking

§92292_99_Ms§slz_Ws§_ågzâêssê ______________________ __

The magnitude of the braking action on wet road sur-

faces depends on the extent in which the thin water
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layer which separates the tyre from the road surface

is removed. On a smooth surface, the drainage takes

place mainly through the channels in the tread pattern,

that is why the depth of tread pattern is of such impor-

tance. As has been mentioned in the above, the braking

action which has been observed at a slip of 13 per cent

in the tests on the tyres having a tread pattern depth

of 3 mm was better than that which corresponded to the

full depth of tread pattern. This was probably due to

the fact that a tyre with full depth of tread pattern

is subjected to larger deformations in the contact

area, which tend to diminish the dimensions of the

channels, with the result that such a tyre affords

smaller possibilities of drainage than a tyre with

reduced depth of tread pattern. For the rest, the

braking action decreased as the tread pattern depth

became smaller, and the difference in this respect

between tread pattern depths of 0 and 1 mm was consi-

derably greater than tread pattern depth of 1 mm

and full depth of tread pattern. On a rough surface,

the drainage takes place for the most part through the

channels in the road surface, and the effect of the

tread pattern depth is practically nil. At speeds

lower tjuni 50 to 60 km/h, the frictional properties

of the rough surface in all tests were slightly less

satisfactory than those of the smooth surface. At

speeds higher than 50 km/h, when the slip was 13 per

cent, the braking action on the rough surfacewas

better than on the smooth surface in the tests on

tyres with full depth of tread pattern. At a slip of

100 per cent, similar results were obtained in the

speed range from 60 to 110 km/h, but when the speeds

exceeded 110 km/h, the braking action on the rough

surface was better in all tests.
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6.2 Braking Action on Surfaces Covered with WaterLayers

Having Unbroken Surface

6-2 l §ä929s-9§_Meésê_9§_E§s§s2222192_9ä_22§E_Bs§9l§§

The simplest method of presenting the results of the

tests described in this publication is to plot the

braking force coefficient relating to a given tyre on

a given surface against the speed. This mode of presen-

tation furnishes adequate detailed information on the

variation in the braking force coefficient with the

speed in each elementary series of tests, but it

requires a great number of graphs, and makes the test

results difficult to grasp. This information can be

somewhat condensed by showing in each graph a series

of curves which correspond to the variation in one of

several parameters, such as the depth of the water

layer, the depth of tread pattern, the road surface

texture, and the type of tyre, with the speed. Alterna-

tively, the braking force coefficient can be plotted

against the depth of the water layer at a given speed

in a graph where the effect of some parameter, e.g.

the tread pattern depth, can be represented by a

series of curves.

If a critical speed can be defined for each elementary

series of tests, then all the test results can be repre-

sented in a very compact and clearly comprehensible

form. In this way some details in the information will

be lost, partly because the variation in the braking

forCe coefficient with the speed in each individual

case will not be shown, and secondly, because the

individual tyres cannot be distinguished, since the

graphs will contain "bands" which correspond to the

range of variation for certain definite groups of tread

pattern depths on a certain definite road pavement sur-

face.
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Qrifisêl_§ess§

At least two requirements should be met in choos-

ing criteria for the critical speed. In the first place,

the critical speed should have some practical signifi-

cance, e.g. in connection with road safety. In the

second place, the value of the critical speed should

be such thatit can readily be calculated as a unique

value for the major part of the test results.

A superficial investigation might suggest that the

speed at which the braking force coefficient decreases

to zero should be regarded as a natural critical speed.

However, from the viewpoint of road safety, it is

appropriate to study a speed at which a vehicle cannot

be controlled in any way by steering and braking. More-

over, the tests have shown that the minimum value of

the braking force coefficient is seldom equal to zero.

In the cases where very low values of the braking

force coefficient have been observed, its variation

with the speed in the range under consideration was so

slight that the determination of a critical speed

corresponding to a braking force coefficient which is

nearly equal to zero would involve great uncertainty.

From considerations which concern the evaluation of the

critical speed, as well as its practical usefulness in

estimating the aquaplaning effect, it is evident that

this speed should be chosen in such a way as to corre-

spond to a braking force coefficient which is not equal

to zero. In view of the effects produced by aquaplaning

on road safety, it is justifiable to choose the criteria

for the critical speed so as to ensure a braking action

which is so great that normal road traffic will stillkxa

possible, whereas the possibility of unusual manoeuvres

is extremely limited. This would be analogous, for

example, to the condition of the road in the winter,

when it is possible to drive a vehicle at a relatively
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high speed in a comparatively safe manner so long as

the vehicle does not meet with any situations involv-

ing conflicts with other traffic elements. If the

above-mentioned considerations are taken into account,

in conjunction with the requirement that it should be

possible to put together observed values which relate

to favourable as well as unfavourable combinations of

tyre, water layer depth, and road pavement surface,

then the critical speed may be chosen so as to corre-

spond to a braking force coefficient of 0.3 at a slip

of 13 per cent, and 0.2 at a slip of 100 per cent. The

absolute magnitudes of the values of the braking force

coefficient chosen in the above are not of prime import-

ancejjfthe critical speeds obtained by means of these

values are not considered to be definite danger limits,

but are regarded primarily as aids to be used for com-

parisons between different road surfaces, tyres, and

tread pattern depths.

A summary of test results expressed in terms of the

variation in the critical speed with the depth of the

water layer is shown in Fig. 29 at a slip of 13 per

cent, and in Fig. 30 at a slip of 100 per cent. The

observed values group in three separate bands, which

correspond to the different surfacings. The width of

each band represents the range of variation due to

differences in properties between the tyres, which

differed in type and in degree of wear, from the full

depth to zero depth of tread pattern. These graphs do

not include the values relating to the special ADS tyre.

Effect of Road Surface Texture

Fig. 29 as well as Fig. 30 show that the bands corre-

sponding to the different road surfaces are completely

separated from each other. This implies that the most

radical improvements in the braking force coefficient

on road surfaces which are covered with water layers
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can be achieved by controlling the drainage properties

of the surface. On the extremely smooth surface, which

had practically no drainage ability, the critical speed

was very low even when the water layers were very

shallow. This effect was particularly pronounced at a

slip of 100 per cent, when it was not possible to

obtain any essential improvement even by using a special

tyre.

Effegtyä Ersaé Earter

The range of variation in the critical speed on a given

pavement surface can be divided into two more or less

sharply delimited sub-ranges. One of them corresponds

to tyres with a tread pattern depth ranging from 0 to

3 mm, while the other relates to tyres with full tread

pattern depth. Moreover, the range of variation in the

critical speed on a given pavement surface covered with

a shallow layer of water is considerably wider than

when the water layer is deep. This implies that the

absolute effect produced by the properties of the tread

pattern is smallerjxldeep layers of water. This conclu-

sion has also been confirmed by the results of the

tests on the DRS tyre, the "rainy-weather tyre", which

did not distinguish itself in any particular manner as

long as the water layers were comparatively deep,

whereas it clearly ranked first when the depth of the

water layer was relatively small. It is probable that

this effect observed in the tests was in part also due

to the fact that the DRS tyre was slightly wider than

the other tyres under test, and was therefore subjected

to a greater hydrodynamic upward thrust, especially in

deep water layers, where the voids in the tread pattern

may be supposed to be filled with water. When the layer

of water was shallow, i.e. less than 1 to 2 mm in depth,

the range of variation in the critical speed on the

smooth surfaceseuza slip of 13 per cent began to be

substantially wider than at a slip of 100 per cent.
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This indicates that the drainage properties of a tread

patternanxautilized best when the tyre is rolling. This

was particularly obvious in the tests on the extremely

smooth surface, where the DRS "rainy-weather tyre" in

the locked-wheel condition wascnüqrslightly better

than the other tyres, whose treads are well grouped

together. At a slip of 13 per cent, on the other hand,

this tyre proved to be definitely superior, notwith-

standing the fact that the corresponding absolute value

of the critical speed was not particularly high.

Variations in Braking Action with Speed and Water

ååYêE_Q§EEE_____________________________________-

Detailed Studies of Conventional Diagonal Tyre and ASTM

23/58._32 Biäfsrsnf âtâgss_o_f_ ?isär_ _ _ _ _ _ _ _ _ _ _ _

Figs. 31 to 34 show the relation between the braking

force coefficient and the speed at different values of

the water layer depth for the GD and AD tyres on the

two surfacings made with aggregate ranging from 0 to 2

mm and from 6 to 12, respectively, at slips of 13 and

100 per cent. Even at comparatively moderate speeds,

a difference in the braking force coefficient between

the surface completely covered with water and the

merely wet surface begins to be perceptible, that is

to say, partial aquaplaning sets in. On the smooth

surface, partial aquaplaning began to develop at a

speed of 40 to 40 km/h at slips of 13 as well as 100

per cent in the case of a tyre which was completely or

nearly smooth-worn. For a tyre with full tread pattern

depth, this occurred at a higher speed, 45 to 60 km/h.

On the rough surface, the difference between tyres in

various stages of wear was less pronounced, and

partial aquaplaning was noticeable at speeds of 60 to

80 km/h when the slip was 13 per cent, and at speeds

of 50 to 70 per cent when the slip was 100 per cent.
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Figs. 35 and 36 represent the relation between the

braking force coefficient and the water layer depth at

slips of 13 and 100 per cent respectively, and at h '.

speeds of 50, 80, and 120 km/h, for the GD and AD

tyres in two series of tread pattern depths, Viz., 0,

1, 3, and 9 mm, and 0, 3, and 9 mm, respectively, on

the rough and smooth surfaces mentioned in the above.

A speed of 50 km/h corresponded to the. speed which is

representative of road traffic in urban areas, whereas

speeds of 80 and 120 km/h cover those speeds which are

met with on rural roads and on motorways. On both these

surfaces, it was found that the values representing

the tyres which differed in the depth of tread pattern

fall within a band whose upper boundary corresponds,

as a rule, to tyres with full depth of tread pattern,

and whose lower boundary corresponds to tyres with

zero depth of tread pattern. On the whole, the proper-

ties of the two types of tyres, GD and AD, are similar.

On both surfaces under test, it was observed that, as

a rule, the braking action decreased as the speed in-

creased and as the depth of the water layer became

greater. The test results obtained at slips of 13 and

100 per cent were similar in character, and are there-

fore dealt with jointly in the following section of

this report..-

Generally speaking, the effect of the tread pattern

on the rough surface was found to be smaller than on

the smooth surface. On the rough surface, the braking

action at the lowest speed, 50 km/h, was independent

of the water layer depth, and was only slightly

dependent on the tread pattern depth. At higher speeds,

an increase in the depth of the water layer produced

a progressively unfavourable effect on the braking

force coefficient. At a speed of 80 km/h, an increased

effect of the tread pattern depth on the braking force

coefficient was observed when the depth of the water

layer was great. The braking action was inadequate
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at 120 km/h in deper water layers. In this connection

it must also be noted that the effect of the tread

pattern depth on the braking force coefficient was

either unchanged under these conditions, or was

smaller than the braking force coefficient obtained in

shallower water layers. It is evident that the effect

of the tread pattern depth is at its lowest at low

speeds and when the drainage properties of the pavement

surface are sufficient to ensure adequate braking action,

and secondly, at high speeds which occur in a combina-

tion of high speeds and deep water layer depths, as the

requisite drainage ability then becomes so great that

the braking action is inadequate, regardless of the

condition of the tread pattern.

In contradistinction to the above results obtained on

the rough surface, the results of the tests made on

the smooth surface at a speed of 50 km/h - when the

braking action was satisfactory, and its variation with

the tread pattern depth was moderate - showed that the

effect of the tread pattern depth on the braking force

coefficient was slightly greater than at 80 km/h, and

considerably greater than at 120 km/h. In fact, at a

speed of 120 km/h, the braking action was inadequate

even at moderate depths of the water layer. At this

speed, the effect of the tread pattern depth at differ-

ent depths of the water layer was similar to those on

the rough surface.

As the smooth surface in itself has less favourable

drainage properties, the total drainage ability of the

pavement surface in conjunction with the tyre is

markedly dependent on the tread pattern. If the speed

is high, and the depth of the water layer is great, so

that a large quantity of water must be removed per unit

time from the contact area, then any depth of tread

pattern wi11 probably be subjected to an excessive

drainage load.
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To sum up, the depth of tread pattern, generally speak-

ing, is of no great importance on rough pavement sur-

faces. On smooth pavement surfaces, on the other hand,

the braking force coefficient of a smooth-worn tyre at

slips of 13 and 100 per cent in water layers ranging

from 1 to 3 mm in depth can be 40 to 50 per cent

lower than on a tyre with full depth of tread pattern.

The difference between a smooth-worn tyre and a tyre

having a tread pattern depth of 1 mm would seem to be

very slight at speeds of 80 and 120 km/h in water

layers exceeding at least 2 mm in depth. The braking

force coefficient of a tyre having a tread pattern

depth of 3 mm is 20 to 30 per cent lower than the

braking force coefficient of a tyre with full depth

of tread pattern at slips of 13 and 100 per cent in

water layers of the same depth.

Comparison Between Several Tyres with Full Tread

EêEEêEE_QêEEä_99_§T992ä_§ääåê9§ _______________________

Fig. 37 represents the variation in the braking force

coefficient on the smooth surface with the depth of

the water layer at speeds of 50, 80, and 120 km/h for

several tyres with full depth of tread pattern (desig-

nations AD, GD, CD, CR, and Mr). The differences between

these tyres are manifest. The difference between the

best and the poorest tyres in all tests was about 0.1

to 0.2. The size of the AD and GD tyres was 7.50-14,

whereas the size of the other tyres was l75-l4.

Assuming that all the tyres had the same tread pattern,

rubber compound composition and internal structure, the

two first-mentioned tyres, by virtue of their narrow

width, should be able to produce a greater braking

action than the others, because of the smaller inertial

upward force acting on them. The ASTM AD tyre exhibited

the greatest braking action in all tests, and thus ful-

filled this eXpectation. The GD tyre ranked in all

tests midway between the other tyres, and must there-

fore be inferior in some respect to the other tyres

on this surface.
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The CD and CR tyres were of the same make and size, but

the carcass of the CD tyre was of the diagonal type,

while that of the CR tyre was of the radial type. The

CR radial tyre gave better results in all tests than

the CD diagonal tyre. If all the other parameters are

equal, then this difference can be explained by assum-

ing that the radial-type tyre either possesses better

frictional Characteristics under constant conditions,-

or is less liable to aguaplaning.

Both the CR tyre and the MR tyre are of the radial type,

but the girdle belt of the CR tyre is made of textile

cord, whereas the MR tyre is provided with a steel cord

girdle belt. As a rule, the CR tyre exhibited somewhat

higher values of the braking force coefficient than the

MR tyre. Since no information is available on the com-

positions of the rubber compounds entering into these

tyres and on the effectiveness of the respective tread

patterns, it is impossible to find out whether a steel

cord girdle belt is to be regarded as an advantage or

a drawback from an aquaplaning point of view.

Comparison Between Different Tyres on Extremely Smoothi

åurfacs _ _ _ _ _ _ _ _ _ _ _, _ _ _ _ _ _ _ _ _ _ _ __ _

Fig. 38 shows the variation in the braking force coeffi-

cient with the water layer depth on an extremely smooth

surface at speeds of 20, 50, and 80 km/h for the ASTM

tyre in two conditions, viz., with full depth of tread

pattern and smooth-worn (designations AD9 and ADO,

respectively), as well as for the DRS tyre, whose tread

pattern has been specially designed for high drainage

ability. The braking action of all these tyres on an

extremely smooth surface was found to be inadequate,

even when the depth of the water layer was small and

the speed was low. The values of the braking force

coefficient for all these tyres at a slip of 100 per

cent, as well as those for the two ASTM tyres at a
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slip of 13 per cent, proved to be practically indepen-

dent of the depth of the water layer applied to the

surface, as long as this depth did not exceed 0.02 mm.

At a slip of 13 per cent, the braking action of the

DRS special "rainy-weather tyre" was found to be con-

siderably greater, relatively Speaking, than the ASTM

tyres, even though the absolute value of the braking

force coefficient was moderate. This marked increase

in the braking force coefficient was not observed in

the locked-wheel condition. For the ASTM tyres, the

difference was negligible in the braking force coeffi-

cient between slips of l3 and 100 per cent. The effect

of the tread pattern depth was scarcely noticeable.

Finally, Fig. 38 also shows values of the braking force

coefficient for two modern standard tyres in a water

layer 0.02 mm in depth. These values came to lie

between those crf the ASTM tyre with full tread pattern

depth and those for the DRS "rainy-weather tyre".

Comparison Between Tyres with Extreme Tread Patterns

92_§T99EQ-§E§-BQESE-§EE§§S§§ ________________________

The tyres with extreme tread patterns were the modified

ASTM ADS tyre, which was provided with additional trans-

verse drainage Channels, and the DRS "rainy-weather

tyre". An ASTM AD tyre was used as a reference tyre.

Figs. 39 and 40 represent the variation in the braking

force coefficient with the water layer depth at differ-

ent speeds for the above-mentioned tyres with full

depth of tread pattern.

Differences in prOperties between these three tyres

were observed at a slip of l3 per cent as well as at

a slip of 100 per cent. Thus, so long as the depth

of the water layer did not exceed 0.5 to 1 mm, the

DRS tyre exhibited a slightly greater braking action
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than the other two tyres at all speeds at a slip of

13 per cent on the smooth surface, but the braking

force coefficient decreased markedly as the depth of

the water layer became greater. On the rough surface,

these tyres were found to be on the whole equivalent

at a slip of 13 per cent. On the other hand, at a slip

of 100 per cent, when the depth of the water layer was

comparatively small, the DRS tyre developed a somewhat

greater braking action than the other tyres on the

rough surface, whereas all three tyres were on the

whole, equivalent on the smooth surface. The effects

of the different types of tread patterns observed on

an extremely smooth surface have already been shown in

Fig. 38, which is obviously similar in this respect to

the graphs relating to the smooth surface in Figs. 39

and 40.

These results can be attributed, not only to differences

in the width of tyre and in the surface pressure, but

also to differences in the drainage properties of the

tyre. In fact, the DRS tyre seemed to possess a greater

ability to break through a water film than the ADS and

AD tyres. On the other hand, the AD tyre, and particu-

larly theZUXStyre, can have a greater ability to remove

the main body of water. If we bear in mind, first of

all, that a slip of 13 per cent represents a relatively

low sliding speed, and secondly, that - in comparion

with this value - a slip of 100 per cent represents in

principle a high sliding speed, and thirdly, that the

main body of water can be removed from a rough surface

more easily than from a smooth surface, then it appears

that the above-mentioned differences in the drainage

properties of the tyres can give rise precisely to the

conditions which are reflected in Figs. 39 and 40.
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SUMMARY

At a given speed, the braking force which is available

for aroad vehicle is dependent on the properties of

the tyres as well as on the Characteristics of the

pavement surface and, moreover, on the presence of

water in different quantities on this surface. Accord-

ingly, the braking force coefficient, i.e. the ratio

of the braking force totüuavertical wheel load, cannot

be regarded solely as a constant of the pavement sur-

face of the tyre.

For the description of the effects produced by the

pavement surface, the tyre, and the quantity of water

on the braking force coefficient, the pavement surfaces

have been classified in the present investigation in

accordance with the quantity of water presenton the

road surfaces covered with a layer of water whose level

lies above the peak asperities of the surface texture.

These terms are defined thus: A merely wet surface is

a surface which is moist, and on which some excess

water may be present at the bottom of the textural

depressions. Consequently, the surfaces which differ

in roughness, and which are in the merely wet condition,

can be covered with substantially different quantities

of water per unit area. For extremely smooth surfaces,

the notion of a merely wet surface cannot be defined,

as no excess water can accumulate because of the lack

of texture. Finally, if a surface is covered with a

layer of water whose level lies above the peaks of

the textural asperities, then, the local depth of the

water layer is measured with reference to a flat sur-

face or a straight line which touches the pavement '

surface, and is of the same size as the area of contact

or the length of contact of the tyre.

Regardless of the type of tyre that is used, the

braking force coefficient on clean dry pavement sur-

faces is generally greater than that which is usually
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required in order to produce the decelerations which

are wanted, and which can be withstood, by vehicle

drivers in various traffic situations.

Throughout the tests in this investigation, the braking

force coefficient on a merely wet surface was found to

be lower than on the same surface in the dry state.

Furthermore, the decrease in the braking force coeffi-

cient with increased speed on wet surfaces is greater

than the decrease on the same surfaces in the dry con-

dition. Irrespective of the type of tyre that is

employed, the braking force coefficient on merely wet

surfaces is also frequently adequate for the requisite

decelerations provided that the pavement surface is

sufficiently rough. If the pavement surface is smooth,

but has a texture similar to sand paper, then the

braking force coefficient can be satisfactory on con-

dition finn: the tread pattern ensures effective drain-

age, and that it is nottxx>heavily worn. If the tread

pattern depthmmfthe tyre is very small, or if the tread

pattern is completely worn off, then the braking action

at low and moderate speeds is often adeguate, but at

high speeds it can decreaseixasuch a degree that it

cannot produce the necessary decelerations. A smooth

surface which resembles sand paper in texture, and

which is covered with a small quantity of water, might

be described as a merely wet surface, whereas the same

quantity of water on an extremely smooth surface

might result in an unbroken water layer, which might

be a few hunderedths of a millimetre in depth. On an

extremely smooth surface in this condition, the brak-

ing action is already inadequate at low speeds, even

if the tyre is provided with an appropriate tread

pattern.

On surfaces which are covered with an unbroken layer

of water, the braking force coefficient is as a rule

a function of the speed as well as of the water layer
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depth; In addition, the braking action on such sur-

faces is dependent on the roughness of the pavement

surface and on the tread pattern of the tyre to a

greater extent than on a merely wet surface. If the

combination of these four parameters, i.e. the speed,

the depth of the water layer, the roughness of the

pavement surface, and the tread pattern of the tyre,

is unfavourable, then the braking force coefficient

will approach zero, that is to say, complete aqua-

planing will take place. Even if the combination of

the above-mentioned parameters is less favourable, the

braking force coefficient can become considerably

lower than on a merely wet surface, so that partial

aquaplaning will set in, and this will reduce the

possibilities of deceleration and steering manoeuvres.

Partial aguaplaning can be noticeable even at rela-

tively low speeds. On comparatively smooth pavement

surfaces, an incipient difference in the braking action

between a surface that is completely covered with water

and the same surface in the merely wet state can be

perceived already at speeds of 30 to 40 km/h if the

tread pattern of the tyre is entirely or nearly smooth-

worn. If the tread pattern of the tyre is in good con-

dition, then this incipient difference can be observed

at speeds of 50 to 60 km/h. On rough pavement surfaces,

partial aquaplaning begins to be perceptible at some-

what higher speeds, 60 to 80 km/h, more or less inde-

pendent of the tread pattern of the tyre. The speed at

which partial aguaplaning begins to manifest itself

on Smooth as well as rough surfaces is on the whole

independent of the water layer depth in the range from

0.5 to 8 mm.

During partial aguaplaning, the braking action gener-

ally decreases as the depth of the water layer becomes

greater. Under these conditions, the water depth gra-

dient, i.e. the rate of the reduction of the braking

VTI MEDDELANDE 193



74

force coefficient caused by the depth of the water

layer, in the initial stage is greater at high speeds

than at low speeds, and is also greater on smooth pave-

ment surfaces than on rough surfaces. This gradient

diminishes as the depth of the water layer becomes

greater, and the braking force coefficient at low and

moderate. speeds can be stabilized at a relatively high

level.

Furthermore, during partial aquaplaning, the braking

action decreases as the speed becomes higher. The tests

described in the above have shown that the minimum

value of the braking force coefficient is seldom equal

to zero. Moreover, the variation in the braking force

coefficient with the speed is comparatively slight when

it approaches zero. In order that the losses in the

braking force coefficient which are caused by aqua-

planing on pavement surfaces of various types, in

combination with different tyre equipments, may be

compared in a simple manner, a critical speed has been

defined by the way of compromise as the speed at which

the braking force coefficient is reduced to 0.3 at a

slip of 13 per cent, and to 0.2 at a slip of 100 per

cent. To sum up, it may be stated that the critical

speed at a slip of 13 per cent and at a water layer

depth of 8 mm.:ñlr tyres which differ in type and in

degree of wear ranges from 85 to 105 km/h on rough

pavement surfaces, and from 65 to 80 km/h on smooth

pavement surfaces. When the water layer is 4 mm in

depth, the respective values of the critical speed

range from 105 to 130 km/h, and from 65 to 90 km/h.

Finally, when the depth of the water layer is 2 mm,

the respective values of the critical speed range from

125 to more than 150 km/h, and from 70 to 120 km/h.

On extremely smooth pavement surfaces covered with

water layers varying from 0.02 to 1.0 mm in depth, the

critical speed ranges from 5 to 50 km/h. At a slip of

100 per cent, the critical speeds are lower under all

conditions.
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The tread pattern of the tyre has an influence on the

braking force coefficient during partial aquaplaning

at practically all values of the speed and the water

layer depth. The greatest difference in the braking

force coefficient between tyres with full depth of

tread pattern and smooth-worn tyres is met with on

relatively smooth pavement surfaces at low and moderate

speeds. If the speed is high and the depth of the water

layer is very great, then the braking action developed

by tyres in all stages of wear is inadequate on smooth

as well as rough pavement surfaces. A comparison between

tread patterns of different types has shown that the

effective drainage at right angles to the direction of

travel is of great importance. However, it is noteworthy

that the astm tyre gave better results than the other

tyres in many tests, in spite of the fact that its tread

pattern is constituted by longitudinal unbroken ribs

alone.

The roughness of the pavement surface produces an effect

which clearly exceeds the effect of the tread pattern

when it is required to maintain maximum possible brak-

ing action under conditionsof high speeds and while

the speed and the depth of the water layer become

greater. This can be convincingly demonstrated by

studying the values of the critical speed as well as

the values of the braking force coefficient which are

based on the results obtained from the tests under

review. The observed values which relate to tyres

differing in the tread pattern and in the degree of

wear have been found to fall into entirely separate

groups, relating to rough and smooth pavement surfaces.

A very small quantity of water on an extremely smooth

surface will cause an inadequate braking action even

at speeds below 50 km/h. The possibilities of improv-

ing the braking action by using a sophisticated tread

pattern seem to be limited.
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8 CONCLUSIONS

The results of the present investigation have clearly

shown that the braking action developed by a pneumatic-

tyred wheel can be considerably reduced, and can some-

times lead to total deficiency, when the road pavement

surface is covered with a layer of water. A substantial

reduction in the braking action can occur even at

moderate speeds on account of partial aquaplaning, that

is to say, when a part of the apparent contact area of

the pneumatic-tyred wheel is carried by the water layer,

and hence does not afford any appreciable possibility

of transmitting frictional forces. An observation both

new and interesting in this connection is that the loss

in braking action can be substantial even when a roll-

ing wheel is braked at the optimum slip (13 per cent).

Since the present investigation was made by means of a

wheel which was equipped with tyres of different types,

and was carried out under partly idealized conditions,

the question is whether these results can have any

bearing on ordinary vehicular traffic. The poor braking

action of one wheel must be assumed to apply to all the

wheels of the vehicle. The exception being that wheels

which follow in the tracks of the other wheels are less

exposed to the aquaplaning effect because they find a

surface which is only partly covered withwater. There-

fore, theoretically speaking, the total decrease in

the braking action for the vehicle will not be as great

as the braking action for an individual wheel in an

undisturbed layer of water. In practice, this implies

that when an ordinary private car is moving inailayer

of water, the front wheels may be exposed to aquaplan-

ing, whereas the rear wheels are not. The loss in

cornering force would probably correspond to the reduc-

tion in the braking action. It is therefore possible

that the vehicle can no longer be steered, whereas

its directional stability is notenüahgered. So long as
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moving in a straight line is acceptable, this needs not

give rise to any complications.

An increase in the tread pattern depth of the tyres

cannot always effectively increase the braking action

when water is present on the pavement surface. However,

the cases in which this increase actually takes place

are so numerous that the requirement for a minimum

depth of tread pattern should be considered indispens-

able - bearing in mind that tyres with an appropriate

tread pattern depth are never inferior to tyres with

an insufficient tread pattern depth. It may be ques-

tioned whether a tread pattern depth of 1 mm, hitherto

considered to be adequate in the relevant Swedish

regulations, is really sufficient.

The danger of aquaplaning on smooth surfaces is con-

siderably greater than on rough surfaces. Therefore,

Portland cement concrete pavements - particularly in

the heavily worn condition - , as well as bituminous

surfacings which do not contain any coarse or relative-

ly sharp-edged aggregate in the top surface, are more

or less unsatisfactory from this point of View. Smooth,

polished pavement surfaces will scarcely occur so long

as the surfacings are new. On the other hand, owing to

the combined effects of unfavourable circumstances,

unfortunately, it will be possible to find somesections

of pavement possessing such properties at a later stage

of the service life of the bituminous surfacings, e.g.

in the case of bleeding. The very low values of the

braking force coefficient observed on extremely_smooth

surfaces indicate that such pavement areas require

immediate remedial measures.

Since aquaplaning presupposes the presence of an appre-

ciable water layer, the aquaplaning effects can be

avoided if the excess water is removed from the pavement

surface. As far as it is known to the Authors, the only
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investigations that had been undertaken in order to

find out what layers of water are formed directly as a

consequence of rain have beencarried out in Great

Britain. These investigations have shown that water

layer depths which are greater than one to two milli-

metres are seldom met with on level surfaces. On the

other hand it is possible to increase the crossfall

and thereby decrease the depth of the water layer,

though :muüi a measure would not be acceptable from a

vehicle dynamics point of view. The greatest advantage

of an increased crossfall seems to be that it would

reduce the depth of the water which accumulates in the

undesirable irregular depressions and in the wheel .

tracks on the-pavement surface. In the above-mentioned

British investigations, it is furthermore pointed out

that the depth of the water layer on the longitudinal

slopes of the road is obviously greater than on the

road sections which are horizontal in the longitudinal

direction. The drainage or run-off can also be effec-

tively blocked, e.g. at certain times of the year, by

the snow and ice which is piled up along the edges of

the road, or generally by the considerable driving

force of the wind. Under any circumstances, it is

difficult to prevent the accumulation of water on the

road surface, a problem which road designers are also

faced with. This accentuates the importance of the

above-mentioned need to construct roads which have a

rough surface texture.

Finally, let us conclude with a trivial, if not

popular remark. When there is a danger of aquaplaning,

the braking action and the cornering Characteristics

are always considerably better if the running speed of

the vehicle is substantially reduced.
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The urgency of the measures to be taken with a View to

reducing the danger of aquaplaning depends on the

frequency of the road accidents which are due to aqua-

planing. Unfortunately, road accident statistics in

Sweden do not contain sufficient data capable of

furnishing immediate information on this subject. An

improvement in road accident statistics in this respect

would therefore be desirable.
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