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PREFACE

Many thanks are directed to the Transport Research Commission of the

Royal Swedish Academy of Engineering Sciences for initiating this re-

search project and for allocating financial resources for its realizing, to

Scania Bussar AB for their kindness to supply buses for the field

measurements and also to determine the vehicle data necessary for the

mathematical simulations and to Volvo Bus Corporation for having carried

out the simulations and making the results available for the institute.
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Measurement of dynamic wheel load

by Georg Magnusson
Swedish Road and Traffic Research Institute

5-581 01 LINKOPING, Sweden

ABSTRACT

The Swedish Road and Traffic Research Institute has on behalf of the

Transport Research Commission of the Royal Swedish Academy of

Engineering Sciences carried out measurements of the dynamic rear wheel

load on uneven roads of two buses with different suspension systems. The

aim was to validate a mathematical vehicle model developed by Volvo.

The dynamic wheel load is determined as the sum of the static wheel load

and the product of the wheel spring rate and the standard deviation of the

axle height when driving on uneven road sections.
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Measurement of dynamic wheel load

by Georg Magnusson
Swedish Road and Traffic Research Institute

5 581 01 LINKOPING, Sweden

SUMMARY

A special working group within the Transport Research Commission of the

Royal Swedish Academy of Engineering Sciences is studying the

consequences imposed on the society by an increase of the maximum

allowed axle load for buses from 100 kN to 110 kN. The recommendations

of the working group are partly to be based on results obtained from a

mathematical vehicle model developed by Volvo. The purpose of those

simulations is to study the influence of different vehicle parameters on

the magnitude of the vertical contact forces between the wheel and the

road surface. The vehicle parameters to be studied are foremost the

suspension spring rate and damping characteristics.

The Swedish Road and Traffic Research Institute was commissioned to

carry out an investigation in order to produce experimental results to be

used in a following validation of the mathematical model. The primary

parameter in that investigation was the vertical contact forces between

wheel and road surface to be measured at two axle loads for two buses

with different suspension systems driven on uneven roads.

As those forces are not directly measurable the technique was used to

measure the vertical spring rate of a dual wheel assembly to be used on

both buses. The vertical contact forces for the two buses were then

calculated as the sum of the static wheel load and the product of the

wheel spring rate and the standard deviation of the axle height measured

by the aid of laser when driving on uneven road sections.
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1. BACKGROUND

According to the Swedish road legislation the load on a single axle on a heavy

vehicle must not exceed 100 kN. This limitation is based on considerations

about the durability and lifelength of the public road net. In 1984 the allowed

total width of road vehicles was increased from 2.5 to 2.6 m. The bus fleet

operators then found that they could not make use of this new maximum

width without exceeding the allowed axle load. Consequently they raised the

question about increasing the allowed axle load to 110 kN arguing that the

modern air sprung bus loaded to 110 kN axle load would not cause more

damage to the road than an older steel sprung bus loaded to 100 kN.

A special working group within the Transport Research Commission of the

Royal Swedish Academy of Engineering Sciences was formed to study the

consequences imposed on the society by an increase of the maximum allowed

axle load for buses from 100 kN to 110 kN. The recommendations of the

working group were partly to be based on results obtained from a mathema

tical vehicle model developed by Volvo. The purpose of those simulations

was to study the influence on the magnitude of the vertical contact forces

between the wheel and the road surface of different vehicle parameters,

foremost the suspension spring rate and damping characteristics.

The Swedish Road and Traffic Research Institute was commissioned to carry

out an investigation in order to produce experimental results to be used in a

following validation of the mathematical model. The primary parameter in

that investigation was the vertical contact forces between wheel and road

surface to be measured at two axle loads for two buses with different

suspension systems driven on uneven roads.
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2. METHOD

The interesting output parameter to be measured is here the dynamic wheel

load, e.g. the sum of static load and a dynamic addition caused by anuneven

road surface. This parameter is, however, not directly measurable without

the location of a lot of load cells in the travelled road surface. As this

method would be too costly another method of obtaining continuously the

dynamic axle or wheel load had to be found.

A method first to remember might be the from a technical point of view

simple method of measuring the vertical acceleration of the rear axle and of

the bus body above the axle. In order to be able to calculate the dynamic axle

load from those measurements it is, however, necessary to know not only the

mass of the rear axle but also that part of the bus body considered to be

associated to the measured acceleration. The rear axle mass can of course

easily be found but there are no known methods to define the appropriate

part of the body mass.

The best method seems to be to use a special measurement hub measuring

the force the wheel load exerts on the wheel bearings. To calculate the

dynamic wheel load from that measure only a simple correction to make

allow for the wheel mass is necessary. Such measurement hubs have been

developed but unfortunately it showed impossible to obtain one within the

cost and time limits in force.

However, the pneumatic tyre of a road vehicle can be looked upon as a

spring, the compression of which is directly proportional to the compressing

force. This compressing force, the dynamic wheel load, can thus be

calculated once the tyre vertical compression, expressed as the change of

axle height above the road surface, and the tyre vertical spring rate is

known.

As the tyre vertical spring rate of a non-rotating wheel is different from

that of a rotating wheel the spring rate must be defined for all the vehicle

speeds to be considered in the test. Of course, this again means that it is

necessary in one way or another to measure the dynamic load exerted by the

wheel on the road surface and at the same time to measure the axle height
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above this surface. Those measurements can, however, be carried out on just

one point on the road surface, to be passed several times at different speeds

and different wheel loads. The simplest way of varying the dynamic wheel

loads when passing the measuring point is to introduce a movable hump to be

placed at varying distances ahead of the measuring point. This means that

the bus can be forced to pass the measuring point with the bus body moving

upwards, thus decreasing the wheel load or downwards increasing the wheel

load.

This method, originally presented by Dickerson and Mace (l), was used in the

investigation reported here. The measurements had thus to be divided into

two parts, firstly, defining the vertical spring rate of the rolling twin tyres

to be used on the test buses and secondly, measurement of the axle height

variations on two buses with different suspension system when travelling on

uneven road surfaces. The vertical contact forces for the buses could then be

calculated as the sum of the static wheel load and the product of the wheel

spring rate and the standard deviation of the axle height.
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3. SELECTION OF TEST VEHICLES

The damping properties of the vehicle suspension is the most significant

factor determining the dynamic wheel load variations. The springing

properties of the tyre is also of great importance and can be changed by

altering the tyre air pressure. However, this possibility to modify the tyre

spring rate is very restricted due to the fact that the tyre air pressure is

determined by the load the tyre is supposed to carry. Also the suspension

spring rate and the amount of sprung and unsprung masses have influence on

the dynamic wheel load.

There are two types of springs used on heavy vehicles, steel springs and air

springs. Steel springs on heavy vehicles are normally of the leaf type where

several steel leaves are united into a package by the aid of cramp irons. The

springing action is brought about by the elasticity of the steel leaves. The

oldest still used type of this spring is the conventional spring shown in figure

1.

 

 

 

Figure 1 Conventional spring

This leaf spring is characterized by the fact that the single leaves at the

springing action slide against each other while the friction forces thus

created act as a damper. Additional damping is normally not provided on

lorries with this type of suspension, while buses, on the other hand, often are

furnished with viscous dampers.

A more modern type of leaf spring is the taper leaf spring (fig. 2) in practice

characterized by the leaves not being in contact with each other but for the

spring's mountings in the vehicle body and the wheel axle. This means that

there is very little inherent damping in the spring and the damping is

normally brought about by viscous dampers.
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Figure 2 Taper leaf spring

The most common type of suspension on modern buses is the air spring

(fig. 3), where the elastic properties of air, or gas, under compression in a

rubber bellow is used as the springing medium. The air spring is totally

lacking inherent damping ignoring very small hysterisis lossesin the thin

walls of the rubber bellow and as long an auxiliary air volume not is provided.

It is therefore always furnished with an external viscous damper.

    

Figure 3 Air spring

In general a certain amount of damping is required to get a minimum amount

of dynamic wheel load. Friction damping is here not as good as viscous

damping but lacking viscous damping there exists an optimum amount of

friction damping giving in this case the minimum obtainable dynamic wheel

load. Roughly spoken the viscous damping is better than friction damping

and friction damping is better than no damping. However, the total damping

has to be carefully tuned to the vehicle and suspension to get minimum

dynamic wheel load.
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As the hypothesis of the bus fleet operators was that a bus with a modern

suspension system wouldgive less dynamic wheel load variations than a bus

with an older suspension system the investigation was focused on the

measurement on an air sprung bus and a bus with conventional springs.

The air sprung bus was a prototype Scania CR112, 1976 (fig. 4) and the steel

sprung bus was a Scania BR145, 1973 (fig. 5). Both buses were of the two axle

type with twin wheels in the rear axle. The buses were furthermore chosen to

accept the same wheels on the rear axle to make it possible to use the same

set of calibrated tyres on both buses. The tyres used were Michelin 11 R 22.5

XZA with the air pressure 800 kPa.

WKW/YWFW

 

Figure 4 Scania CR112
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4. VEHICLE SPEEDS AND WHEEL LOADS

The vehicle spring rate of the test tyre has been determined at 50, 70 and 90

km/h and the wheel load 50 and 55 kN corresponding to the axle loads 100 and

110 kN.

Measurements of the dynamic wheel load have been carried out with the air

sprung bus at all speeds and wheel loads mentioned and with the steel sprung

bus of all the speeds but only the lower of the two wheel loads.
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5. MEASUREMENT LOCATIONS

The measurements of the tyre vertical spring rate were carried out on a very

smooth and horisontal part of the shoulder of an asphalt concrete road.

For the measurement of the dynamic wheel loads four road sections with

different degree of roughness had been chosen. The roughness of those road

sections were measured by the Laser Road Surface Tester (RST) giving the

roughness measure in a nine degree scale where the value of l designates a

very smooth road surface and the value of 9 corresponds to a very rough

surface (fig. 6).

 

Figure 6 Laser Road Surface Tester

Table 1 gives the lengths and roughnesses of the four sections and the

measurement speeds used. In order to, to some extent, increase the basis for

evaluation two of the road sections were measured in the opposite directions

(those measurements are in the report denoted lb and 2b respectively).
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Table 1 Measurement sections

  

Section Length Evenness Speeds
number m km/h

1 600 5.5 50, 7O

2 #00 5.6 50, 7O

3 1200 6.5 50

4 2600 2.6 90

   

The comparison between the different wheel loads and buses has been

disturbed by the fact that section 1 partly had been covered with gravel

after that the measurements with the air sprung bus at 110 kN axle load had

been finished but before the rest of the measurements had been carried out.

However, by judgement the evenness did not change significantly but the

measurements are accordingly not totally comparable on that section.
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6. DETERMINATION OF THE TYRE VERTICAL SPRING RATE

6.1 Measurement of axle height

For the measurement of the axle height a gallium arsenid laser was used, the

accuracy of which, as stated by the manufacturer, is f 0.02 mm. The

measurement standoff is 320 mm and the laser beam giving a rectangular

spot 1 x 3 mm.

The laser was mounted on the hub of the right rear wheel measuring the

distance between the hub and the road surface approximately 80 mm outside

the wheel contact area (figure 7).

  

Figure 7 Laser for the measurement of axle height

As the vertical spring rate of the tyre depends on air pressure this quantity

must be kept constant during measurement. A device capable of keeping the

air pressure constant in the tyre would therefore had been desirable.

However, such a device could not be acquired and as a compromise a special

value equalizing the pressure in the twin tyres was fitted. The air pressure in

the tyres was then adjusted to the specified 800 kPa before each run.
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6.2 Measurement of wheel load

 

The measurement of the instantaneous wheel load was carried out by the aid

of a weighing scale on a level with the road surface (figure 8). The weighing

scale was 2.1 m long and 1.41 m wide and located so that the right twin tyres

of the bus passed along it. It was thus possible to measure the wheel load and

the axle height above the surface of the scale simultaneously.

 

Figure 8 Weighing scale

Upon delivery the time constant of the weighing bridge was 100 ms which

was too long for the intended measurements and was altered to 10 ms. To

allow for the scale to reach its final reading it was supposed that 40 ms delay

would be sufficient. This means that a stable reading was supposed to be had when

the bus had passed about half the length of the weighing scale of 90 km/h.

This assumption was later verified by the shape of the load signal from the

scale.

6.3 Measuring procedure

 

Figure 9 shows a block diagram of the measurement instrumentation. The

axle height signal from the laser on the bus was transmitted by radio (PCM)
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to a UV-recorder located at the road edge also recording the load signal from

the weighing scale. Figure 10 shows a typical reading from a passage of the

weighing scale.

 

 

     

 

  

  

 

  

 

- Signal -Laser electronics corditioning PCM Antenna

12 V
__L 220 V 1
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Measurement system in the bus. Determining the tyre spring rate
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[_._________r ____}L£EKHLJiU311L_
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Measurement system at weighing scale. Determining the tyre spring rate
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6? WM ' qJO
Laser I 24 v

FM-recorder

UV recorder

Measurement system in the bus. Measuring the dynamic wheel load

Figure 9 Block diagram of measurement installation

In order to make possible to determine the vertical spring rate of the tyre

the bus must pass the weighing scale at different instantaneous wheel loads.

This was brought about by the aid of a movable hump with dimensions

according to figure 1 1. The hump was located at different distances from the

leading edge of the scale thus causing the bus to pass the scale during

different phases of the bouncing movements of the vehicle body and

consequently at different instantaneous wheel loads.
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Figure 10 Example of signal recording at the determining of the tyre spring
rate
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Figure 11 Dimensions of the hump

6.4 Evaluation

The idea to compute the vertical spring rate of the tyre from the quotient of

the change of the wheel load when passing the scale and the corresponding

change of axle height was soon abandoned as very small errors in reading

caused big variations in the quotient sought for. Instead the tyre spring rate

was determined by firstly estimate a quasi static axle height from the

readings before passing the hump and secondly use that axle height as a zero-

line to determine the "absolute" axle height at some points along the surface

of the scale. Also the wheel loads were determined on those points.

Figure 12 shows an example of the relationships found between wheel load

and axle height. The slope of the regression line is the vertical spring rate of

the rolling twin tyres. As can be seen the regression line approximates the

individual readings extremely well, the coefficient of correlation being 0.98.

In fact, the coefficients of correlation for all the six combinations of wheel-

load and speeds are within the bracket 0.97-0.99.
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Figure 12 The relationship between axle height and wheel load. Static wheel
load 50 kN. Speed 50 km/h

A comparison between the regression lines (figure 13) raises the question

whether there really is any difference between the slopes of the six

regression lines. An analysis of variance showed that in fact there was no

difference between the slopes (p <5%) and the mean value 1.88 kN/mm was

consequently used for the calculations of dynamic wheel loads for both

static wheel loads and all three speeds studied in this investigation.
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Figure 13 The relationship between axle height and wheel load. All mea-
surements
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According to Dickerson and Mace (l) 0.98 kN/mm is a typical value of the

vertical spring rate of a single lorry tyre of radial type. Used as twin tyres

this would give 1.96 kN/mm. The tyre referred to is probably Avon Radial Mk

II ll R 22.5 with air pressure 770 kPa.

Michelin reports for a single tyre 11.00 R 20, static wheel load 25 kN and air

pressure 800 kPa 1.03 kN/mm which corresponds to 2.06 kN/mm for twin

tyres.

Baas (2) gives 1.8 kN/mm for twin lorry tyres without giving any other tyre

data.

The tyre vertical spring rate 1.88 kN/mm found in this investigation seems

to be well in agreement with other available data.
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7. MEASUREMENT OF DYNAMIC WHEEL LOAD

When the tyre vertical spring rate had been determined the dynamic wheel

load of the two buses and the two static wheel loads were measured using the

test sections given in table 1.

The dynamic wheel load contribution is defined as the standard deviations of

the dynamic wheel load. Here this quantity is calculated as the product of

the standard deviation of the axle height variation and the tyre vertical

spring rate. The dynamic wheel load determining the road stress is the sum

of the static load and the dynamic contribution. Each test section was

measured twice and the dynamic wheel load contributions and dynamic

wheel loads were calculated from the mean value of the standard deviation

of the axle load. The repeatability showed to be very good. The coefficient

of reliability was found to be 0.96 when measuring on the air sprung bus and

static wheel load 55 kN and 0.99 at the static wheel load 50 kN. The steel

sprung bus of static wheel load 50 kN gave 0.98. Figure 14 shows the dynamic

wheel loads measured in the different cases.

As can be seen the results of the measurements do not support the hypothesis

that the dynamic wheel loads of the air sprung bus shouldbe less than the

ones of the steel sprung bus at the same static load and at the static load of

55 kN at least should not exceed the dynamic wheel load of the steel sprung

bus at the static wheel load of 50 kN. The results, thus, show that the

dynamic wheel loads of the steel sprung bus in all cases are lower than the

corresponding loads of the air sprung bus. The stability of the measurement

results, however, indicates that the measurement method as well as the

results are reliable and that the reason for the somewhat surprising results

had to be sought for in the buses themselves.

As the damping properties of the suspension are of decisive importance for

the dynamic wheel load it was suggested that the dampers of the air sprung

bus were inadequate. In the light of the surprising result an additional

measurement was performed on a steel sprung lorry with a very stiff

suspension. The results, also shown in figure 14, in some way supported the
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idea that the dampers of the air sprung bus were to blame as the dynamic

wheel loads of the lorry were of the same order as the ones of the steel

sprung bus. A subsequent measurement of the damping characteristics of the

air sprung bus furthermore showed that the dampers really were worn out.
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10 - Steel sprung lorry

0 l

Speed km/h 50 50 50 50 7O

Evenness 6,5 5,6 5,6 5,5 5,6

Section no 3 2 2b 1 2

Figure 14 Dynamic wheel loads
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50 kN

50 kN

50 kN

As the purpose of the measurements was not to show the superiority of air

suspensions but to serve as a validation of a mathematical vehicle model the

investigation can be considered as having reached its goal.
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8. VALIDATION OF A MATHEMATICAL VEHICLE MODEL

The validation of the mathematical model has been carried out by Volvo and

was based on the vehicle characteristics determined by Scania and the

measurements by the Swedish Road and Traffic Reséarch Institute. It has

been reported by Volvo (3) and will here be summarized in short.

In the simulation Volvo used a road profile consisting of three consecutive

sine waves with the amplitude 25 mm. Five different wave lengths were

studied: 0.5, 1.0, 2.0, 4.0 and 8.0 m respectively. The measured output was

maximum dynamic rear axle load.

The rough roads used at the field measurements were severely damaged oil

gravel roads with a dominance of the short wave lengths. The comparison

between simulation and measurement ought thus to be concentrated on the

short wave lengths. In the field study the sum of the static wheel load and the

standard deviation of the dynamic contribution was measured while the

simulation study measured the maximum wheel load. It is thus not possible to

do a quantitative comparison, but a qualitative.

Such a comparison shows that at wavelengths less than 2 m the field study

and the simulation ranks the three measured alternatives, air sprung bus at

55 and 50 kN wheel load and steel sprung bus at 50 kN, in the same order.

Figure 15 shows an example of the Volvo simulation results where the

wavelength of the road profile is 0.5 m. As a comparison also the results of

the field measurements are depicted in the figure.

Even if the results of the field study are not in complete agreement with the

simulation results, neither in terms of road profile or criterion variable, the

comparison has shown that the mathematical model developed by Volvo is

sufficiently true to serve its purpose in the intended way.
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Scania BR 145 100 MN steel spring

Scania BR 145 110 MN steel spring

Scania CR 112 100 MN air spring

Scania CR 112 110 MN air spring
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Figure 15 Volvo simulation results. Maximum dynamic rear axle load on
three consecutive sine waves of amplitude 25 mm and wavelength
0.5 ni.
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