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A perspective on rolling resistance testing
By Marion G. Pottinger

Executive summary

M’gineering, L.L.C

The pneumatic tire was invented
twice. Both inventions were for ride reasons, but interestingly, tire rolling resistance immediately was investigated
due to an unexpected benefit of pneumatic tires compared to previous technology. They were easier to roll.

TECHNICAL NOTEBOOK
Edited by Harold Herzlich
R.W. Thompson was the first inventor
in 1845.2 He wanted to improve the ride
of horse-drawn vehicles: carriages,
buckboards, etc. In the process of trying
to sell the concept to customers, he hired
an independent third party engineering
firm to confirm the rolling resistance
characteristics of his invention.

Tire rolling resistance tests have been conducted since the invention of the
pneumatic tire. This testing technology is discussed with emphasis on the last 50
years and the near future, a period in which rolling resistance has become a much
more urgent topic due to its association with automotive energy consumption/fuel
consumption and greenhouse gas emissions.
Today standardized tests capable of producing precise results are common. Unfortunately, the test results are not ideal for computation of automotive fuel consumption. In this paper, the existing test methods are reviewed along with certain
testing deficiencies responsible for producing less than ideal results for predicting
the effect of rolling resistance on automotive fuel consumption.
The paper’s summary concludes with a list of items requiring future research.
Fig. 11 shows the published results of
drawbar force tests done in 1847. These
were the first real engineering tests of a
pneumatic tire. The results were very
good, but they didn’t give him the hoped
for sales, and the tire never became a
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commercial success in his lifetime. It
was forgotten except in patent records.
By early 1880s, the safety bicycle,
Fig. 2, was invented by John Kemp
Starley. People were beginning to ride
bicycles for practical transport. One of
the business riders was a veterinarian,
John Boyd Dunlop from Belfast Northern Ireland, who invented the pneumatic tire for a second time in 1888, Fig. 3.
His son was a bicycle racer. Again the
invention was for ride, but the reduced
rolling resistance was an important feature for people pumping bicycles. The
combination of better ride and reduced
rolling resistance made the pneumatic

tire a business success and turned the
bicycle into a craze.
Beyond the observations just mentioned, the question of tire rolling resistance received little further attention until the 1920s. By that time the ride
characteristics combined with the pneumatic tire’s force and moment characteristics had made the automobile possible1
and were beginning to make modern
trucking possible.
In the middle of the decade of the
1920s, there was great concern over the
availability of an adequate supply of oil,
so the National Bureau of Standards (today the National Institute of Standards
and Technology) began a study that involved the study of tire energy consumption based on indoor drum tests.4
From then on until about 1960, little
rolling resistance research was done.
But as shown by paper frequency in Fig.
4, rolling resistance interest rose rapidly
after 1970 as a consequence of oil supply
disruptions and general fuel consumption and greenhouse gas concerns.
Before going into modern rolling resistance test methods, which have grown from
the work in the papers enumerated in Fig.
4, it is worth noting that tire rolling resistSee Testing, page 16
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Testing
Continued from page 15
ance coefficients are not very large, Fig. 5.
Thus, many of the statements about
what can be done to lower rolling resistance drastically should be viewed with a
measure of skepticism, especially given
tire traction requirements. The absolute
bottom for rolling resistance is likely
smooth clean steel on steel. You definitely can’t get there.
It appears that the best tires for rolling
resistance likely will not have rolling resistance coefficients far away from the
best realistic operational rail car rolling
resistance coefficients of about 0.005.

A survey of rolling resistance testing
There are five significant areas of energy loss involved with a rolling tire, Fig. 6.
These have different levels of importance

to engineers designing tires. Some of the
areas are in a practical sense beyond the
control of tire engineers. Some areas simply aren’t significant.
In Fig. 6, the areas are classified in
terms of the ability practically to influence the magnitude of the energy loss of
that area through design. In this way of
thinking an area is only important if engineers have significant design control
over the result in everyday operation.
Out of this thought pattern rolling resistance test practices have come to be
focused on effects arising because tire
materials have hysteresis.
When testing whole tires to determine
the effect of material hysteresis and tire
design geometry (architecture) on rolling
resistance, the predominant procedures
are executed in a laboratory using a default machine geometry with a tire on a
stationary axle rotating against a cylindrical drum, Fig. 7.
There are a variety of factors which af-

Fig. 2. The solid tire: 1885 Rover safety bicycle.

fect results obtained with this basic machine configuration and the results relationship to on highway reality. We will
discuss these concisely beginning with
mention of the four most common methods of determining rolling resistance applying this machine configuration.
Fig. 8 lists the four most common
methods used to measure rolling resistance on laboratory machines. Methods
One and Two are absolutely predominate today and yield comparable results
when correctly applied.
Method One, measurement of the nominal rolling resistance force at the tire
axle, works for rolling tests with both
steady state and transient test velocities.
Typically, a biaxial load cell arrangement capable of measuring rolling resistance force (force in the direction of
rolling) and load is used. The significant
problem is cross talk between the large
applied tire load and the small rolling resistance force measurement.
Force cross talk can be minimized by
good machine design, but it is necessary
to calibrate the system to allow cross
talk correction in order to get adequately
accurate results.
Method Two, measurement of the
torque applied to the test drum drive
shaft, after correction for bearing friction,
yields results which can be converted into

tire rolling resistance. It is quite important that the drum speed be constant so
that the measured torque is not in error.
Methods Three and Four are primarily of historical interest today, but they
do work, though the results may not be
precisely the same as those from Methods One and Two.
Method Three allows torque applied
to the drum shaft to be computed from
electrical measurements that allow the
power required to turn the drum to be
determined. This was the method used
in early rolling resistance testing performed by NBS in the 1920s because of
transportation oil supply worries.4
Method Four consists of coast down experiments in which the speed decay of the
coasting system is converted into power
loss and then into rolling resistance force.
The use of a drum roadway as shown
in Fig. 7 is convenient and grounded in
industry history, but there is one particularly problematic aspect to testing on a
drum. The test results depend on drum
curvature. The rolling resistance of the
tire increases as the test drum’s curvature increases, the drum’s radius declines. This dependence leads to two potential questions.
1. Is tire ranking in a test tire group
drum curvature dependent? And
2. What is a tire’s rolling resistance on

Fig. 5. Five areas of energy loss in rolling and their importance.1

Fig. 3. Dunlop’s first tire and the provisional specification sent to the patent office
July 1888.
Fig. 6. Example of rolling resistance coefficients drawn from J. R. Luchini’s “Historical Perspectives on Tire Rolling Resistance.”1

Fig. 4. Number of papers on rolling loss from Google scholar in 2010.4

Fig. 7. The predominate tire rolling resistance test geometry.
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a flat surface?
The general belief is that the rolling
resistance ranking within a group of
tires is not test surface curvature dependent. This is stated as an implication
in Reference 1. The author of the current paper would be more comfortable if
this were a well proven result.
Vehicle designers, who are the real
users of rolling resistance data, have a
problem with rolling resistance data obtained on a drum. They need data on a
flat surface. If data are taken on a drum,
they must be converted to a flat surface.
The Clark equation,5, 6 the classical equation for making this correction, is shown in
Fig. 9. The case for vehicle design is the
one at the bottom of Fig. 9 where R2 is infinite. The Clark equation is still commonly
used and appears in one form or another in
various testing standards.
Work at the Karlsruhe Institute of Technology7 developed the curvature conver-

sion equation shown in Fig. 10 using both
round and flat surface measurements. The
Karlsruhe formula’s round to flat converted results are very close to the measured
flat results (Fig. 11).
Traditional results are not close. But
looking at the whole question, perhaps a
switch to flat surface measurement would
be the right idea and quit trying to correct.
It is now possible that a switch could be
done with devices like the MTS conceptualization in Fig. 12.
A machine as illustrated in Fig. 12
probably can be built for a price in the
same order of magnitude as a 1.7 or 2.0m
drum machine so long as it is a dedicated
rolling resistance machine and not a
generalized device. It certainly would
eliminate the curvature problem.
Unfortunately, no can predict how
events will develop because of the problem
of the inertia of the current installed test
machine base. A total change to flat sur-

face testing would require a significant investment. However, a phased change
might not be so economically daunting.
The test surface itself is another machine question beyond surface curvature.
This question appears in two forms:
1. Surface roughness; and
2. Contact heat transfer between the
tire and test surface.
Based on the importance of the tread
as a contributor to tire rolling resistance, one would expect that test surface
macro and micro texture should make a
difference in the results and they do
(Fig. 13). The rougher the surface is the
See Rolling, page 18

Fig. 12. Flat surface rolling resistance
machine concept.

Fig. 9. Clark equation for curvature correction.5, 6

Fig. 8. The four common methods used to measure rolling resistance on laboratory
machines.

Fig. 10. Karlsruhe Institute of Technology round to flat conversion proposal.7

Fig. 11. Karlsruhe and Clark equations compared to test data.7

Fig. 13. General effect of road surface texture.8
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Continued from page 17
greater the rolling resistance.
Surfaces commonly used in rolling resistance testing are either smooth steel
or an 80 grit emery cloth or sandpaper,
which is about equivalent to the surface
labeled 100 in this slide. SAE standards
such as J1269 and J2452 recommend
the emery surface over a smooth steel
surface, which is ISO preferred (see for
example ISO 18164 or 28580).
As noted in Reference 1, the results
are essentially comparable for data on
both surfaces. This is because of the relative closeness of the surface textures.
An expansion to testing on textures
more representative of real road surfaces could lead to very different results.
Indeed, in Fig. 14, which is from a paper presented by Ulf Sandberg at the

2012 Tire Expo8, data supporting the validity of the question appeared. Note
that the response to significant surface
texture was not tire independent.
Plainly, test surface texture may need
re-examination for reasons of reality.
This would involve specifying a surface,
which was average based on installed
roads, a not inconsiderable undertaking.
Leaving the subject of the road surface
texture effect, but before stepping into the
subject of the heat transfer between the
tread and test surface, it is appropriate to
examine the effect of ambient temperature on tire rolling resistance, Fig. 15. In
the everyday operating range, the ambient temperature effect can be considered
linear, as shown in the left image. The
standard tests have their reference temperatures set in the middle of the range.
A tire’s temperature distribution
takes some time to equilibrate after a
change to operating conditions, as illustrated in the right hand image, which is

Fig. 14. Macrotexture effect on energy losses vs. smooth drum measurements for
Four Tire specifications.9

for a start from a static condition under
the ambient thermal conditions in ISO
8767. The standard tests specify a specific break-in time for each step so that
measurements occur at equilibrium.
That’s nice for us who are testing, but
what does that mean for modelers concerned with real world fuel economy?
Fig. 16 shows the ambient temperature correction equation used in most
rolling resistance testing standards. The
version herein is the one in SAE J1269
and J2452. There is one problem. The
constant k is different in different standards, as shown in Fig. 17. Which is correct? Is the difference in values an effect
of different experimental determinations?
Is k actually different for different tires?
It would be nice to know the answer.
As mentioned earlier, there is a temperature effect that is not discussed in
the literature or not discussed much,
but for modelers it may be significant
and this is the effect of the test surface
temperature on the results due to heat
transfer in the tire contact. Unfortunately, I don’t have data for rolling resistance testing, but data at appreciable

slip angles indicate that the effect of
heat transfer in the footprint should be
investigated with respect to rolling resistance (Fig. 18).
Turning from temperature, the speed
effect on steady state rolling resistance
is small at normal driving speeds seen in
the U.S. Thus, the speeds specified in the
ISO and SAE tests make sense for testing to represent everyday use (Fig. 19).
However, as speeds begin to rise, the
incipient standing wave development in
radial tires will lead to rapidly increasing rolling resistance at speeds above
about 70 mph (120 kph) unless the tires
are designed for high speed usage referred to as capped in the figure. The
practical lesson is that testing in a standard way leads to data, which are subject to speed limitations in application.
A final point for consideration in
rolling resistance testing is the effect of
tire load and inflation pressure. Using
Fig. 20 as an illustration presented in
an ITEC 2010 paper comparing SAE
J1269 and SAE J2452,10 we see that a
smooth, doubly curved, dished surface
shows how rolling resistance changes

Fig. 15. Temperature effects on rolling resistance.8

Fig. 17. Different k values used according to different standards.10
Fig. 16. Ambient temperature correction equation.10

Fig. 19. Speed effect on rolling resistance.8

Fig. 18. Effect of test surface thermal conductivity on temperature rise in the footprint at a six degree slip angle.11
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with load and inflation pressure. The example is labeled hypothetical because it
is derived from results for multiple tires
of different sizes.
Looking carefully at the response to
load at a given inflation pressure for passenger tires, rolling resistance increases
linearly as tire load increases (Fig. 21).
Correspondingly, the rolling resistance
coefficient shows a modest linear decrease. Reference 8 shows the same response characteristics for truck tires.
Changing to a view of rolling resistance
as a function of inflation pressure at a constant load, we see a nonlinear pressure response that flattens as pressure increases
(Fig. 22). Indeed, rolling resistance will
pass through a minimum as a function of
pressure if the increase is carried far
enough as noted by Rhyne and Cron.12
With the comments on the effect of
tire load and inflation pressure, it is
now possible to summarize what has
been said in this paper.

Summary
The paper began by noting that rolling
resistance measurements were literally
the first tests ever performed on pneumatic tires, but after noting the tire’s low

rolling resistance, interest died away until recent decades in which the amount of
papers on rolling resistance grew from a
handful each year to hundreds each year.
The study of rolling resistance in
highway tires has become focused on
material hysteresis and structural
arrangement or architecture.
Employing testing on drum type testing machines as a common procedure,
the tire has evolved until today the
rolling resistance of the very best tires is
approaching that on operating railroads.
But as pointed out in this presentation,
there are still testing items to resolve.
Among these are: the proper routine
way to convert drum data to flat surface
data, moving from drum to flat surface
testing, specifying proper test surface
roughness, obtaining proper test surface
heat transfer and other smaller items.

Dedication
This paper is in memory of John Luchini
a fine engineer and a good man. To many
of us, John, principal research scientist at
Cooper Tire, was Mr. Rolling Resistance.
John died from brain cancer in 2013.
When Harold Herzlich was organizing
ITEC in Focus for 2015, he asked me to

Fig. 21. Effect of load on rolling resistance.8

Fig. 22. Effect of tire pressure on rolling resistance.8

re-present John’s paper, “Historical Perspectives on Rolling Resistance,”1 which
had been presented at ITEC 2010.
After considering the testing focus for
2015, we decided that a presentation on
the history of rolling resistance testing
beginning from the material in John’s
2010 paper was appropriate.
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Fig. 20. Hypothetical load and inflation pressure for rolling resistance.10

