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Abstract At present, evaluation of rolling resistance of automobile tires, as well as
the determination of the coefficient of resistance to lateral diversion, is carried out
on drum stands. Testing cars on drum stands of various designs is also becoming
increasingly common. However, there is no research in the literature considering
the mechanics of interaction of an elastic wheel with a drum and its kinematic and
force characteristics, which has defined the tasks of this study. The research is based
on the fact that with steady rolling, the wheel surface elements entering the contact
zone are not yet “prepared” to perceive the tangential force and at the same time
pressed to the base by the normal force, start moving without slipping, while
obtaining tangential displacement. As the coupled elements of the wheel and the
support base move in the reversed mechanism in the contact zone, their tangential
displacements increase, and therefore, the tangential friction force between the
coupled elements also increases. In the place of contact, where the increased friction
force reaches the ultimate in adhesion, there happens a breakdown, and on the entire
part of the contact located behind the point of breakdown, a slip occurs. Based on
this, the authors determine the coordinate of the areas of adhesion and slip in the
contact of a wheel with a drum, relative loss of speed of the wheel, the tangential
force acting in the contact, the torque on the wheel, power of friction loss in the
contact, and the hysteresis loss of the wheel.
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1 Formulation of the Problem

Currently, issues related to the mechanics of rolling wheels on a flat surface are
considered quite widely [1–23]. However, the wheel rolling process on the drum
remains poorly understood, although this requires close study, as rolling and
research tests of cars on drum stands are widely used today, which necessitates
obtaining dependencies that determine the forces at the wheel’s contact with the
drum, friction power losses in the contact, wheel slippage, etc.

2 The Main Part

The mechanics of rolling an elastic wheel on a drum is the same as when rolling a
wheel on a flat rigid supporting surface.

When the driven wheel is rolling, loaded only with a normal load, due to the
imperfect elasticity of the material, there are losses due to internal friction in the
wheel material (hysteresis), which cause the occurrence of the moment of resistance
Mf and the appearance of a rolling resistance force Ff—the longitudinal tangential
force acting in contact of the wheel with the base in the direction opposite to the
movement of the wheel. A similar rolling resistance force arises for a brake wheel
which is loaded, in comparison with a driven wheel, with an additional braking
torque MT. The presence of this force leads to the slippage of the elements of its
treadmill relative to the base in the contact zone and to the loss of the angular
velocity of the wheel.

During the rolling of the drive wheel, the movement of which occurs under the
action of torqueMK, in contact, a driving (traction) force arises, directed alongwith the
wheel. As in the previous case, this force causes slippage of the treadmill elements in
the contact zone with the base and loss of the linear speed of the wheel axis.

The mechanism of occurrence of sliding elements of the wheel surface relative to
the base is considered in detail in works [1–5]. Using the scheme of the inverted
mechanism “elastic wheel—rigid foundation” based on the theory of preliminary
displacement, it was shown that with steady rolling, the wheel surface elements
entering the contact zone, not being “prepared” for the perception of tangential
force and at the same time pressed to the base normal force, begin to move without
sliding, while receiving tangential displacement (directed opposite to rolling for the
brake and driven wheels, and in the direction of rolling—for the driving wheel). As
the coupled elements of the wheel and the base move in the reversed mechanism in
the contact zone, their tangential displacements increase, and therefore, the tan-
gential friction force between the coupled elements also increases. In the place of
contact, where the increased friction force reaches the ultimate in adhesion, a
breakdown occurs and on the whole part of the contact located beyond the point of
failure, regardless of whether it is in the zone of decreasing or increasing normal
pressures, slip occurs (Fig. 1).
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With an increase in wheel speed loss and a corresponding increase in the tan-
gential force acting in the contact, the slip zone increases, as well as the power of
friction loss in the contact, which characterizes the wear intensity of the treadmill
and partly the wheel rolling resistance.

Tangential displacements of treadmill points in the contact zone can be repre-
sented as a sum of two terms, one of which is due to the realization of the tangential
force in the contact, and the second one—to the wheel geometry (its circular shape
in cross section to the axis).

Neglecting the displacements due to the geometry of the wheel does not lead to a
significant error in determining the kinematic parameters of the wheel as a function
of the realized tangential force. In this regard, when solving the tasks, we will take
into account only the tangential displacements of the points of the treadmill wheel,
due to the implementation of the tangential force [1, 2]:

U ¼ nða� xÞ ¼ rck
rk
� 1

� �
ða� xÞ ð1Þ

In the formula, n is the relative loss of speed, a is the half-length of the pad wheel
with a rigid support surface, x is the distance from the beginning of the contact area
to the considered point of the wheel in the contact area, rk is the wheel rolling
radius, and rck is the free rolling radius.

As xkrk ¼ V , where V is the reversed wheel speed, therefore

U ¼ ða� xÞ xkrck
V

� 1
� �

ð2Þ

Applied to wheel rolling on a hard drum V ¼ Vd ¼ xdrd, where xd and rd are
angular velocity and radius of the drum. As a result, tangential displacements of
points on the surface of an elastic wheel, due to the implementation of a tangential
force in contact with the drum, can be represented in the grip section by the
expression:

U ¼ ða� xÞ xkrck
xdrd

� 1
� �

¼ nða� xÞ; ð3Þ

Fig. 1 Normal qn and
tangential qt stresses in
contact with rolling wheels,
xg—coordinate of boundary
between grip and slip areas
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where is the relative velocity difference.

n ¼ xkrck
xdrd

� 1 ð4Þ

With a known value n, the ratio of the angular velocities of the wheel and the
drum will be equal to:

xk

xz
¼ ð1þ nÞ rd

rck
ð5Þ

Proceeding from the proportionality of tangential stresses (specific tangential
forces) to tangential displacements, we can state that tangential stresses caused by
the realization of a tangential force in contact are as follows:

qt ¼ kU ¼ knða� xÞ; ð6Þ

where k is the wheel tangential stiffness coefficient, determined [3] as:

k ¼ kk
rd

rd þ r
¼ 1:5qr

a3
1

1þ r=rd
ð7Þ

With a parabolic law, the distribution of normal pressures along the length of the
contact area the coordinate of the boundary between grip and slip areas (Fig. 1),
determined from the equality qt ¼ lqn, can be shown as the following relationship
[1, 2]:

xg ¼ �a� kn
lqn0

ð8Þ

The moment on the drum, due to the action of tangential force, is equal to:

ð9Þ

The value in square brackets, equal to the algebraic sum of all specific tangential
forces in the contact, we call the circumferential force of thrust (Fig. 2):

Ft ¼ 2b
kn
2
ða� x@Þ2 � 1

3
lqn0ð2a3 þ 3a2x@ � x3@Þ

� �
ð10Þ

Putting into (10), the expression lx ¼ �mqn0 aþ xgð Þ, obtained from (8), after
transformations, we arrive at an equation, the solution of which gives the depen-
dence for finding the coordinate of the boundary of the cohesion and slip sections:
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xg ¼ a 1� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Ft

lFz

3

s !
ð11Þ

As a result

n ¼ �1
k

2lqn0 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Ft

lFz

3

s !
ð12Þ

or considering expressions for qno (2) and (7)

n ¼ � la
s

1
r
� 1
rd

� �
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Ft

lFz

3

s !
ð13Þ

The last expression, provided that we do not take into account the saturation
coefficient of the treadmill pattern s (for wheels without treadmill pattern s = 1),
matches a similar formula acquired by Fromm [6, 7] (the difference is only in the
degree of the radical: H. Fromm suggests a square root), and then by Vyrabov [3]
for a friction gear, consisting of two cylinders.

Given the known relationship for n, the ratio of the angular velocities of the
elastic wheel and the rigid drum as a function of the thrust force Ft and the normal
load in accordance with Formulas (4), (12), and (13) can be represented as:

xk

xd
¼ rd

rck
1� 2lqn0

k
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Ft

lFz

3

s !" #

¼ rd
r

1� la
s

1
r
� 1
rd

� �
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Ft

lFz

3

s !" # ð14Þ

Fig. 2 Forces in contact with
the wheel drum
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In case of small tangential forces the last formulas can be simplified if the
expression

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Ft=lFz

3
p

is expanded in a power series, then discarding the values
of the second infinitesimal order:

xg ¼ a �1þ 2
3
Ft

lFz

� �
ð15Þ

n ¼ a
3s

1
r
þ 1

rd

� �
Ft

Fz
ð16Þ

xk

xd
¼ rd

r
1� a

3s
1
r
þ 1

rd

� �
Ft

Fz

� �
ð17Þ

In the Expressions (15)–(17), the force Ft is positive for the drive wheel and
negative both for the driven and brake ones.

Due to the realization of a thrust force at the contact, the power loss caused by
friction in the contact of an elastic wheel with a rigid drum is determined by the
same relationship as for the case of a wheel rolling on a flat bearing surface:

Pfr: ¼ FtxV ¼ Ftxwdrd ð18Þ

To determine the power loss to the hysteresis in the material of an elastic wheel
rolling on a rigid drum, as before, we will take into account only the normal
deformation of the wheel, which can be represented as a sum of (Fig. 3):
W ¼ W 0 þW 00.

Fig. 3 Normal stresses qn
when the wheel is pressed
against the drum
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As W 0 ¼ a2�x2
2r and W 00 ¼ a2�x2

2rd
,” then

W ¼ a2 � x2

2
1
r
þ 1

rd

� �
ð19Þ

The hysteresis power loss can be found using the following relationship:

Ph ¼ bh

Za
0

qn
dW
dt

����
����dx2b; ð20Þ

where bh is the hysteresis loss coefficient; dW/dt—wheel warping speed:

ð21Þ

Here, the x coordinate lies on the axisOX (Fig. 3.); dxdt ¼ Vc ¼ xkr since the change
in the normal deformation dW/dt occurs at a speed equal to the peripheral speed of the
wheel as the wheel tread element moves into the contact depth. Considering (19)

dW
dt

¼ �x
1
r
þ 1

rd

� �
xkr ð22Þ

As a result,

Ph ¼ 3
16

bhFnaxkr
1
r
þ 1

rd

� �
ð23Þ

With the dependence found for the Ph, the moment of hysteresis in the tire
material can be represented as:

Mh ¼ Ph

xk
¼ 3

16
bhaFn 1þ r

rd

� �
ð24Þ

Then, the shift shoulder of the normal drum reaction will be equal to:

h0 ¼ Mh

Fn
¼ 3

16
bha 1þ r

rd

� �
ð25Þ

According to [4, 5],

3bha
sh=16 ¼ f0r

c
k � f0r: ð26Þ

Then, h0 ¼ f0r 1þ r
rd

� 	
a
ash
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Here, ash is the half-length of the wheel contact with a flat rigid bearing surface
with the same load Fn.

Knowing the shoulder h0, it is possible to find [4, 5] the dependence for the
tangential force (it is also the rolling resistance force of the driven wheel) due to the
hysteresis:

Fs0 ¼ Fnf0 1þ r
rd

� �
a
ash

ð27Þ

Since the ratio of the rolling resistance force to the normal force Fs0=Fn ¼ f0 is
the wheel rolling resistance coefficient, then for the considered case of an elastic
wheel rolling on a rigid drum

f d0 ¼ f0
r
rd

þ 1
� �

a
ash

ð28Þ

When rd ! 1, the dependences (24), (27), and (28) lead to expressions derived
for the case of rolling an elastic wheel on a flat rigid supporting surface.
Comparison of these expressions with the above dependencies leads to the con-
clusion that both the moment from the hysteresis and the force and the rolling
resistance coefficient of the driven elastic wheel along with a rigid drum, caused by
the hysteresis, increase a 1þ r=rdð Þ=ash times compared to rolling the same wheel
on a flat hard surface.

3 Conclusion

Based on the considered mechanics of rolling an elastic wheel over a rigid drum,
the dependences are obtained for calculating the tangential force at the wheel’s
contact with the drum, the torque on the drum, the power of friction loss in contact,
and the amount of slip (relative velocity loss).

An increase in rolling resistance on a drum leads to a difference in lateral drag
coefficients determined on the drum and when the wheel moves on a flat supporting
surface.

When using lateral drag and rolling resistance coefficients, obtained experi-
mentally on a drum stand, for the case of a wheel moving on a flat support surface,
appropriate correction factors should be introduced.

Next, one should determine the points of application of tangential and normal
forces in the contact, wheel rolling on two drums, and also the coefficient of
resistance to lateral drift when the wheel is rolling on the drum.

The issues of interaction of an elastic wheel with a rigid support surface are set
forth in more detail in the list of references given at the end of this chapter [1–23].
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