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c EDP Sciences / Società Italiana di Fisica / Springer-Verlag 2011
Published online: 6 December 2011 – 
Abstract. We have measured the friction force acting on a rubber block slid on a concrete surface. We used
both unﬁlled and ﬁlled (with carbon black) styrene butadiene (SB) rubber and have varied the temperature
from −10 ◦ C to 100 ◦ C and the sliding velocity from 1 μm/s to 1000 μm/s. We ﬁnd that the experimental
data at diﬀerent temperatures can be shifted into a smooth master-curve, using the temperature-frequency
shifting factors obtained from measurements of the bulk viscoelastic modulus. The experimental data has
been analyzed using a theory which takes into account the contributions to the friction from both the
substrate asperity-induced viscoelastic deformations of the rubber, and from shearing the area of real
contact. For ﬁlled SB rubber the frictional shear stress σf in the area of real contact results mainly from
the energy dissipation at the opening crack on the exit side of the rubber-asperity contact regions. For
unﬁlled rubber we instead attribute σf to shearing of a thin rubber smear ﬁlm, which is deposited on the
concrete surface during run in. We observe very diﬀerent rubber wear processes for ﬁlled and unﬁlled SB
rubber, which is consistent with the diﬀerent frictional processes. Thus, the wear of ﬁlled SB rubber results
in micrometer-sized rubber particles which accumulate as dry dust, which is easily removed by blowing air
on the concrete surface. This wear process seams to occur at a steady rate. For unﬁlled rubber a smear
ﬁlm forms on the concrete surface, which cannot be removed even using a high-pressure air stream. In this
case the wear rate appears to slow down after some run in time period.

1 Introduction
Rubber friction is a topic of huge practical importance,
e.g., for tires, rubber seals, wiper blades, conveyor belts
and syringes [1–22]. In most practical applications, e.g.,
for tire dynamics, rubber friction is usually described using very simple models, e.g., the Coulomb friction law with
a friction coeﬃcient which may depend on the local sliding velocity and local pressure. However, this approach is
purely phenomenological and cannot predict how the friction changes with the type of rubber, or with variations
of the temperature or road (or substrate) roughness. In
addition, rubber friction in general depends on the sliding history (memory eﬀects) which is not included in this
approach.
There are several diﬀerent contributions to rubber friction as illustrated in ﬁg. 1: (a) The substrate asperities
deform the rubber which during sliding gives rise to dissipation of energy in the bulk of the rubber (pink lightdotted area) [5]. (b) Close to the opening crack tips very
a
b
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large viscoelastic deformations may occur resulting in a
locally very large energy dissipation (pink heavy-dotted
area) [23, 24]. (c) There will also be a contribution to the
energy dissipation from shearing a thin contamination ﬁlm
(green area) on the rubber surface and/or on the substrate
surface [25]. In the absence of such a ﬁlm direct bonding
between the rubber molecules and the substrate, followed
by viscoelastic deformation and bond breaking, will also
contribute to the energy dissipation and the sliding friction [11]. (d) In addition, a contribution to rubber friction
will arise from wear processes, e.g., the energy necessary
to propagate cracks in the rubber surface region resulting
in the removal of small rubber particles.
One of us has recently developed a detailed rubber
friction theory involving process (a) in ﬁg. 1 (see refs.
[5, 6]). This theory is based on a new contact mechanics theory which accurately takes into account all relevant
length scales [5, 26]. The theory predicts how the rubbersubstrate contact area varies with the sliding velocity and
the temperature, and is the basis for the study presented
below. In the present analysis we also take into account
processes (b) and (c). To calculate the contribution from
the opening crack, we use the theory of cracks in viscoelas-
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Fig. 1. (Colour on-line) Diﬀerent contributions to rubber friction: (a) The substrate asperities deform the rubber which during sliding gives rise to dissipation of energy in the bulk of the
rubber (pink light-dotted area). (b) Close to the opening crack
tips very large viscoelastic deformations may occur resulting
in a locally very large energy dissipation (pink heavy-dotted
area). (c) In addition there will be a contribution to the energy dissipation from shearing a thin contamination ﬁlm (green
area) on the rubber surface and/or on the substrate surface.
In the absence of such a ﬁlm direct bonding between the rubber molecules and the substrate, followed by viscoelastic deformation and bond breaking, will also contribute to the energy
dissipation and the sliding friction.

T1

ω 1log ωlog ω

Fig. 2. When the temperature increases the tan δ = Im E/
Re E spectra shift to higher frequencies, which results in a
decrease in the rubber friction. We assume the road asperities
give rise to pulsating frequencies in the range ω0 and ω1 .

2 Rubber friction
In this section we present the basic equations we have used
to calculate the contribution to the friction from processes
(a)-(c) described in the introduction. We also discuss the
basic physics involved in each case.
(a) Asperity-induced bulk energy dissipation

tic solids developed in [23, 27–29], where the velocity dependence of the crack propagation energy G(v) can be
calculated directly from the viscoelastic modulus E(ω).
For process (c) we use experimental [25] and computer
simulation [30] studies which show that during shearing
of thin conﬁned ﬂuid (or soft solid) layers the shear stress
σf ≈ B γ̇ α , where γ̇ is the shear rate, and where B and α
are (nearly) universal numbers.
For sliding velocities above ≈ 1 mm/s we have shown
earlier [6] that the rubber friction depends on the history
of the sliding motion (memory eﬀects), which is crucial
for an accurate description of rubber friction. For rubber
sliding on a hard rough substrate, the history dependence
of the friction is mainly due to frictional heating in the
rubber-substrate contact regions. Many experimental observations, such as an apparent dependence of the rubber
friction on the normal stress, can be attributed to the inﬂuence of frictional heating on the rubber friction. In the
present study we consider only so low sliding velocities
that heating eﬀects can be neglected.
The outline of this paper is as follows: In sect. 2 we
present the basic equations we use to calculate the contribution to the friction from processes (a)-(c). Section 3 describes the experimental apparatus we have developed for
measuring rubber friction as a function of the sliding speed
and the temperature. Section 4 presents the experimental
results and the comparison with the theory prediction. In
sect. 5 we discuss some aspects of the obtained results,
and the relation between rubber friction and rubber wear.
Section 6 contains the summary and conclusions.

Here we consider the energy dissipation from the viscoelastic deformations of the rubber surface by the road (or substrate) asperities. An asperity contact region with diameter d gives rise to time-dependent (pulsating) deformations of the rubber which is characterized by the frequency
ω = v/d, where v is the sliding velocity. The viscoelastic
deformation (and most of the energy dissipation) extends
into the rubber by the typical distance d. So most of the
energy dissipation occurs in a volume element of order
d3 . In order to have a large asperity-induced contribution
to the friction, the frequency ω should be close to the
maximum of the tan δ = Im E(ω)/ Re E(ω) curve. Here
Re E(ω) and Im E(ω) are the real and imaginary part of
the viscoelastic modulus E(ω) of the rubber. In reality
there will be a wide distribution of asperity contact sizes,
so there will be a wide range of perturbing frequencies,
say from ω0 to ω1 , see ﬁg. 2. A large friction requires
that tan δ is as large as possible for all these perturbing
frequencies.
The temperature dependence of the viscoelastic modulus of rubber-like materials is usually very strong, and an
increase in the temperature by 10 ◦ C may shift the tan δ
curve to higher frequencies by one frequency decade. This
will usually reduce the rubber friction, see ﬁg. 2.
Real surfaces have a wide distribution of asperity sizes.
The best picture of a rough surface is to think about it
as big asperities on top of which occur smaller asperities on top of which occur even smaller asperities, . . . .
This is illustrated in ﬁg. 3 for a case where roughness
occurs on two length scales. To get the total energy dissipation during sliding on a real surface one needs to sum
up the contribution from asperity-induced deformations
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Fig. 3. The dissipated energy per unit volume is highest in
the smallest asperity contact regions.

of the rubber on all (relevant) length scales. It is important to note that all length scales are a priori equally important [5] and a short-wavelength roughness component
(wavelength λ1 , amplitude h1 ) can give a contribution
which is equally important as a long-wavelength roughness component (wavelength λ0 , amplitude h0 ) if the ratio
h1 /λ1 ≈ h0 /λ0 (see ref. [5]).
Temperature has a crucial inﬂuence on rubber friction.
The viscoelastic energy dissipation results in local heating
of the rubber in exactly the region where the energy dissipation occurs. This results in a temperature increase,
which becomes larger as we observe smaller and smaller
asperity contact regions. This local (in time and space)
temperature increase, resulting from the local viscoelastic
energy dissipation, is referred to as the ﬂash temperature.
The ﬂash temperature has an extremely important inﬂuence on the rubber friction. However, for sliding velocities
v < 1 mm/s the produced heat has enough time to diffuse away from the asperity contact regions, and the ﬂash
temperature eﬀect is negligible. In the present study the
friction force is measured (at diﬀerent temperatures) for
velocities between 1 μm/s and 1 mm/s. Thus we can neglect frictional heating eﬀects.
In the friction theory developed in ref. [6] only the
surface roughness with wave vectors q < q1 is assumed to
contribute to the friction. For clean road surfaces we determine the cut-oﬀ wave vector q1 by a yield condition: We
assume that the local stress (and temperature) in the asperity contact regions on the length scale 1/q1 are so high
that the rubber bonds break, resulting in a thin modiﬁed (dead) layer of rubber at the surface region of thickness ≈ 1/q1 . On contaminated road surfaces, the cut-oﬀ
q1 may be determined by the nature of the contamination.
The mechanism we have proposed for the determination
of q1 , namely the formation of a thin modiﬁed (dead) layer
at the rubber surface as a result of the high stresses and
temperatures the tread rubber surface is exposed to during slip, is closely related to rubber wear. Rubber wear
occurs during slip, and the track gets contaminated by
small wear particles or smear which will also have some
inﬂuence on the sliding friction. The cut-oﬀ length 1/q1
depends in general on the rubber compound used, and on
the nature of the road (or substrate) surface (so changing the substrate surface requires some short run-in in
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order for a new thin modiﬁed surface layer to form on the
tread block (corresponding to a new cut-oﬀ length)). In
the study below we use q1 = 5 × 106 m−1 , which is consistent with the linear size of the (smallest) wear particles
we observe, which are of order a few micrometers.
Based on the picture presented above, in ref. [6] we
have derived a set of equations describing the friction acting on a rubber block squeezed with the stress σ0 against
a hard randomly rough surface. Here we summarize the
basic equations. The nominal frictional stress σf0 = μσ0 is
determined by the following set of equations:

 2π
E(qv cos φ)
1 q1
dq q 3 C(q)P (q)
dφ cos φ Im
.
μ≈
2 q0
(1 − ν 2 )σ0
0
(1)
The function P (q) is given by



1
2 ∞ sin x
√
exp[−x2 G(q)] = erf
,
dx
P (q) =
π 0
x
2 G
(2)
where



 2π
 E(qv cos φ) 2
1 q
 .
G(q) =
dq q 3 C(q)
dφ 
(3)
8 q0
(1 − ν 2 )σ0 
0
The normalized contact area is given by A/A0 = P (q1 ).
(b) Energy dissipation at opening crack
The propagation of cracks in rubber is fundamental for
many important applications, e.g., rubber wear [31], for
pressure sensitive adhesives [32], and also for sliding or
rolling friction [24]. The strength of adhesion and cohesion
of elastomers can be characterized by the amount of energy G required to advance the crack tip by one unit area.
Experiments have shown that G depends on the crack tip
velocity v and on the temperature T and that [33–35]
G(v, T ) = G0 [1 + f (v, T )].

(4)

Here we are interested in interfacial (between the rubber and the substrate) crack propagation. In this case,
when viscous eﬀects in the rubber are negligible, the measured value of G at extremely low crack velocities is of
order ≈ 0.1 J/m2 . This can be identiﬁed as G0 and represent the energy to break the interfacial rubber-substrate
bonds, which usually are of the van der Waals type. For
simple hydrocarbon elastomers, the eﬀect of temperature
can be completely accounted for by applying a simple
multiplying factor, denoted by aT , to the crack velocity
v, i.e., f (v, T ) = f (aT v). Moreover, values of aT determined experimentally are equal to the Williams-LandelFerry (WLF) [36] function determined from the temperature dependence of the bulk viscoelastic modulus. This
clearly proves that the large eﬀects of crack velocity and
temperature on crack propagation in rubber materials are
due to viscoelastic processes in the bulk.
In (4) the function f (v, T ) = f (aT v) describes the
bulk viscoelastic energy dissipation in front of the crack
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where a0 is the crack-tip radius for a very slowly
moving crack. For high crack tip velocities G(v) ≈
G0 E(∞)/E(0)  G0 . This is possible only if the denominator in (5) is close to zero for high crack tip velocities
which means that the term involving the integral must be
close to unity. If (5) is used directly to calculate G(v) numerically, this requires that E(ω) is accurately known for
all frequencies, which is usually not the case. However, it is
possible to rewrite (5) in a form convenient for numerical
calculations.
In practical applications E(ω) is known only for some
ﬁnite range of frequencies ω0 < ω < ω1 . In order to obtain
accurate results, ω0 should be in the rubbery region so that
E(0) ≈ E(ω0 ) and ω1 in the glassy region so that E(∞) ≈
E(ω1 ). Since the frequency range from ω0 to ω1 usually
extends over many decades (typically 10 decades or more)
it is not practical to perform the frequency integral in (5)
directly, but the integral can be performed eﬀectively if
one substitutes ω with ω0 eξ . In ref. [23] we have shown
that

 ξ∗
dξF (ω0 eξ ) Im[1/E(ω0 eξ )]
E(ω0 )
a0
0
=1− 1−
,
ξ∗
a
E(ω1 )
dξ Im[1/E(ω0 eξ )]
0
(8)
where

and
∗

ξ = ln



2πvaT
aω0

)

-12

-8
log v (m/s)

-4

0

where aT is the temperature-frequency shifting factor.
Equation (8) is easy to solve for a(v) by iteration, and from
the crack tip radius one can calculate G(v) = G0 a(v)/a0 .
Let σf be the eﬀective frictional stress acting in the
area of real contact derived from the energy dissipation
at the opening crack. If A is the area of real contact the
energy dissipation during sliding distance dx is
σf Adx = G(v)N ldx.

(9)

(10)

(11)

Here we have assumed that the contact area consists of
N regions of linear size l. Thus N ldx is the surface area
covered by the crack during the sliding distance dx. Since
A = N l2 , we get
(12)
σf = G(v)/l.
Real rubber materials, in particular ﬁlled rubbers, exhibit non-linear rheological properties, and the viscoelastic
modulus E(ω), which enters both in the crack propagation
theory and in the theory of friction presented in point (a)
of sect. 2, should be measured at as large strain (or stress)
as possible because the strain (or stress) in the vicinity of
a crack tip, or at an asperity contact region, will in general
be very high.
In ﬁg. 4 we show the interfacial crack propagation energy enhancement factor G(v)/G0 , as a function of the
logarithm of the crack tip velocity v for ﬁlled and unﬁlled
SB rubber. This function is calculated using (8)-(10) with
a0 = 1 nm.
(c) Energy dissipation in shearing a thin viscous ﬁlm
Many ﬂuids, in particular polymer ﬂuids, e.g., high viscosity silicon oils, undergo shear thinning at relative low
shear rate. The viscosity is often well approximated by

1/2


,

-16

unfilled

(6)

The crack tip radius a = a(v) depends on the crack tip
velocity v (and temperature), and can be determined if
one assumes that the stress at the crack tip takes some
critical value σc . This gives

∗

filled

1

Fig. 4. The logarithm (with 10 as basis) of the crack propagation energy enhancement factor G(v)/G0 as a function of the
logarithm (with 10 as basis) of the crack tip velocity for ﬁlled
and unﬁlled SB rubber.

2 1/2

F (ω0 eξ ) = 1 − e2(ξ−ξ

2

0

, (5)

where E0 = E(0) and where

F (ω) = 1 −

3

log G/G0

tip. This term is determined by the viscoelastic modulus
E(ω) of the rubber, and can be calculated theoretically.
The factor G0 is due to the bond breaking (in our applications between the rubber and the substrate) at the
crack tip (in the so called crack-tip process zone), which
may involve highly non-linear processes. This term cannot
be calculated theoretically, and must be deduced directly
from experimental data. However, the strongest velocity
dependence in (4) is derived from the factor f (v, T ) which
may enhance G by a factor 103 or more at high crack tip
velocities.
In refs. [23, 27] we have shown that

η(u, v) ≈

η0
,
1 + (η0 /B)γ̇ n

(13)

where η0 is the viscosity at low shear rate, and where the
shear rate γ̇ = v/u (where u is the ﬁlm thickness). At
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low shear rate, where the ﬂuid viscosity is constant, the
orientations of the ﬂuid molecules are random. Shear thinning involves orientation of the molecules along the ﬂow
direction. A similar eﬀect as shear thinning is the eﬀect of
conﬁnement of the molecules between closely spaced solid
walls, where the molecules tend to form layers parallel to
the solid walls. Equation (13) is also valid for nanometerthick conﬁned layer but in this case the shear rate is always
so large that (13) takes the form
η(u, v) ≈ B γ̇ −n ,

(14)

giving the shear stress
σf = η γ̇ ≈ B γ̇ α ,

(15)

where the exponent α = 1 − n is α ≈ 0.1 [25]. If σf is in
units of Pa s and γ̇ in units of s−1 , then B ≈ 8.0×104 [25].
We note that conﬁned layers often are better characterized as soft solids even if the conﬁned material is a ﬂuid
when conﬁned between solids walls at large (macroscopic)
separation.

3 Experimental
We have developed a new instrument, shown schematically in ﬁg. 5, in order to test the rubber friction theory
presented above. A rubber block is attached to the lower
surface of an aluminum plate and brought into contact
with a randomly rough substrate. The nominal force FN
can be changed by adding plates with diﬀerent weights on
top of the aluminum plate. The rough surface is clamped
to a steel sledge which is moved using a voice coil actuator. This actuator is capable to generate a constant force
without force ripples, leading to a constant velocity even
at very low velocities. The position of the sledge is measured to control the actuator and its velocity. In order to
avoid ﬂash temperature eﬀects, the sliding velocities are
small. The highest possible velocity was of order 1 mm/s
while the lowest velocity used was 0.5 μm/s. To control
the velocity, the position of the sledge is gauged using an
analog magnetostrictive position encoder with an absolute
resolution of < 10 μm. The stroke of the sledge is 50 mm.
The friction force is measured using a tension and compression load cell that is mounted in line with the rubbersubstrate interface to avoid torque. The friction forces in
the linear ball bearing system are excluded from the results of the force measurements. The force cell can be replaced in order to change the eﬀective range of the sensor.
The resolution depends on the load cell used, but is always of order 0.2 N or better. The experimental set-up is
placed inside a temperature box where the temperature
can be changed from −10 ◦ C to above 120 ◦ C. The heating is built in the upper aluminum plate as well as in the
ground plate of the linear guides to ensure a homogeneous
temperature distribution.
The experiment is performed as follows. A rubber test
specimen is cut out oﬀ a rubber sheet and then clamped
onto a sample holder. The rubber usually has a surface

Force Sensor
U

FN

T

F

rubber
Moving
sledge

Voice Coil
Motor
U

v

Thermal
Isolation

Fig. 5. A rubber block is squeezed against a rough substrate.
The substrate is clamped on a sledge that is moved with a constant velocity v. The friction force of the rubber is measured
using a load cell. The set-up is located inside a box where the
temperature T can be changed from −10 ◦ C to > 120 ◦ C. The
friction forces are measured at diﬀerent velocities and temperatures and then shifted according to the WLF equation to a
master curve.

layer with diﬀerent properties from its bulk material resulting from the production process and/or because of
storing it for a long time. This layer is removed by wearing
the rubber surface with sandpaper with small grain sizes.
The specimen with the sample holder is then placed in the
instrument, brought into contact with the rough counter
surface and a constant nominal force is applied. The sample is run-in at room temperature, with a sliding velocity
of about 1 mm/s, until the friction force reaches a steadystate condition. Depending on the rubber material, the
run-in time needed can vary quite strongly. It is proposed
to run-in the specimen at high sliding velocities because
of the modiﬁed layer the rubber develops at the interface.
In order to have the same properties for the rubber during
the whole experiment, the thickness of this layer should
be large so that even if rubber particles are removed from
the interface, e.g. because of wear, one has still the same
layer with equal properties for the whole study.
After this preparation procedure the sliding velocity is
varied from high to low velocities and the friction force is
measured. For each velocity, the rubber sample is slid in
an oscillatory manner until a stable friction value could be
measured. When the experiment is completed for all the
necessary velocities, the temperature T is changed and
the whole procedure is repeated. Finally, the experiment
is repeated at room temperature to crosscheck the results
obtained in the beginning. The diﬀerent curves are then
shifted to a master curve using the same shifting factors
aT as resulted from the measurement of the viscoelastic
modulus.
The surface roughness of the concrete surface used in
this experiment was measured using diﬀerent methods,
namely 1D stylus linescan, 2D optical data using a white
light interferometry sensor and an inﬁnite focus microscope, as well as atomic force microscopy (AFM). The
surface roughness power spectra were calculated using all
these pieces of information about the surface height proﬁle, see ﬁg. 6. The power spectra obtained from the data
of the stylus line scan joins with the power spectra of
the AFM measurements in the overlapping wave vector
range. The power spectra from the optical measurements
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Fig. 6. (Colour on-line) The logarithm (with 10 as basis) of
the surface roughness power spectrum, C(q), as a function of
the logarithm (with 10 as basis) of the wave vector q, for the
concrete surface used in the sliding friction experiments. The
power spectrum was obtained from stylus line scan data (red
line) and optical 2D measurements (green line) for small wave
vectors, and from AFM data (blue line) for large wave vectors. The large wave vector cut-oﬀ, q1 , used in the calculations
of the asperity-induced viscoelastic contribution to the rubber
friction, is indicated.

obtained using two diﬀerent sensors deviate at small wave
vectors. In the calculations used below, only the power
spectra from the line scan and the AFM data is used. Also
indicated in this ﬁgure is the large cut-oﬀ wave vector q1
used in the analysis.
The viscoelastic modulus of the rubbers used is studied using dynamic mechanical analysis (DMA). The shear
modulus G(ω) is measured in oscillatory shear mode at a
constant force amplitude of 25 N corresponding to a stress
amplitude of ≈ 0.25 MPa. The rubber sample is ﬁxed at
both interfaces and then sheared at diﬀerent frequencies.
To obtain a broad master curve, this is repeated at several
diﬀerent temperatures. The data is then shifted along the
frequency axis, similar to the friction results for diﬀerent
temperatures, and the shift factors aT are obtained. No
vertical shifting was performed. In ﬁg. 7 we show the logarithm (with 10 as basis) of the real and imaginary part
of the shear modulus G as a function of the logarithm of
the frequency ω for the unﬁlled rubber used in the rubber
friction experiments. G(ω) is measured at several diﬀerent temperatures and shifted to obtain the master curve
at T = 27 ◦ C. The measurements were performed at (from
low to high frequency) 80, 60, 50, 40, 30, 20, 10, 0, −10,
−15, −20, −25, and −30 ◦ C and diﬀerent temperature segments of the G(ω)-curve are denoted by green, red, blue,
green, . . . .
In ﬁg. 8 the tan δ = Im E(ω)/ Re E(ω) curve is shown
as a function of the logarithm of the frequency for both
rubber samples.
An important issue for measuring the viscoelastic modulus of real rubber materials, in particular ﬁlled rubber,
is that they exhibit non-linear rheological properties. As
E(ω) enters in both dissipation mechanisms (a) and (b),

0
2
log ω (1/s)

4

6

8

10

Fig. 7. (Colour on-line) The logarithm (with 10 as basis) of the
real and imaginary part of the shear modulus G as a function of
the logarithm of the frequency ω for the unﬁlled rubber used in
the rubber friction experiments. The modulus was measured at
constant stress amplitude and at several diﬀerent temperatures
and shifted to obtain the master curve at T = 27 ◦ C. The
measurements were performed at (from low to high frequency)
80, 60, 50, 40, 30, 20, 10, 0, −10, −15, −20, −25, and −30 ◦ C.
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Fig. 8. The tan δ(ω) = Im E(ω)/ Re E(ω) as a function of the
logarithm (with 10 as basis) of the frequency ω for the ﬁlled
and unﬁlled rubber used in the rubber friction experiments.
The modulus was measured at constant stress amplitude.

how this quantity is measured is of great importance. Because of the very high strain (or stress) in the asperity
contact regions as well as in the vicinity of a crack tip,
it is suggested to measure at as large strain (or stress)
as possible to account for these non-linear properties, e.g.
Paine eﬀect or Mullins eﬀect.

4 Experimental results and analysis
We ﬁrst present and analyze the results for unﬁlled SB
rubber and then for ﬁlled SB rubber. In all cases the rubber block is slid on the concrete surface with the surface
roughness power spectrum shown in ﬁg. 6. The surface
roughness on the rubber tread block is neglected in the
analysis presented below.
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Fig. 9. (Colour on-line) The measured friction coeﬃcient as
a function of the logarithm (with 10 as basis) of the sliding
velocity. Also shown (blue curve) is the calculated friction coeﬃcient accounting only for the asperity-induced viscoelastic
contribution to the rubber friction (process (a)).
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Fig. 10. (Colour on-line) The calculated frictional shear stress
acting in the area of real contact as a function of the logarithm
(with 10 as basis) of the sliding velocity. The blue line is a ﬁt
to the frictional shear stress assuming σf = Cv α with (in SI
units) C = 7.45 × 105 and α = 0.0875 (process (c)).

4.1 Unﬁlled SB rubber
Figure 9 shows the measured friction coeﬃcient (red
curve) as a function of the logarithm of the sliding velocity.
Also shown (blue curve) is the calculated friction coeﬃcient accounting only for the asperity-induced viscoelastic
contribution (process (a)) to the rubber friction. For sliding velocities v < 0.1 mm/s, the contribution from process
(a) to the total friction is negligible, while it dominates for
v > 10 mm/s. We now show that for v < 1 mm/s the main
contribution to the friction is associated with shearing a
thin conﬁned contamination (or smear) ﬁlm in the asperity contact regions.
Figure 10 shows the frictional shear stress σf acting in the area of real contact as a function of the log-
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Fig. 11. The relative area of real contact for the ﬁlled and
unﬁlled SB rubber as a function of the logarithm of the sliding
velocity.

arithm of the sliding velocity. The red line has been
deduced from the measured friction using [ μ(exp) − μ
(process(a))]σ0 A0 /A, where A is the area of real contact
and σ0 = 0.065 MPa the nominal squeezing pressure. The
blue line is the predicted frictional shear stress σf = Cv α
where (in SI units) C = 7.45 × 105 and α = 0.0875. If
we assume that the region undergoing shear is of order
d = 3 nm thick [37] then since the shear rate γ̇ = v/d we
get σf = B γ̇ α with (in SI units) B = Cdα ≈ 1.34 × 105 .
Thus the frictional shear stress is rather well described
by eq. (15) with parameters B and α in close agreement
with values deduced from direct measurements [25] (and
molecular dynamics calculations [30]) of conﬁned hydrocarbon ﬁlms. This is a strong indication that in this case
σf originates from shearing a thin conﬁned contamination
(or smear) ﬁlm.
Note that for v > 1 mm/s the contribution to the
friction from shearing the contamination ﬁlm rapidly decreases with increasing velocity, as a result of the decrease
in the area of real contact. Thus, ﬁg. 11 shows the relative
area of real contact for the unﬁlled (and ﬁlled) SB rubber as a function of the logarithm of the sliding velocity.
At low sliding velocities the area of real contact is nearly
10% of the nominal contact area, but at high velocities,
where the rubber appears stiﬀ, only 0.1% of the nominal
contact area. There is no reason why the frictional shear
stress from shearing the contamination ﬁlm will exhibit
the same temperature dependence as the bulk viscoelastic contribution, but rather σf is expected to exhibit a
rather weak temperature dependence. The fact that the
friction coeﬃcient nevertheless (approximately) obeys the
WLF-type of temperature-velocity shifting is due to fact
that the area of real contact exhibits the WLF shifting.
At high velocity the contact area becomes small resulting
in high contact pressures, e.g., ≈ 10 MPa at v = 0.1 m/s.
Molecular Dynamics simulation [38] studies have shown
that the frictional shear stress due to process (c) is independent of the pressure up to ∼ 30 MPa so we may still
consider σf as pressure independent.
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Fig. 12. (Colour on-line) The measured friction coeﬃcient as
a function of the logarithm (with 10 as basis) of the sliding
velocity. Also shown (blue curve) is the calculated friction coeﬃcient accounting only for the asperity-induced viscoelastic
contribution to the rubber friction (process (a)).
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Fig. 13. (Colour on-line) The calculated frictional shear stress
acting in the area of real contact as a function of the logarithm
(with 10 as basis) of the sliding velocity. The blue line is a ﬁt
to the frictional shear stress assuming σf = σ1 G(v)/G0 with
σ1 = 0.25 MPa and G(v)/G0 the viscoelastic crack propagation
factor for ﬁlled SB rubber (process (b)).

4.2 Filled SB rubber
Figure 12 shows the measured friction coeﬃcient (red
curve) as a function of the logarithm (with 10 as basis) of
the sliding velocity. Also shown (blue curve) is the calculated friction coeﬃcient accounting only for the asperityinduced viscoelastic contribution (process (a)) to the rubber friction. In this case the main part of the diﬀerence
between the measured friction and the contribution from
process (a) cannot be explained as resulting of shearing of
a thin contamination layer since the area of real contact
at low sliding velocity is ∼ 10 (or more) times smaller for
ﬁlled SB rubber, as compared to unﬁlled compound, see
ﬁg. 11. Here we will instead show that the shear stress
for ﬁlled SB rubber is mainly associated with the opening
crack at the exit side of the asperity contact regions.
Figure 13 shows the frictional shear stress σf acting in the area of real contact as a function of the logarithm of the sliding velocity. The red line has been
deduced from the measured friction using [ μ(exp) − μ
(process(a))]σ0 A0 /A, where A is the area of real contact
and σ0 = 0.065 MPa the nominal squeezing pressure. The
blue line is the predicted frictional shear stress from the
crack opening mechanism calculated using σf = G(v)/l =
[G(v)/G0 ][G0 /l] (see (12)) where G(v)/G0 has been obtained using the crack propagation theory (blue line in
ﬁg. 10) and with G0 /l = 0.25 MPa. Using G0 = 0.1 J/m2
this implies l = 0.4 μm, i.e., of order λ1 = 2π/q1 as
expected. Note that the stress in ﬁg. 13 is ∼ 30 times
bigger than would result from process (c) (compare with
ﬁg. 10) so this process gives a negligible contribution in
the present case.
To check the pictures presented above, we have, performed an additional experiment with lubricated surfaces.
If the lubricant ﬁlm is very thin it will not aﬀect the contribution to the friction from process (a) but it may remove
(or reduce) the opening-crack contribution to the rubber

μ

filled SB rubber,
v = 0.005 cm/s

1

0.5
0
-0.5
with oil
-1
2000

3000

4000
5000
time (s)

6000

7000

Fig. 14. The friction coeﬃcient μ = Fx /Fz as a function of
time at the sliding velocity v = 0.005 cm/s. At t ≈ 5000 s a
very thin ﬁlm of silicon oil is deposited on the rubber surface.
This results in a drop in the friction coeﬃcient from ≈ 0.95 to
≈ 0.34.

friction. In the experiment a very thin ﬁlm of a high viscosity (η = 1 Pa s) silicon oil was deposited uniformly on
the rubber surface. This leads to a drastic reduction in
the sliding friction, from μ ≈ 0.95 to μ ≈ 0.34 as shown in
ﬁg. 14. This ﬁgure shows the friction coeﬃcient μ = Fx /Fz
as a function of time at the sliding velocity v = 50 μm/s.
At t ≈ 5000 s the oil is deposited on the rubber surface.
The drop in the friction coeﬃcient from ≈ 0.95 to ≈ 0.34 is
consistent with ﬁg. 12 (at v = 0.005 cm/s), assuming that
the oil ﬁlm removes the crack-opening contribution while
the contribution from the asperity-induced viscoelastic deformations (process (a)) remains unchanged. The latter
assumption requires that the oil ﬁlm is so thin as to not
modify the relevant surface roughness components on the
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Fig. 15. The logarithm (with 10 as basis) of the root-meansquare roughness, hrms (q), as a function of the logarithm (with
10 as basis) of the largest roughness wave vector q. In calculating hrms (q) only roughness components with wave vector
larger than q are included, i.e., hrms (q) is the root-mean-square
roughness when the surface is studied over a region with linear
size ≈ 2π/q.
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Fig. 17. (Colour on-line) The calculated frictional shear stress
acting in the area of real contact as a function of the logarithm
(with 10 as basis) of the sliding velocity. The blue line is a ﬁt
to the frictional shear stress assuming σf = σ1 G(v)/G0 , with
σ1 = 5 kPa and G(v)/G0 the viscoelastic crack propagation
factor for unﬁlled SB rubber (process (b)).

Figure 16 shows the cumulative friction coeﬃcient (at
the sliding velocity v = 0.005 cm/s) associated with process (a), as a function of the logarithm of the largest roughness wave vector q included in the calculation of μ. Note
that even if the lubricant ﬁlm removed the last decade
of surface roughness components, the friction would not
drop by more then ∼ 10% and including wave vectors
q < 105 m−1 still results in a friction only ≈ 20% smaller
that when the whole range of wave vector up to q1 =
5 × 106 m−1 is included in the analysis.

filled SB rubber,
v=0.005 cm/s

0.3

unfilled SB rubber

0.4

6

7

Fig. 16. The cumulative friction coeﬃcient (from process (a))
as a function of the logarithm (with 10 as basis) of the largest
roughness wave vector q included in the calculation of μ, at
the sliding velocity v = 0.005 cm/s.

surface. To understand how thick the ﬂuid ﬁlm can be
without aﬀecting the friction process (a), in ﬁg. 15 we show
the logarithm of the root-mean-square roughness, hrms (q),
as a function of the logarithm of the largest roughness
wave vector q. In calculating hrms (q) only roughness components with wave vector larger than q are included, i.e.,
hrms (q) is the root-mean-square roughness when the surface is studied over a region with linear size ≈ 2π/q. Figure 15 shows that the ﬂuid ﬁlm must be at most ≈ 10 nm
in order not to reduce the contribution from process (a)
to the friction. However, it turns out that the most important contribution to the friction from process (a) is derived
from the surface roughness components with wave vector
q < 105 m−1 (see below), and ﬁg. 15 shows that in order
for this surface roughness region to be unaﬀected, it is
enough that the ﬂuid ﬁlm thickness is below ≈ 1 μm.

5 Discussion
We have shown above that shearing a thin conﬁned ﬁlm
(process (c)) cannot explain the observed shear stress σf
in the area of real contact for ﬁlled SB rubber because of
the small area of real contact. Although this mechanism
will contribute to the observed σf , the largest contribution
was attributed to a crack-opening mechanism at the exit
of the asperity-rubber contact regions.
However, for unﬁlled rubber the contribution from process (c) alone can explain the observed shear stress. Here
we discuss why there might be no or negligible contribution from the crack-opening mechanism for unﬁlled SB
rubber. Let us ﬁrst show that the crack-opening mechanism would predict a much stronger dependence of σf
on the velocity than observed. Thus, in ﬁg. 17 we show
the observed σf (red line) and the calculated frictional
shear stress from process (b), as a function of the logarithm of the sliding velocity. The blue line is the frictional
shear stress assuming σf = σ1 G(v)/G0 with σ1 = 5 kPa
and G(v)/G0 the viscoelastic crack propagation factor for
unﬁlled SB rubber. Obviously, the process (b) predicts a
much stronger velocity dependence than observed.
We believe that the absence of the crack-opening mechanism for the unﬁlled rubber is related to a thin high-
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Fig. 18. Scanning electron microscopy picture of a compact
rubber wear particle with diameter ≈ 20 μm.

Fig. 19. Scanning electron microscopy picture of another big
rubber wear particle (diameter ≈ 300 μm) consisting of an agglomerate of many small particles.

viscosity liquid-like ﬁlm on the rubber and concrete surface after run-in. As pointed out before, for the unﬁlled
SB rubber we observe a smear ﬁlm on the concrete surface
while for the ﬁlled rubber we observe dry dust particles
(see ﬁgs. 18, 19, and 20), which are easily removed by
an air stream. Consistent with this explanation is the observation that a very thin high-viscosity silicon oil ﬁlm
on the surface of the ﬁlled SB rubber removes the crackopening contribution. The microscopic origin of this eﬀect
may be that with the ﬂuid ﬁlm between the surfaces the
adhesional interaction is strongly reduced and there could
even be an eﬀective short-ranged repulsion between the
surfaces depending on the magnitude of the relevant in-
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Fig. 20. Zoom-in on the wear particle in ﬁg. 19 (about 30 μm×
20 μm surface area). Note the strong variation of the surface
topography on the length scale of ∼ 1 μm.

terfacial energies. The latter is probably the case when
water containing a soap is used as “lubricant”, as this
ﬂuid seems to remove the crack opening mechanism too
(see ref. [39]).
In this paper we have proposed that for the ﬁlled rubber an important contribution to the friction force comes
from adhesive interfacial crack-opening. However, an alternative explanation is that the rubber wear process itself
gives an important contribution to the observed friction.
But in this case, in order to explain the observed velocity dependence, one must postulate that the wear involves
crack propagation with a velocity proportional to the sliding velocity, at least for high velocity or (equivalently) low
temperatures. This explanation seems unlikely to us but
more studies are necessary to determine the contribution
to the friction from the rubber wear process (which involves removal of rubber particles by crack propagation).
Recently the contact between a rubber sphere with surface roughness and a ﬂat glass substrate has been studied
using an optical microscope. For non-lubricated rubber
the area of real contact was found to increase with the
sliding velocity as expected from the increase in G(v) with
sliding velocity [40]. In another experiment where the rubber surface was coated by a thin layer (about 0.1 μm) of
silicon oil the contact area was instead found to decrease
with increasing sliding velocity [41]. A decrease in the area
of real contact has also been observed for silicon rubber
balls sliding on (passivated) silicon wafer surfaces [42].
Fully cross-linked silicon rubber is nearly a perfect elastic
solid at low frequencies, and one expects the G(v) function
to be large only for very large velocities. Nevertheless, it is
not clear what is the origin of the decrease in the contact
area in this case (see ref. [43]).

6 Summary and conclusion
We have presented a combined theoretical-experimental
study of rubber friction on randomly rough surfaces.
The diﬀerent energy dissipation processes resulting from
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asperity-induced viscoelastic bulk deformation, opening
cracks and shearing a thin viscous ﬁlm at the interface
were discussed. We have shown results from friction experiments where a rubber block is sliding on a rough substrate with a constant velocity at diﬀerent temperatures.
The experimental results were compared to the theory predictions, and good agreement between theory and experiment was found.
After we had completed the study presented above,
a related paper was published by Busse, Boubakri and
Küppel (ref. [39]). They performed a similar experimental study as reported in our paper, but using other types
of rubber and substrate surfaces. They only studied ﬁlled
rubbers, but for this case they arrived at a similar conclusion as in our paper, namely that the total friction
has contributions from the processes (a) and (b) discussed
above.
We thank M. Klüppel for the unﬁlled and ﬁlled SB rubber samples. This work, as part of the European Science Foundation
EUROCORES Program FANAS, was supported from funds by
the DFG and the EC Sixth Framework Program, under contract N ERAS-CT-2003-980409.
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