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Dry and lubricated sliding friction for rubber on
concrete: the role of surface energies

N. Miyashitaa and B. N. J. Persson *bcd

We study the influence of lubricant fluids (water–glycerol mixtures) on rubber sliding friction for two dif-

ferent rubber tread compounds on a concrete surface. We find that for the lubricated contacts the slid-

ing friction below a critical velocity vc is similar to that of the dry contact, but for v 4 vc the friction

drops fast with increasing sliding speed. We discuss the origin of this effect and show that it is not a

‘‘normal’’ mixed lubrication effect but depends on surface (or interfacial) energies.

1 Introduction

Sliding friction involving elastically soft materials like rubber on
dry and lubricated counter surfaces has many important applica-
tions, e.g., for tires, wiper blades or conveyor belts.1–7 Despite the
huge number of practical applications, the role of viscoelasticity in
contact mechanics of lubricated solids has not been studied
theoretically to the same extent as for dry contact.8 Very interest-
ing pioneering works on viscoelasticity and lubrication have been
presented by Hooke and Huang,9 and by Elsharkawy.10 These
authors consider the influence of rubber hysteresis on lubricated
contacts in the hydrodynamic regime. For steady sliding contacts,
they highlight the role of the viscoelasticity retardation process in
the generation of a peculiar asymmetric fluid pressure field. Other
similar studies have been presented by Wu, Hui, and Jagota,11,12

and by Scaraggi and Persson.13

Many experimental model studies of viscoelastic lubrication
in soft tribological contacts have been presented,14,15 including
studies of the friction for windscreen wiper/glass contacts,16

friction and lubrication of human skin,17 lubricity of hydrogel
layers,18 and articular cartilage lubrication.19

Many studies have shown that the friction between rubber
and a countersurface in sliding contact cannot always be fully
understood based on elastohydrodynamics calculations, but
depends on interfacial energies.20–33 Thus a fluid film between
two stationary surfaces can be spontaneously removed (dewet-
ting process) if this results in the lowering of free energy.

However, for sliding contacts if the speed is high enough, forced
wetting can occur where a thin fluid film separates the surfaces.
Forced wetting results from a competition between liquid inva-
sion induced by shear and spontaneous (surface energy driven)
dewetting. Several experimental studies on forced wetting have
been presented, but always for (silicone) rubber spheres sliding on
smooth glass surfaces. In this paper, we show that forced wetting
may also be important for surfaces with large roughness but in
these cases, the high contact pressure in the asperity contact
regions may have a large influence on the dewetting process.

In this paper, we study the influence of fluids (and the fluid
viscosity) on rubber friction on a concrete surface. We have
performed low speed rubber friction measurements on the
concrete surfaces in mixtures of water and glycerol with different
viscosities. Low speed sliding dynamics on surfaces lubricated
with high viscosity fluids is, from a hydrodynamic point of view,
equivalent to sliding at high speed on surfaces with low viscosity
fluids (such as water), but without fluid inertia and frictional
heating effects. We find that for the high viscosity fluids, the
sliding friction drops much faster with increasing sliding speed
than expected from elastohydrodynamic calculations. We attri-
bute this to forced wetting which is affected by the high contact
pressure in the rubber–concrete asperity contact regions.

In the study, we use 2 different styrene–butadiene tread rubber
compounds, one with silica filler (compound C) and the other
with a carbon black filler (compound D). Both compounds have
very low glass transition temperatures Tg E � 50 1C.

2 Viscoelastic modulus

Using a DMA instrument, we have measured the viscoelastic
modulus in elongation mode for the strain amplitude 4 � 10�4

(or 0.04% strain). At this small strain, we probe the linear
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response properties of rubber. We have performed measure-
ments for different frequencies and different temperatures and
shifted the frequency segments for Re E(o) to form a smooth
mastercurve.34 The same shift factor was used to obtain the
mastercurve for Im E(o). Fig. 1(a) shows the real part Re E of the
viscoelastic modulus as a function of frequency (log–log scale)
and Fig. 1(b) the ratio Im E/Re E = tan d. The shift factor aT is
shown in Fig. 5. As a test of the accuracy of the construction of
the master curves we showed that Re E(o) and Im E(o) satisfy
the Kramers–Kronig relation, as must be the case for any linear
(causal) response function.34

In numerical simulations of mixed lubrication for viscoelas-
tic solids12,13 enter the (time-dependent) creep-function
[usually denoted as C(t)] which describes the relaxation in the
strain due to a step-like change in the stress.35 This differs from
analytical theories which usually depend on the frequency
dependent viscoelastic modulus E(o). In Fig. 2 we show C(t)
for compounds C and D as obtained from E(o) using the Monte
Carlo method as described in ref. 34.

For sliding (and rolling) friction involving rubber com-
pounds with filler it is important to take into account the
non-linear viscoelastic properties of the rubber.35–38 We have
studied the large strain dependency of the effective Young’s

modulus Eeff. The measurements were performed at frequency
f = 1 Hz for several different temperatures. As in earlier studies,
the effective modulus for the strain expected in the asperity
contact regions (say E � 0:3) is strongly reduced from the small-
strain value shown in Fig. 1 by factors of B0.3 and 0.6 for the real
and the imaginary part of Eeff. In the rubber friction calculations
we take into account this strain-softening effect like in earlier
studies by scaling the small-strain master curve in Fig. 1.

In Table 1 we give a summary of the glass transition
temperatures of the compounds C and D. We define the glass
transition temperature as the maximum of tan d as a function
of temperature for frequency o0 = 0.01 s�1.

3 Surface roughness power spectrum

The most important quantity of a rough surface is the surface
roughness power spectrum. The two-dimensional (2D) surface
roughness power spectrum C2D(q), which enters the Persson
contact mechanics theory, can be obtained from the height
profile z = h(x,y) measured over a square surface unit.39–44

However, for surfaces with roughness having isotropic statis-
tical properties, the 2D power spectrum can be calculated from
the 1D power spectrum obtained from a line-scan z = h(x).

We have measured the 2D surface roughness power spec-
trum of the concrete surface used in the present study. The red
line in Fig. 3 shows the measured curve and the blue line shows
the linearly extrapolated power spectrum. The linear extrapo-
lated region corresponds to the Hurst exponent H E 1. The
height probability distribution Ph (not shown) is approximately
Gaussian as expected for a randomly rough surface.

Fig. 1 (a) The real part Re E of the viscoelastic modulus for the com-
pounds C and D as a function of the frequency (log–log scale). (b) The ratio
Im E/Re E = tan d for compounds C and D as a function of frequency (log–
log scale). For the reference temperature Tref = 20 1C and strain E ¼ 0:004.

Fig. 2 The creep-function as a function of time (log–log scale) for the
rubber compounds C and D.

Table 1 Summary of the glass transition temperatures of the Yokohama C
and D compounds. The glass transition temperature is defined as the maximum
of tand as a function of temperature for the frequency o0 = 0.01 s�1

Compound Tg (1C) Maximum of tan d

C (20% silica) �48.6 0.74
D (23% carbon) �49.8 0.69
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4 Low temperature friction tester

In order to measure the friction coefficient at different tem-
peratures we use an experimental set-up where the temperature
can be changed from room temperature down to �40 1C; see
Fig. 4. A rectangular rubber block of length 3 cm in the sliding
direction and 7 cm in the other direction is glued into the
milling grove of the sample holder which gets attached to the
force cell (red box in the figure). The rubber specimen can move
with the carriage in the vertical direction to adapt to the
substrate profile. The normal load can be changed by adding
additional steel weights on top of the force cell. The substrate
sample gets attached to the machine table which is moved by a
servo drive via a gearbox in a translational manner. Here, we
control the relative velocity between the rubber specimen and
the substrate sample while the force cell acquires information
about normal force as well as friction force. The normal force
(load) is FN E 250 N giving the nominal contact pressure p E
0.12 MPa. To change the temperature the whole set-up is placed
inside a deep freezer capable of cooling down the experiment to
�40 1C. Then we slide the rubber sample over the road surface
with different velocities to gain information about the velocity
dependency of the friction coefficient.

5 Sliding friction on dry and lubricated
concrete

We have performed friction studies using the (low-temperature)
linear friction tester. As substrate we used the same concrete
block (with the power spectrum shown in Fig. 3), both in the
dry state and lubricated by water–glycerol mixtures. For all the
compounds we have measured the friction for velocities
between 1 mm s�1 and 1 cm s�1 and for several temperatures
between �40 1C and 20 1C. From the measured data in the dry
state we have constructed friction master curves by shifting the
velocity segments along the velocity axis to obtain smooth
mastercurves.

The solid lines in Fig. 6 and 7 show the sliding friction
master curves for compounds C and D, sliding on the dry
concrete surface, obtained by shifting the velocity segments
obtained for the indicated temperatures. The green squares in
Fig. 5 shows the shift factor a0T used and the solid lines are the
corresponding bulk viscoelastic shift factor aT. Note that the a
shift factor a0T, is nearly the same as the bulk viscoelastic shift
factor aT. This shifting is possible (or meaningful) only if the
sliding speeds are so low that frictional heating can be
neglected. This is a reasonable approximation in the present
case but some influence of frictional heating might occur for
sliding speeds v 4 1 mm s�1.

Fig. 6 shows the friction mastercurve for compound C
(on dry concrete) together with the measured friction coeffi-
cient (at room temperature) on the concrete surface lubricated
by glycerol–water mixtures. In the hydrodynamic lubrication
regime one expects the friction curves to shift to lower sliding
speeds as the fluid viscosity increases.45–47 In the present case
this would correspond to a shift of the glycerol lubricated
surface, compared to the water lubricated surface, by a factor
given by the ratio between the viscosity of glycerol and of water.
In the present case we are not in the hydrodynamic region and
for low sliding speed the friction for all the lubricated surfaces

Fig. 3 The measured 2D surface roughness power spectrum of the
concrete surface (red line) and the linearly extrapolated power spectrum
(blue line). The linear extrapolated region corresponds to the Hurst
exponent H E 1.

Fig. 4 Schematic picture of the low-temperature friction instrument
allowing for linear reciprocal motion.

Fig. 5 The red and blue solid lines are the bulk viscoelastic shift factors
obtained when constructing the master curves in Fig. 1. Green squares:
The shift factor a0T used when constructing the friction master curves
shown in Fig. 6 and 7.
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is nearly the same as for the dry concrete surface, indicating
that in all cases the fluid is expelled from the rubber–concrete
contact region giving dry sliding friction. However, for sliding
speeds above B0.1 mm s�1 the friction is lower in the fluids
than in the dry state, and for the glycerol lubricated surfaces
the friction drops rapidly with increasing sliding speed. This
is expected in the mixed lubrication case where hydrodynamic
effects start to be important and increase the surface separa-
tion. However, the calculations presented below and in Appen-
dix A indicate a different explanation for the drop in friction.

While the friction coefficient for the surfaces lubricated by
glycerol decreases for sliding speeds v 4 0.1 mm s�1, for water
no such decrease in the friction coefficient occur in the studied
velocity range. If the drop in the friction for the glycerol
lubricated surfaces would be a hydrodynamic effect, for water
one would expect a decrease in the friction for sliding speeds
v 4 0.1 m s�1 but with the present experimental set-up we
cannot study such high sliding speeds.

Fig. 7 shows similar results as in Fig. 6 but for compound D.
Qualitatively, the results are very similar for compounds C and
D on both the dry and lubricated concrete surfaces.

6 Theory and discussion

The rubber compounds C and D give similar friction on both
the dry and the lubricated concrete surfaces and here we focus
mainly on compound C. Fig. 8 shows the calculated viscoelastic
contribution to the friction coefficient (red curve) and the
measured (smoothed data) friction for compound C on the
dry concrete surface (from Fig. 6). In the calculations we have
used the the Persson rubber friction theory48–51 with surface
roughness power spectrum shown in Fig. 3. Rubber friction
depends strongly on the temperature but the experiments was
performed at low sliding speeds where frictional heating is not

important; consequently the calculated result in Fig. 8 is with-
out the flash temperature.49

Fig. 8 shows that for large sliding speed the viscoelastic
contribution to the friction dominates, but for a low sliding speed
the two curves differ a lot which we attribute to the (adhesive)
contribution from the area of real contact, which is not included
in the theory curve. This is in accordance with our earlier studies
which showed that the adhesive contribution dominates in the
low velocity part of the friction master curve.52–55

Fig. 9 shows the the calculated (normalized) area of real
contact A/A0 (where A0 is the nominal contact area) for com-
pounds C and D sliding on a dry concrete surface. In the
velocity interval we studied, 1 mm s�1–1 cm s�1, the contact
area for compound C drops from A/A0 E 0.012 to E 0.004. This

Fig. 6 The sliding friction master curve for compound C, sliding on a dry
concrete surface, obtained by shifting (with the shift factor a0T given in
Fig. 5) the velocity segments obtained for the indicated temperatures. Also
shown are the friction coefficients at room temperature for the concrete
surface lubricated by glycerol–water mixtures.

Fig. 7 The sliding friction master curve for compound D, sliding on a dry
concrete surface, obtained by shifting (with the shift factor a0T given in
Fig. 5) the velocity segments obtained at the indicated temperatures. Also
shown are the friction coefficients at room temperature for the concrete
surface lubricated by glycerol–water mixtures.

Fig. 8 The measured total friction coefficient (green line) and the calcu-
lated viscoelastic contribution to the sliding friction for compound C
sliding on a dry concrete surface. In the calculation we have used the
surface roughness power spectrum shown in Fig. 3.
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is the result expected for elastic contact if the elastic modulus
would increase from E E 14 MPa to E 42 MPa in the same
velocity interval.

We write the total friction force as

Ff = Fvisc + tA

and the total friction coefficient (FN = p0A0 is the normal force)

m ¼ Ff

FN
¼ mvisc þ

tA
p0A0

(1)

Since m is known from the experiments and mvisc and A/A0

from theory, from (1) we can derive the frictional shear stress t
which turns out to be a Gaussian-like function of ln v as also
found in earlier studies.52–55 This is the expected form of the
adhesive shear stress if it would originate from bonding–stretch-
ing–debonding processes [see Fig. 10(a)–(c)] (see ref. 56).

There are several several ways adhesion can affect the sliding
friction force.

(a) The adhesion increases the area of real contact57 which
will enhance both the viscoelastic contribution to the friction
and the area of real contact contribution.

(b) Opening (and closing) cracks occur at the edges of the
area of real contact, which result in viscoelastic energy dissipa-
tion and contribute to the friction force.58–67 However, some
experimental studies indicate that this may not be an impor-
tant contribution to the friction force.54

We note that there is an adhesive contribution to the friction
from the area of real contact e.g., from the process illustrated in
Fig. 10(a)–(c), even if there is a negligible adhesion induced
increase in the contact area and a negligible crack-opening
contribution. Indeed, there are experimental observations that
indicates that the adhesive contributions (a) and (b) in many
cases may be unimportant for rubber friction on very rough
surfaces.54 Thus, in an earlier study we found nearly the same
friction force in the dry state as in water while the pull-off force
(determined by adhesion) for smooth surfaces of the same

materials vanished in water while it was strong in the dry
state. In the present study we observe a similar effect for v o
0.1 mm s�1 where the friction force is nearly the same in the
fluids as in the dry state.

Next consider the sliding friction in the water–glycerol mixtures.
For low sliding speeds, v o 0.1 mm s�1, the friction in the fluids is
very similar to in the dry state. This indicate that for low sliding
speeds the fluids are expelled from the contact regions between the
rubber and the concrete surface. We note that both water and
glycerol are likely to wet the rubber–concrete interface because the
fluid contact angle on the hydrophilic concrete is rather small, at
least for clean surfaces. Nevertheless, if the squeezing pressure is
high enough almost all the fluid will get squeezed out from the
contact regions. In this case, in the area of real contact the rubber
molecules can perform bonding–stretching–debonding cycles just
like in the dry condition, resulting in the same or similar friction as
on the dry concrete surface.

For sliding speeds, 0.1 mm s�1 o v o 10 mm s�1 the friction
in the fluids is smaller than in the dry state. In water it becomes
nearly velocity independent while in the water–glycerol mixtures
it drops with increasing sliding speed. Note that the higher the
fluid viscosity the faster the drop in the friction coefficients.
However, a very thin fluid film is enough to explain the drop in
the friction coefficient. Thus if the fluid film would be B3 nm
thick then for pure glycerol (Z E 1.4 Pas without considering
shear thinning) at the sliding speed v = 1 cm s�1 we expect the
shear stress tf E Zv/d E 5 MPa giving the friction coefficient tfA/
p0A0 E 0.2 which would be consistent with what is observed.
There are two effects that could explain the transition from dry
contact to lubricated contact with increasing sliding speed:

(a) Mixed lubrication: hydrodynamic effect where the aver-
age separation between the surfaces at the interface increases
with increasing sliding speed due to the build up of fluid
pressure carrying part of the normal load. In this case the dry
contact area decreases with increasing sliding speed.

(b) Sliding induced (forced) wetting as discussed below. This
depends on the interfacial energies for the (dry) rubber–con-
crete, rubber–fluid and concrete–fluid interfaces.

Fig. 9 The calculated area of real contact as a function of the sliding
speed for compounds C and D sliding on a dry concrete surface.
In the calculation we have used the surface roughness power spectrum
shown in Fig. 3.

Fig. 10 (a)–(c) Illustrates the bonding–stretching–debonding origin of
the frictional shear stress in the area of contact. When the bonds break
in the stretched state (b) the elastic energy in the stretched chain get
dissipated into heat. (d) Illustrate dewetting for a soft solid (rubber) initially
separated from the substrate by a thin fluid film. During dewetting the fluid
accumulates in a rim at the front of the expanding dry surface area.
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In Appendix A, we have used the theory of ref. 45 to estimate
the load acting on the area of contact and found it to be nearly
the full (external) load for v o 1 cm s�1. This implies that the
area of contact is nearly unchanged for v o 1 cm s�1. What we
denote as the contact area here is the contact area observed at
the highest magnification. Continuum mechanics theories
cannot predict if the area of contact is dry or contains a
molecular thin fluid film. The reason is that in continuum
mechanics there will always be a fluid film between the surfaces
independent of the sliding speed, but if the fluid film gets
thinner than a few atomic distances the continuum description
will fail. If a thin fluid film prevails in the contact regions
depends on surface (or interfacial) energies which are not
included in the standard fluid dynamics approach based on
the Reynolds thin-film fluid flow equation. We now discuss the
role of interfacial energies for the wetting of the area of contact.

We first review the standard picture of interfacial dewetting
for smooth surfaces.25,27,29,68,69 Interfacial dewetting in water is
observed for surfaces of hydrophobic solids. A fluid film
between two solids with flat surfaces is unstable and will be
removed by dewetting if this results in a reduction in the free
energy. If the interfacial energies (per unit surface area)
between the solids and the fluid are denoted by g01 (fluid 0,
solid 1) and g02 (fluid 0, solid 2) and the interfacial energy for
the dry solid–solid contact with g12, then the condition for
dewetting is that the interfacial (1D or line) spreading pressure

S = g12 � g01 � g02 (2)

is negative. Note that S is the change in the free energy per unit
surface area as the two solids come in contact in the fluid. If y1

and y2 are the fluid (thermal equilibrium) contact angles on the
surface of solid 1 and 2, respectively, and g1 and g2 the corres-
ponding solid–vapor surface energies, then Young’s equations

g1 = g01 + g0 cos y1, g2 = g02 + g0 cos y2

where g0 is the surface tension of the fluid. Hence we can also
write (2) as

S = g12 � g1 � g2 + g0(cos y1 + cos y2) (3)

The term

w = g1 + g2 � g12

is the work of adhesion, i.e., the (adiabatic) energy per unit
surface area to separate the solids in the dry condition (no
fluid). Thus

S = �w + g0(cos y1 + cos y2) (4)

If y1 and y2 are larger than 901 then S will be negative
independent of the work of adhesion (which is always positive
for neutral solids).

There are several ways to estimate S for smooth surfaces.
The work of adhesion w can be measured using the JKR method
(sphere against flat) but for real rubber materials large contact
hysteresis often occurs making it hard to obtain the thermal
equilibrium value for w. The surface energies g1 and g2 can be

estimated using fluid contact angle measurements and g12 can
be estimated from g1 and g2 using different proposed equa-
tions. However, these methods will not work for surfaces as
rough as our concrete surface and it is not clear how to produce
a very smooth concrete surface.

If S is positive, in the absence of external (squeezing) force a
thin fluid film will separate the surfaces of the solids. This is
the case even with an applied squeezing pressure p0 if it is not
too high. However, if S is small or the squeezing pressure is
high enough the fluid film may be removed by what we denote
as forced interfacial dewetting. In this case the work per unit
surface area by the applied force to remove the fluid equals
S. To squeeze-out the fluid completely we must have Seff = S �
pd* o 0 where d* is an atomic length of order the thickness of a
monolayer of adsorbed fluid molecules and p the pressure in an
asperity contact region. Thus if p* denotes the (minimum)
pressure needed to squeeze-out the fluid film then p*d* = S,
where d* E 1 nm. The surface tension of water (and of glycerol)
is E 0.07 J m�2 so if S is positive we expect it to be at most a few
times 0.01 J m�2. Using S = 0.01 J m�2 and d* = 1 nm gives p* =
10 MPa which is also the typical pressure in the rubber–
concrete area of real contact, e.g. using A/A0 = 0.01 (see Fig. 9)
and p0 = 0.12 MPa gives p = 12 MPa.

In the past we have studied cases where no adhesion occurred
between a glass ball and a flat smooth rubber surface in water
while strong adhesion occurred in the dry state. In this case S
must have been larger than zero and a thin water film separated
the surfaces in water (note: the contact pressure in these experi-
ments was very low). However, in sliding friction experiments (at
low sliding speed) with the same rubber compound against a
sandblasted glass surface nearly the same friction was observed
in the dry state as in water.54 We attribute this to forced
dewetting where the large stress in the asperity contact regions
resulted in p 4 p* so the contact regions was dry even if the fluid
wet the interface in the absence of a squeezing pressure.

For a system with S o 0 there is an energetic driving force to
expel the fluid from the contact region between two solids. In
this case during sliding a higher sliding speed is needed for
fluid to enter the contact region than for the case of a system
where S = 0 (or S 4 0). For S 4 0 a thin fluid film at the
interface is energetically favorable, but if the local pressure p 4
p* the contact regions will be dry for low sliding speed.

For smooth surfaces the way a confined fluid film is
removed depends on the elastic properties of the confining
walls.69 For soft materials for S o 0 dewetting occurs by the
spreading of a dry area with the fluid piling up in a rim
surrounding the dry area of real contact [see Fig. 10(d)]. In this
case the squeeze-out time is proportional to the fluid viscosity
assuming most of the dissipation of energy occur in the fluid
film and not in the confining solids. Here we are interested in a
sliding contact and for this case it has been shown that at a low
sliding speed the fluid is expelled and the contact is dry, but
above some critical velocity vc becomes partly wet and at high
enough speed completely wet. The forced wetting transition
results from a competition between liquid invasion induced by
shear and spontaneous (surface energy driven) dewetting.
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In a fundamental paper Martin et al.29 have studied sliding
induced (forced) wetting of a contact which is initially dry. For a
smooth spherical lens (radius R) sliding on a smooth rubber
substrate surface the critical velocity vc is found to scale with
the parameter

vc �
jSj
Z
jSj
ER

� �1=3

where S o 0. This relation was derived using very simple and
approximate arguments and the experiments performed in
ref. 29 gave a slightly weaker dependency on the fluid viscosity,
vc B Z�3/4. The friction data for the surfaces lubricated with
glycerol–water mixtures are too noisy to determine the velocity
for the onset of the drop in the friction coefficient, but
comparing the water case with the glycerol case the shift in
the velocity where the friction is maximal is consistent with the
prediction (1410)0.75 E 230. Still in our case the surfaces in the
area of contact are not smooth and no theory for forced wetting
has been developed for surfaces that have roughness on many
length scales. In addition, for our system we have no direct
information about w and no accurate information about the
contact angles y1 and y2 and cannot determine the exact value
of S or if S is positive or negative.

7 Summary and conclusion

We have measured the friction coefficient for two rubber tread
compounds sliding on dry and lubricated concrete surfaces. On
the dry surface, the friction force was measured for tempera-
tures between �40 and 20 1C and smooth friction mastercurves
could be constructed using the bulk viscoelastic shift factors.
We have studied the influence of water–glycerol mixtures on
rubber sliding friction and found that for a low sliding speed,
the friction in the fluids is similar to that in the dry state but for
v 4 0.1 mm s�1 it drops rapidly in the high viscosity water–
glycerol mixtures. We propose that this is due to forced wetting,
which results in a thin fluid film at the interface at a high
enough sliding speed. Forced wetting results from a competi-
tion between liquid invasion induced by shear and sponta-
neous (surface energy driven) or forced dewetting, but a theory
for forced wetting for solids with random roughness still
remains to be developed. In addition, for the system we have
studied, the spreading pressure S may be larger than zero and
the reason the fluid may still be expelled from the contact
regions for a low sliding speed may be due to the high contact
pressure making Seff = S � pd* o 0.
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Appendix
Appendix A

The rubber blocks used in our studies have nominally flat
bottom surfaces (but with the edges rounded off). For a block
with a flat surface sliding on a flat lubricated substrate surface
(no roughness) there can be no hydrodynamic lift-off. In reality
there will always be a small tilting of the rubber block surface
relative to the substrate surface which would result in a hydro-
dynamic lift-off when sliding in one direction and a suction
(pulling-together) effect when sliding in the opposite direction.
In the present experiment we do not observe a big difference in
the friction depending on the sliding direction so this tilting-
effect is not very important.

We have performed a lubricated sliding friction calculation
assuming the bottom surface of the rubber block has a small
curvature (radius of curvature 0.6 m) giving a Hertz contact
pressure with the same width in the sliding direction as the
rubber block (w = 2.8 cm) and the same average nominal
contact pressure (p = 0.12 MPa). In Fig. 11, the blue and green
(below the blue) lines show the normal force acting on the area
of contact as a function of the sliding speed, calculated using
the theory presented in ref. 45 (for other theories of mixed
lubrication, see ref. 11 and 70). The green line is the prediction
for glycerol (viscosity Z = 1.4 Pas) assuming no shear thinning
and the blue line including shear thinning using measured
(high shear-rate) viscosity data for glycerol. In the calculation,
we have used the surface roughness power spectrum shown in
Fig. 3 and the rubber Young’s modulus E = 10 MPa and Poisson

Fig. 11 The normal force acting on the area of contact as a function of
the sliding speed is calculated using the theory presented in ref. 45. The
blue and green lines are obtained assuming that the rubber block has a
slightly curved surface (radius of curvature 0.6 m) giving a Hertz contact
pressure with the same width in the sliding direction as the rubber blocks
(w = 2.8 cm) and the same average nominal contact pressure (p = 0.12 MPa).
The green line is the prediction for glycerol (viscosity Z = 1.41 Pas)
assuming no shear thinning and the blue line including shear thinning.71

The red line is a model involving the lubricated contact between the
road macroasperities (with surface roughness) and the rubber block
(see the text for details). In the calculation we have used the surface
roughness power spectrum shown in Fig. 3 and the rubber Young’s
modulus E = 10 MPa and Poisson ratio n = 0.5.
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ratio n = 0.5. Fig. 11 shows that there is negligible change in the
load acting on the area of real contact for v o 1 cm s�1.

Even if the rubber block surface is perfectly flat and parallel
to the concrete surface there will be a hydrodynamic lift-off
from the interaction between the road macroasperities and the
rubber block (see Fig. 12). That is, each such contact is similar
to the sliding of a rigid sphere, with the radius of curvature
given by the radius of curvature of the macroasperity, on the
lubricated rubber surface. To model this situation we need to
determine the number N of macroasperity contact regions and
the effective radius R of curvature of the macroasperities. This
is done as follows: We first estimate the size of the macro-
asperity contact regions by studying the distance dependency of
the stress–stress correlation function G(r) = hs(x)s(x0)i � hs(x)i2
as obtained from the Persson contact mechanics theory.72 For
surfaces with isotropic roughness G(r) is only a function of the
distance r = |x� x0|. Note that for large |x� x0|, s(x) and d(x0) are
uncorrelated so that G(r) - 0 as r - N. We use the criteria
G(r0) = aG(0) with a = 0.25 to define the effective radius r0 of a
macroasperity contact region.73–75 When calculating G(r) we only
include the long wavelength part of the surface roughness (we use
the long wavelength region determined by the magnification
where the contact area percolate). The number a = 0.25 was
deduced by comparing the size of the macroasperity contact
regions as obtained by G(r0) = 0.25 G(0) with the average size
from exact numerical results (obtained using molecular dynamics
for the contact between two solids with random roughness76). We
note that since G(r) typically decays with a power-law with
increasing r there is no characteristic length scale involved in
the stress–stress correlation which could be used to define the size
of the average contact regions. Still, the definition we use gives
a useful estimation of the (average) contact patch size (for an
alternative definition, see Müser and Wang74).

From the radius r0 of the contact regions we calculate the
number of contacts using N = A/pr0

2 where A is the contact area
obtained using the Persson contact mechanics theory. At
the percolation threshold A E 0.42 Ao, which we use here.

The radius of curvature of the macroasperities was obtained
from the surface roughness power spectrum including only the
same long wavelength roughness components as used to deter-
mine G(r). Using this procedure we get the width of the macro-
asperity contact regions 2r0 E 3.6 mm, the radius of curvature R
E 26 mm and N E 80. Note that R 4 r0 which is necessary for
this picture to be valid. Each macroasperity contact region carries
the normal force E3.2 N. The red line in Fig. 11 shows the normal
force exerted on the area of real contact using this model. Fig. 11
shows that both models of mixed lubrication studied above gives
a reduction in the load acting on the area of real contact only for
sliding speeds higher than those used in the experiments. Hence
process (b) cannot explain the drop in the friction observed
for v 4 0.1 mm s�1 for the surfaces lubricated by glycerol.

There is another way in which an increase in the viscosity could
reduce the sliding friction force. The frictional shear stress within
the area of contact between rubber and another solids is usually
considered as resulting from bonding–stretching–debonding pro-
cesses as described first by Schallamach77 and by Cherniak and
Leonov78 and more accurately by Persson and Volokitin.56 If there
is a thin fluid film at the interface polymer chain segments could
still attach to the substrate and undergoes bonding–stretching–
debonding processes. However, if the polymer segments are sur-
rounded by a high viscosity fluid they may move slower and need
more time to find a good binding position on the substrate. This
effect can be illustrated using the theory of Brownian motion. The
diffusivity of a spherical particle (radius R) in a fluid with the
viscosity Z is given by the Einstein equation

D ¼ kBT

6pZR

The diffusion distance x(t) for 1D motion is

hx2(t)i = 2Dt

During sliding at the speed v a molecular segment (bead unit)
has a time of order t = d/v to find a good binding position where
d is an atomic or molecular distance. During this time the bed
can probe binding positions in a surface area of order B2Dt
which must be of order d2 in order to find a good binding site.
Thus if the sliding speed is above

v � 2D

d
� kBT

3pZR

there is not enough time for the polymer segments to find good
binding positions on the substrate. This observation is unlikely
to be relevant for the sliding systems treated in this paper. Thus,
although the surface of the rubber blocks might behave as
polymer brushes, water and glycerol are probably not very good
solvents for the rubber compounds used, but the proposed effect
may be important for other systems.
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73 We thank Martin Müser for suggesting to use the stress
correlation function in real space to define the average
contact spot radius via G(r) = aG(0). An alternative defini-
tion was presented in ref. 73 but we prefer using G(r) =
aG(0) as it gives resonable results even at the percolation
threshold. (At the percolation threshold a contact
cluster extend throughout the whole system but it consist
of many weakly connected contact regions and the average
size of these units appears to be well described using

G(r) = aG(0) as tested with the MD simulation results of
ref. 75.).
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