A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYSICS

OFFPRINT

On the dependency of friction on load: Theory
and experiment

O. M. BRAUN, B. STEENWYK, A. WARHADPANDE and
B. N. J. PERSSON

EPL, 113 (2016) 56002

Please visit the website
www.epljournal.org

Note that the author(s) has the following rights:

— immediately after publication, to use all or part of the article without revision or modification, including the EPLA-
formatted version, for personal compilations and use only;

— no sooner than 12 months from the date of first publication, to include the accepted manuscript (all or part), but
not the EPLA-formatted version, on institute repositories or third-party websites provided a link to the online EPL
abstract or EPL homepage is included.

For complete copyright details see: https://authors.epletters.net/documents/copyright.pdf.



A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYSICS

AN INVITATION TO
SUBMIT YOUR WORK

The Editorial Board invites you to submit your letters to EPL

EPL is a leading international journal publishing original, innovative Letters in all
areas of physics, ranging from condensed matter topics and interdisciplinary
research to astrophysics, geophysics, plasma and fusion sciences, including those
with application potential.

The high profile of the journal combined with the excellent scientific quality of the
articles ensures that EPL is an essential resource for its worldwide audience.

EPL offers authors global visibility and a great opportunity to share their work
with others across the whole of the physics community.

Run by active scientists, for scientists

EPL is reviewed by scientists for scientists, to serve and support the international
scientific community. The Editorial Board is a team of active research scientists with

an expert understanding of the needs of both authors and researchers.

www.epljournal.org



A LETTERS JOURNAL EXPLORING www.epliournal.org
THE FRONTIERS OF PHYSICS

Six good reasons to publish with EPL
We want to work with you to gain recognition for your research through worldwide
visibility and high citations. As an EPL author, you will benefit from:

full loads in 201 . . . o
ulltext downloads in 2013 o Quality - The 50+ Co-editors, who are experts in their field, oversee the

entire peer-review process, from selection of the referees to making all
final acceptance decisions.

Convenience — Easy to access compilations of recent articles in specific
narrow fields available on the website.

average accept to online
publication in 2013

Speed of processing — We aim to provide you with a quick and efficient
service; the median time from submission to online publication is under
100 days.

citations in 2013
High visibility — Strong promotion and visibility through material available
atover 300 events annually, distributed via e-mail, and targeted mailshot
newsletters.

“We greatly appreciate
the efficient, professional
and rapid processing of
our paper by your team.”
Cong Lin

Shanghai University

International reach — Over 2600 institutions have access to EPL,
enabling your work to be read by your peers in 90 countries.

Open access — Articles are offered open access for a one-off author
payment; green open access on all others with a 12-month embargo.

Q0 0 ©0

Details on preparing, submitting and tracking the progress of your manuscript
from submission to acceptance are available on the EPL submission website
www.epletters.net.

If you would like further information about our author service or EPL in general,
please visit www.epljournal.org or e-mail us at info@epljournal.org.

ERS

ec‘/r)sciences IOP Publishing

Socicta Ttaliana
di Fisica

European Physical Society ~ Societa Italiana di Fisica EDP Sciences 0P Publishing

www.epljournal.org



A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYsICS

March 2016

EPL, 113 (2016) 56002
doi: 10.1209/0295-5075/113/56002

www.epljournal.org

On the dependency of friction on load: Theory and experiment

O. M. BRAUN'2, B. STEENWYK?®, A. WARHADPANDE® and B. N. J. PERSSON>*

L Institute of Physics, National Academy of Sciences of Ukraine - 03028 Kiev, Ukraine

2 PGI, FZ-Jiilich - 52425 Jiilich, Germany, EU

3 Bridgestone Americas Tire Operations - 10 E Firestone Blvd., Akron, OH 44317, USA
4 Multiscale Consulting - Wolfshovener Strafie 2, 52428 Jiilich, Germany, EU®

received 19 January 2016; accepted in final form 3 March 2016

published online 21 March 2016

PACS 68.35.Ct — Interface structure and roughness

PACS 46.55.+d — Tribology and mechanical contacts

Abstract — In rubber friction studies it is often observed that the kinetic friction coefficient
depends on the nominal contact pressure. This is usually due to frictional heating, which softens
the rubber, increases the area of contact, and (in most cases) reduces the viscoelastic contribution
to the friction. In this paper we present experimental results showing that the rubber friction also
depends on the nominal contact pressure at such low sliding speed that frictional heating is neg-
ligible. This effect has important implications for rubber sliding dynamics, e.g., in the context of
the tire-road grip. We attribute this effect to the viscoelastic coupling between the macroasperity
contact regions, and present a simple earthquakelike model and numerical simulations supporting
this picture. The mechanism for the dependency of the friction coefficient on the load considered
is very general, and is relevant for non-rubber materials as well.

Copyright © EPLA, 2016

Introduction. — The Coulomb friction law states that
the friction force Fy = pFy is proportional to the nor-
mal force or load Fy, and is found to hold remarkable
well in many practical applications [1,2]. For elastic solids
with nominally flat but randomly rough surfaces, con-
tact mechanics theories and numerical simulations show
that the contact area A is proportional to the nominal
contact pressure pg = Fn/Ap, where Ay is the nomi-
nal contact area [3-10]. If it is assumed that a charac-
teristic frictional shear stress 7 acts in the area of real
contact, then the friction coefficient p = 77A4/(poAp) will
be independent of the pressure py, i.e., independent of the
normal load Fx = pgAg. There are many reason why the
Coulomb friction law may fail, and in this letter we discuss
a fundamental and very general mechanism, which is also
very important for rubber friction, e.g., for the friction
between tires and road surfaces.

In the following we consider surfaces which are nom-
inally flat but exhibit roughness at length scales much
shorter than the linear size L of the surface. Such sur-
faces have surface roughness power spectra with a roll-off
region for small wave numbers [11]. When such surfaces
are observed at low magnification one observes only the
most long wavelength part of the surface roughness, and
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the contact appears to consist of randomly distributed
macroasperity contact regions [4]. When a macroasperity
contact region is observed at higher magnification, shorter
wavelength roughness is observed and the macroasperity
contact region breaks up into smaller microasperity con-
tact regions.

Contact mechanics studies show that with increasing
pressure po, existing contact areas grow and new contact
areas form in such a way that the (normalized) interfacial
stress distribution, and also the size distribution of con-
tact spots, are independent of the squeezing pressure [3-6].
When this is the case the macroscopic friction force will
be proportional to the normal force even when the friction
force acting on the asperity contact regions at the smallest
length scale depends non-linearly on the asperity contact
area, as often found to be the case in nanoscale sliding
friction experiments [12,13]. In this case the only thing
which could influence the sliding friction is the concen-
tration (a real density) of macroasperity contact regions,
which increases proportional to pg. In ref. [14] it was sug-
gested that the lateral coupling between the macroasperity
contact regions may result in a dependency of the friction
coefficient on the load.

In this letter we present a very simple model for the
elastic (or viscoelastic) coupling between the macroasper-
ity contact regions, and we show that the lateral coupling
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Leonardo da Vinci experiment

Fig. 1: (Color online) Simple friction tester (schematic) used
for obtaining the friction coefficient p = M’/M as a function
of the sliding speed. The sliding distance is measured using a
distance sensor and the sliding velocity v obtained by dividing
the sliding distance with the sliding time. This set-up can only
measure the friction coefficient on the branch of the pu(v)-curve
where the friction coefficient increases with increasing sliding
speed v.

between the contact regions influences the stick-slip dy-
namics of the contact regions. This results in a dependency
of the friction coefficient on the load, similarly to what we
have observed in rubber friction experiments [14,15].

Experimental. — At low sliding speeds, when the fric-
tional heating is negligible, many experiments show that
the rubber friction coefficient on rough surfaces is approx-
imately independent of the normal load which we too ob-
serve in most cases. However, we have found that close
to the first maximum (as a function of increasing sliding
speed v) of the p(v) friction curve (the first maximum is
due to the adhesive interaction between the rubber and the
road surface in the area of real contact [15,16]), the fric-
tion coefficient decreases slightly with increasing nominal
contact pressure. The friction coefficient at this maximum
is very important for tire dynamics —it acts as an effective
static friction coefficient (the slip velocities before the first
maximum of u(v) are very small, and can be neglected in
most tire applications [17,18]).

We have studied rubber friction for tread rubber com-
pounds sliding against concrete and asphalt road surfaces.
The measurements were performed using the Leonardo da
Vinci set-up shown in fig. 1. The slider consists of two
rubber blocks glued to a wood plate (with a rubber block
thickness ~ 0.5 cm typically larger than the diameter of
the macroasperity contact regions). This simple friction
tester can be used for obtaining the friction coefficient
= M'/M as a function of the sliding speed. The sliding
distance is measured using a distance sensor, and the slid-
ing velocity obtained by dividing the sliding distance with
the sliding time. This set-up can only measure the steady-
state friction coefficient on the branch of the p(v)-curve
where the friction coefficient increases with increasing slid-
ing speed v. Thus, if v = vyax denote the velocity where
the p(v)-curve has its first maximum, then in figs. 2 and 3
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Fig. 2: (Color online) The measured friction coefficient as a

function of the sliding speed for a rubber compound on an as-

phalt road surface. The background temperature is Tp = 20 °C,
and the nominal contact pressure is indicated in the figure.
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Fig. 3: (Color online) The measured friction coefficient as a
function of the sliding speed for a rubber compound on a con-
crete road surface. The background temperature is Tp = 11 °C,
and the nominal contact pressure is indicated in the figure.

below, the highest velocity data points correspond to the
sliding speed v = Vmax-

Figure 2 shows the measured friction coefficient as a
function of the sliding speed for a rubber tread compound
on an asphalt road surface. The results are for the back-
ground temperature T = 20 °C, and for several values of
the nominal contact pressure indicated in the figure. Note
that the maximum of the friction coefficient decreases with
increasing nominal contact pressure. At the same time
the friction coefficient for lower velocities is the same in
all cases within the accuracy of the measurements.

Figure 3 shows the measured friction coefficient as a
function of the sliding speed for a rubber tread compound
on a concrete road surface. The results are for the back-
ground temperature Ty = 11 °C, and for several nominal
contact pressure. Note again that the maximum of the
friction coefficient decreases with increasing nominal con-
tact pressure.

Figures 2 and 3 show that there is a big spread in
the measured friction data. We believe this is due to the
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influence of surface contamination on the adhesive contri-
bution to the friction. This is particularly true close to
the maximum in p(v) where the measured data depends
on how clean the surface is., e.g., how long the surface
has been in the normal atmosphere after the surface was
cleaned in soap-water. We note that the adhesive contri-
bution to p(v) most likely involves the (temporary) bind-
ing of rubber molecules to the substrate which is sensitive
to even sub-monolayer surface contamination. However,
we have studied many more systems than shown in the
present paper, and as the nominal contact pressure in-
creases we always observed a systematic reduction in the
friction coefficient close to the maximum of u(v), while
there is no systematic pressure dependence of the friction
coefficient well away from the maximum.

Qualitative discussion. — A tentative explanation for
the observations above is as follows [14]. For velocities
U K Umax the rubber in (almost) all macroasperity con-
tact regions slip relative to the substrate with the same
velocity v as the upper surface of the rubber block. In
that case the elastic (or rather viscoelastic) coupling be-
tween the rubber macroasperity contact regions is not
changing in time, and it is basically irrelevant for the fric-
tion. Now, for velocities v > wpax the rubber friction
decreases with increasing sliding speed. In the present
case where the driving force is constant, this results in an
unstable branch of the p(v)-curve, where the rubber block
accelerates.

If instead the upper surface of the block would be rigidly
driven with a constant velocity v > vyax, the bottom sur-
face of the block would perform stick-slip motion. But
with the same argument one expects the rubber in the
macroasperity contact regions to perform stick-slip mo-
tion for v > vmax. However, due to the stochastic fluctu-
ations in the nature of the macroasperity contact regions
(e.g., due to local fluctuations in the roughness or surface
contamination) one expects not a sharp onset velocity for
stick-slip motion at the macroasperity level, but a distri-
bution of onset velocities. Thus we expect that close to
the friction maximum, but for v < wvpax, some contact
regions will perform stick-slip motion. In this case the
motion of a macroasperity contact region depends on the
motion of the other macroasperity contact regions. Thus,
we expect some correlation in the local stick-slip events
when the velocity is close to the point where the friction
coefficient is maximal. For example, if the rubber in a
macroasperity contact region slips into a state where the
shear force acting on it vanishes, the tangential force lost
in this contact region will distribute itself on the other rub-
ber macroasperity contact regions, where the shear stress
now may increase to the point of resulting in local slip,
and so on. Clearly, this lateral coupling, and the way the
stress redistributes itself in response to a local slip at a
macroasperity contact region, will depend on the average
separation between the macroasperity contact regions, and
hence on the concentration of the macroasperity contact

UL

IL

substrate

Fig. 4: (Color online) The model. The upper layer (UL) is
split in rigid blocks of size a X a X Nya connected by springs
of the elastic constant K. The interface layer (IL) is split
in rigid blocks of size a X a X a connected by springs of the
elastic constant K. The UL and IL are coupled by springs of
the elastic constant K. The IL is connected with the rigid
bottom block (substrate) by frictional contacts (see eq. (1)).
The UL is driven with the velocity v through springs of the
elastic constant Kg.

regions, which increases with increasing nominal contact
pressure.

We now present a simple analytical model to study in
greater detail the mechanism discussed above, and we will
show that the lateral coupling between the macroasper-
ity contact regions gives rise to a friction coefficient p(v)
which depends on the load or normal force for v close
0 Umax-

Theory modeling. — We now discuss why the friction
coefficient in figs. 2 and 3 depends on the nominal contact
pressure for sliding speeds close to v = vyax, where the
friction coefficient has a local maximum. We assume that
the contact area is proportional to the nominal contact
pressure pg, and that with increasing pressure pg, existing
contact areas grow and new contact areas form in such a
way that the (normalized) interfacial stress distribution,
and also the size distribution of contact spots are inde-
pendent of the squeezing pressure. (Strictly speaking, this
assumption only holds for an infinite system, but should
be approximately true also in most practical applications.)
In this case the only thing which could influence the sliding
friction is the concentration (a real density) of macroasper-
ity contact regions which increases proportional to pg.

Unfortunately, an exact consideration of the elastic
coupling between the macroasperity contact regions is
possible only within a three-dimensional model, which
require very large computational time for system sizes
of interest. In this first study we therefore instead use
a simple one-dimensional two-chain model of the slider
(see fig. 4), which should be enough to demonstrate if
the lateral coupling between the macroasperity contact
regions can generate a load dependency of the friction
coefficient.

56002-p3
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Our model is similar to the Burridge and Knopoff
spring-block model [19] used to study some aspects of
earthquake dynamics and boundary lubrication [20]. In
this model the top block (the slider) is coupled with the
bottom block (substrate), assumed to be rigid and fixed,
by a set of frictional contacts. In refs. [21,22] this model
was extended in order to incorporate elasticity of the slider
in an approximate way.

The model is shown schematically in fig. 4. The bot-
tom chain consists of rigid a3-cubes coupled by springs
K = FEa, where FE is the slider Young modulus, and also
coupled by frictional contacts with the base; it describes
the macroasperity contact regions, here referred to as the
“interface” layer (IL).

The other part of the slider is modeled as a chain of
parallelepipeds of height Nyja coupled by springs Ky, =
N1 Ea; we call it the upper layer (UL). The UL and IL are
coupled by the set of N transverse springs Kt = Ga/Ny,,
where G = E/[2(1 + v)] is the shear modulus and v is
the slider Poisson ratio. The UL plays the role of a reser-
voir, where the elastic energy is stored and partially re-
leased during sliding. Finally, we attach springs K4 to
the top boundary of UL and drive the spring ends with
a velocity v. Along the chains we use periodic boundary
conditions.

The model parameters for the rubber slider are the
following. The IL consists of N = 301 or 1001 blocks
(a3-cubes), each of linear size a = 0.1 mm and mass m =
pa’ = 10~ kg, where p = 103kg/m? is the rubber mass
density. The rubber has a Young modulus £ = 10 MPa
and a Poisson ratio v = 0.5, so that the springs between
the cubes has an elastic constant K = 103N /m.

The UL consists of parallelepipeds of height Ny, = 5
(so that their masses are Ny,m). The UL is moved through
springs of the elastic constant Kq = K/[2(1+v)] attached
to its top and driven with a velocity v. Between the
nearest-neighboring blocks ¢ and j we added the viscous
damping force f;; = —mn(v; — v;) with the damping co-
efficient 1 = 0.3wy, where wy = (K/m)*/? = 105571 is the
characteristic frequency of the slider, so that the system
dynamics is underdamped.

The slider is coupled with the substrate by N, = N
frictional contacts with a random spatial distribution. As
discussed above, for a contact of rough surfaces the dimen-
sionless parameter 6 is directly proportional to the load.
The force acting on the i’th IL’s block, to which the con-
tact is attached, depends on the block velocity v; as [15]

f(“u”f)
& =

(1a)
(1b)

= & foexp(—c&;)sign(v;) + mnev;,
[logyo (|”z|/vf)]2 )

where fy = a?m, 7 = 6.5 x 10°Pa and ¢ = 0.1, and
the parameters v] are randomly distributed around the
value v9 = lmm/s [15] (in detail, the values log;, v}
are uniformly distributed within the interval [log,,vo —

d,1ogpvo + 0] with 6 = 0.5). The function f(v,vp),

0.0006 -

Sv)

0.0005 £

0.0004

Fig. 5: (Color online) The function f(v,vo), eq. (1), for dif-
ferent values of the damping coefficient 1. = 0 (dotted line),
N = wo (solid black line), 7 = 0.3wo (blue line) and 7. = 0.1wo
(red line). The dashed curve shows the force (f(v,v;)) =
N7ESNe f(v,v;) averaged over all contacts for N = 1001 and
0=1.

eq. (1), is shown in fig. 5 for different values of the con-
tact’s damping 7.

The “scaling” parameter € in eq. (1) was introduced be-
cause of the following technical problem [23]. The charac-
teristic time scale of the slider is 79 = 27/wp ~ 6.3x107 %,
while the characteristic time scale of the frictional contacts
is 7. = vom/ fo ~ 10712 which is more than six orders of
magnitude smaller. Using the value e = 1072 in eq. (1),
we were able to simulate the system within a reasonable
computer time (of course, we checked that changing of €
does not modify our results, at least qualitatively).

During the simulation we saved the total driving force
fa(t) = NP8 Kyfvat — X,(t)], where X,(t) is the
coordinate of the i-th UL’s block, and then calculated
the parameter p* = (fq(t))/(efof) for the steady slid-
ing. Since 6 is proportional to the normal load, p* is
directly proportional to the friction coefficient. The re-
sults are presented in fig. 6. For a lower driving velocity
vg2 = 3 x 107*m/s the friction is almost independent of
load, while for vq; = vg = 1073 m/s the friction may de-
crease by more than 20% when the load grows, in good
agreement with the experiment.

Analyzing the simulation results in more detail, we
found the following explanation of this effect. Let v be
the velocity of the drive. A single (isolated) contact 4
moves with a constant velocity v if v < v}, and hence it
experiences the constant friction force f(v,v}). However,
if v > v for the given contact, its motion becomes un-
stable, and the contact undergoes stick-slip motion. In
the latter case, the contact accelerates during slip, and
the force drops, so the averaged force from this contact
is lower than f(v,v}); the larger the effect is, the smaller
the damping parameter 7. is. For a set of non-interacting
contacts, the driving force in the steady state is approx-
imately equal to the sum of the forces from all contacts,
and thus slightly smaller than (f(v,v})) because some
contacts with v} < v undergo stick-slip. This situation

56002-pd
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Fig. 6: (Color online) Dependence p* vs. 6 for three values
of the contact damping 7. = wo (blue circles), 7. = 0.3wo (red
diamonds) and 7. = 0.1wo (black squares), and for two values
of the driving velocity va; = vo = 1073 m/s (solid symbols)
and vaz = 0.3v0 = 3x10~* m/s (open symbols; the dashed hor-
izontal line shows f(vaz,v0)/(efof)). Stars are for N = 1001.

corresponds to the § — 0 limit (low load), when the con-
tacts are far away from each other. However, at large
6 (load) some contacts occur close to one another, and
if one of them undergoes stick-slip, it will stimulate the
neighboring contacts to stick-slip as well —the number of
stick-slip contacts increases with 6, and the total friction
force decreases.

The stick-slip of the macroasperity contact regions
should manifest itself in the power spectrum of the block
velocity, and in the acoustic power spectrum, so studying
these quantities should be one way to test the hypothesis
presented above.

Summary and conclusion. — In this paper we pre-
sented experimental results showing that the rubber fric-
tion coefficient p(v), in a narrow velocity region around
the velocity where p(v) is maximal, depends on the nom-
inal contact pressure pg, even when the sliding speed is so
low that frictional heating is unimportant. We attribute
this effect to the (viscoelastic) coupling between the
macroasperity contact regions. We have presented a sim-
ple model which shows that the lateral coupling between
the macroasperity contact regions can enhance the stick-
slip of the contact regions. Since the average distance be-
tween two nearby macroasperity contact region decreases
when the load increases, the lateral coupling increases, and
the friction coefficient decreases, as the load increases.

The mechanism for the dependency of the friction coef-
ficient on the load considered in this paper is very general,
and is also relevant for non-rubber materials. We plan to
perform studies on more realistic 3D systems to test if the
predictions presented in this paper holds also in a more
accurate treatment of the problem.
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