PHYSICAL REVIEW E VOLUME 59, NUMBER 4 APRIL 1999

Collective behavior of asperities in dry friction at small velocities
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We investigate a simple model of dry friction based on extremal dynamics of asperities. At small velocities,
correlations develop between the asperities, whose range becomes infinite in the limit of infinitely slow
driving, where the system is self-organized critical. This collective phenomenon leads to effective aging of the
asperities and results in velocity dependence of the friction force in the Forh—exp(-1/v).
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I. INTRODUCTION force is larger(static friction. These old results on the dry
friction were reinvestigated experimentally relatively re-

Phenomena connected with mechanical properties afently[6,7]. It was found that dynamical friction force is not
complex systems have been the subject of intensive study iconstant, but increases continuously when the velocity is de-
the last decade. Generally speaking, the difficulty stems fronacreased.
the fact that both the macroscopic scale and mesoscopic From the theoretical point of view, the microscopic inter-
scale are important. For example, the contact area of twpretation of the Amontons-Coulomb law was provided by
grains of sand is a mesoscopic object, but its properties resuiowden and Tabaoj8], and alternatively by Greenwood and
in macroscopic behavior of a sand heap. Among the whol&Villiamson[9]. In both approaches, the explanation is based
family of such problems, the dry friction emerged in recenton the picture of the set of mesoscopic contdasperitie
years as a hot subject. Besides the intrinsic interest in thecattered on the surface of the sliding bodi#8—14. The
dynamics of contact interfaces sliding on top of each othertypical size of the asperities is constant, while their number
there are various systems studied recently, in which frictioris proportional to normal load; hence the explanation of the
forces are dominant interactions determining the behaviorAmontons-Coulomb law.

As examples, we may note two notoriously known phenom- This picture is the basis of many current models of dry
ena: sand heaps and earthquakes. Equilibrium stress distribfsiction [7], especially the elastoplastic model developed by
tion in heaps of granular materials exhibits complicated lo-Caroli, Noziges, and Velicky[10,11. The asperities are
calized structured1,2]. The dynamics of tectonic plates considered as multistable traps, which dissipate energy due
gives rise to the power-law distribution of earthquakes, forto hysteresis. In the approximation of independent traps,
mulated in the Gutenberg-Richter law3,4]. A one- even the dynamics of a single asperity is able to describe the
dimensional counterpart of friction is, e.g., the dislocationfriction process.

movement, which is responsible for the plasticity of metals. However, many features are not well understood, e.g., the

At least three regimes of friction may be distinguished.velocity dependence of the friction force found in experi-
First, dry friction corresponds to tangential force acting onments[6,15]. It is explained either as a consequence of the
the contact of two macroscopic solid bodies. The slot beplasticity of the asperities, which is considered as a thermally
tween the bodies is empty. The friction emerges as a result afctivated proces$] (this phenomenon is called aging of the
the rheological properties of the sliding bodies both at theasperities or purely geometrically, based on the self-affine
macroscopic and mesoscopic scale. Second, the lubricatethape of the surfacg42]. Within the approach based on the
friction differs in the fact that the slot between bodies isplasticity, the logarithmic dependence of the age of the as-
filled with a liquid and the mechanical properties of the me-perity on time is supposed on the basis of experimental data,
soscopic portions of the lubricant are responsible for frictionwhich suggest logarithmic velocity dependence of the fric-
Third, friction of a single microscopic tip on a surface may tion force. On the other hand, the geometrical approach gives
be measured, which explores the microscopic properties dfiction force proportional ta ~* for large velocities, while
the surfacd5]. Here we concentrate on the first possibility: the behavior for small velocities depends on the fractal ge-
dry friction. ometry of the surface.

Thorough experiments concerning sliding bodies were In the description of the process of friction two levels may
performed as early as the 18th century and led to the famouse distinguished. On the global level, the averaged effect of
Amontons-Coulomb laws: the friction force is proportional asperities can be successfully described using the elastoplas-
to load and independent of the apparent contact area; faic model[10,11. This approach is effectively a single-site
nonzero velocities, the friction force is independent of veloc-one. Only one asperity is changing its state and the effect of
ity (dynamical friction, while at zero velocity, the friction all other asperities is described by the effective surrounding

medium. The spatiotemporal correlations are considered to
be of very short range, and the mutually sliding surfaces
*Electronic address: slanina@fzu.cz behave in a uniform way.
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On the other hand, the local, short time level of descrip- a)
tion must take into account processes that happen at several
(or many asperities simultaneously, or within a very short
period of time, so that they cannot be considered as uncor-
related. Several approaches in this direction were already

proposed, based on geometrical consideratidi®s13, on b) sliding direction — o

Frenkel-Kontorovd 16], Burridge-Knopoff and train models [SLIDER

[17,18, or on an extremal dynamics model with elastic in- b % = %

teractiong 14]. v Td / /
The extremal dynamicéED) models are very appealing, TRACK

because they may grasp the “skeleton” of the problem, de- c)

spite their simplicity and rudimentary nature. Generally, ED E

is based on the assumption that only one site is evolving l(\g

during one time step, namely the site which has the maxi- A Y Y

mum (or minimum: it depends on the model in quesliorf b,,, \/ ..... \/ V/%%// \/
) d

the dynamical variable determining the state of the system. -
However, the price to pay is that the time scale fixed by the (removed) (inserted)

frequency of the updates of single sites is not directly related FIG. 1. Illustration of the model. A schematic drawing of two

to the real time measured in an experiment. e : S PN o e
Extremal dynamics models were successfully used inslldlng interfaces in contact is given {@); the idealization of the
. . . . . . Situation used in our model is depicted (o). The elastic energy
modeling various systems, such as invasion percolation, big-,

. . . . stored in the asperity is described by the quaniitythe slot be-
logical evolution [19], earthquakes[20], or dislocation tween the potential asperity and the tracldidn (c), the redistri-

moyement[21,22. The model we propose here ,iS b_as,ed ONpution in one step of extremal dynamics is shown schematically.
the ideas of ED models, adapted to the fact that in friction we

are interested in macroscopic movement with nonzero veloGsonstant, a new point is introduced somewhere in the system.
ity, while most ED models are appropriate to the case of ag 4 zeroth approximation, the location of the new point
infinitely slow movement, may be chosen at random. However, in reality the position of
Briefly, the evolution of our model proceeds at the mostihe new contact is determined by the detailed structure of the
susceptible asperity, namely the asperity that bears maxisrfaces of the slider and track. The new contact is estab-
mum stress. A small mechanical perturbation, such as thgsheq at a place where the surfaces are closest one to an-
release of stress at a single site, may result in a burst Qfiner. So, another numberis attributed to each point rep-
activity of large spatiotemporal extent. Following the termi- \asenting the width of the slot between the surfaces, waiting
nology used in the theories of self-organized criticalt9], i the vicinity of the asperity for further updatéthe actual
we will call sgch spanotemporal areas of act_|V|ty avalanqhessbt directly on the asperity is zero, of coursghe situation
The correlanon_s present in .the model will be describedg gketched in Figs.(® and 1b). In the update the location
through the statistical properties of the avalanches. of minimumd is found. Here a new asperity is reintroduced.
From time to time, the ED of asperities is interrupted by aTne values ob andd of the neighbors of the old and new

macroscopic “slip” of the body as a whole, in which all gjies are also updated. Generally, each sitekhad neigh-
asperities are completely renewed. By a combination of thg),,s that are affected. For simplicity, we assuie 2, and

ED evolution with such macroscopic slips, we introduceupdate only one neighbdon the right-hand side

non-zero macroscopic sliding velocity into the model. Let us allow for very slow motion of the slider as a whole.
The rest of the article is organized as follows. In Sec. llthe energy stored in the released asperity may be transferred
the model is defined and the interpretation of the model pagirely to other asperities, or a part of it may be converted
rameters is given; in Sec. Ill the presence of self-organize¢yq kinetic energyE. It may also happen that some of the
criticality (SOQ is investigated in the case of zero macro- ;neatic energy is returned back to elastic energy of some

scopic velocity, while the effect of nonzero velocity on the yqharities. The redistribution of energy in one update step is
breakdown of SOC as well as the velocity dependence of thgy ,strated in Fig. 10).

friction force are investigated in Sec. IV. Section V summa-

. . It is natural to expect that, at higher velocities, the number
rizes the results and draws conclusions from them.

of asperities affected by the transfer of the kinetic energy to
the elastic one will be larger. We simplify this dependence
by saying that forE<E,, only the nearest neighbors are
affected, while forE=E,,, the slider slips macroscopically
We propose the following model. There a¥egpoint con-  over an average distanog;,. The average duration of the
tacts, asperities, each with stressThe quantityb will be  slip is T, and after that time all parametebsandd of all
interpreted as the elastic energy stored in the asperity. Thasperities are newly attributed at random &hés set to O.
model is one dimensiondthe generalization to the realistic Then, the dynamics starts again. In this process, the kinetic
two-dimensional case is straightforwardvith periodic  energy=E,, the system had before the slip is dissipated.
boundary conditions, so the points form a closed ring. InThis makes a difference with the theories of one asperity
each step, the point with the highest strbgg, is found and  dynamics, where the energy is dissipated immediately after
released. The release of the stress means that the pointridease of a single asperity. In our model we do not describe
removed. However, in order to keep the number of pointshe processes that happen during the slip; e.g., we do not

1. MODEL
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examine the energy dissipated in the course of the slip. Simi- Rule (iv) concerning the kinetic effects means that elastic
larly, we do not calculate the physical velocity correspondingenergy 6b.x is transferred from the removed asperity to
to the kinetic energyE during the ED evolution. So, we kinetic energy and the rest is left for the newly inserted as-
isolate only those contributions to the friction force and theperity. The quantitied; andA, are absorbed by the neigh-
macroscopic slider velocity that originate in the ED processors, but only if they do not exceed the kinetic energy
interrupted by instantaneous slips. (which should be positive If they do exceed it, each of the

The average macroscopic velocity stemming from the neighbors receives exactly half of the kinetic energy, which
slips depends on the average time interval between two sulis thus totally absorbed.

sequent slips. We may determine this quanﬁ—tyin the time The kinetic effects and the slip involve several param-
units of the extremal dynamics process. Its relation to physi€ters. First, the parametérdescribes how much of the elas-
cal time is not straightforward, but we suppose that this amtic energy tends to be converted into the kinetic energy. If
biguity affects only units, in which we measure time and notd=0, the kinetic effects are turned off.

the general dependence of the friction force on velocity. The parameteby, is the limit up to which an asperity can

Thus, we write simply absorb a portion of kinetic energy and convert it back to
elastic energy. It should be the property of the surface itself,
Av=1/At, (1)  without any resort to the load and velocity of the slider. If
6=0, the parametelp,, does not enter the model.
which corresponds to taking the average slip lenggy as The slip is determined by the parametgy,. In a more

the length unit and average time needed to update sing|@ali§tic descriptio_n, it would be necessary to intro_duce_ the
asperity as a time unit. The contributigkv from the ED  function R(E), which would count the number of sites, in-
process is dominant if the time between slips is much Iargec!uding the _extr_emal SitBnax, Which are to be updated, pro-
than the duration of the slipyt>Tg, (i.e., slips are instan- Vided the kinetic energy has the valtie Here we take the
taneous eventsand the real length travelled between slips Simplest formR(E) =3+ (N—3)(E—Eg,). Even this pa-

during the ED dynamicsgp is much shorter than the slip rameter should be the property of the surface, irrespective of
length, Xgp<Xgjip - the load and velocity.

The contributionA Fy. to the friction force coming from Finally, we comment on the interpretation of the quantity

this process is then proportional to the energy dissipated if\: (€ average number of asperities. \We suppose that it may

one slip. Because we are using arbitrary units, we identify S€'Vé as a measure of the external load. Consequenitly,
does not depend on the apparent contact area of the slider

AFfic=Eqnr- (2) and the track. LargeN also means that update of single
asperity has less impact on the whole system, namely, the
Let us now describe the extremal dynamics of the modelransfer of elastic energy to kinetic energy is slower. The
more formally. The model consists of sites connected in Same effect has smallé; so it is the quantitys/N that will
ring topology. Each sitée{1,2,...N} is connected to its appear in the velocity dependence of the friction force.
right neighborr (i). The state of the model is described by SO, in order to conform with the Amontons-Coulomb law,
the set E,by,b,, ... by,d;,ds, ..., dy) and the function We expect that the surface properties will enter the velocity

r(i) which describe the connectivity of the sites. At the be-dependence of the friction force through the parambigr

ginning]E:O and botl’bi anddi are uniform|y distributed in and CombinationEth,/N andd/N. We will see later that it is

the interval(0,1). The updating steps are the following)  €Xactly the case.

Find the maximum streds,,,,= max(b;) located at siteé .

Remember its old right neighbagi=r (imad- (ii) Find the lll. INFINITELY SLOW MOVEMENT REGIME

minimum slotd,;, at sitei,. (iii) Change of connectivity:

The siteimay is removed by cutting its links to the left and  Let us first investigate the case in which no slips are al-

right nearest neighbors and is reinserted betwegrand the  lowed, which can be expressed by the limit valg=o°. In

site next to it on the ring. It will have a new right neighbor this case, the macroscopic movement is infinitely slow. If the

inew="(ima) =T (imin), and then set (i min) =imax- (V) Ki- elastic energy could not be transformed into kinetic energy

netic effects: SetE'=E+ 6bmax, Dloa=(1— 6)Dmaxs A1 E, ie., if 5_= 0, the mod_el would be a in_ghtIy more compli-

=(bu—b;_)0(bu—bi ), A,=(by—b; )o(by—b; ). cated version of the Zaitsev model for dislocation movement

fE'>A :k—jA we s?ath=E’—A ZA ”eb', —b +’Z [21], which is known to be self-organized critical. The criti-
1752 1T 22 Migg Maa ' 71 cality manifested by the power-law distribution of avalanche

bi =b; +A,. If not, we set E=0, b sizes is due to infinitely slow driving. It is natural to expect

i i =D
new new old old

+E'/2,bi'newz binew+ E’/2. (v) Stress redistribution: For self-organized criticality also in our model f@=0. How-

r1,r,, random numbers distributed uniformly in the triangle e\;]gr,heven fort5>g t_he”cotrr]]dlttlonlof infinitely §'°W d”\é'ntg’d i
0<r,<r,<1 we set bimaX:rlbr,nax' b; Id:b, (1, which means technically that only one asperity is updated a

’ ol a time, is also satisfied and SOC is expected as well.
—r1) b bi  =bi  +(1-r2)bpga. (Vi) New values of We simulated systems of siné=1000. The first quantity
slotsd are attributed to old and new neighbors as well as tave measured was the probability distribution of the stresses,
site imax, taking random numbers uniformly distributed in P(b) and maximum stressé%,.{bma) - The functionP(b)
the interval(0,1). (vii) If E=Ey,, slip occurs, which means is continuous up to a critical value=b_ and then suddenly
that E is set to 0 andy; andd; distributed uniformly in the drops to zero, which is behavior common in SOC extremal
interval (0,1). dynamics models. The value bf depends ord. The typical

Ol
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FIG. 2. Distribution of stresseP(b) and maximum stresses FIG. 4. Rescaled forward avalanche distribution for
P mad Dmay) for N=1000, 8=0.01, andb,, = 0.9. The energy thresh- =1000,6=0.001, an_d by=0.9. The critical threshold is\.
old is infinite [full line for P(b) and dotted forP . (bnad] and ~ =0-519 and the scaling exponents are1.27 and 14=2.6. The
Eu/N=0.08 [dashed line for P(b) and dash-dotted for number of steps is £0 The corresponding thresholdsare indi-

PmaxPmad ]. The number of steps is 10 cated next to the symbols in the legend.

behavior is shown in Fig. 2 fof=0.01. to investigate scaling of integrated distributioRy,4(S)
A fingerprint of self-organized criticality is, e.g., the scal- =JsdsPrq(s), from which the exponents and o can be

ing behavior of the forward -avalanche sizes determined.

Figures 3 and 4 show the data collapse which confirms the
scaling of the form(3). The best collapse was obtained for
Phwd(S)=5"7g(sI\ = \¢[*). (3 the following values of the parameters) for 5=0 we have
N.=0.7475,7=1.28, and 1#=2.6, and(b) for §=0.001
andby=0.9 we haven.=0.519,7=1.27, and 16=2.6.

The \ avalanche starts whelny,,, exceeds the valuk and There is a minor difference in the exponengiving the

ends wherb,,,,, drops below the valug again. The size of : - - . .
the avalanche is the number of update steps from the start g)est fit for6=0 and6=0.001. However, we believe that this

the end of the avalanche. For numerical reasons it is simple ifference is within the numerical uncertainty O.f the resqlts
and the model belongs to the same universality class irre-

spective of parametes.

15 b By qualitative inspection of the quality of the data col-
) lapse for different choices of the exponents, we estimate the
error bars. Thus, we finish with the following critical expo-
03 . nents of our model:
0.8 -
g.'g - 7=1.27+0.02, ¢=0.38:0.02. (4)
>
:“é 05 + 0.745 A Q.77 !A ] The forward avalanche exponentis greater than in the
& g4 %075 v 0.78 " S one-dimensionallD) Zaitsev mode[21,19, but close to the
Lw O 0.755 X 0.79 Sneppen interface growth modé@3,19. Another 1D model
03 m0s ] to be compared is the charge-density wé@®W) model of
Olami[24] and the anisotropic interface depinning model of
0.2 |- - Ref.[22], which have, however, significantly larger exponent
" 7. The closest universality class seems to be the one of the
Sneppen model#{=1.26), but the value ofr=0.35 in this
class is smaller than in our model.
0.1 L L L L Whether this difference is due to the finite-size effect or

—

1078 10~

A=A |1/aO'01 the two models being in a different universality class cannot
- ¢

be stated with certainty from our present data. Instead, we
FIG. 3. Rescaled forward avalanche distrioution for  would like to stress a structural similarity of the two models,
=1000 ands=0. The critical threshold i .=0.7475 and the scal- Which may explain the similarity of exponents. Contrary to
ing exponents are-=1.28 and 14=2.6. The number of steps is usual interface growth model&5], the Sneppen model is a
1C%. The corresponding thresholdsare indicated next to the sym- nonlocal one. After a single growth evefdeposition of a
bols in the legend. single particle, an unbounded sequence of further steps is
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FIG. 5. Time evolution of the kinetic energy per asperity. The  FIG. 6. Approach of the kinetic energy to its stationary value,
parameters are as follow®=1000, §=0.01, andby=0.9 (full  for N=10%, 6=0.001, ancby,=0.9. The stationary value is taken
line), N=10% 6=0.001, andby=0.9 (dotted ling, N=1000, asE.. /N=0.155.
6=0.001, and by=0.5 (long dashed ling and N=1000,
5=0.001,b,,=0.9 (short dashed line If we set the threshol&, <E.., quasiperiodic behavior

is observed: the kinetic energy grows, until it reaches the
performed in order to reestablish the Sing|e_step property Oyalue of the threShOld, and then the System is reinitialized.
the interface. So, the range of interactions fluctuates duringhis regime is illustrated in Fig. 7. If the threshold is close to
the evolution, according to the actual configuration of theE«, the slips are less regular, due to fluctuations, but for
interface. Similarly, the Zaitsev model, like most of other sSmaller values of the threshold the slips occur with fixed
extremal dynamics models, is local in the sense that afteifequency. The mean number of steps between slips is
finding an extremal site, its neighbors are also updated, whildetermined by the waf§ approaches the stationary value.
the range of neighborhood is fixed. In contrast, our modelBecausey, is related to the friction force by E¢2) and the
like the Sneppen model, does not have a fixed range of innean period of slips to the velocity, according to £, the
teractions, but is established by the position of the minimunyelocity dependence of the friction force is measurable in our
of the quantityd (the slo}. We simulated also a version in model. Figure 8 shows the results for varioigndby, . If
which the site, where new asperity is inserted, is chosen ave denoteF,=E, the static friction force, we observe by
random, instead of using the slitIn this case we observed plotting the velocity dependence in semilogarithmic scale
mean-field behavior characterized by exponemts1.5, that the following law is well satisfied:

o=0.5. P
AFfric:FO 1_eX[{_AAv_N>} (5)
IV. FRICTION AT NONZERO VELOCITY
I ] ] ]

In the preceding section we dealt with stationary proper- 0.14 | H
ties of the model. In order to account for macroscopic move-
ment, transient properties are of interest. First, we investigate 0.12
the evolution of the kinetic enerdy and its approach to the ]
stationary valuee,, , if we forbid the slips, i.e.Eq,,=. In 0.1
Fig. 5 we show the time evolution &/N for different val-
ues of the model parametefs by,, and number of asperities = 0.08 |
N. The most important observation is that the stationary =&
valueE., /N depends oMb, , while the dependence ahand 0.06 |- H
N is within the noise level(We observe that both largd
and smallé suppress the relative fluctuations of the kinetic 0.04 |- i
energy around the stationary valudhe physical signifi-
cance is clear: the static friction force, which is according to 0.02 |- H
Eq. (2) equal toE,., is proportional toN, which is in turn
proportional to the normal load. Thus, we recover the 0 . . . .
Amontons-Coulomb law for static friction. 0 1 2 3 4 5

The approach of the kinetic energy to its stationary value 10°¢
is exponential, as is demonstrated in Fig. 6. This type of FIG. 7. Time dependence of the kinetic enerfy for N
approach is directly reflected in the velocity dependence o 10°, §=0.1, andb,,=0.9. The slips occur in the moments when
the friction force, as we will see below. E drops to 0.
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FIG. 9. Distribution of jump lengths forN=10% &
=0.001, andby, =0.9. The full line is the case without slip&E,
=+x). The dotted lines have slips allowed and the values of
Eq. /N are indicated next to the position where the lines reach the
right edge of the figure. In the inset, the distribution of jump lengths
is given for 6=0 andN= 10" (full line), andN=10* (dotted line.
with some constanf characteristic of the model. We have Note that the inset makes it clear that the upward bend in the dis-
found A=3.6+:0.3. The deviations from the above depen-tribution for E;,= + is a mere finite-size effect.
dence forAv < /N are due to time fluctuations &, which
lead to less regular slips. However, as we already mentioneg,..r,.,(r,(i,))---]), wherer,. ; is applieds—1 times.
the relative fluctuations decrease with so we expect the In the self-organized critical state the probability distribu-
dependenceb) to hold for all velocities in thermodynamic tion of jump lengths is the power law;,(s) =S~ ™. For
limit N—oo. Eq=2° it is actually observed in our model, as indicated in

For large velocities the friction force decreasesAdS;ic  the inset in Fig. 9. The comparison of the distributions for
~1/Av. The same velocity dependence was found also using|=10° andN=10" is shown in order to give an idea of the

FIG. 8. Velocity dependence of the friction force, fde=10?,
86=0.001, by=0.9(+), N=10% 6=0.001, by=0.5(x), N
=10°, 6=0.01, by=0.9(0), N=500, 6§=0.01, and by
=0.9(40).

a different approach12]. magnitude of the finite-size corrections to the power-law be-
Becausd-, was found to be proportional 4, i.e., to the  havior.

normal load, the form of Eq(5) is in conformity with the The situation with nonzero macroscopic veloci®,,

Amontons-Coulomb law. <E., is shown in Fig. 9. Wheik,, decreases, the velocity

Now we turn to the influence of the macroscopic move-increases and the scale on whiefy,(s) obeys a power law
ment, connected to the slips on the self-organized criticabhrinks. The correlations do not have time enough to develop
behavior investigated in the last section. Each slip reinitialon the scale of the whole system, but only at shorter dis-
izes the values ob and d and the evolution towards the tances. So, we may connect the velocity dependence of the
critical attractor begins from scratch. This means that theriction force to the level of correlations between the asperi-
long-range correlations characteristic of the critical state canies, which are present in the system. In contrast to the theo-
not fully develop. The difference can be seen already in thejes where the velocity dependence stems from the aging of a
distribution of stresses, Fig. 2. The sharp edg@(ib) ob-  single asperity, here the aging is a collective effect. The age
served in the infinitely slow driving is smeared out. The po-corresponds to the range of correlations. For zero velocity
sition of the edge determines the critical threshiojdor the  the correlation length is infinite and the age is infinite as
forward avalanches, so we expect that no scaling of {gpe well.
will hold, as soon as the macroscopic movement has nonzero
velocity. However, the most direct way to investigate the
breakdown of criticality due to the slips seems to us to be the
calculation of the distribution of jump lengths. If in certain  We presented a model of dry friction based on the con-
time stept the maximum stress was found at sig@nd inthe  ception of slider and track interacting through a system of
next step at sité; ;, we can compute spatial distance be-asperities. We proposed an extremal dynamics model in or-
tween these sites as follows. Le(i) be the function that der to describe the processes during the movement of the
determines the connectivity in timenamely.r,(i) is the site  slider. We found the decrease of the friction force with in-
connected ta on the right-hand side. The jump lengths  creasing velocity. For velocities approaching zero, the fric-
defined as follows: starting from and applying; we come tion force has finite limit. The origin of the velocity depen-
to the right neighbor of the extremal site at tirher,(i;). dence is not in a change of properties of a single asperity, but
Then, applyings—1 times the functionr,,,; we must end in collective effects, involving many asperities. At zero ve-
at itr1. So, s is such that i;;1=ry;1(r+1 locity, the system is in a highly correlated, self-organized

V. CONCLUSIONS
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critical state. The values of the exponents are close to the There can also be another source of velocity dependence
Sneppen interface model; however, it is not clear from oudifferent from the exponential one, which we found in our
data whether the universality class is the same. work. The function R(E), which gives the number of
Increasing the velocity gradually destroys the correlachanged asperities in one step, determines when the slips
tions. Itis possible to view the bUI|dUp of the correlations aSstart and Consequenﬂy what will be the average Ve|ocity for
a collective asperity aging mechanism, as a counterpart tg given friction force. However, we expect that realistic
the single asperity aging due to plastic deformation. Suchorms of R(E) have a more or less sudden increase at a
collective aging leads to a different velocity dependence of.q t5in value ofE. We expect that all forms with a suffi-

the friction force than in the models considering single as<jengy sudden jump will give the same universal behavior as
perity aging and may be thus tested experimentally. A two-the stepwise form used by us

dimensional variant of our 1D model VV.OUk.j be necessary for As for the geometrical assumptions of the model, they are
a real comparison. However, generalization to an arb|trar¥I oL
aturally very crude. The asperities in the model do not oc-

dimension is straightforward. . i ) . .
§ CUpy places in a realistic one-dimensional Euclidean space,

This observation reveals also the limits of applicability o * rath bstract topological Taking int
our model. It is appropriate to situations where the plas'[iéDu rathér on an abstract topological fine. Taking Into ac-

deformation does not dominate. The model can be used iROUNt the real geometry of the space would make more com-

the regime of very small velocities, where the usual logarith-Plicated the rules for finding the place where the new asper-

mic velocity dependence is inappropriate. It may also bdly is to be msert_ed. Also, the true elasticity of the medium

used to describe friction over highly elastic surfaces, likeShould be taken into account. However, our results show that

rubber or some plastics, where the slow aging of single adhe velocity dependenc_e of th_e_fnctlon fo_rce is governed by

perities may not be dominant. thel way the s_elf-organgd crl_t|cal state is ap.proached. We
However, a simple modification of the model might also believe thgt _thls behavior is umversa[ and makmg the system

take into account the plastic aging: the stressemay be ~MOre regllstlc 'Woulld not alter the universality _class, as long

allowed to depend explicitly on the time elapsed since theé®S the dlme_:nsmnallty and the extremal-dynamics character of

asperity was created. The specific form of this time depenth® model is preserved.

dence should be based on physical assumptions not con-

tained in our model, like the thermally activated mechanism

[6]. Thus, the interplay of collective and individual aging ACKNOWLEDGMENTS

could be investigated. We expect that the nonuniversal form

of the velocity dependence of the friction force arises from | wish to thank M. Kotrla and B. Velickyor useful dis-

such interplay. cussions.
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