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Abstract

Sliding contact between solids leads to material detaching from their surfaces in the form of debris
particles, a process known as wear. According to the well-known Archard wear model, the wear volume
(i.e. the volume of detached particles) is proportional to the load and the sliding distance, while being
inversely proportional to the hardness. The influence of other parameters are empirically merged into a
factor, referred to as wear coefficient, which does not stem from any theoretical development, thus limiting
the predictive capacity of the model. Based on a recent understanding of a critical length-scale controlling
wear particle formation, we present two novel derivations of the wear coefficient: one based on Archard’s
interpretation of the wear coefficient as the probability of wear particle detachment and one that follows
naturally from the up-scaling of asperity-level physics into a generic multi-asperity wear model. As a result,
the variation of wear rate and wear coefficient are discussed in terms of the properties of the interface, surface
roughness parameters and applied load for various rough contact situations. Both new wear interpretations
are evaluated analytically and numerically, and recover some key features of wear observed in experiments.
This work shines new light on the understanding of wear, potentially opening a pathway for calculating the
wear coefficient from first principles.
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1. Introduction

The scientific study of wear dates back to the early 19th century [18], but our current understanding
was built upon research conducted in the middle of the last century [5]. Wear comes in various forms,
with adhesive wear, the process of detachment of surface asperities tip by adhesive forces during the sliding
contact of two solids, being one of the most prominent. Systematic wear experiments in the mid-20th

century [3, 6] suggested a general relation where the wear rate (i.e. wear volume per unit sliding distance) is
linearly proportional to the applied normal load, in a certain range of the latter [6, 43], and related to the
hardness of the material. Inspired by this experimental evidence, Archard [3] generalized Holm’s concept
of “atom removal” [20] to “debris removal” and pictured an adhesive wear model. He assumed that an
asperity junction of radius a produces a debris volume proportional to a3 over an effective sliding distance
of 2a, giving a linear relationship between wear rate and real contact area at the asperity level. To extend
this single-asperity relation to a multi-asperity contact, Archard argued that only a fraction of contacting
asperities, a quantity referred to as the “wear coefficient”, produces wear particles. This conception of
the “wear coefficient” being key in understanding wear, Archard and Hirst [4] claimed that “. . . one of the
most important problems in an understanding of wear is to explain the magnitude of the probability of
the production of a wear particle at an asperity encounter.” This long-standing problem has remained

∗Corresponding Author
Email addresses: lucas.frerot@epfl.ch (Lucas Frérot), aghababaei@eng.au.dk (Ramin Aghababaei),

jean-francois.molinari@epfl.ch (Jean-François Molinari)

Preprint submitted to Elsevier February 28, 2018



unresolved, and evaluation of the wear coefficient is still relying on empirical data, with no insight from a
physical model.

Similarly to the friction coefficient [47], the wear coefficient is a system property that depends on many
parameters including applied load [51, 44], material properties of sliding bodies (e.g. fracture toughness [15,
9]) and properties of interface (e.g. dry or lubricated contact [25], roughness parameters [25], chemical
properties [32]). However, all these effects are currently empirically merged into the wear coefficient, which
limits the applicability of Archard’s model. Therefore, our goal in this work is to further the understanding
of adhesive wear in multi-asperity setting, based on a physics-based understanding of the wear process.
To this effect, we base our approach on the concept of critical length-scale governing the formation of
wear particles [1]. This concept stems from energy balance between the available deformation energy in an
asperity encounter and the energy required to detach a wear particle [17, 41, 42]. The balance states that
contacts smaller than a critical length-scale d∗ plastically deform and contacts larger than d∗ break into a
wear particle. This was recently shown with molecular dynamics simulations [1]. The critical length-scale
d∗ = λ ·G∆w/σ2

j is function of the shear modulus G, the fracture energy per unit area ∆w and the junction
strength σj with a shape factor λ, all of which can be determined by direct experiments or analytical
predictions, with no fit parameter.

In this article, we present two new conceptions of the wear coefficient that is built upon the critical
length-scale concept. The first concept incorporates Archard’s interpretation of the wear coefficient as the
“probability of production of a wear particle”. The second is based on an up-scaling of single-asperity wear
considerations to a multi-asperity contact setting. Both concepts are analytically and numerically studied in
different contact situations. We compare them in the context of contact of self-affine surfaces and show that
the concept based on Archard’s interpretation leads to a constant coefficient wear within a certain range
of load, while the second does not. We finally give possible explanations as to why this is the case, and
potential improvements to the proposed models.

2. Review of Archard’s wear model

Archard’s wear model [3] can be decomposed into two parts: the single-asperity wear model and the
contact model. At the single asperity level, the amount of material removed in an asperity interaction is
considered proportional to a3 (a is the asperity contact radius), whereas the sliding distance required to
break off the wear particle is proportional to a. This gives the general relationship for the wear rate (worn
volume per sliding distance) of a single asperity (subscript 1, see Table 1):

R1 = ωA (1)

where A is the contact area of the asperity and ω is a generic shape factor, equal to 1/3 in the case of
spherical asperities forming hemi-spherical wear particles. This hypothesis is discussed in [42] and has been
verified for isolated debris with molecular dynamics [2]. At the multi-asperity level, Archard makes two
hypotheses:

I. the size and shape of the individual contact areas are given by a contact model considering a rough
surface made of spheres with radius r uniformly distributed in depth, with density d (number of spheres
per unit distance).

II. a probability factor K applies on each contact to account for the fact that not all asperity encounters
result in a wear particle. Archard assumes K is independent of a.

Using these, the global wear can be related to the applied load W :

R(W ) = KωAc(W ) (2)

= K
ωbd
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Table 1: Symbols and notations

Symbol Description Physical dimension
A single asperity contact area area
R wear rate volume/distance

W, δ normal applied load, indentation depth force, distance
d∗, A∗ critical length-scale, critical area distance, area
(·)1 quantity relative to a single asperity contact —
K wear coefficient based on Archard’s interpretation dimensionless
K wear coefficient based on up-scaling approach dimensionless

(·)PL quantity computed with power-law contact model —
(·)num quantity numerically computed —
Ac, A∗

c real contact area, cumulated area of contacts larger
than A∗

area

p(X, y) probability density function of random variable X
with parameter y

dimension of 1/X

P (X > x, y) probability of the event X > x with parameter y dimensionless
N number of contacts dimensionless

λl, λs largest and smallest wavelengths distance
H Hurst exponent dimensionless

L, ∆l system size, discretization distance
d height density 1/distance

As, Am smallest and largest micro-contact areas area
α, C power-law exponent and plateau value dimensionless, 1/area

E, ν, H Young’s modulus, Poisson’s ratio, indentation hard-
ness

pressure, dimensionless,
pressure

E? effective Young’s modulus (E? ≡ E/(1− ν2)) pressure
G, ∆w, σj shear modulus, adhesive energy per unit area, junc-

tion shear strength
pressure, energy/area,
pressure
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where Ac is the true contact area, b, c and p are found in table 2. In the case of a rigid-plastic material the
wear equation is a linear relationship written as:

R(W ) = Kω · W
H

(3)

Behavior b c p

Elastic πr 4.25E
√
r 3

2
Plastic 2πr 2πrH 1

Table 2: Parameters for Archard’s multi-asperity contact model. E is the Young’s modulus, H is the hardness of the material
and r is the radius of the spherical asperities.

Equation (2) shows that the total wear rate is proportional to the total contact area, with a propor-
tionality factor K (modulo a shape factor), and equation 3 recovers the experimentally-observed linear
relationship between wear rate and load [6] (within a certain load interval). The wear equation is however
non-linear in any other case than rigid-plastic behavior. This limitation comes exclusively from Archard’s
contact model, as it governs the W 7→ Ac relationship. Note that other contact models [16, 36] would yield
a linear W 7→ Ac relationship in the purely elastic case.

3. Wear coefficients based on critical length-scale

Archard interprets the proportionality factor as the probability that a given asperity encounter yields a
wear particle, and introduces it at the asperity level by expressing the single asperity wear rate as R1 = KωA.
This suggests that the particle formation is a random process at the asperity level and independent of the
micro-contact size. This is inconsistent with recent results [1] that exhibit a Griffith-like criterion governing
the detachment of wear particles for homogeneous materials, the latter thus being deterministic.

We now fundamentally enrich Archard’s interpretation of the wear coefficient by considering, within a
multi-contact setting, a critical micro-contact area:

A∗ ∝

(
G∆w

σ2
j

)2

(4)

which is the square of the critical length-scale defined in [1]. This length-scale is derived from the balance
of available deformation energy and required energy to form a wear particle. In this expression, G is the
shear modulus, ∆w is the fracture energy per unit area and σj is the asperity junction’s shear strength. We
now complement the equation (2) with two new statements:

A. the size and shape of individual contacts are the outcome of contact between random surfaces. The area
of a single contact (also called contact cluster) is a random variable A characterized by a probability
density function p(A,W ).

B. The process of debris formation is deterministic at the asperity level. It is governed by a critical area
A∗: if the area A of a cluster is larger than A∗, a wear particle is formed (figure 1).

With this, we are now in position to propose two alternative definitions of the wear coefficient.

3.1. Wear coefficient based on Archard’s interpretation
Archard’s interpretation of the wear coefficient is the “probability of the production of a wear particle at

an asperity encounter”. With the critical area A∗ in mind, the probability of production of a wear particle
is simply:
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Figure 1: Schematic representation of rough contact and corresponding wear mechanisms. A contact cluster forms
a wear particle upon sliding if its area is larger than A∗, otherwise the asperity in contact deforms upon sliding without breaking
(hypothesis B). This hypothesis brings asperity-level physics in the wear particle formation process through the critical cluster
size A∗.

K ≡ P (A > A∗,W ) =

∫ ∞

A∗
p(A,W ) dA (5)

which is the probability that a realization of the random variable A is larger than A∗ for a given load W . This
definition maintains Archard’s interpretation of the wear coefficient while defining it at the multi-asperity
level.

3.2. Alternative formulation of wear coefficient
Although Archard’s interpretation of the wear coefficient is widely accepted, and therefore of prime

interest, it is not physically justified by Archard, and still relies on a direct sum of wear volume produced
by every micro-contact (weighted by a constant probability coefficient), which is not compatible with the
critical length-scale concept. Here, we propose a new interpretation of the wear coefficient: we directly use
the single asperity wear relation of equation (1) with no probability coefficient and sum the wear rate of all
contacts forming a wear particle, thus truly up-scaling equation (1) to multi-asperity contact.

Considering a system of finite size, there is a finite number N(W ) of clusters in the system. We define
n(A,W ) ≡ N(W ) · p(A,W ). Provided A 7→ An(A,W ) is integrable on [0,+∞[, we can compute the total
wear rate, using Archard’s single-asperity wear rate and the critical length-scale concept, as a weighted sum
of all contacts larger than A∗:

R(W ) =

∫ ∞

A∗
R1(A)n(A,W ) dA =

∫ ∞

A∗
ωAn(A,W ) dA = ωA∗

c(W ) (6)

where A∗
c is the cumulated area of all clusters forming a wear particle and ω is an average shape factor. We

define the function K(W ) as:

K(W ) ≡ A∗
c(W )

Ac(W )
=

∫∞
A∗ Ap(A,W ) dA∫∞
0

Ap(A,W ) dA
(7)

where Ac(W ) is the total contact area. This allows us to write the wear rate as R(W ) = K(W )ωAc(W ),
in the same form as equation (2). We call K(W ) the “wear coefficient”, but its definition is substantially
different from Archard’s, as we now have an area ratio instead of a probability of particle formation. The
definition in equation (7) results naturally from the up-scaling of the single-asperity wear considerations to
multi-asperity contact, unlike Archard’s wear coefficient, which was introduced a posteriori into the wear
rate equation.
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4. Numerical results

Without making a priori assumptions on the distribution of cluster areas, numerical simulation allows
the direct application of the wear models on realistic surfaces [37]. We evaluate the wear coefficient and the
wear rate using a model for rough-surface contact consisting of a flat, semi-infinite elastic medium in contact
with a rigid solid having a random rough surface. The contact problem is solved using a boundary-element
approach [46, 38] which fully accounts for elastic interactions. The wear coefficient is investigated through
the analysis of the contact map across a representative sample of simulations. The area of each contact
cluster is determined from the contact map using an 8-neighbors flood-fill algorithm1. This approach allows
a direct computation of the wear coefficient using equation (5) and (7).

The rough surfaces are random self-affine (fractal) isotropic surfaces [31, 34], with height function h(x, y)
generated by a filtering algorithm [22]. They are defined through their power spectral density (PSD). The
surfaces are isotropic, so the surface PSD depends only on the radial coordinate q = 2π/λ, where λ is a
wavelength. The surface PSD is defined using λs, λl, respectively the short wavelength cut-off and the large
wavelength cut-off [34, 49]. Between ql = 2π/λl and qs = 2π/λs, the PSD decays as q−2(H+1). H is the
Hurst exponent, governing the self-affine behavior of the fractal rough surface. We vary the Hurst exponent
between 0.6 and 0.8 as is commonly occurring in natural surfaces [37]. There are three main properties
governing the statistics of fractal surfaces:

• L/λl where L is the size of the surface, governs the representativity of the surface [49]. A large value
yields a surface with many large asperities, allowing better statistics while also reducing the effect of
the periodic boundary conditions.

• λl/λs controls the range of the PSD. This quantity influences the spectrum bandwidth of the sur-
face [34].

• λs/∆l, where ∆l is the discretization size, governs the discretization error which causes bias in evalu-
ated mechanical and statistical quantities, but also governs the resolution of the details of the fractal
contact clusters [50]. A large value reduces both of these sources of error.

Figures B.1 and B.2 show a sensitivity analysis that justifies the use of L/λl = λs/∆l = 8 in the work
presented. All data obtained from simulation is normalized by λs for lengths and W0 = E?

√
〈|∇h|2〉L2 for

loads, where E? is the effective Young’s modulus and
√

〈|∇h|2〉 is the standard deviation of surface slopes.
Figure 2a shows one realization of this surface. Figures 2b-d show the contact map for different load steps
in the range W/W0 ∈ [0.001, 0.2], indicated by dashed lines in figure 2e. Black area is not in contact, yellow
contact clusters are smaller than A∗, and red clusters are larger. As the load is increased, clusters grow to
span more of the available area, occasionally merging to form larger clusters, as shown in figure 2e with the
increase in contact area and maximum cluster size. The latter increases dramatically as the clusters merge,
forecasting percolation. Figure 2f represents the increase in the number of clusters per increase of contact
area ( dN/ dAc). Positive values indicate the regime where contact-area growth is dominated by nucleation
of clusters, and negative values indicate the regime where cluster merging dominates contact-area growth.
We focus our study to the former regime, in which the clusters are far enough to neglect interactions in
the debris forming process. As postulated by Burwell and Strang [6], this corresponds to the mild wear
regime [48, 12, 19]. We let W/W0 ∈ [0.001, 0.06], discretized in thirty load steps for the other simulations
presented in this paper.

4.1. Statistical distribution of contact clusters
Figure 3 presents the probability density function of cluster areas at multiple applied loads for three

different spectrum range parameters (λl/λs) and a Hurst exponent of 0.8. Results for different Hurst
exponents and λl/λs = 128 are shown in the inset. In agreement with previous experimental observations [29,

1neighborhood definition has no influence on distribution of cluster areas when discretization is fine enough.
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Figure 2: Evolution of contact area with increasing normal load. Simulation of forty realizations with λl/λs = 8 and
fifty load steps in [0.001, 0.20] ·W0. A∗ is taken as 2λ2

s. (a) shows a rough surface sample. (b), (c) and (d) show the state of
one realization at the loads indicated by dashed lines in (e). The video provided with the supplementary material shows the
contact evolution for this realization. It can be seen from (b), (c) and (d) that the number and the size of clusters increase with
W . (e) shows the combined effect of those two contact-area growth mechanisms on the total contact area Ac. It also shows
the size of the largest cluster, which increases dramatically when the growth of Ac is dominated by cluster merging. Figure
(f) shows the rate of increase in the number of clusters with respect to Ac. Positive values indicate a regime where the growth
of Ac is dominated by cluster nucleation and negative values indicate that the merging of clusters dominates the contact-area
growth.
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Figure 3: Distribution of contact cluster areas. The main graph shows p(A/λ2
s,W ), the probability density function

of normalized cluster areas for H = 0.8 and varying λl/λs, evaluated using twenty logarithmic bins. The inset shows the
probability density function for values of H ∈ {0.6, 0.7, 0.8} with λl/λs = 128. p(A,W ) can be approximated by a power-law
within a certain cluster size interval, inside which it is independent of the applied load W . Increasing W or λl/λs increases the
upper bound of the power-law interval. Normalization with the smallest wavelength λs collapses all distributions to a single
curve within the power-law interval. Varying the Hurst exponent has a limited effect on the resulting distribution.
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14] and numerical simulations [23, 35, 8], the probability density function of cluster areas follows a power-law
in a given interval of A. The evaluated exponent value of 1.5 (using a maximum likelihood estimator [10])
is well within the measured range of 1.05− 2.69 from the experiments of Dieterich and Kilgore [14], close to
values of 1.6 predicted by the overlap model [30] and 1.54− 1.56 measured in the experiments of Majumdar
and Bhushan [28]. Values predicted by various contact mechanics models (discrete and continuous) fully
accounting for long-range asperity interactions are in the range of 1.45− 1.6 [24, 7, 33].

Figure 3 also shows that the behavior of p(A,W ) is independent of W within the power-law interval,
and that the upper bound of this interval increases with the load, in agreement with experimental obser-
vations [29]. The upper bound of the power-law interval is also increasing with the surface PSD range.
Moreover, when cluster sizes are normalized with the shortest wavelength in the system, all probability
density functions collapse to a single curve within the power-law interval. The inset of figure 3 shows that
the Hurst exponent has limited influence on the distribution of clusters and only affects the fall-off behavior
at large cluster areas, making the power-law approximation less accurate in this range.

4.2. Wear coefficient
Figure 4a shows the wear coefficient, Knum, as defined in equation (5). It exhibits common features

with figure 3, namely a power-law behavior in a given interval of A∗ and the increase of the upper bound
of that interval with W and with λl/λs. The load-invariant power law of figure 4a signals a constant wear
coefficient for a given load range. Figure 4b shows the evolution of the wear coefficient as a function of
load (surface used has λl/λs = 128). Remarkably, regardless of A∗, the wear coefficient transitions from
zero (i.e. no observable wear) to a constant value given by the power law of figure 4a, which corresponds
to the proportionality constant observed in experiments [5, 43, 4]. This is the first time to our knowledge
that a model derived from first principles predicts a constant wear coefficient within a given load range
and a transition from no observable wear (i.e. wear coefficient is zero) to mild wear (i.e. wear coefficient is
constant). This transition occurs at a critical load that depends on the value of A∗, and is larger for systems
with higher A∗ (as would be the case in lubricated contact). For systems with small A∗ values (e.g. poor
lubrication conditions), the critical load may be lower than the lowest load we simulate. Note that in the
presence of lubrication, the wear volume is affected by a change of A∗ as well as a reduction of the solid
contact area.

Figure 5a and 5b show the wear coefficient Knum and the wear rate as functions of the load, computed
from equations (6) and (7) respectively. Figure 5a shows that the wear coefficient is zero up to a transition
load that depends on A∗. For A∗ in the low range of values we simulate, the transition load is smaller than
0.001·W0. Similarly to Archard’s wear coefficient, this new interpretation is able to exhibit the no-wear/wear
transition that has been observed in experiments [11]. After the transition load, the wear coefficient increases
monotonically up to one. In figure 5b, the wear rate is quasi-linear after a transition region [26].

Although there is a qualitative agreement of equation (5) with experimental observation, a quantita-
tive agreement is difficult to obtain because measurements of hardness and RMS of slopes are difficult and
not systematic in wear experiments. In the experiments of Burwell and Strang [6], good care is taken in
eliminating all possible sources of wear but adhesive wear, and they provide a good base for a quantitative
comparison. However no precise estimation of the wear coefficient is given. They nonetheless give measure-
ments of the transition load to severe wear, which is the limit of our model, and thus cannot be computed
using our base assumptions that neglect asperity interactions during the wear process.

4.3. Analytical results
In order to understand the properties of the proposed wear coefficients in the contact of self-affine surfaces,

we develop analytical expressions of K and K for a power-law distribution of contact clusters, as suggested
by figure 3:

pPL(A,Am) =


C A ∈ [0, As]

C

(
A

As

)−α

A ∈ [As, Am]

0 A ∈ [Am,+∞)

(8)
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Figure 4: Archard’s wear coefficient in context of self-affine surface contact. (a) shows the complementary cumulative
probability distribution function (H = 0.8), (b) shows Archard’s wear coefficient as a function of the applied load (for λl/λs =
128 and H = 0.8). Regardless of A∗ there exists a critical load at which the wear coefficient transitions from zero (i.e. no
wear debris) to a constant value (i.e. steady-state mild wear regime). This critical load largely depends on the value of A∗:
the transition occurs at a higher critical load for contacts with lower interfacial shear strength and consequently larger A∗ (i.e.
better lubrication condition). In (b) the y-axis is linear up to 10−5.
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Figure 5: Wear coefficient and wear rate (H = 0.8 and λl/λs = 128). While the wear coefficient is non-constant with the
load, its derivative decreases with the load. However, regardless of A∗, the limit value of K is one, which does not correspond
to experimental observations. Similarly, the wear rate is increasing non-linearly with the load, although its derivative stabilizes
to a fixed value with increasing load.
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Figure 6: Comparison between Archard’s wear coefficient KPL and the proposed interpretation KPL for a power-
law distribution of cluster areas (α = 1.5). As can be seen in the expressions of equations (9) and (10), the behavior of
K is different from K when α < 2: we have K → 1 whereas K plateaus at values in ]0, 1[.

C is a normalizing factor such that
∫∞
0

pPL(A,Am) dA = 1 and α is the power-law exponent, set to the
value measured in figure 3. The effect of increasing the contact load is taken into account via increasing
Am. Applying the previously stated equations for the wear coefficient yields the following expressions (c.f.
Appendix A for details):

KPL =


1− A−α

s (1− α)A∗

A1−α
m − αA1−α

s

A∗ ∈ [0, As]

1− (A∗)
1−α − αA1−α

s

A1−α
m − αA1−α

s

A∗ ∈ [As, Am]

0 A∗ ∈ [Am,+∞)

(9)

KPL =


1−

A−α
s (1− α

2 )(A
∗)2

A2−α
m − α

2A
2−α
s

A∗ ∈ [0, As]

1−
(A∗)2−α − α

2A
2−α
s

A2−α
m − α

2A
2−α
s

A∗ ∈ [As, Am]

0 A∗ ∈ [Am,+∞)

(10)

The graphs of these expressions are displayed in figure 6. It is apparent that the behavior of KPL and
KPL when Am increases is very different: while KPL tends to a limit whose value depends on A∗, the limit
value of KPL is one, regardless of A∗. This discrepancy is caused by the value of α ≤ 2. If α > 2, then KPL
has a finite limit dependent on A∗, exhibiting a wear coefficient independent of the load.

5. Discussion

The values predicted for Archard’s wear coefficient (figure 4) are in the order of 10−5 − 10−1, which is
in the range of values reported in experiments (10−8 − 10−1 [42, 21]), especially values for dry sliding [4].
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We have shown that the upper bound of the power-law interval in the wear coefficient increases with the
range of the surface PSD (λl/λs). Due to computational limits, the maximum value of λl/λs simulated was
128, much lower than values of 103 and above measured on real surfaces [40, 27, 37]. We postulate that the
range of predicted values for the wear coefficient could reach the lower experimental values for larger PSD
ranges: if λs is decreased, both the power-law interval upper bound and A∗/λ2

s are increased. Moreover,
it has been shown [35] that an elasto-plastic constitutive behavior also increases the upper bound of the
power-law interval, and an elasto-plastic behavior is expected to occur even at small loads [16, 29].

The newly proposed model for the wear coefficient (figure 5) introduces an interpretation that does not
rely on Archard’s assumption that the probability of wear particle formation is the same for all contacts, but
does not predict the behavior commonly observed in experiments, as the wear coefficient tends to a value of
one regardless of the critical length-scale. The value of the power-law exponent α = 1.5 is the cause of this
discrepancy: the integrals in (7) are dominated by the value of Am, the largest cluster size. This can be seen
in the expression for the self-affine model in equation (10). There is no definite reasoning on the origins of
α, as it depends on the spectrum of the surface, but also on constitutive behavior. A value of α > 2 would
make the limit value of K dependent on the critical length-scale and strictly smaller than one. It may be the
case that under elasto-plastic constitutive assumption this would be satisfied [35], but it requires efficient
numerical methods to be checked accurately. In addition, our contact model does not include transport of
wear particles or relative movement of surfaces and possible reattachment. These aspects likely also change
p(A,W ) and therefore change the properties of the wear coefficient.

The formation of a tribological layer [39, 45] may also change the debris formation process and geometrical
as well as physical properties of the surfaces. This may induce lubrication and/or formation of a third body,
which could be accounted for via the proper modifications of the contact model and the energies involved
in the Griffith criterion for particle formation.

Conclusive experimental data for validation of our proposed models is difficult to obtain, as wear ex-
periments often include several coupled physical phenomenon (e.g. adhesion, chemistry, temperature). The
experiments of Burwell and Strang [6] manage to focus on adhesive wear only, and show that the wear
coefficient should remain constant for a specific load range before increasing sharply with the load. They
relate the transition load to the hardness, arguing that when the average applied pressure reaches H/3,
individual contacts and detached wear particles start interacting to form larger debris. We have shown that
our simulations remain in the regime where the contact area growth is dominated by cluster nucleation. In-
dividual contacts are not close enough for interaction, and the wear coefficient computed could be compared
with a measurement done with an average pressure less than H/3. However, the experiments of Burwell and
Strang [6] lack precise measurements of the wear coefficient and surfaces’ spectra, which make quantitative
comparison impossible. Some wear experiments [40, 13] provide surface spectra, but do not observe the
variations of the wear coefficient with the applied load, although the values reported by Power et al. [40] are
close to 0.02 in a linear wear regime, which is in the range of values we observe.

Ideally, a validating wear experiment would provide spectrum measurement of the surface, study only
adhesive wear of homogeneous materials (similarly to [6]) and give wear coefficient measurements with respect
to the load. We hope that the ideas we put forth in our paper can encourage the experimental community
to move towards this kind of experiments. In the meantime, we are optimistic that an elasto-plastic contact
model may bring us closer to an experimental validation of those ideas.

Nonetheless, the new approach we describe both incorporates physical properties of the interface (e.g.
surface energy, junction strength), geometrical and statistical properties of the surfaces in contact, while
remaining generic with respect to the contact model. This leaves the possibility to tune the latter to advances
in contact mechanics (e.g. elasto-plastic contact), but also real measurement of rough surfaces.

6. Conclusion

We have presented two physics-based interpretations for the adhesive wear coefficient. The use of the
critical length-scale is the key ingredient in our approach, and the results obtained show common charac-
teristics with experimental observations. In particular, the results based on Archard’s assumption that the
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wear coefficient is the probability of wear particle formation exhibit a transition in the wear coefficient, after
which it remains constant with load. We also propose a second interpretation based on a direct up-scaling
of single asperity adhesive wear, and observe that the wear coefficient depends on load. We hypothesize that
this is due to limitations in the contact model rather than the approach taken to derive the wear coefficient.
We provide analytical results for both wear concepts in different simple contact situations that give a broad
understanding of how the wear coefficient evolves with interface physical parameters and surface roughness.
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Appendix A. Analytical results

A.1. Power-law distribution of cluster areas
Recent contact simulations [23, 35, 24, 7] and experiments [28, 14] have shown that, in contact with

self-affine surfaces, the probability density of cluster areas is constant up to an area As, then follows a
power-law of exponent −α in the interval [As, Am], where Am is the size of the largest cluster in the system
and is the only parameter depending on the load (cf. figure 3 for additional numerical evidence). Consider
the following probability density function for cluster areas:

pPL(A,Am) =


C A ∈ [0, As]

C

(
A

As

)−α

A ∈ [As, Am]

0 A ∈ [Am,+∞)

(A.1)

where C is chosen to satisfy
∫∞
0

p(A,W ) dA = 1:

C =
1− α

As
αA1−α

m − αAs

(A.2)

A.2. Wear coefficients based on Archard’s interpretation

KPL =

∫ ∞

A∗
pPL(A,Am) dA =


C

[∫ As

A∗
dA+

∫ Am

As

(
A

As

)−α

dA

]
A∗ ∈ [0, As]

C

∫ Am

A∗

(
A

As

)−α

dA A∗ ∈ [As, Am]

0 A∗ ∈ [Am,∞]

=


1− A−α

s (1− α)A∗

A1−α
m − αA1−α

s

A∗ ∈ [0, As]

1− (A∗)
1−α − αA1−α

s

A1−α
m − αA1−α

s

A∗ ∈ [As, Am]

0 A∗ ∈ [Am,+∞)

(A.3)
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A.3. Wear coefficients based on up-scaling approach
Let D be:

D ≡
∫ ∞

0

ApPL(A,Am) dA = C

[∫ As

0

AdA+

∫ Am

As

A

(
A

As

)−α

dA

]

= C

(
As +

Aα
s

2− α
(A2−α

m −A2−α
s )

)
(A.4)

KPL =
1

D

∫ ∞

A∗
ApPL(A,Am) dA =



C

D

[∫ As

A∗
AdA+

∫ Am

As

A

(
A

As

)−α

dA

]
A∗ ∈ [0, As]

C

D

∫ Am

A∗
A

(
A

As

)−α

dA A∗ ∈ [As, Am]

0 A∗ ∈ [Am,∞]

=


1−

(1− α
2 )A

−α
s (A∗)2

A2−α
m − α

2A
2−α
s

A∗ ∈ [0, As]

1−
(A∗)2−α − α

2A
2−α
s

A2−α
m − α

2A
2−α
s

A∗ ∈ [As, Am]

0 A∗ ∈ [Am,+∞)

(A.5)
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Appendix B. Sensitivity of contact statistics to surface parameters
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Figure B.1: Influence of L/λl on the complementary cumulative distribution function of contact-cluster areas.
Grey curves are results for each realization (20 in total), and red curves are ensemble averages. Surface sampled has λl/λs = 8
and λs/∆l = 16, so that only L is varied. As L/λl increases, the dispersion of the individual realizations decreases, and the
behavior of the ensemble average approximates accurately the behavior of each realization. We also note that as L/λl increases,
the distributions converge to a limit distribution. For the simulations carried out in the rest of this paper, a value of L/λl = 8,
which is a good compromise between required number of realizations and computational cost, was selected. Note: we analyze
the cumulative distribution instead of probability density to remove any bias due to binning.
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Figure B.2: Influence of λs/∆l on the complementary cumulative distribution function of contact-cluster areas.
Curves are ensemble averages of 20 realizations of a surface with L/λl = 16 and λl/λs = 8, so only ∆l is varied. As λs/∆l
is increased, the distributions converge to a limit distribution. Increasing λs/∆l smoothens the distributions and reduces the
systematic bias between the computed distribution and the limit of λs/∆l → ∞. For simulations carried out in the main paper,
a value of λs/∆l = 8 was selected, offering a reasonably low discretization bias, and making the simulations possible with our
current code.
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