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Abstract. Conforming contact is found on many important areas: materials with cracks,
inclusions, layered structures, pinned geometries, etc. Coulomb friction is non-associative
i.e. does not satisfy Drucker’s postulates for stability in plasticity theory, and this does
not permit to use the classical Melan and Koiter theorems for cyclic loading which
however remain obvious necessary conditions. On the other hand, the Coulomb friction
cone has a peculiarity, its linear self-similarity, and this permits few general results, quite
different but also powerful. For example, we show that for conforming contact, the Bree
interaction diagram is open and sectors-shaped, and therefore there is no lower and upper
bounds as in plasticity, since there is linear dependence on a load parameter A, and not
a limit on A. As there is dependence on initial conditions in general, the Bree diagram
doesn’t have the same profound meaning as in plasticity, since multiple steady states are
possible. However, there is a complete scaling of the possible states (elastic shakedown,
cyclic slip, ratchetting) with load factor A, and hence a worst-scenario can be defined.
However, in order to develop residual stresses (which generally will take many cycles of
steady cyclic loading), the load cannot go to zero, at least for friction coefficient below
the critical value for "wedging". More in general, there needs to be a "permanent stick
region" in the steady state.

Almost conforming contacts, and in particular, in the case of initial interference,
loose the independence on A at low A only, but "gain" greater possibilities to develop
residual stresses. However, their study can be greatly simplified by developing a master
curve approach to study the dependence on A. The theorems can also be considered
the extension to cyclic loadings of the Dundurs results for conforming contacts under
monotonic loading, in which case the contact area doesn’t vary in time and hence the
problem is linear (from which the denomination "receding contacts"). However, here the
problems remain fully non-linear, and the contact are not in general receding, nor there
is a unique steady state, not even in the case of proportional loading. In the latter case
it is neverthless possible to derive some special results.

Keywords. Shakedown, Receding contact, conforming contact, pinned connections, tol-
erances.
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1. INTRODUCTION

Frictional contacts are everywhere in engineering and science since prehistorical
times (see Dowson, 1998"), and a large class is the conforming contact category (cracked
materials with friction on crack faces, inclusions, layered structures, etc.).

For static (monotonic) loadings, a large literature exists in geotechnical engineering
with methods like equilibrium methods stemming from the milestone paper by Coulomb
(1776) who defined cohesion and friction ("cohésion" and "frottement" in the original) as
"coercitive forces" to distinguish them from "active forces" such as gravity. Many later
methods are remarkably close to the original Coulomb’s method. Much later on, when
the concept of stress was introduced, and plasticity theory developed (the "Yield Design"
according to Salencon, 2002, par.6.2), , these methods were found close to "upper bound
theorems" of plasticity theory, although the parallel is not exact. Also, friction and fric-
tional materials are not associative, ie satisfying Drucker’s stability postulate (Drucker,
1960). Hence, despite there are clear parallels between frictional slip and plastic deforma-
tion in elastic-plastic solids (both are dissipative mechanisms that depend on the history
but not the rate of loading, and look similar in terms of a uniaxial force-displacement rela-
tionship), the analogies are not rigorous, as discussed perhaps first by Drucker (1954) who
was able to define some bounds with limited use corresponding to (i) the rather artificial
so-called Tresca (associative) friction, or (ii) to the infinite and (iii) zero friction cases.

Moving to the case of our interest, that of cyclic loadings, there is no equivalent
of the early Literature on equilibrium methods for friction and frictional materials under
cyclic loadings, whereas a huge literature has developed in associative plasticity. Starting
from the pioneering works of Melan and Koiter, further extended to quite general material
models (Halphen and Nguyen, 1975, see eg. three recent reviews by Maier 2001, Nguyen
2003, Polizzotto 2003), these theorems state conditions for certain loadings to give one of
the possible responses:-

(1) (Elastic) shakedown, which corresponds to elastic behavious in the steady state
after a certain transient. This is generally the most desirable long-term response since,
hoping the amount of plastic deformation produced in the transient phase is sufficiently
small, only High-Cycle Fatigue is produced in the steady state, not appearing as plastic
deformations at the macroscopic scale. In the context of friction, this corresponds to no
cyclic slip at the macroscopic scale, although perhaps to slip at asperity scale. As plastic
deformations in materials, cyclic slip is also expected to be a form of damage for the
surfaces, perhaps in the form of wear. This opens up the possibility that geometry changes
need to be considered in some cases;

(2) Plastic shakedown (or Alternating plasticity collapse),in which the plastic strains
are periodic like the stresses, giving low-cycle fatigue. In the case of friction, the macro-
scopic slip will give rise to frictional dissipation, damping, which may be beneficial in some
cases. Here, in the much longer time scales typical of wear, we expect damage in the form
of fretting wear;

For an interesting and quick reference on the history of friction, see e.g.
http://en.wikipedia.org/wiki/Guillaume Amontons
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(3) Ratchetting (or incremental collapse), in which somewhere in the body the steady
cycle has a nonvanishing plastic strain ratchet. Exhaustion of ductility rapidly leads to
failure in plastic materials. In the case of friction, clearly there is no "failure" in this sense,
but the fact that components may not be in the expected position may give rise to problems
when this motion is not desired (see eg. Antoni et al. 2007). This problem in effect is known
in many technical areas with perhaps different denominations. In mechanical industries of
bushings it is known as "microreptation" or "cumulative microslip phenomenon" (Antoni
et al., 2007), or simply frictional "slip" (Anscombe and Johnson 1974, and Chang et al
1983). This is often due to the nature of rolling contact loads, which may make the tyre
or the bushing to creep circumferentially round the core of the wheel in the direction of
the peripheral motion of the wheel. The same problem is experienced in creepage of a
pavement or a road under rolling motions of vehicles ("subsurface slip" see eg Boulbibane
et al 2005), or the ratchetting of long pipelines over their frictional supports (particularly,
under thermal loading), a phenomenon recently of significant interest (Carr et al 2006a,
2006b, Bruton et al 2005).

The theorems show that essentially the steady-state response to cyclic loading is
of a unique type (elastic shakedown, or cyclic plasticity, or ratchetting), independently
on the initial conditions which only affect the residual constant stresses in the steady
state, and give ways to recognize the limits. Melan’s theorem in particular, is extremely
simple and makes use only of equilibrium and the yield stress conditions. In other words,
using terminology of frictional contact, such a theorem might be enunciated as: “If a set
of time-independent tangential displacements at the interface can be identified such that
the corresponding residual stresses when superposed on the time-varying stresses due to
the applied loads cause the interface tractions to satisfy the conditions for frictional stick
throughout the contact area at all times, then the system will eventually shake down to a
state involving no slip, though not necessarily to the state so identified.”

More in general, let us consider the usual case of cyclic load composed of a mean
load and cyclic load component

P (1) = aP, + GP, (1) (1)

This for a classical elasto-plastic material and structure, the "yield stress" will correspond
to limit values of «, # for which there is plastic collapse, which define a bounded region in
the a, 3 space, within which we can plot useful sub-regions (the Bree-diagram, see Fig.1),
corresponding each to a well defined cyclic steady state behaviour, independent on the
initial conditions when the steady cyclic loads are applied. Hence, the Bree interaction
diagram turns out very useful for design purposes.

From Fig. 1, it can be easily remarked that the elastic shakedown boundary with
the plastic shakedown one is a horizontal line, i.e. changing the mean load alone, seems
not to cause the system to move from elastic shakedown to plastic shakedown. Indeed,
as shown by Polizzotto (1993a, 1994a,b), any cyclic load which exceeds the ratchet limit,
can always be transformed into one not exceeding this limit by simply superposing a
permanent (mechanical) mean load, and generally at low levels of cyclic loads, we move
into elastic shakedown as clear from the point P, in Fig.1, whereas at higher cyclic loads,
to alternating plasticity as for point Ps.
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Fig. 1. The Bree diagram (from Polizzotto, 2003). B, is the elastic shakedown
region, Br is the alternating plasticity, Bgr is the ratchetting region

In the original and still common formulation, the problem is written in terms of a
single scalar A, when for a given v we increase the entire loading cycle as

P (t) = APy + 7P (t)] (2)

This also corresponds obviously to exploring the Bree diagram for inclined lines from the
origin where A = av and v = g This type of notation is also responsible for the terminology
"lower bound" theorem, for Melan’s theorem, and "upper bound" theorem, for Koiter’s.
In fact, in the original Melan’s formulation, there is no distinction of mean load and cyclic
loads and a single scalar A increases the loads. Therefore, one can apply Melan’s theorem
to predict a lower bound for A such that, for A < App, there will be shakedown. Further,
by applying Koiter’s theorem, one can find an upper bound for A i.e that for A\ > Ayp,
there will be ratchetting. By finding better estimates for Melan and Koiter theorems, one
could close the gap, and if the two bounds do not coincide, there is a region of alternating
plasticity in between.

The notation "lower bound" and "upper bound" could also be used for the multiplier
of the cyclic part of the loading, as Fig.1 seems to indicate that increasing the cyclic loads,
one cannot move from shakedown to ratchetting, and back to shakedown (there is no proof
that we are aware of this). Certainly not the same can be done by fixing the cyclic loading
part and changing the mean part only, since from Fig.1 it is evident that we could move
from ratchetting to cyclic plasticity back to ratchetting again.

1.1. Frictional contacts

One first clear element show that the picture is completely different in frictional
systems: while normally, a plasticity law defines as a material property a yield strength,
of dimension of a stress [F//L?], the Coulomb friction law doesn’t introduce any such
quantity, Coulomb’s cone based on a purely geometrical quantity (the cone angle). The
limit in shear is defined by the local pressure, which in turn is intrinsic in the solution of
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the problem. Assuming constant pressure, the classical perspective is recovered, as well as
the possibility to apply the theorems. Indeed, some authors have used plasticity theorems,
assuming Tresca friction, i.e. that normal pressure is prescribed by equilibrium, or dictated
as a boundary condition datum (Antoni et al. 2007, Churchman et al, 2006). This leads
to the cyclic loading equivalent of the Tresca friction theorems developed by Drucker
(1954), but the problem’s formulation is very remote from the realistic case as Drucker
already remarked, especially at a continuum level rather than with simple concentrated
block models. Indeed, in contact problems, the pressure cannot be controlled locally, and
goes to zero towards the end of the contact area because of asymptotics prescribed by
elasticity, indicating that these regions are very prone to microslip — see eg. the classical
Cattaneo-Mindlin-Dereciewicz problem for the Hertz geometry, (Johnson, 1985), for which
it is clear that microslip occurs in the general case, as only for special proportional oblique
loading there can be absence of slip, and in general the tendency to shakedown is observed
as reduction of the slip areas in the steady state in cases with nonzero mean load (Dini and
Hills, 2004). This is "unfortunate", since the steady cycle of a cyclically loaded associative
plastic structure can be directly (i.e. without the use of step-by-step analyses) determined,
at least in principle, by means of a particular equation set, for example by Polizzotto
(1993a,b, 1994b) for elastic—perfectly plastic materials, by Halphen (1979) for elastic—
plastic internal-variable material models, etc.

Notice that the necessary part of Melan’s theorem (1936) remains valid (Maier,
1969), ie for a given cyclic load, if there is no a feasible set of residual stresses which
permit to avoid slip, the system cannot shakedown. For the sufficient part, it was proved
recently (Klarbring et al 2007) that the conditions for an elastic frictional contact problem
(in a discrete, e.g. finite element) formulation are rather strong and restrictive: contact is to
be ‘complete’ — i.e. the contact area should remain constant throughout the loading cycle,
and the geometry should be uncoupled, so that pressure can change only independently
on frictional (tangential) displacement?. In all other conditions, it was proved that Melan
doesn’t hold and generally the possible final states for a given cyclic load can be both
elastic shakedown and cyclic slip (actually, ratchetting cannot be ruled out in principle
even below Melan’s associative limit) depending on initial conditions, particularly for 3D
problems, where this is true already for a single node system. Under these conditions, the
step-by-step analysis only can tell the final state of the system. Hence, frictional systems
in these respect are therefore more complex than associative elastic—plastic and elastic—
viscoplastic materials and structures, which subjected to mechanical and/or kinematical
cyclic (i.e. periodic) loads, exhibits a long-term stabilized (or steady state) response, for
which the initial conditions only define some relatively non relevant features of the steady
state (the residual stresses).

However, a peculiar property of the problem is the (linear) self-similarity of the
Coulomb law, for which we have perfectly linear equalities and inequalities ruling the
contact problem, which give rise to special properties in the case of conforming contacts,
which are those for which the contact conditions are homogeneous. While Coulomb friction

2Alternatively, an extremely special geometrical condition should be met.
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is more complex in the sense that it introduces non-associativity, it is also simpler than
most plasticity laws, because it is self-similar.

2. CONFORMING CONTACT PROBLEMS

Conforming contacts are those for which there is no initial gap in the unstressed
case (nor initial stresses), and are found in a wide range of applications in science and en-
gineering (see Fig.5 for some examples). An actual application of fundamental importance
is the case of cracks (not represented, and not discussed here for brevity), see Carpinteri
and Scavia (1993).

Contact of fractured surfaces, layered structures, inclusions in metals, composite
materials including contact between fibers and matrices, or between layers of different
material properties, are all falling in this category. These contacts all look conforming
at the scale of engineering interest where the Coulomb law is defined (ie neglecting the
inevitable roughness at the interface which is strongly responsible for the Coulomb law
behaviour).
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Fig. 2. Examples of contacts with no initial gaps in science and engineering. (a)
unloaded (b) loaded

In engineering, limiting the attention to pinned connection alone, the literature is
replete with studies because of the extensive use of pin joints in civil, mechanical and
aerospace structures and some design codes also provide useful design guides. Then, we
have the case of elastic inclusions, of composite materials, etc (useful but by far incom-
plete list is in Ciavarella et al., 2006). Under monotonic loading, these problems show the
"receding contact" characteristic as proved by Dundurs and Stippes (1970) and Dundurs
(1975), ie. if there are no initial stresses, the extent of the contact area I'c under load is
included within the contact area I'g at zero load — i.e. I'c € I'g. The concept is further
explored in Ciavarella et al. (2006) to the case of friction, and to situations in which the
initial contact area is not complete, proving that in the case of initial interference, the
contact area decreases towards the limit described as regressive contact, whilst the oppo-
site case where the contact area grows towards the limit will be described as progressive
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contact. It was proved that the receding contact is the limiting state in any case. The defin-
ing characteristic of a receding contact is that the contact area decreases as soon as the
load is applied and then remains constant with increasing load, during which the stresses
and displacements are everywhere proportional to the applied load. These properties are
easily established by writing the governing equations and the boundary conditions for the
problem, as done in Ciavarella et al. (2006).

Recently®, Ahn & Barber (2008) have extended these type of reasoning to propor-
tional but non-monotonic loadings, and we shall return to this special case in a later
paragraph. We shall viceversa deal with the general case of cyclic loading. In view of the
interest to know if a limit cycle is reached in these system, and to characterize this state, in
the most general possible case, we shall try to extend the Dundurs type of approach in the
most general possible way (that we can imagine). Notice immediately that Dundurs used
the monotonicity of the loading to prove a constant contact area, whereas here we don’t
expect the contact area to be constant except perhaps in the very first cycle of loading,
if we start from an unstressed condition. When the load varies in time in a fairly general
manner, the area will change in time in a correspondingly rich manner, depending on both
geometry, and evolution of residual locked-in displacements, in turn coupled to the pres-
sure. Therefore, nothing a priori can be said about the evolution of the slip displacements,
except we shall expect an asymptotic steady state?, and the interest here will be to prove
how all this state of affairs is mapped into the corresponding case when the loads are all
multiplied by a scalar .

The stresses o and displacements u are required to satisfy the governing equations of
elasticity which are here omitted in the interest of brevity. Surface tractions 7 are defined
as

Ti = oyn; (3)

where n is the outward normal unit vector. The normal traction (pressure) is then 7, = 7.n
and we define the shear traction

Ts =T — Tph . (4)

Notice that in three dimensional problems, 75 is a vector in the tangent plane to the local
surface.

Since we consider a quasi-static problem, in the instantaneous contact region I'c,
n® = —n® and when we have Coulomb friction I'c must be divided into a slip region

3In fact, this paper was received by the author from Prof. Barber by coincidence when the present
paper was nearly finished, providing however additional useful details over a particular case, and an useful
example solved numerically.

4we expect qualitatively that the convergence to the steady state in frictional problems depends on
the "memory" of the system. For example, as we shall see, if there is no possibility of developing residual
stress states, ie no memory, convergence will be istantaneous, whereas it will occur in few cycles or even
many cycles of loading, if there is strong memory in a cyclic stick region.
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I's and a stick region I'c — I'g. In I'g, the slip region
(u(z) — u(1)> nM = 0 ; T,(LI) = 7’7(?) <0

f (l.l(z) o 101(1)> 7_7(L1)
FO = A2 = (5)

s s o(2) o(1)
u —u

and in 'c — I'g, the stick region
<u<2> _ u<1>> a0 = 0; =<y

101(2) _ 101(1) — 0: 7'3(1) _ —7'3(2) :

D < —pr, (6)

where the dot denotes differentiation with respect to time ¢, and the superscripts denote
the two contacting bodies. In the region I'y — I'c that separates during loading

(u(z) - u(1)> nW>0; M=r@B=0; V=72 _9p, (7)

The inequalities in (5, 7) state respectively that the normal contact traction must be
compressive and the gap between the separated surfaces must be positive. The remainder
of the boundaries of the bodies comprise a region I'p where

u="U(t) (8)

and a region 'y where
=T () (9)
and U, T are prescribed displacements and tractions respectively®, function of time.

Theorem: Suppose the solution ¢, u of this problem is known for some particular
U, T. Thus, the solution obtained for the same contact area (independent of \) which
varies linearly with A satisfies all the conditions of the problem and hence defines also a
solution.

Proof: the governing equations and the contact boundary conditions (5-9) are
homogeneous, the solution Ao, Au will also satisfy these equations and correspond to pro-
portional loading AU, AT, where A is a scalar multiplier. Furthermore, the inequalities in
(5, 7) will also be satisfied by Ao, Au as long as A > 0.

Notice that this doesn’t preclude the contact area to vary in a quite general manner
in time, in particular it can change completely position if the loading is such as to change
completely directions during the cycle.

In view of the fact that there is no general uniqueness proof, except for the friction-
less case (Fichera, 1972) of for sufficiently low coefficients (Andersson, 1999), Andersson
and Klarbring 2001), the solution may not be unique for the rate problem. Clearly, if the
solution of the transient problem is non-unique, a fortiori the steady state solution may
not be of unique type. The rate problem is related to the critical coefficient for uniqueness,
whereas the type of steady state, it is connected to the development of residual stresses,

5Usually, we consider zero prescribed displacements, so that only prescribed traction is a finite
value.
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and hence of the multiplicity of the solutions for the integrated problem for a given load
type and system, including friction coefficient.

Both the rate and the integrated problems are unique for zero friction, and the latter
case is obvious from a physical point of view, because with zero friction, there cannot be
any residual shear stress. Notice that even the frictionless problem for conforming contact
is fully non-linear, ezcept in the case of proportional loading, since in general the contact
area will vary with load. Hence, for finite friction, for any given load, we can imagine
that there can be various solutions differing by a self-equilibrated field of shear tractions
(since the global equilibrium has to be satisfied for the same applied loads). Now, it is
easy to imagine that with higher and higher friction, many more possibilities exist, for the
integrated problem, and perhaps even for the rate-problem, above the critical coefficient
for uniqueness. In the limit, for infinite friction, any shear stress can be sustained by any
non-zero pressure®. The problem for finite load is clearly the generalization of the so-called
"wedging" problem (Barber and Hild, 2006). In the wedging problem, we look to the case
of zero applied loads. This leads to define a critical value for friction, fyeqq, above which
there are multiple solutions of the integrated problem even at zero load. In the case of
a finite load, intuitive reasoning suggests the possibility to develop "protective" residual
stresses during cyclic loading, the process leading possibly to shakedown, is open for any
non-zero value of f (look for example at the simple Klarbring single node system later).
Wedging is more difficult because for zero loads, generally the pressure tends to be strictly
zero, unless the coupling is strong enough to get any non-zero level of pressure able to
sustain shear tractions.

However, starting from any one of the multiple solutions for the integrated problem
at a given load level, the obtained response will be also valid as a response for the same
problem when the loads are increased by A, once all the terms of the solution are scaled
accordingly. This includes also the case that friction is higher than the critical value for
uniqueness or the rate problem, f... In fact, a quasi-static regularization of the 2D problem
for f > f. can be defined (Cho and Barber, 1998), which permits to find the solution,
which physically corresponds to the solution of the more general dynamic problem in the
limit of some infinitesimal mass. The solution found with this algorithm, will be able to
discern which of the various apparently instantaneously valid states, is to be preferred.
And, again, the case with larger loads multiplied by A, needs not to be studied again.

The situation in 3D is more complicated in the case of f > f.. from the physical
point of view. In fact, adding the mass to possibly regularize the supercritical case shows
that indeed the real dynamic problem is different from the quasi-static approximation
already for f < f. . Indeed, dynamic instabilities arise for some types of loading, leading
to stick-slip or other complex behaviour (Cho and Barber, 1999). Some of these effects will

6The parameter "friction coefficient", is a non-linearity parameter, although not the only one as we
have seen that the frictionless case also is non-linear. Hence, it is entirely expected, particularly in the full
dynamic case, that special values of friction coefficient exist qualitatively changes and bifurcations, perhaps
leading also to period-doubling or even chaos. Some indication of this is for example the discussion of the
3D Klarbring model later, where we see that dynamic instabilities exist and one may perhaps imagine that
a simple steady state will not be reached.
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be clearer in the example section when we discuss the behaviour of the very basic models of
friction devised by Klarbing (1990), to study uniqueness and stability of Coulomb friction.
Summarizing:-

e if both the transient and the cyclic parts of the loading are scaled by A , then
the problems at different A\ will look exactly identical, one cannot make any
distinction between them.

e If, as more interesting, we cannot guarantee what happens in the transient
part of the loading, then the long term cyclic response to the steady state
loading, will depend in general on the initial conditions, and this is exactly
in the nature of the non-associative shakedown problem. The associative case
is the most efficient in these respect, since the system leads to shakedown, if
there is one. The non associativity of Coulomb friction means, viceversa, that
sometimes this limit cannot be found by the system. What is to be remarked
however is that the entire set of scenarios will be scaled with \. In other words,
for every given set of possible initial conditions, the steady state will have
accordingly a set of solutions. The problem with different A\ will also have the
same set of solutions. There is no point to study problems at different A

e The Bree diagram (intended as response to cyclic loading) will therefore have
to be a system of sectors, since increasing A corresponds to navigate into the
diagram over inclined lines. If we plot quantities as coutour maps in the Bree
diagrams, they will be linear with A. However, changing the line slope v = g,

the relationships are not necessarily linear, and actually generally not linear.

Hence, the functions will be of the self-similar type

Fi(0,) = XGi (1)

where the pedix "i" is introduced in view of the possible multiplicity of regimes.

e If we take the worst scenario for a given quantity (cyclic slip, energy dissipation,
etc.), for example, then the worst scenario for the same quantity in the problem
with larger A will be exactly increased by the factor A. In the case of the elastic
shakedown subset of solutions, the residual stresses will be scaled. In the case of
ratchetting, the ratchet rate. In functional form, one finds worst case scenario
(wes) ones

Fies (Oé, ﬁ) = AGues (7)

There are some cases when it is possible to have regions of single behaviour in a
given wedge, i.e. independent on the initial conditions. We shall see this in the examples.

Notice that this uncertainty is not however completely general, as for example in
the regions where the necessary part of Melan doesn’t hold, we know that there cannot
be shakedown for a given A, and this means that there will be no shakedown for any
A. Therefore, we can already split the Bree diagram in sector regions of NO-SD, and
complementary regions of possible-SD. The latter is given by the standard Melan’s theorem,
and includes (or coincides) the area where elastic shakedown occurs (if any).

Naturally, in order to have "locked-in" tangential displacements, we need during the
cycle a "permanent stick zone", and actually even before that, a "permanent contact area"
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i.e. a region where non-zero pressure need to be present during the entire cycle. Hence, we
need to have P (t) # 0 at least for the most common case where there is no wedging,

for f < fuwedqg and Py, +~yP(t) # 0 = possible development of residual stresses (10)

where fyeaq is the critical coefficient for wedging see Barber and Hild (2006).
In the opposite case, i.e. if there is a t; such that

for f < fuwedqg and Py, +vP.(t1) = 0 = no development of residual stresses  (11)

there is no history dependence and the limit cycle is the same as the first cycle, although
always of the same (non-linear) type. Naturally, for a case of high friction, ie for f < fiyedq
, then the load can also pass through the zero, and indeed one or more of the wedging
states will be recovered there during the evolution of the process.

These above are only necessary conditions to have a "permanent contact area", but
they are by far not sufficient. Indeed, if the loading is such that the contact areas don’t
overlap during the cycle, or even just the stick areas don’t overlap, then there is no chance
to develop residual stresses. It is not possible to write these conditions in explicit terms,
but clearly more "non-proportionality" seems to suggest less chance to have permanent
stick areas. Another interesting case when we can rule out permanent stick zones is the
case of travelling load, which we shall deal with in the Example section.

2.1. Proportional loading

In the special case when we can write the load in terms of a constant vector P, and
the time dependence is contained in a separate function, we have "proportional loading",
ie.

Pit)=X@)P (12)
In this case, the analysis in the previous paragraph applies with a special meaning. In
fact, we can introduce the time variation in the linear term and repeat the reasoning for
constant A while the entire g (¢) varies. However, one problem with this is that now there
is possibility of inversion of sign on the time-derivative of f (¢). Indeed, if we substitute
this expression Ag (t) P in the solution obtained for P, into the governing equations and
inequalities, the factor \g (¢) will cancel in all except in 577, which reduces to

g/ (t) f <101(2) B 101(1)> 7_7(L1)
(1) 2 _ _ 13
7s 7s ()] [+@ o) (13)

u —u

Hence, it follows that the Theorem doesn’t hold more in general, as ¢’ (t) changes in
time and cannot be included in the factor A. This means that the contact, the stick and the
slip areas will not remain constant during the cycle. Therefore there is not a big difference
with the general case, as even every loading cycle will not satisfy the original property
of the loading phase with no "locked-in" tangential displacements (i.e. the sudden jump
of the contact, stick, slip areas to the final value independent on the load). Naturally, in
order to have "locked-in" tangential displacements, we need during the cycle a "permanent
stick zone", and actually even before that, a "permanent contact area" i.e. a region where
non-zero pressure need to be present during the entire cycle. Hence, since for zero loads
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the pressure will shrink to zero unless there is wedging ie for f < fyeqg Where fieqq is the
critical coefficient for wedging see Barber and Hild (2006), the necessary condition to have
development of residual stresses is a positive minimum value ratios in the function g (t),

for f < fuwedg > gmin > 0 = possible development of residual stresses (14)
whereas in case
for f < fuwedg and gmin < 0 == no development of residual stresses (15)

there is no history dependence and the limit cycle is the same as the first cycle so that
the loading phase will always be linear, and the unloading always of the same (non-linear)
type.

In the example presented by Ahn and Barber (2008), see fig. 6, the loading is such
that gmin > 0, and hence there is some development of residual stresses tending to reduce
the extent of slip zones and energy dissipation.

I.rJ fi)

P

21 ——>|

P; Elastic h

Fig. 3. The example conforming contact with proportional loading studied by Ahn
and Barber (2008)

The problem is coupled as the pressures have an effect of shear tractions. The results
on the first loading is shown in fig. 7 in the left, and after first unloading on the right. The
first loading phase (starting from no locked in tractions since there is zero load) is entirely
linear, with both pressures and shear tractions growing linearly with load, the problem
becomes non-linear upon unloading, with the position of the regions and the both traction
distributions varying non-linearly with load. A complex pattern of slip zones appears, but
the central stick zone (which was reduced during unloading), slowly grows asymptotically
tending to a limit value. The problem shows the same features of the classical Mindlin-
Dereciewicz with mean load, as shown by Dini and Hills (2004), i.e. a reduction of the slip
regions in the steady state, and consequently also of the energy dissipation.

It may be speculated at this point, that proportional loading is much more likely to
give rise to "beneficial" residual stresses (hardly complete shakedown however because of
the contact edges zero pressure), if only because the contact area doesn’t change as much
as it could change in the general case. For example, in the case of a non-proportional
loading where the contact areas during the cycle don’t overlap at all, it is sure that there
cannot be any residual stress developed, and hence no memory, no dependence on initial
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Fig. 4. The results for traction distributions in the problem of Ahn and Barber
(2008): first loading in the left, and on unloading on the rigth

conditions. The case of non-proportional is "loosely" also more apt to ratchetting, given
the proportional loading seems to fix the contact area.

3. ALMOST CONFORMING CONTACT PROBLEMS

In the case the problem is ‘almost conforming’ ie that there is an initial gap be-
tween the bodies throughout the potential contact region, or interference, the stress and
displacement fields depend only on the inhomogeneous terms gg, U, T and this dependence
can be expressed symbolically in the equation

u= *7:(907 U, T) ) (16)

where the function F(gg, U, T) includes information about the extent of the contact region.
Consider now the field u = AF(go, U, T) ,where A is a positive scalar multiplier. It is clear
that this field satisfies all the homogeneous equations and inequalities in the problem and
it will also satisfy the inhomogeneous conditions corresponding to a gap function Agg and
loading AU, AT. It follows that

This result is true for all gop, U, T and hence we can replace gyo by go/\, to obtain
F(g0, \U,AT)= AF (%,U,T) .If the loading parameter A is increased without limit,
we therefore have
: ‘7:(907 AU? AT)
lim —————~
A—00 A
In other words, at sufficiently large loads, the form of the solution, including the extent of
the contact area, tends to that of the corresponding conforming contact problem, regardless
of whether gq is positive or negative. However, while this problem defined univoquely the
behaviour of the conforming contact system under load AU, AT, the almost conforming at
certain lower A may change behaviour. But, again, the similarity and dimensional analysis
turns useful, since we don’t need, for example, to study different gaps or interferences
but only to study the effect of A. In other words, while the case of conforming contact is
completely independent on A, here we need to study the further dependence on low A, but

— F(0,U,T) . (18)
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there is no need to change geometry, except for the need to study one generic case of gap
and one of interference.

In fact, if we ‘normalize’ the gap function §o, such that go = 9 ,where gy is a
dimensionless function describing the shape of the gap and L is a positive scalar multiplier
with dimensions of length (being AR in the cylindrical geometry). Substituting this in
(17) and setting A = 1/L, we obtain

UurT
U,T)=L Go, —, — | . 19
‘7:(907 ) ) ~7:<907 Lv L> ( )
The function F defines the form of the displacement and stress fields and hence the extent

of the contact area, which therefore depends only on the load factors %, % Hence, starting

from the conforming contact which is the limit at high A in any case, reducing the loads
by a scalar A is equivalent to increasing the size L which means increasing the gap. In the
limit of large gap, the solution will perhaps belong to the class of self-similar profiles which
we deal with in the next paragraph, and a comparison between the two limit behaviour
will immediately show if there is a transition to be expected at intermediate A. However,
clearly there is no need, for example in a FEM study where changing the gap may require
complete geometry redefinition, to do so, and one should study the system only with
effectively one independent parameter.

For a special case of the pin-in-hole problem, the initial gap is uniform around the
circumference, so we can take gy = 1 for progressive contact. We then have L = AR,
showing that the contact semi-arc depends on the dimensionless ratio ® = F/(EAR) for
two dimensional problems, where the load F' is here defined as an applied force per unit
thickness, or need to introduce a length W characterizing the dimension of the components,
defining ® = F//(EW AR), where F' now has the dimensions of force, for three dimensional
problems.

These definitions permit generalization to classes of geometrically similar systems of
various materials, assuming that Poisson’s ratio is the same for all. In problems where the
loading is characterized by an imposed displacement U, the appropriate loading parameter
is @ = U/L for both two and three dimensional problems.

In terms of Bree diagram, this means that the outer region of the diagram is inde-
pendent on the initial gap, and the inner region only is. The inner region therefore does
not need to be sector shaped, and deviations from this shape can occur, which are however
only a function of A. Moreover, notice that conditions to have a "permanent contact area"
and hence a "permanent stick area" are easier with interference, so that chance to develop
residual stresses will be higher in the Bree diagram near the centre. We expect therefore
the region of elastic shakedown to enlarge towards the origin.

4. CONCLUSIONS

We have shown that for a system loaded by a given set of forces varying in time
(not necessarily cyclic) and defined in terms of a multiplicative factor A we prove that:

(1) In cases of completely conforming contact, the boundary conditions are homoge-
neous, and so the evolution of the contact areas in time will be independent on A regardless
on how many length scales there are in the problem, like for example in a system of many
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different layers, inclusions, etc. In particular, we infer for the classical Melan problem of
shakedown, that if there is possible shakedown, cyclic slip or ratchetting for a given A (or
possibly an overlapping combination of them), then the same state will be also possible for
all A (and there is also proportionality to A for cyclic slip and ratchetting rates): there are
no shakedown limits in the classical sense, and it is improper to talk of lower and upper
bounds. As a corollary, applying the necessary part of Melan, if there is no safe distribu-
tion of residual displacements for a given A, then the system will not shakedown for any
A. This is very likely for example for cases when the contact area changes considerably
during the cycle, as in this case there is no possibility for the system to store frictional
residual displacements.

(2) A Bree-Haigh interaction diagram can be devised and for conforming contacts,
this will have an open and sector shape: however, because of the dependence on initial
conditions in general, multiple steady states are possible in each region, and hence perhaps
worst scenario solutions need to be found, which then could scale with A. The Bree diagram
therefore will not in general have the same meaning as in plasticity.

(3) In case there is a small initial gap or interference throughout the potential
contact area, we have an additional length scale (the initial clearance or interference)
which means that the contact area now depends on A. However, we can still say that
the problem approaches the case with no gap for A tending to infinity. More in general,
increasing A\ corresponds to reducing the initial gap, so that results for a variety of initial
geometries (due to tolerance variations) can be obtained from a set of results for a single
case with arbitrary gap.

(4) If the conforming contact limit has a precise response, involving for example,
shakedown or cyclic slip or ratchetting: increasing the gap (reducing A) may change this, so
the limit at large gap is that of zero A. This for example suggests a way to reduce damaging
effects of friction instead of reducing the loads (however, the stress concentrations will
increase).

(5) A special case is proportional loading, for which the original Dundurs’ properties
of receding contact continue to hold only in the first loading cycle, and otherwise the
problem remains fully non-linear in subsequent cycles. There will be generally tendency
to reduce energy dissipation in cases with load which has positive minimum value, where
we can have a permanent contact area, and an included permanent stick area.

(6) In general, due to contact problems requiring zero pressure at the edges, the
complete elastic shakedown condition is very unlikely. It can occur only in blocks systems,
where we neglect the continuum description (like Coulomb 1776), or for extremely special
cases where the local shear tractions are kept proportional to the pressure in a ratio lower
than friction.
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THICH NGHI VA TANG GIAM GAP KHUC TRONG
HE MA SAT TUAN THU

Bai toan tiép xtc c6 thé gap trong nhiéu linh vic quan trong: vat lieu c6 vét niit,
chat don, két cau c6 16p, hinh hoc lién két v.v. Ma sat Coulomb khong thich ting, c6 nghia
n6 khong théa man dinh dé DruckerOs vé én dinh trong 1y thuyét déo, do vay khong thé
sit dung cac dinh 1y Melan va Koiter déi vé6i tai trong chu ky, muyc dit vay né van la dieu
kién can. Mat khéac hinh nén ciia ma sat coloumb c6 sy ki di, sit tu tuong tif tuyén tinh,
va diéu nay cho mot sb it két qua chung, rat khac nhau nhung rat dang ké. Vi du, ta thay
d6i véi tiép xtic tuan thi (conforming), do thi tuong tac Bree md va cac doan nhon hon,
va vi vay khong ton tai can dudi va can trén nhu trong bai toan déo, vi ¢ day c6 su phu
thudc tuyén tinh vao tham s6 tai trong \, chit khong c6 gidi han déi véi A. Do ¢6 syt phu
thudc vao diéu kién ban dau néi chung, do thi Bree khong c6 ciing y nghia sau xa nhu
A trong bai toan déo, do khong thé cé trang thai én dinh dimg. Tuy nhién, véi he s6 tai
c6 thé nhan rong cic trang thai c6 thé (thich nghi dan hoi, trugt chu k¥, tang gidm gap
khiic (rang cua) ratchetting), va tit d6 xac dinh kich ban xau nhat. Tuy nhién, dé phat
trién ng suat du (ma noéi chung can nhiéu chu trinh dat tai dimg), tai trong khong thé
trd vé 0, it nhat doéi v6i he s6 ma sat thap hon gia tri cho phép khi “tach ra” “wedging” .
No6i chung, trong trang thai diimg can c6 mot “viing cing cd dinh”.

Hau hét cac dang tiép xtic tuan thi, va dic biét truong hop tuong tac ban dau, mat
su phu thudc vao A chi khi A nhd, nhung lai ¢6 nhiéu kh& ning tang tng suat du. Tuy
vy, nghién citu sé don gian di nhidu khi phat trién cach tiép can theo duong cong chii dé
nghién cttu sy phu thude vao . Cac dinh 1§ nay c6 thé xem xét s mé rong cho tai chu
trinh cac két qua ctia Dundurrs cho truong hop tiép xic tuan thi dudi tac dung clia tai
don dig¢u, khi d6 mién tiép xic khong thay déi theo thai gian va bai toan 1a tuyén tinh (vi
vay dude goi 1 “tiép xtic giam thiéu”). Tuy vay, § day bai toan van hoan toan phi tuyén
va tiép xtc néi chung khong gidm thiéu cling khong c6 trang thai dimng duy nhat, ngay ca
trong trudng hop tai ty le. Tuy nhién, trong truong hgp cudi cling c6 thé dua ra mot sb
két qua. T khéa: Thich nghi, tiép xtc gidm thiéu, tiép xtc tuan thd, lien két khdp, cho
phép.



