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Abstract. The model dealt with is a linear elastic body in frictional contact with
a rigid support. Limit states of such an assemblage are characterized by deformations
and forces such that a small perturbation may introduce a large change in configuration.
The class of limit states considered here is specified by the possibility of superposing a
time constant rigid body velocity field to a static deformation. The problem of finding
such states (i.e., forces and static deformations) for a prescribed rigid body velocity is
formulated, and for the case when the geometrically admissible rigid body displacements
form a linear space an existence result is given. It is proved that under restrictions on the
magnitude of the friction coefficient and in the case that an intuitively clear condition on
the direction of the forces is satisfied, there exist a load multiplier and a corresponding
static displacement.

1. Introduction. The present work is concerned with frictional joints treated from
the point of view of linear elasticity. A frictional joint is an assemblage of bodies inter-
acting through frictional forces. It may be regarded as an abstraction of various elements
encountered in machine design, such as the shrink-fitted shaft and bushing assemblage
or different types of brakes. As a model of such a joint we consider a linear elastic
body in frictional contact with a rigid support. In fact, it is well known that in linear
elasticity the multibody contact problem has the same mathematical structure as the
present one-body problem. The objective is to analyze limit states of frictional joints,
i.e., states where a small perturbation may introduce a large change of configuration.
As a more precise definition of a limit state, the requirement that the forces and the
static deformation are such that a time constant rigid body velocity field can be added
to the deformation, is used. That is, the elastic body moves (or slides) in a steady state
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FiG. 2. A shrink-fitted shaft and bushing assemblage

fashion relative to the rigid support. To get insight into the nature of such a definition
two examples are briefly discussed from a qualitative point of view:

First, consider the tapered joint shown in Fig. 1. For a friction coefficient that is large
enough to make the joint self-locking, any force F' from zero to infinity may be necessary
to take the joint apart, depending on the previous load history. It is also clear that,
unless the force is zero, the constant limit velocity field required by the definition will
not be present. Rather, the joint will unassemble in a dynamic fashion.

As a second example, consider the shrink-fitted shaft and bushing assemblage in Fig. 2.
Here it is clear that the definition makes sense for small friction coefficients. However, for
large friction coefficients we may still have a “violent” limit state: consider the uncorking
of a bottle.

Thus, the definition above covers a subclass of the situations that one would like to call
limit states of frictional joints. Nevertheless, for this subclass some exact mathematical
statements, which may form a starting point for a more complete theory, are given in this
paper. The problem of finding the forces and the static deformation corresponding to a
given limit velocity is formulated. The existence of a solution is shown under restrictions
on the magnitude of the friction coefficient and the direction of the external force. This
result is in agreement with our intuitive understanding of the problem.



LIMIT STATES OF FRICTIONAL JOINTS 71

Following this introduction a statement of the quasistatic contact problem with friction
is given in Sec. 2. The cone of limit velocity fields is then defined in Sec. 3, which leads in
Sec. 4 to a statement of a particular limit state problem where rigid body displacement
is taking place in the direction of the z;-axis. In Sec. 5 a variational formulation is
given. In Sec. 6 a further geometrical specialization is introduced: it is assumed that
the kinematically admissible rigid body displacements form a linear subspace of the
configuration space. This leads to a decoupled formulation. In Sec. 7 we introduce the
proper functional setting. Notably the functional representing the virtual work of the
friction forces has to be carefully examined. In Sec. 8 we give the proof of the existence
of a load multiplier and a displacement.

2. The quasi-static frictional contact problem. Since the interest is in analyzing
constant velocity states, it is sufficient to start from the so-called quasi-static formulation,
where dynamic forces are neglected.

Consider a linear elastic body that occupies a region  of R®. The boundary of
Q consists of disjoint parts S; and S.. The body is subjected to body forces af =
a(fi, f2, f3) over  and surface tractions ot = a(t,t2,%3) over S;, where « is a scalar
load parameter and f and t are given vector fields. The following classical equations of
linear elasticity are valid:

6(7i]‘ .
;=0 Q, 1
oz, +af in (1)
Ouy, .
Tij = Eijkla—z, m Q, (2)
oV = at; on Sf. (3)

Here u = (uy,uz,u3) is the displacement vector, o = {0;;} is the stress tensor, and v;
are the components of the outward unit normal vector. E;;;,; are elasticity constants that
satisfy the usual symmetry and ellipticity conditions. Furthermore, 4,3, k,1 = 1,2, 3, the
summation convention is used, and (0,1, x2,z3) is the cartesian reference frame.

The boundary part S, is the contact boundary where the body may come into con-
tact with a rigid support. To state the laws of contact and friction we decompose the
displacement and traction vectors on S, into normal and tangential components:

ON = O3;T4Ny;, 0T = TijNy — ONTY,

UN = UiN4, U = Ui — UNTY;.

Here n; are the components of a unit vector that may be thought of as coinciding with
v; and this is the interpretation preferred in this study. However, such an interpretation
is not unique, as was seen in Klarbring et al. [1], where the kinematic constraint (4)?
below was derived from an exact large deformation constraint by means of linearization.
It was there shown that n; may also be interpreted as pointing in the opposite direction
of the outward unit normal vector of the rigid support. Nevertheless, v; and n; must be
almost coinciding for the theory to be physically admissible.
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The contact law is taken to be the classical one of Signorini, i.e.,
on <0, uy—-9g<0, on(uy—g)=0 onlS, (4)

where ¢ is the initial gap between the body and the rigid support. Note that there is no
sign restriction for g.
The friction law is that of Coulomb, which can be written as

lor| < plonl, (5)
if |[or] < plon| then 4y =0, on S, (6)
if |or| = plon| > 0 then ar = —dor, A >0, (7)

where p is the friction coeflicient, a superposed dot denotes time derivative, or =
(011,072,073), and ur = (ur1, ure, Urs).
In conclusion, (1) through (7) constitute the quasi-static frictional contact problem.

3. The cone of limit velocity fields. A limit state of the mechanical system is a
state in which a constant rigid velocity field can be superposed onto a static deformation.
In this section we develop the kinematic conditions that must be placed on such a limit
velocity field.

Let

Q={w|w =a;+ fiz;, Bi; =B}

be the set of rigid body velocities. Here a; and 3;; are constants. The kinematic contact
condition uy — ¢ < 0 must be satisfied both at the instance when the limit velocity is
added to the static deformation and when such a motion has continued for some time.
For a given static deformation we therefore define the cone of limit velocity fields as

K*={weQluy+lwy <g, uy <gonS., YA >0, w0}
={weQ|wy <0on S, w#0},

where wy is defined similarly to uy. Similar constructions to this, related to different
problems, can be found in Baiocchi et al. [2], and Ciarlet and Necas [3].
A velocity w € K> divides S, into two complementary parts:

SHw)={xeS.|wn <0},

[

S%w)={x€S.|wy =0}

Obviously, a set SY(w) cannot be completely general. To fix ideas, let it be open and
simply connected, and let n; = v;. Then the work of Hlavdcek and Necas [4] shows that
SY(w) must be a part of one of the following: a helicoidal surface, a surface of revolution,
a cylinder, a plane, or a sphere. If it is multiply connected it can consist of, for instance,
two cylinders with a common orientation. If n; is taken as pointing in the opposite
direction of the outward unit normal vector of the rigid support, then the corresponding
surface of the rigid support is one of the above-stated geometrical objects.
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4. A limit state problem. Consider a velocity w € K> that is added to a static
deformation at time 7 equal to zero. Then, for 7 > 0 and x € S}(w) we see from (4)
that on(x) = 0. We also have from (5) that or(x) = 0. Thus, when stating a problem
defining the static deformation of the body at the limit state we only have to consider
contact and friction conditions on S9(w).

As a particular case of a limit-state problem we will consider a situation when w = ke,
where e; = (1,0,0) is a natural base vector of R3, k € R, k # 0 and w € K>. This
means that if S(w) is an open set and n; = v;, then each of its connected parts will be
part of cylindrical or plane surfaces parallel with the z;-axis; see Hlavdtek and Necas [4].
Since the constant k enters only as sign(k) in the following, we set for simplicity k = 1.

Substituting the displacement u = u’ + re;, where u’ is independent of time, into (2)
and (4) we obtain

o) |
oij = Eijkla—x]; in Q, (8)
on <0, ul—-g<0, on(u}y—g)=0 onSH(w). 9)

Furthermore, the friction law (5) through (7) implies that
or=—-u|oy|e on SYw). (10)

The problem of finding the fields o and u’ and the scalar « such that (1), (3), and
(8) through (10) are satisfied constitutes a limit-state problem that will be considered
in subsequent sections. The given data are f,t, E;;i;,vi,n;, and p. Note that for the
chosen w, the problem can, at least for a flat S°(w), be interpreted as a steady sliding
problem. Generally, this is the case when no rotations are involved, i.e., if 8;; = 0. If
Bi; # 0, this interpretation is not possible due to the incapability of linear elasticity to
model large rotations.

5. Variational formulations. The problem of the previous section will be formu-
lated as a variational inequality. To that end, let V be a space of sufficiently smooth
functions defined on the closure of 2. The following Green’s formula holds for all v € 14
and is obtained from (8):

90+
a(u’,v) = — aU” v, dT +/ 0ijV5v; ds, (11)
o O%; a0

where the bilinear form is defined as

Bui B’Uk
a(u,v) = Ei——dx.
wv= [ e

The convex set of admissible deformations is defined as
I?z{ué\/}|uN—gN§00nl"(,}.

For technical reasons the initial gap is here defined by means of a function g = (g1, g2, g3)
€ V such that g = gn|r. = ¢:ns|r.. Then we may write

[?——‘g—{'-f?()
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where
Koy = {ue 1% |uy <0onT.}
is a convex cone with vertex in the origin. Here and in the sequel we use for simplicity
the notation I'. := SY(w).
Assuming sufficient regularity, the complementarity conditions {9) can be equivalently
expressed as the variational inequality

u’ e K, / UN(UN—u‘,)V)dSZO Ve K. (12)
T,

From (1), (3), (8), (10), (11), and (12) we obtain the following problem:

{ Find v’ € K and o € R such that for all v € K

a(u’,v —u’) — i poy(u®) (v —u)ds > a(F,v —u’),
or equivalently, in terms of K,

Find G € I?O and « € R such that for all v € IA((,
a(d,v — ) - [r pon(@)(v) — @) ds (P)
> a(F,v—a)+(;,v—0) —a(g,v— 1),

where

(F,v) Z/fivid$+/ tiv; ds, (lg,v) :/ pon(g)vr ds
Q S r.

and oy (u'),on (), and on(g) are defined by (8). The solutions u" and u are related
as u’ = G + g. The force [, may be interpreted as being due to the “shrink-fitting” (if

g < 0).

6. Decoupled variational formulations. We will here make a further assumption
on the geometry of the problem which will result in a replacement of the inequality of
problem (13) by a variational inequality related to the displacement and an equation
related to the load multiplier.

It will be assumed that £ := QQR() is a linear subspace of V. It is then clear that any
v € L has the property that vy = 0 on I'.. Thus, we can conclude that K> c £\{0},
implying that it is compatible with our previous particular choice of limit velocity to
make the further geometrical assumption that

L={veV|v=ke forsomekeR)}.

Figure 3 shows an example where £ is a one-dimensional subspace as above while K™
is a ray in this subspace. Furthermore, we set

Elz{vef}|/v1dac:0}
Q
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F1G. 3. An example in which £ is a one-dimensional subspace and
K™ is a ray in this subspace

so that V = £ @ £, where the orthogonality is in the L2-sense. Each element u € V
may then be decomposed as u = @+ rey, with

1
u= ('U,l — ﬁ / ’U,ldCC) e) + useq + uzez = u;e; € Lt
Q

),
r=— [ u;dz.
Q] Jo

We now substitute the fields t = W+re; and v = V+se;, where V,1 € L, into problem
(P). Since a(f,v) = a(@,V) and on (1) = on(T) one then obtains

and

a(ﬁ,V-ﬁ)—/ wo N (T)(Ty —Hl)ds—(s—r)/ uon () ds

| N e
>a(F,v—10) +a(s—r)(F,e;) + (l,,v—1)
+ (s = 1)y €e1) —a(g, v —1).

~

Then, since s is arbitrary, we find that a solution of problem (P) can be constructed from
a solution of the following problem:

Find @ € K, N £ and o € R such that

- fl’c pon () ds = a(F,e1) + (lg,e1)

and for all v € Ko N Lt (P)q
a(q,v —1u) - fI won(0)(T1 — U, ) ds

> (F, V- @) + (l;,v - 8) — a(g,v — 0).
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If (u, @) is a solution of problem (P)4, (. = U + rey, a) is a solution of problem (13) for
any r € R. The equation of (Ig)d simply expresses global equilibrium in the e;-direction.
Note that a certain nonuniqueness of solutions has appeared. The problem is indifferent
with respect to a rigid body placement in the e;-direction.

Considering the form of @ it will prove useful to introduce the functionals F and Zg
defined by

k)

_ ,e :
(F,v) = (F,v) — <F,e1>—————(v ‘2(”“””
||91|1(L2(Q))3

= v,e 2 3
(y,v) = (ly,v) — <1g’el>w

)

”91”(21,2(9))3

where (V,U)(Lz(gz)):s = vaiuidm and ||e1||(2L2(Q))3 = (el,el)(L'z(Q))s = IQ| Then it
follows easily that
(F,v)=(F,v) WeKnL,

<F*F,61>Z<Fvel>:/f1dﬂ?+/ tids
Q0 s,

and, similarly,

(1, %) = (I, %) ¥Wwe KnLt,

(g - ngel> = (lg,€1) = / non(g)ds.

re

-~

In (P), we will use these substitutions of right-hand sides. It is a decomposition of the
force into a part that tends to push the body in the ej-direction and a part that is
“orthogonal” to this direction. It is straightforward to verify that (F,v) = [, fv.dz +
‘/‘St t;v;ds where f = f.e;, f, = f1 — |s1_2|fsz fidz — ﬁfst tids, fo = fa, f3 = f3, and
t==t.

A further reformulation of the proble/rp will turn out to be useful for our existence

proof in Sec. 8. That is, the equality of (P),; can be merged into the inequality to result
in

Find (u, @) € (Ko N L) x R such that for all (v, 3) € (Ko N L) x R

a(u,v —u) - a(F,v —u) — [ pon(u)(vi —u1)ds .
+a(F —F,e)(8 — ) + [, poy(u)ds(8 - a)

—(lgv—u)+alg,v—u)+{, —lze)(B—a)>0.

Note that we have dropped the bar-sign for elements u,v € ]?0 NLt.

7. Functional setting. In Sec. 8 existence results will be given. For this purpose
we must, however, be more specific about the choice of function spaces and about the
assumptions.

First, @ ¢ R? is assumed to be an open bounded Lipschitz domain, and $; and T,
relatively open subsets of 8Q with S, NT. = &. For the volume forces and surface
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traction fields f and t we require that f; € L*(Q), t; € H~/?2(89), and supp t C S;.
Also, let E,jr € L>*(Q) and Ejjui&i;€n > coizéi; for some ¢y > 0 and for all symmetric
&ij-

The space of smooth functions V' is replaced by the Hilbert space V = [H!(22)]3, with
norm denoted by | + |y. £ and £ are defined as previously, but with 1% replaced by V.
For the gap function g we assume that g € V and in addition that do;;(g)/dz; € L?().
The sets K and IA(O are replaced by

K={ueV|(uv—gn)lr. <0}, Ko={ueV|uyfr, <0}

Here the gap function gy € H/2(8) D L'(09) and the inequality (uny — gn)|r. <0 is
to be interpreted in the following sense: fl‘c {uy — gn)pds <0, Vo : 92 — R such that
v >0,supp p C T, and ¢ € C(9Q). Then K and K are closed convex cones in V and
Our purpose is now to make the different terms of (f’)d and (PV) well defined for
u € V. The bilinear form a(-,+) classically satisfies this requirement. However, before
we define the integrals over ['. properly we need several preliminaries.
Essential is the introduction of V4 C V defined by

GUU( v) c

T

={veV| L*()}

with the norm | « ||y, given by

_ 80’1‘]‘ (V) 80ik (V) 1/2
vl = vl +{ [ 22000 g,

and 0;;(v) = Eyjp 3% 5. Let W = H'/?(092) and W’ = H~1/2(89) denote the trace space
and its dual. Then, if v € H!(§), the restriction tr(v) = v|sg € W is well defined.
From Green’s formula it also follows that on(v) € W’ if v € V4 and that the mapping
Va > v > on(v) € W is linear and bounded. In particular, for some constant ¢,
depending only on Q and || E;jp|| =) we have

lon(V)llwr € CullVilv, Vv EVy. (13)

Similarly, the mapping V' 3 v — vy]s, € W is linear and bounded, and for some constant
¢tr, depending only on €2, we have

[villw < eulvily vveV. (14)
Now, if f € (L?(Q))® let
30”( v)

Zj

V() ={veV| + fi =0}

V(f) is then a closed linear manifold in V' and we may introduce the orthoprojection

w5V = V(£).
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For the coefficient of friction u, we will assume that it is defined on the whole of 9%,
102 — R, >0 and that u € Lip(99Q), i.e,

3

ou
ellip = lleell L= o0 + Z
i=1

axi

< 0.
L™ (852)

If p is initially defined only on I, then we have to extend it to 92, preferably with smallest
possible Lipschitz norm ||p||Lip. If p(x) = po is constant, then of course ||u||Lip = £o-
Since S; NT. = @ it is possible to find a function ¥ € C>(R?) such that ¥y =1 on a
neighborhood of T'. and % = 0 on a neighborhood of S,.
We are now ready to replace the functional

(u,v) —/ non(u)vy ds
I,

by
VXV 3(uv)e jop(u,v) = —(uoy(mapu), voi)nuw € R

and so — fI pon (W)ds is replaced by j. (T, e1) = —{pon (7o A), Y)1yr v . Similarly, the
functional [  is defined by

<lgv Vivey = (uon(g), Y w.

Here and in the sequel, (-,-) g g will denote the dual pairing in a Banach space B and
its dual B’. For later use we also introduce the a priori estimates

[Yullw < et (@) ¥lLipllullw (15)

and
lvgllw: < ca()¥lLipllglin- (16)

valid for all ¥ € Lip(d9), u € W = H/?(8Q) and ¢ € W' = H~/2(39) with the
constants ¢1(€2) and ¢2{Q?) depending only on 2 (the geometry).
Next, the functional v — fQ fiv,dQ2 + fl t;v;ds may be replaced by

Vavie (£,v) s + &V psws = (F,v)v oy, FeV,

where f € (L?(Q2))? and t € (W')? = (H~'/%(69)). As in the previous section, con-
sidering that V.= v — (v,e1)r2er/|leillf 2y (@1 € V T (L*(2))°) we introduce
F €V’ and I, € V' defined by

— v,e1)(L: :
F,viviy = (F, vy — (EeQV“VM

b}

||e1 |I(2L2(S2))3

- v,e p R
g, VIviv =y, VIviv — (lg,el>v'.v(13(w-
||ell|(L2(Q))3
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The same results as in the previous section are valid; so we use (F, V) v, (F—F,e )y v,
etc., as right-hand sides in the variational problem.

After these rather lengthy preliminaries we are ready to replace the problem (f’)d by
{(we drop the bar sign in U and V)

Find u € Ky N L+ and « € R such that
Jaj(u,er) = a(F —F, ey v +(lg =g, en)v v
and for all ve KNLL
a(u,v—u)+ jos(u,v—u)
> ofF,v—u)y v+ (l5v—uy v —ag,v—u)
and (f’V) by
Find (u,a) € (KoN £*+) x R such that for all (v,3) € (KoN£LY) xR
a(u,v—u) —a(F,v—u)y' v + jos(u,v —u)
+a(F —F,e) v/ v(8—a) — jas(u,e1)(8 — @)
—(lg,v—w)y v +a(g,v—u)+{; —lge)y v(B—a)>0.

Before proceeding we will rewrite the functional j.s as follows. We first note that for
alueV
TafU = TeU + aly

where auy = 7,0 = an;0,uy = 7;0. Therefore,

Jag(u,v) = (—pon(mapu), Ypor)w w
= (—pon(mou), Yvi)w w + a{—pon (7 0), Yo ) wr w
= Jo(w, v) + Ly, v)vi vy
where we have introduced the functionals jy, and Ly, defined by

Jo(u,v) = (—pon(mou), Yv1)w w,

(L, viviy = (—pon(ug), Yo1)ww.
Moreover, L f.u is defined by

L (vier)(r2as
<Lf~,ll7v>\//AV = <Lf_,#,v>\,u_v — (LfJJ«’el)V’.V'—‘_Q(#.
lerllr2gqy)e

We now obtain the following problems:

Find u € Ky N £+ and o € R such that

jo{u,e1) = a(F — F — (L - Ef~u)’el>\/’.v +(lg — Zg,el>V'.V

and forallve KN Lt (P)4
a{u,v —u) + jo(u,v — u)

2 Oé(f - ffv}ﬂv - ll>v/~v + <ZQ’V - u>V/,V - a(g,v - u),
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Find (u,a) € (Ky N L4) x R such that for all (v,3) € (KonN£LY) xR

a(u,v —u) — aF — ff_“,v — Wy v + jo(u,v —u)

= - . (PV)
+a(F —F — (Ly, — Lyy),en)v v(B —a) = jo(u,e)(8 — a)
—<Zg,v —uwv v +algv—u)+({, - Zg,e1>\~y([3 -a) > 0.
Introducing the notation U = (u, ),V = (v, 3), and
AU, V) = a(u,v) + jo(u,v) — a(F — ff.y,vhn_\z
+oF —F — (Ly, —Ly,),e)v v 8 — jo(u,e1)B,
FV) = (g, v)viv —alg,v) — (lg — g, e 1B,
Problem (PV) takes the form
{ Find U € (KyN £1) x R such that for all V € (K,NLY) xR PV
AU,V —U) > F(V - U).

It is clear that A is a bilinear, nonsymmetric, and continuous functional on the closed
convex cone (K, N L+) x R and that F is a bounded linear functional on V' x R.

Some comments are in order regarding the introduction of the projection operator 7,
and the function 1. Assume that (u, ) solves problem (P)4. It is then easy to verify
that

a(u,v—u) + jor(u,v—u) > aF,v-u)y v
for all v € K. Therefore, by Green’s formula it follows that (in the sense of distributions)

a(fi]' (u)
8a:j

+af;=0 inQ, (17)

i.e., that mopu = u. Using this it also follows that

oWy, = at; on Sy, (18)

oi;{u) =0 on IQ\(S; UT,), (19)

on(u) <0, uy —g <0, ony(u)luy —g) =0 on T, (20)
or(u) = —poy(u)e onT. (21

The function 9 is introduced in order to get a proper definition of a functional correspond-
ing to the integral fr(. pon(u)vids. It is important to note that, by (17) and (19), the
values of j(,f(u, V) = ~<,U,O'N(7Tnfu), wvl >W’.W and jn,f(u, e ) = —<;wN(7rnfu), 1,0>w/4n'
are unchanged if 1 is replaced by another function satisfying the same conditions. There-
fore the class of solutions (u, &) and (P)y is independent of the particular choice of 1.

The splitting of 7.y into two parts producing the functional L, ; is made in order to
give a formulation in terms of a bilinear form (.4). We do not attempt or find useful any
physical interpretation of L, ;.
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8. An existence result. In this section we will formulate and prove an existence
theorem for the problem (PV). We first state the following lemma.

LEMMA 1. There exists a constant ¢, > 0 such that
a(v,v) > cllv[[i; (22)

holds for all v € Ky N L+ as well as for all v € Q, where Q' is the orthogonal
complement of Q in the H'-norm.

Proof. The sets KoN L+ C V and Q1 C V are both convex closed cones of V, with
vertex in the origin, and (Ko N L) NQ = {0}, Q* NQ = {0}. Thus, the lemma follows
from Korn’s inequality; see Necas and Hlavacek [5].

We will also need the following general result for abstract inequalities in Banach spaces,
which has been formulated by Cocu [6]. A proof in a more general situation can be found
in 7] or [8].

THEOREM 1. Let B be a reflexive Banach space, C C B a nonempty closed convex

subset of B, and let
G:CxC—-=R

be a function such that
(i) Glu,u) >0 VYueC.
(ii) The set {v € C'| G(u,v) < 0} is convex for every fixed u € C.
(iii) The set {u € C' | G(u,v) > 0} is weakly sequentially closed for every fixed v € C.
(iv) There exists a bounded subset D C B and an element vy € D N C such that
G(u,vp) <0 for all u € C\D.
Then there exists at least one vector uy € D N C satisfying the inequality

Glug,v) 20 VvelC.

In order to apply this theorem we first estimate jo(u,u). By (15) and (16)

ljo(u, )| = | = (uon (mou), Yur)w: w| < ||uo(mou)|lw||u |lw

< el(@)e2 (DY lluipllllLipllo (mow) ffw [l v -

Lip

Now, using (13) and (14) we get
ljo(u, 0)] < er(Q)e2(Q)eereell¥lLipllellLip moullv., lullv.

By definition ||moul|lv, = ||moul|v and, since mq is an orthogonal projection, ||moully <
|luljy. Therefore,
ldo(u, w)| < Aljull?, (23)

where A = ¢1(Q)co(Q)eerCe|9]|Lipll tllLip- Similarly, we get

lo(w,en)] < er(Q)ea( Q)Y llLipllullvipllullv lledlw
< Allullvfler]lv = Aj2[ flu]lv,

%
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ie.,
ljo(u,e1)| < A|Q ||u

V.

(24)

For the functional A we now have, using (23), (24), and Lemma 1, the following inequality

forallid € (KoNLY) xR :

AUUY > (e = Al — lal {luliv[IF = Lyl
+ aQ<F ~F - (Lf# — ffip),e'l)\'qv - A|Q' ||u||v|a|,

ie.,
AU U) > erillull} + caza® — 2¢12]al ul|v

where we have introduced the notation

c11 = ¢ — A,
ep={(F-F— (L;, — Ly ,e)v.v,
a2 = 3{IIF =Ly llv + AlQ[}.

Now, a necessary and sufficient condition that there exist an ¢ > 0 such that

v 2 e{flull® + o?}

enllul|® 4 eaza® = 2¢19]al Ju
for all |ully, a, is that ¢;; > 0, coo > 0, and ¢)1¢02 — ¢4 > 0, i.e., that
ci—A>0, (F-F-(Lp,—Ls.)evi >0

and that

(chn —AYF —F — (L, —Ly,), ey > H{|IF =Ly,

Under the assumptions (26) and (27) we have, with € > 0,
AUU) 2 U < r

forall i € (KoN L) x R.

v+ AR

(25)

(27)

(28)

We are now ready to formulate the main result of our paper, stating that problem

(PV) has at least one solution.

THEOREM 2. Assume that our parameters satisfy the inequalities (26) and (27). Then

there is at least one vector U = (u,a) € (Ko N L1) x R such that
AUV —U) > F(V -U)

for all V = (v,3) € (KoNLL) x R.

Proof. Let, in Theorem 1, B=V xR, C = (K, N £L*) x R and let G be defined by

GU,V) = AU,V —U) — F(V = U).



LIMIT STATES OF FRICTIONAL JOINTS 83

It is clear that G(U,U) = 0 for all U so that condition (i) of Theorem 1 is satisfied.
Condition (ii) is satisfied since G(U, V) is linear in V. Choosing V,; = 0 we have

GU,0) = —AUU) + FU) < —<|U|l} g + IF]

vixr|U|lv xr.

Taking D = {U € VxR | [U|lvxr < ||Fllv'xr/€} we conclude that (iv) is valid. It
remains to verify condition (iii). We introduce the notation @ =Q xR. Po: V xR —
Q C V x R denotes the orthogonal projection onto the subspace Q. Now, given a vector
V and a sequence {U,}>, C (Ko N £LY) x R such that G(U,,,V) = AU,,V - U,) -
F(V-U,) > 0and U,, — U, we are to show that GU, V) = AU,V -U)-F(V-U)> 0.
Since AU, V) — AU, V) and F(U,) — F(U) it suffices to show that

AU, U) < liminf A(U,,,U,)

for every sequence {U,, }>>, C (KyN L) x R converging weakly towards U/ € V x R.
LEMMA 2. If 94 = Q* x {0} D {U4,}><, and if U,, — U (weakly), then

A(U,U) S liminf A(Z/{naun)

Proof. By Lemma 1, a{u,,u,) > c|lu,||3-. From the estimates in (23), (24), which
are valid for arbitrary u € V', we conclude that (28) is still valid under the assumptions
(26), (27), i.e.,

AW,U) = <llu?

forallif € Q. Now Q* C V xR is a linear subspace, whence we conclude that Cauchy’s
inequality is valid for the symmetric part of the bilinear form, i.e., that

5 (AU, U) + AU U)) < VAUU) N AU, U
Taking limits we get

AU, U) < /AU, U) liminf /AU, Uy,),

ie.,

AU, U) < liminf AU, U,,).

n—oc

Now let {U4,} C (KoN L) x R and Uy, — U. Take Z, = Uy, — Pold,, with 2, € O+ =
Q* x {0} and Pol,, € Q. Since Q is finite dimensional

Pold, — PoU (strongly)

and
Z, — 2 =U—-PoUd (weakly).

Therefore, we get

.A(un,un) - A(Zn + PQuny Zn + PQun)
= -A(Zn» Zn) + A(PQun’ PQ“n) + -A(Zna PQun) + -A(PQunz Zn)
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where .A(Zn,PQL{n) - A(Z, PQU), .A(PQU,” Z,l) - A(PQZ/{,Z), and .A(PQU,,,,PQZ/{,,,)
— A(Poll, Pold). We conclude, by Lemma 2, that

lim inf A(Uy, U,) = lim inf A(Z,., Z,) + A(Pol. Pold) + A(Z, Pold) + A(Pold, Z)
> A(Z,2) + A(PoU, PoU) + A(Z, Poll) + A(PolU, Z)
= A(Z + PolU, Z + Pold) = AU, U),

i.e., that
AU, U) < liminf AU, U,,).

We have proved that condition (iii) of Theorem 1 is satisfied. It follows that there exists
U e (KyN L) x Rsuch that for all V € (Ko N L1) x R we have

GU,V) = AU,V -U) = F(V-U) > 0.

This completes the proof of Theorem 2.
From (26), (27) and the fact that A contains the factor ||p||Lip and that ||Ly, —
Ly ,llv < C|lullLip we get the following corollary.

COROLLARY 1. If (F—F,e))y v > 0and ¢, (F—F,e )y > §||F—ff.“||f,, then there
exists a § > 0 such that the problem (PV) has a solution whenever 0 < {|p||Li,, < 6.

Some important comments relating to this corollary are as follows: (i) the fact that
a “small” friction coefficient is needed is in agreement with previous results on fric-
tional contact; see for instance Klarbring [9]. In fact, for large frictional coefficients it
can be anticipated that the limit state corresponds to a chattering motion of stick-
slip type instead of the constant velocity state considered here. (ii) The condition
cx(F —F,ey)vv > 5|F — Ly ,|l#, which implies (F — F,e;)y.v > 0, means, firstly,
that there must be a force resultant in the e;-direction in order to have a sliding in this
direction and, secondly, it is a condition on the direction of the forces: for given geometry
and constitutive constants a large “tangential” component F — F promotes satisfaction
of the condition, while a large “normal” component F counteracts it. An illustration is
given in Fig. 4.

Some comments on nonuniqueness follow. As found in Sec. 6 it is clear that if (u, «)
is a solution of problem (1/5), then, for any r, (u + re|, a) is also a solution. In problem
(ls)d and subsequent reformulations this indeterminacy has been filtered away. However,
also problem (PV) (and consequently also (P);) exhibit nonuniqueness. Let U = (u,«)
be a solution of (PV). Then U’ = (u+ug, ), where ug € QNL* and u+ug € KonL*H
is also a solution since A((ug,0),V) = 0 for all V. In summary, if a solution (u, «) of the
limit-state problem has been found, all geometrically admissible displacement states that
can be reached from u by a rigid body placement are, together with «, a new solution.
Further, we have to leave as an open question whether the multitude of solutions might
be even larger.
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Fic. 4. The force direction in (b) is more likely to satisfy the
conditions of Corollary 1 than that in (a).

9. A yield theory. It is appropriate in this context to make a reference to the so-
called yield theory, see Frémond [10], for assessment of limit loads of mechanical systems.
Given the strength of individual members of the system the yield theory can be used
to obtain a set of external loadings that are potentially withstandable by the system.
When used for members displaying a standard (i.e., associated) perfectly plastic behavior
it is possible to show that a force that is potentially withstandable is also absolutely
withstandable. Here we will indicate an extension of the yield theory to frictional joints.
This will be done under the assumption of sufficient regularity.

Let $1 be a set of sufficiently smooth tangential contact stresses. The set of load
parameters « such that the load is potentially withstandable is denoted by P. We have

a € P if and only if there exist u € K and

or € {rr €Sy ||| < oy (u) on Sc} -
such that for all v e K

a(u,v—u) — fq ori(ur; —vriyds > af(v —u).

Note the typical characteristics of a yield theory that the conditions on the velocity,
present in the formulation (5) through (7) of Coulomb’s friction law, do not enter (Y).
This is what makes the load only potentially withstandable.

Friction is a nonassociated phenomenon and therefore one expects a difference between
potentially and absolutely withstandable forces. To investigate this consider again the
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example shown in Fig. 1. Here, an extension of the yield theory would imply that
for friction coefficients above the self-locking limit the potentially withstandable forces
belong to the set (—o00,00), while the absolutely withstandable forces belong to the set
(—00,0]. On the other hand, for friction coefficients below the self-locking limit the two
sets coincide and are given as (—oc0, 0]. Whether the magnitude of the friction coefficient
indicated by the self-locking limit has a relation to the smallness indicated in Theorem
1 is not known.

Extensions of the yield theory in the case of rigid-plastic bodies with frictional bound-
ary conditions have been given by Drucker [11], Collins [12], and Telega [13].

10. Discussion. The paper introduces a class of limit-state problems for frictional
systems. The detailed analysis is carried out for a particular problem obtained by making
two partly related assumptions. The first assumption is that the limit velocity has a
particular form. The second assumption is that the set of kinematically admissible rigid
body displacements form a one-dimensional subspace of the configuration space. Both
of these assumptions could obviously be changed in various ways without considerably
changing the structure of the problem. For instance, under the same assumption on the
limit velocity the set of kinematically admissible rigid body displacements could form a
two-dimensional subspace. Another alternative would be letting the limit velocity be for
instance a helical motion. What is typical for all such extensions, and what makes the
technique of proof possible, is Lemma 1.

A related problem to the one discussed here has been considered by Gastaldi and Mar-
tins [14]. In that paper the same particular limit velocity field is considered, but the set
of kinematically admissible rigid body displacements is a half-space. In this case Lemma
1 does not hold, but on the other hand, the compatibility condition, represented in the
case of this paper by the equality of problem (P)q4, will not involve the displacement field:
it will be represented by simple global equilibrium conditions; so « and the admissible
direction of the forces are obtained as a separate equilibrium problem. Because of this
Gastaldi and Martins are able to give an existence proof without access to Lemma 1.
However, there is a class of intermediate situations not covered by the considerations in
this paper nor the study of Gastaldi and Martins. The mathematical analysis of these
problems must be considered as open questions, but can most likely be treated by an
application of the general Theorem 1.
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