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Abstract

This study is concerned with the frictional contact problem governed by the normal com-
pliance law in linear elasticity. The paper presents two contributions dealing with the sta-
tionary problem: we first obtain improved bounds ensuring uniqueness of a solution. Second
we exhibit examples in which infinitely many solutions to the problem exist.
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1. Introduction and notation

In solid mechanics, contact involves highly nonlinear phenomena especially when friction
effects are taken into account. The most common model of friction is due to Coulomb at the end
of the eighteenth century ([8]) and it is generally used together with the Signorini (or unilateral)
contact conditions [25]. Such a simple macroscopic frictional contact model is strongly nonlinear
in the dynamic, quasi-static and static cases and its understanding from a mathematical point
of view is not complete yet. A more recent approach motivated by phenomenological laws on
the contact interface such as the presence of small asperities, oxides and impurities has lead to
the so-called normal compliance model (with or without friction) introduced and studied in [19]
and [18] (see also [20, 21, 22| for other early studies). Note that this model can also be seen as a
regularization of the Signorini contact conditions in which some penetration is allowed or also as
a kind of (sophisticated) penalized contact problem. In the simple case of elastostatics several
studies concerning existence and/or uniqueness of solutions have been achieved: in addition to
the previous references, an important work can be found in [16, 17]. For elastic quasi-static
problems, we refer the reader to e.g., [2, 3, 4, 5, 24].

This work deals with the two and three dimensional normal compliance models with friction
in static linear elasticity. Section 2 is concerned with the model and its corresponding weak
formulation. Section 3 deals with uniqueness: we refine the uniqueness results established in
[16] and [17]. We prove in Theorem 3.1 two kind of uniqueness results both in two and three space
dimensions: first we obtain global uniqueness (which does not depend on the normal variables
Cny M, see (2.5)) when the tangential coefficient ¢; (see (2.6)) is small enough, in particular when
¢, tends to infinity. Second we obtain in many cases global uniqueness results which remain
valid for any given ¢; under the condition that ¢, is large enough. Section 4 is concerned with

*Tel.: +33-3-81-66-63-49; fax: +33-3-81-66-66-23; e-mail: patrick.hild@univ-fcomte.fr



Hild / Uniqueness and solution multiplicity for normal compliance with friction 2

nonuniqueness. We exhibit examples of nonunique solutions to the two-dimensional problem in
the simplest case where m,, = m; = 1. Let us mention that a first study in [14] tried to find some
nonunique solutions to this problem but without success. In [14], multiple solutions to the finite
element problem are found but these solutions do not solve the continuous problem. Note that
the first finite dimensional nonuniqueness examples of friction problems with unilateral contact
conditions or with normal compliance have been exhibited in [15] by using a system of springs.
In Theorem 4.3 of the present paper we show that for appropriately chosen geometry, Poisson
ratio and loads, the continuous problem admits an infinity of solutions. An explicit elementary
example ends the paper.

We now introduce some useful notation and several functional spaces. In what follows,
bold letters like u, v, indicate vector valued quantities, while the capital ones (e.g., Vo, Vy, .. .)
represent functional sets involving vector fields. As usual, we denote by (L9(.))¢ and by (H*(.))<,
1<g<o0,8>0,d=1,2,3, the Lebesgue and Sobolev spaces in one, two and three space
dimensions (see [1]). The usual norm of (L(D))¢ (resp. (H*(D))?) is denoted by || - | La(p)
(resp. || - [[zs(p)y) and we keep the same notation for any value of d. In the same spirit and in
order to lighten the notations we also skip the notation d in (L9(D))* and (H*(D))* and we
simply write L9(D) and H*(D). Finally the symbol | - | will denote the Euclidean norm in R?.

2. Problem statement, weak formulation and various constants

We consider an elastic body occupying a domain Q in R?, d = 2,3. The boundary I' of Q is
assumed to be Lipschitz and is divided as follows: I' = 'p UT y UT'¢ where I'p, I'y and I'¢ are
three open disjoint parts with meas(I'p) > 0 and meas(I'c¢) > 0. The given displacements U
are prescribed on the portion I'p and we suppose that a function U € H'(f2) exists such that
U = 0 on I'c. The part T'y is subjected to a density of surface forces denoted F € L?(Ty)
and ( is being acted upon by the body forces f € L?(Q2). On the part I'c the body can come
into contact with a foundation and the frictional contact interaction between the body and the
foundation is governed by the so called normal compliance law with friction. We denote by 1
the unit outward normal vector on the boundary I'.

The frictional contact problem with normal compliance in elastostatics is to find the displace-
ment field w such that equations (2.1)—(2.6) hold:

dive(u)+ f=0 inQ,
o(u)=Ce(u) inQ,
u=U onlp,

ocuin=F only,

where e(u) denotes the linearized strain tensor defined by e(u) = (Vu + VIu)/2 and C =
cijkn(T) € L>(R),1 < 4,5,k h < d is the fourth order symmetric and elliptic tensor of linear
elasticity.

We decompose the stress vector o(u)n on the boundary I' into a normal stress and a vector
of tangential stresses denoted o, (1) and o¢(u), respectively, so that o(u)n = o, (u)n+ o (w).
Similarly the displacement field @ on the boundary I' is written w4 = u,1 + U4; where u,, and u;
denote the normal displacement and the vector of tangential displacements, respectively.

Throughout this paper, we assume that the frictional contact behavior on the part I'c is
governed by the normal compliance model introduced and studied by Oden and Martins (see
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[19], [18]) in which the stresses follow the power law,

on(u) = —cp(un)fm,
oi(u) = —¢ (un)’]:tﬁ if sliding occurs,
t

where (.)4 stands for the positive part so that (u,)4 represents the penetration of the body
into the foundation. In the following the notation x'" stands for (x4)™. The constants m,, > 1,
m¢ > 1 as well as the positive functions ¢, and ¢; in L>°(T'¢) stand for interface parameters
characterizing the contact behavior between the body and the foundation. We consider these

conditions on I'¢:

on(w) = —cp(uy)m, (2.5)
and
w =0 = |oy(u)| < cy(un)?,
ur #0 = oy(u) = _Ct(u")TtI:ZI' (2.6)

Remark 2.1 Note that the true friction law involves the tangential contact velocities and not
the tangential displacements. However, a problem analogous to the one discussed here is obtained
by time discretization of the quasi-static frictional contact evolution problem. In this case U,
f and F stand for U((i + 1)At), f((i + 1)At) and F((i + 1)At) respectively and u; has to be
replaced by w:((i + 1)At) — u(iAt), where At denotes the time step. For simplicity and without
any loss of generality only the static case (also called incremental problem in [16]) described

above will be considered in the following.

It is easy to see that the case m,, = m; corresponds to the Coulomb friction model where the
friction coefficient is ¢;/c,. Although the condition (2.5) can be seen (from a theoretical point
of view) as a penalized version of the unilateral contact conditions there are some mechanical
arguments which justify the validity of the model (see e.g., [19, 18, 16]). The unilateral contact
conditions can be recovered when ¢, — oo.

Let us introduce the set of admissible displacements:

Vy = {v € H'(Q); v="Uon FD}

and the space
Vo = {'v € H'(Q); v =0 on FD} —Vy - {U).

The weak form of problem (2.1)—(2.6) consists to find 4 € Vy such that (see e.g., [16]):
a(u,v —u) + ju(u,v — u) + ji(uw,v) — ji(u,u) > L(v —u), YveVy (2.7)
where
a(u,v) = /(Ce(u)) ce(v) dQ, L(v) = / fvdQ —1—/ F.v dl,
Q Q I'n
i) = [ ealun) P v i) = [ aun) o dr,
T'e Te

for any w and v in H'(Q). In order to give a sense to j,(u,v) and ji;(u, v), we need to assume
that
1 <my,,m <+ooifd=2, 1<my,,m <3ifd=3. (2.8)
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The hypothesis (2.8) allows us to use the imbedding H'/?(I'¢) < L4(T'¢) for each q € [1, +00)
if d = 2 and for each ¢ € [1,4] if d = 3 (see e.g., [1]) and we denote by C, the corresponding
imbedding constant:

[vllorey < Collvllgewey, Yo € H2(Te). (2.9)
When d = 2 then it has been proved in [6] that there exists a constant D such that
C,=D¢'?  1<q<+oo. (2.10)
Besides we denote by Cy, the constant of the trace operator H'(Q) — H'Y2(I'¢):
lollgraee < Corllvlimay, Vo€ HY(Q). (2.11)
We denote by cx and ¢, the Vp-ellipticity and continuity constants of the bilinear form a(.,.):

cxllvlli g < alv,v), Yo eV,

a(v,w) < cllvllmolwlme, — Yo,w e H(Q). (2.12)
In the sequel we will use the following norm for the volume and surface loads:

L] = sup |L(v)|
weVollol 1 o =1}

and we set

x(U) = inf [l 0

veVy,v=0 on '
so that x(0) = 0. We will also need the following quantity in some of our estimates:

¢, = essinfr_cp,

in other words c,, is the greatest number ¢ such that ¢ < ¢, a.e. on I'c. Finally in order to
lighten the notations, we introduce the following nonnegative quantities B; and B which equal
zero if and only if the external "loadings” f,F, U|Fc vanish:

L .
Bu(exsco 1, 0) = LEL ( ; 1) \(U),

CK CK
L||? ce||L c c
Baferceren £,0) = A 4 2% E ) 4 £ (2041 o)
=n =n =n

If d = 2 we have, according to Cauchy-Schwarz inequality, for each u,v € H'(Q) and since
Cy =1:

(28, 0)] < llenllzoe (0 1) 175 gy I 2200

< HCHHL‘X’(FC)||un||?2%n(rc)||UnHL2(FC)

< O rton lleallzos oy lwll i o) 0l o)

and a similar bound is obtained for |j:(u,v)|:

. 1
(1, 0)] < CR O el oe ey a3t o 011 0.
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If d = 3, we get by Holder inequality for 1 < m,, < 3:

)] < el ol o)+ g [l
< llenlzo(rio lunll "y Ionll ey

n 1 n n
< opmtauen leall oo 1l o 9] o)

and here again similar bounds are obtained for |j;(w,v)| when 1 < m; < 3:

e, 0)] < O CAC o enll e ooy 1l o 1021 -

3. Uniqueness results

The existence of solutions to problem (2.7) when d = 2 and d = 3 under assumptions (2.8)
was proved in [16] using an abstract theorem in [9]. In references [16, 17] (where U = 0) the
authors state and prove that if the loads f,F and the interface parameters ¢, and ¢; are small
enough (more precisely if a1 |ey|[zoo () + @2llct| oo (ry,) is small enough where the coefficients
a; depend on the external loads and on cg, Cy, Cy, mp, my), then the problem (2.7) admits
a unique solution in a ball centered at the origin and whose radius depends on the interface
parameters and the loadings.

When m,, = m; = 1, the authors improve in [17] the previous result and establish that the
solution to (2.7) is globally unique when ||c, || oo (ry) + ||ct]| oo (r) is small enough and without
any restrictions on the forces by using a result in [7]. Again this uniqueness result does not
remain valid when ||c, || o0y — 0.

Next we propose to improve these uniqueness results and to obtain new bounds when d = 2
and d = 3 (under the assumptions (2.8)). The uniqueness results we obtain in the two and
three dimensional cases are of two different types: the first ones depend only on the ”tangential
variables” ¢; and m; whereas the second ones depend on the tangential and normal variables
ct, My, Cp, My and these results are complementary.

Theorem 3.1 (i) Let d = 2 and 1 < my,, my < +00. Then problem (2.7) admits at most one
solution if:

(me+1)/2 (Bi(ck, e, L, U)>mt_1
CK

2D™ L g oo oy me (i + 1) <1 (3.1)

Suppose in addition that m, —m; + 2 > 0. Then problem (2.7) admits at most one solution if:

me(my, + 1 my—1
K(ni( _nmtj_2) (Ba(ck, Cey Cny L, U) ) matl < 1. (3.2)
n

AD*C} el o (re) .

(ii) Let d =3 and 1 < my,m; < 3. Then problem (2.7) admits at most one solution if:

(Bi(ck, ce, L, U))™ !
CK

2635 m Ci" O eall Lo ey <1. (3.3)

5—my)

Suppose in addition that m, —2ms+3 > 0. Then problem (2.7) admits at most one solution if:
2 2 my meo

202(mn+1)/(mnfmt+2)ctr ”CtHLOQ(Fc) g <B2(6K7 Ces Cn,y Ly U)) matl < 1 (34)

Moreover, if my = 1, any of the four constants in (3.1)—(3.4) can be divided into two.
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Proof. Let u; and ws be two solutions of (2.7). Writing (2.7) with u = u;,v = w2 and also
with 4 = U9, v = 11, adding the two inequalities and using (2.12), we get:

cillur — U2||§11(Q) <a(up — ug, Uy — usz)
S jn(u17 Us — 'U,l) +jn(u27 U — u2)
+je(ur, u2) + je(u2, ur) — je(ur, ur) — je(ug, ua).

First we note that

Jn(u1, Uz — 1) + jn(ug, g — uz) = —/ cn((u2n) '™ — (u1n)'™) (U2 — u1y) dI' <0,
el

according to a monotonicity argument. Besides, from the Theorem 41, p. 39 in [11] we deduce
that

™ — y™| < m|x — y (acm_l + ym_l) Vo > 0,Vy > 0,Vm > 1.
Hence

|l — 0| < mlay — by (aﬁffl + bTﬁl)
< m|a — b (aT_l + b’f_l) Va,beR,Vm>1.

Therefore

e llur — U’Q”%—]l(ﬂ) < je(ur, u2) + je(uz, 1) — je(ur, ur) — je(uz, ug)

=A@Wmm“ﬂmﬁwmﬂﬂwmﬁ (3.5)

< ||CtHL<>O(FC)mt/ uzn, — wtn| ((w1n) T 4 (u2n) 701 Jwgr — iy dT.
Fe

Let i =1 or i = 2 and let v € Vy such that v = 0 on I'c. Since j,(w;, w;) + je(wi, w;) > 0,
(2.7) implies
e ||V = will gy < av — i, v — w;) < —jin (Wi, i) — jie(wi, wi) + L(wi — v) + a(v,v — u;)
< L(u; —v) +a(v,v —u;)
< (L + ecllvll o)) lwi = vl @) (3.6)

A triangular inequality and (3.6) yield for i = 1 or i = 2:

L Ce
Hwhmm§””+<44>MU)
CK CK

= Bi(ck, c., L, U). (3.7)
From (2.7) and since a(u;, u;) + j¢(w;, ®;) > 0 we have for any v € Vi such that v =0 on I'c:

, L]
Jn(Wis ;) < a(u;,v) + L(u; —v) < cellwill g o)l|vllm o) + . (LN + cellvll o)

L|? Cell L Ce
SHH+<2””+%<+wamm)wmmn
CK CK CK
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where we use (3.6) and (3.7). Besides
QnH(uzn)—l—Hng:il(pc) < /1" Cn(uin):_nn+1 dl' = ]n(uz,u,)
C

where we recall that ¢, = essinfc,. Combining the last two estimates we obtain for ¢ = 1 or
=2

1

L 2 Ce L Ce Ce mp+1
[ (win) 4| 1 0y < <” I 4ol ”X(U) + =< < +1> XQ(U)>

C,CK ChCK Cn \CK

= (Ba(ck, Cey Cn,y Ly U))mn+1 . (3.8)

(i) We begin with the case d = 2. The case m; = 1 is straightforward. Let m; > 1. Let
1/r+1/r+1/g=1,s0r=2q/(q—1) with ¢ > 1. We choose ¢ such that g(m; — 1) > 1. From
(3.5) we get by Holder inequality

ek [lur — us| 7 g
< ||CtHL°°(FC)mt”U2n - UlnHLT(FC (||(U1n) HLq Te) T H(Uzn) ||Lq(rc ) Hu2t - ult”LT(Fc)

- i—1
< C2CR lexll e reymellten — will3s oy (1) 17t oy gy + 1 20) 17t )

1
< D2CE et e reymerlius = wi sy (it o ooy + Izl it o)

< DR e e reymer (alme — 1) 1/2uu2—u1uH1 ) (el + sl )

<2D™HCR | oo (rymer (g(me = 1) 2 g — w31 ) (Bi(ex, ce, L, U)™

where we use the Sobolev inequality (2.9) and (2.10),the trace inequality (2.11) and (3.7). Keep-
ing in mind that ¢ > 1 and g(m; — 1) > 1, we deduce that ¢("t1)/2/(q — 1) attains its minimal
value when ¢ = (my +1)/(my —1). So we deduce that uniqueness holds when d = 2 and m; > 1
if

(me+1)/2 (Bi(ck, e, L, U))mtil

2Dmt+1Cth+1HctHLoo(pc)mt(mt + 1) o

< 1.

Now we propose to obtain for certain values of m,, and m; some different estimates involving
My, Mp, Ct, ¢, Which ensure uniqueness by using (3.8). We consider again (3.5) and we suppose
that m,, — my + 2 > 0. Note that this assumption takes into account the case m; = m,,. We use
in (3.5) Holder inequalities with 1/r +1/r +1/¢ =1 and

my, +1 - 2(mp + 1)

my—1° My, —my + 2

which requires that m; > 1. Therefore

cx[lur — us|3 g

< el oo oymelluzn — uinllpr@rey (i) 7 zare) + 1 (w2n) T lzare)) 1t2e — el e re)
< D2CE et mqreymerlia — wi gy (1l oy + )< 75k )
where we use again (2.9), (2.10) and (2.11). From (3.8) we deduce

me(my, + 1)

my—1
T T (By(cke, Ces ny L, U))mnt |y — g |31 -
(mn — My + 2) H (Q)

cx|lwr = wall3 ) < AD*CRlerl Lo (ne)
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Hence uniqueness holds when d = 2 and m; > 1 (the case m; = 1 is straightforward) if

my(my, + 1)
K(mn —my + 2)

mp-1
4D2Ct2r”ct||L°°(Fc)c (BQ(CK7607Cn7L7 U))mn+1 < 1

(ii) Consider the case where d = 3. Let 1 < my; < 3. Here again the case m; = 1 is
straightforward. Write 1/r + 1/r + 1/q = 1 with » = 8/(5 — my) (note that r € (2,4]) and
g =4/(m; — 1) and use Holder inequality in (3.5):

cx[lur — us|7 g
< el oo (roymelluzn — winll ey ((win) T ooy + 1 (w2n) T izare)) lwae — willzr o)
< C2C2 et oo roymellaz = w3y () 175 + Nuza) <74 )
< C2CE il roymalluss = wilid qy (luanl L, + luzal i)
< O3 5-mn O Ol Hledl Lo reoymellus — wi |3 g (||U1Hmt y T luellfig )
<2085 O OB et Lo ey mul|we — i |31 ) (Bi(ex, ce, L, U))™
Hence uniqueness holds whend =3 and 1 < m; <3

(Bl (CK7 Ce, L7 U))mt_l
crK

< 1.

263 (5 m) C1"* O et ooy m

As in the two dimensional case we obtain hereafter for certain values of m, and m; by using
(3.8) some different estimates involving my, my,, ¢;, ¢, which ensure uniqueness. We consider
again (3.5) and we suppose that m, — 2m; + 3 > 0. Note that this assumption takes into
account the case m; = my, (< 3). By Holder inequality with 1/r +1/r+1/¢ =1 (with m; > 1
keeping in mind that the case m; = 1 is straightforward) and

My + 1 . 2(mp + 1)
Comy—17 Comy, —my + 2’
(which implies r < 4) we get:
cx[lur — us|3 g
<letlle Fc)’thUZn - ulnHL’" ) (||(U1n) HLq Te) T H(U2n) ||Lq(I‘c ) |war — ult”u(rc)

—1 +—1
< C2C2 |letll oo roymellz — w3y ()17 ey + 1 za) 4 5 b ) -

Hence uniqueness holds when

my—1

my
2022(mn+1)/(mn—mt+2)ct27“||Ct||L°°(FC)a (Ba(cx, ey €ny L, U))mntt < 1.

O

Remark 3.2 1. In comparison with the existing results in [16, 17] we prove that the solutions
are unique when |[ci||poo(r) is small enough. In cases (3.1) and (3.3) the sufficient conditions
of uniqueness do not depend on c,,.

2. Suppose to simplify that ¢; and ¢, are constant functions. According to (3.2) and (3.4),
for certain values of m,, and my the solution is unique when

Ct :
—m 1 8 small enough.
cﬁﬂn+1
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This means that for any fived ¢, and my > 1, global uniqueness holds if ¢, is large enough (when
the contact model tends to the unilateral contact model).

3. All the uniqueness results in (3.1)-(3.4) are global.

4. If my = 1, the all the uniqueness conditions are independent on the external “loads”
f,F,U.

5. When my = my, satisfy (2.8) then the four cases (3.1)—-(3.4) provide uniqueness conditions.

6. If there is a constant u such that ¢, = pcy, (we assume here that ¢, and ¢, are constant)
and my = my, = m which corresponds to the Coulomb friction model, then the most interesting
bounds are (3.2) and (3.4). Define B3 such that Bs(ck,ce, L, U) = ¢, Ba(ck, cey e, L, U). Then
uniqueness holds if

o m(m+1) e

2D*C, (Bs(cr, e, L, U))m¥1 el < 1

tr

when d = 2 and if

2

2071108 - (Bs(exc, e, L, U)ot e < 1.
when d = 3. Unfortunately the uniqueness condition disappears when ¢, — 0o. Note that when
m behaves like In(c,) then the bound ensuring uniqueness behaves like p(In(c,))? when d = 2.
Although it grows slowly when u is constant, it still depends on cy,.

7. For the unilateral contact model with Coulomb friction obtained when u = ¢;/c, is con-
stant, my, = my and c, — oo there exist some existence results for small p whose proof is quite
technical (see [10] and the references therein). No standard uniqueness results like the ones of
Theorem 3.1 are available. Nevertheless there exist some partial uniqueness results recently ob-
tained in [23]. On the contrary the nonuniqueness examples are (from the author’s point of view)
simpler to find for the unilateral contact model with Coulomb friction (see [12, 13]) than for the
normal compliance model (see next section) since the latter model contains less nonlinearities.

In the next section we consider a solution to the friction problem with normal compliance
(2.1)—(2.6) when m,, = m; = 1 and d = 2 and we look for sufficient conditions for nonuniqueness
and also for nonuniqueness examples keeping in mind that the solution is unique when ||c;|| o (r.)
is small enough.

4. Nonuniqueness results

4.1. Sufficient conditions of existence of at least two solutions

We consider the case where d = 2 with m,, = m; = 1. According to bounds (3.1) and (3.2)
in Theorem 3.1 and the fact that if m; = 1 the constants in (3.1) and (3.2) can be divided into
two, Problem (2.7) admits a unique solution when

2D*CP et el o gy < 1. (4.1)

Let i = (ng,ny) and t = (—ny, n,) be the unit outward normal and tangent vectors on I'. On
I" we write for any displacement field v:

v=v,nt+v,=v,n+ut and o(v)n=oc,(V)n+0o(V)=o0,(V)N+ (V)L
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First we consider a solution w of (2.1)—(2.6) where u; is of constant sign on I'c (either positive
or negative) such that:

(divo(u)+ f=0 inQ,
o(u)=Ce(u) in 9,

u=U onlp,

(4.2)
ocuin=F only,
on(uw) = —cp(un)+  onTg,
or(u) = —ct(un)+sgn(ug) onI'e,

where sgn(u;) = u/|ug|. Consider now the problem of finding the displacement field ¢ such
that:

divo(p) =0 in Q,
o(p)=Ce(p)  inf,
=0 on I'p,
o(p)n=0 on I'y, (4.3)
on(p) = —Cnn on I'c,
o1(p) = —cronsgn(uy) on I'c,

where u; is the tangential displacement of the field w solving (4.2). Note that the set of solutions
to (4.3) is a function space.

Proposition 4.1 Let u be a solution of the frictional contact problem with normal compliance
(2.1)-(2.6) satisfying (4.2) and let p be a solution to problem (4.3). If (un)++©n = (Un+@n)+
and sgn(u) = sgn(ug + ¢¢) on ' then w and u + ¢ solve (2.1)-(2.6).

Proof. Straightforward. Of course the proposition is interesting only when a nonzero ¢ is
considered. O

4.2. Some explicit examples in the case d =2 and m, =m; =1

Now we show that the statement of Proposition 4.1 can be illustrated in the case when €2 is
a trapezoid (in which the edges represent I'p, I'y and I'¢) and the displacement fields © and ¢
are linear. So we look after fields w and ¢ satisfying the assumptions of Proposition 4.1 in order
to exhibit some examples of non-unique solutions to the frictional contact problem (2.1)—(2.6).

We consider a trapezoid of vertexes A = (0,0), B = (0,0), C = (x,y.) and D = (z.+ 0(1 —
zc), (1 — 0)y) with yo > 0and 0 < § < 1. We define I'p = (C,D), I'y = (4,C) U (B, D),
I'c = (A, B) so that the lines AC and BD are parallel (see Figure 1). The body 2 lies on
a foundation, the half-space delimited by the straight line (A, B) as suggested in Figure 1.
Consequently n = (0,—1) and t = (1,0) on I'¢.

We suppose that the body €2 is governed by Hooke’s law concerning homogeneous isotropic
materials so that (2.2) becomes

Ev
(1-2v)(1+v)

o(u) = tr(e(w)I + e(u) (4.4)
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y A
C
Ye{ - - = = = = = - o o oo - -
'y ‘ I'p
=0y | — N
'y
A Q2 B
0 I'c 0 Te To+0(1—2) T
foundation

Figure 1: The geometry of the body (2

where I represents the identity matrix, ¢r is the matrix trace operator, ' and v denote Young’s
modulus and Poisson ratio, respectively with £ > 0 and 0 < v < 1/2.

Let (x = (1,0),y = (0,1)) stand for the canonical basis of R?. We suppose that the volume
forces f = (fz, fy) = (0,0) are absent in Q and that the surface forces on I'y are denoted by F.
Let U represent the given displacements on I'p.

4.2.1. Determination of ¢

We begin with the determination of a (nonzero) linear displacement field ¢ = (¢4, py) in
(4.3). Since p =0 on I'p = (C, D), we get

Po = a(ycx + (1 -2y — yc), (4.5)
Py = ﬂ(ycx + (I —2)y — yc), (4.6)

with (a,4) # (0,0),
Obviously div (o(¢)) = 0. Inserting now the expressions (4.5)—(4.6) of ¢ in the constitutive
law (4.4) yields

E(ay.(v — 1)+ vB(z. — 1)) E(By. + a(1 — x.))

() = (14+v)(—-142v) 2(1+v) ()
o E@Bye+a(l—z)  Blwage+B(1—z)(1 1)) | |
2(1+v) (14+v)(1-2v)

Now we consider the Neumann conditions: o(¢)n = 0 on I'y. Since the unit outward normal

vector on 'y is 1 = +(—y./\/22 + y2,2./\/72 + y2), the stress vector on I'y becomes

E(a(2uy? — 2y% — 22 + 2220 + 2. — 22.0) + B(—2yev + 2cye))
2(1 = 2v)(1 4+ v)\/a2 + y?
E(a(yee — Yo + 2vye) + B(—y2 + 2y%v + 2va? — 2ux, — 222 + 22,))

2(1 = 2v)(1 + v) /22 + 2

So the Neumann condition is equivalent to the linear system

u(3)-(2)

o(p)n =
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with

2Vy2 - 23/2 - xz + 2$2V + x. — 220 —2YclV + TeYe
M =
Yee — Ye + 20y, —yg + 2y31/ + 21/1‘3 — 2ux,. — 2x§ + 2z,

Since (a, 3) # (0,0), we deduce that det(M) = 0. After some calculation we get
det(M) = 2(—1+2v) (zlv+2vy22? —2vy vyt =203 v+ alvtvy? — 29222 — ot 223 — 2% —y 4 2021,).
Hence this leads to the expression of the Poisson ratio:

(yf — T+ 903)2

YT (@ — )2+ D) @2+ )

We insert the expression of v in the definition of M so that

(W2zety2—a24ad) (Y2202 +w.—222+a3) ye(y2me—2y2+uw.—2z2+a)) (y2 -2z +a2)

u (x2+y2) (22 —22c+1+y2) (x2+y?2)(x2—22c+14y2)
Ye Y2z tyZ—z+xd)(y2—14a2) Y2 (ye—14a2) (y2—2z+2)
(x2+y2)(x2—2zc+14y2) (x2+y2)(x2—22c+14y2)

Denoting 61 = yoae+ye —w2+a3, 02 = Yewe—2ys +3c =217 +ay, 03 = Y2 — 2o +17, 04 = yp —1+a7,
the system (4.8) can be written in an equivalent way:

d2 (010 + yeb3B) =0

and
04(d1a + yed36) = 0.

The case d3 = 64 = 0leads to (z¢, y.) = (1,0) which contradicts y. > 0. Therefore §;a+y.035 = 0
and the condition o (¢)n = 0 reduces to one of the two following cases: the first one corresponds
to 61 = 0 and we have necessarily 3 = 0 (supposing 63 = 0 implies y. = 0 which contradicts
ye > 0). This implies that ¢, = 0 on I'c and from (4.3) we deduce that ¢ = 0 in £ which is
not interesting. The second case corresponds to d; # O:

2 9 2
o= e 2Tyl g (4.10)

wd — 22 + y2ae + g2

A calculation of 0,(¢) on I'c by using (4.7) as well as the previous expressions of o and v

gives:

EBy2(y2 + (zc — 1)?)%(22 + y2)

o = — ¢
") = 0t s T D RGE v+ D)
= cpfyc(z — 1). (4.11)
So we deduce that
x —2? fray?+y? <. (4.12)

It is straightforward that v > 0 in (4.9). Besides, the condition v < 1/2 is equivalent to

(xg — Tc+ yg + yC)(xg — Tc+ yf —.) <0. (4.13)
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Yl

0.25 +

Figure 2: The open admissible region ¥ for point C' = (z., y.).

Putting together conditions (4.12) and (4.13) gives

1 1 1-—
z. € (0,1), 1 + . — a2 — 5 <¥e< xc”ﬁic. (4.14)
&

The admissible domain ¥ in which are located the pairs (z.,y.) satisfying (4.14) is depicted in
Figure 2. Note that this also implies that a8 < 0. Besides, we obtain on I'c:

o(p) e

= . 4.15
7le) e (419
Finally (4.6) and (4.11) allow us to define ¢, on I'c = (0, 6) x {0}:
o (2 — 22+ wey? + y2) (2(y2 — wc +22)? + y2) (@ — 1)
and we deduce the expression of ¢; from (4.3) and (4.15): ¢; = —xccnsgn(ut)/y. which requires
that u; < 0 on I'c. So
= &cn. (4.17)
Ye

Note that any choice of (nonzero)  can be made in (4.6).

Remark 4.2 1. The choice of 0 € (0,1) is not fundamental in our study. We exclude the value
0 = 1 in our discussion (case where € is a triangle) since we want that ¢, and ¢; belong to

L>(T'¢). Note that
Bye(ys + (ze —1)*)* (22 + y2)
(22 — 22 + 2yl +y2) 22 — xe +22)* +y2)(0 — 1)

X
lenllzoere) = s letll ooy = i||CN|’LW(FC)~

2. The above functions ¢, and ¢; are not constant although ci/cy, is constant. It seems difficult

to find a function ¢ satisfying (4.3) and involving functions ¢, and ¢; which are constant on
Te.

4.2.2. Determination of u

Let us now focus on the field w = (uy,u,) solving problem (4.2). To simplify we search a
linear field

Uy = ax + by + c,
uy =dr +ey+ f,
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with u, (= —uy) > 0 on I'c and keeping in ming that the condition w(= u,) < 0 on I'c was
required in the previous section when determining ¢. Since o,(u) and o;(u) are constant on
I'c, we get from the definitions of ¢, and ¢; in (4.16)—(4.17) and from (4.2):

uy =d(x — 1) + ey, (4.18)
with d > 0. Again to simplify we search a tangential displacement field with ¢ = —a:
uy = a(z — 1) + by, (4.19)

where a > 0. Inserting the previous expressions of (us,u,) in the constitutive law (4.4), we
obtain that the condition o, (®) = —¢p,(up)+ is equivalent to

(a(a? +y2 — we)® + ey?) (vl — o + zey? + y2)

R R V1 A 7 ESTR I a7 T 20
which requires that
a(z? +y2 —x.)? +ey? < 0. (4.21)
Finally, condition o;(u) = —c¢¢(uy)4+sgn(u) is equivalent to
b= —d—2 ze(ate) (4.22)

yc<1'g — T+ y? + yc)(x% — X+ yZ - yc) '

In order to satisfy the assumptions of Proposition 4.1 we have to check that (u,)+ + ¢n =
(un, + ©n)+ and sgn(u;) = sgn(uy + ¢¢) which reduces to the inequalities 0 < d + [y, and
0 < a + ay. or equivalently

4 g olme =zt yere +ye)
ye — 7 ye(ad - 2ze +y2)

(4.23)

We are now in a position to conclude our discussion with the following theorem.

Theorem 4.3 Let be given the trapezoid ) of vertezes A = (0,0), B = (0,0), C = (z.,y.) and
D = (zc+0(1—2¢), (1-0)y.) withy. >0 and0 < 0 < 1. SetT'p = (C,D), T'ny = (A,C)U(B, D),
T'c = (A, B). Assume that the pair (z¢,y.) satisfies (4.14) (i.e., point C belongs to the domain
Y depicted in Figure 2). Suppose that v is given by (4.9) and let E > 0. Assume that ¢, and ¢;
are given by (4.16) and (4.17) respectively and that m, = m; = 1.

Let w be a displacement field defined in (4.18), (4.19) with a > 0, e satisfying (4.21), d given
by (4.20) and b given by (4.22). Assume that f = 0 and let F and U obtained from w as follows:
U=uonTp and F =o(u)n on'n. Let ¢ given by (4.5), (4.6) where « is defined in (4.10).

Then there exist an infinity of solutions to the problem (2.1)-(2.6). More precisely any
displacement field w + ¢ where [ satisfies (4.23) solves (2.1)-(2.6).

Remark 4.4 According to (4.4), we have for any v € Vj

KE
2 2
e @l 2 1 ol

a(v,v) >

where K stands for a Korn type constant which does neither depend on E nor on v. So we can
choose cx = KE/(14v). According to (4.1) we deduce that the data in Theorem 4.3 is such that
2D*CE(EK) ' (1+v) et oo (ro) = 2D?Chae(yi+a? —2ac+1) /(K (2 —a?+y2 +yZec) (0-1)) = 1.



Hild / Uniqueness and solution multiplicity for normal compliance with friction 15

4.3. A simple example

Finally we illustrate Theorem 4.3 with a simple example and an illustration. Set z, =
1/2,y. = 1/4 and choose § = 1/2. Clearly C' = (z.,y.) € 3. Let be given E > 0. According to
Theorem 4.3, we obtain D = (3/4,1/8), v = 9/25, ¢, = 125E/(68(1—x)),c: = 125E/(34(1—x)).
Then we choose a = 1/10. Clearly e = —1/10 satisfies (4.21) and we obtain d = 1/25 and
b= —11/25. So f =0in Q, F = (-5E5/68,0) on I'y, U is linear on I'p with U(C) =
(—4/25,-9/200) and U(D) = (—2/25, —9/400).

Any displacement field u + ¢ = ((u + @)z, (u + ¢)y) defined by

e et

with —4/25 < 8 < 4/55 solves Problem (2.1)—(2.6) according to Theorem 4.3. The case 3 =
—4/25 corresponds to slip with grazing contact (i.e., op(u + @) = o(u + @) = (u+ @), =0
and (u + ¢): = 8(x — 1)/25) and the case § = 4/55 corresponds to stick with penetration
(ie., (u+ @)t = 0 with (u+ ), > 0, or(u + ) = c:(u+ ¢)y). Figure 3 depicts the initial
configuration (ABDC') and three of the infinitely possible deformed configurations corresponding
to B =—4/25,5=0,0 = 4/55. Finally we mention that this example involves important strains

Figure 3: Initial configuration (ABDC') and three possible deformed configurations: (A+, B+)
corresponds to § = 4/55, (A0, BO) corresponds to § = 0 and (A—, B—) corresponds to [ =
—4/25.

(although the small strain hypothesis has been adopted). Of course this is in order to have a
better graphical representation and it could be avoided.
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