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Abstract. In this paper the delamination problem for laminated plates is studied.
A nonmonotone multivalued law is introduced in order to describe the interlaminar
bonding forces. This law is written as the generalized gradient in the sense of F. H.
Clarke of an appropriately defined nonconvex superpotential. Moreover, monotone
boundary conditions of the subdifferential type are assumed to hold. The problem
is formulated as a variational-hemivariational inequality expressing the principle of
virtual work in inequality form. By using compactness and monotonicity arguments,
the existence and the approximation of the solution of this inequality are investigated.

1. Introduction. In the present paper we deal with laminated plates, allowing for
debonding of the laminae. The developed theory also holds for any type of layered
plates or sandwich plates. The interaction between the laminae is described by a
nonmonotone, possibly multivalued law connecting the interlaminar bonding forces
with the corresponding relative displacements. This law permits the formulation of
the problem as a hemivariational inequality (cf. [1]-[3]) if classical boundary con-
ditions are assumed to hold. In the case of more complicated boundary conditions
but of monotone type, which are derived through subdifferentiation from a con-
vex superpotential [4], we obtain a variational-hemivariational inequality [5]. This
variational-hemivariational inequality is studied here from the point of view of the
existence and the approximation of his solution.

The considered problem is a unilateral one since its variational formulation is an
inequality. Unilateral problems in the theory of plates were first studied (see, e.g., [6,
3]) in the context of convexity and they give rise to variational inequalities. Here the
nonmonotone interlaminar law is expressed in terms of a nonconvex superpotential
[1] by forming its generalized gradient (see, e.g., [7]). Hemivariational inequalities
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in the framework of Kirchhoff and von Karman plate theory, but for a single plate,
have already been studied in [8, 9].

Due to the lack of monotonicity of the interlaminar law, we cannot use generally
the monotonicity arguments widely applied in the theory of variational inequalities
[6, 3]; here compactness-average value arguments are applied, combined with the
well-known monotonicity argument of the theory of variational inequalities. It is
worth noting that these two arguments are completely independent, which might be
useful in other areas, such as in the case of nonmonotone perturbations of multival-
ued equations involving monotone operators.

2. Derivation of the variational formulation of the problem. Let us consider a lam-
inated plate consisting for the present of two laminae (Fig. la). Each lamina is an
elastic plate and is referred to a right-handed orthogonal Cartesian coordinate sys-
tem Ox|x,x3 (Fig. 1b). The two plates have constant thicknesses 4, and 45, and the
middle surface of each plate coincides with the Ox,x,-plane. Let Q, and £, be two
open, bounded, and connected subsets of R? and suppose that their boundaries I'},
I', are appropriately smooth (Lipschitzian boundaries C%! are sufficient). Q; and
Q, are occupied by the middle surfaces of the plates in their undeformed state. On
Q' c Q) nNQ, (€ such that Q' n I' = & and Qn I'; = &) the plates are bonded
together in such a manner as to act as an integral structural element. We denote by
{i(x) the deflection of the point x = {x, x;, x3} and by f; = (0,0, f3;), f3; = f3:(x)
(hereafter called f; for simplicity) the distributed load of the ith plate per unit area
of the middle surface, where i = 1,2 denotes the upper and the lower plate €, Q,,
respectively (Fig. la).

The classical (Kirchhoff) theory of plates gives rise to the following system of
differential equations:

K/AAS = fi in Q,;, i = 1, 2, for the two plates. (2.1)

Here K; = E;h}/(12(1 — v?)) is the bending rigidity of the ith plate with £; and
v; the modulus of elasticity and the Poisson ratio, respectively. We consider here
for simplicity isotropic homogeneous plates. However, for further study we need
only the bilinear form «({;, z;) of the elastic forces of each plate, and the whole
study is independent of the specific form of «o({;, z;): only its coerciveness and its
boundedness are needed. Therefore, we can replace (2.1) by the respective equation
for orthotropic or anisotropic, homogeneous or nonhomogeneous plates, as is often
the case for laminated plates. It is well known (e.g., [10], p. 220) that the interlaminar
normal stress g3 is responsible for the delamination effects in laminated, layered, or
sandwich plates. Therefore, we split f; into 7,- € L*(Q;), which is the given external
loading acting on the ith plate, and into 7,-, which describes the interaction between
the two plates due to the binding material, i.e.,

fi=fi+f, inQ,i=12 (2.2)

To describe the bonding effect from the phenomenological point of view we can
consider diagrams I, II, III of Fig. 2b, which take into consideration local cracking
and crushing effects (cf. [1-3]) at the interface, characterized by brittle or semibrittle
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plate (j)

(a) (b)

F1G. 1. On the geometry of the laminated plate

(dashed line) behavior (debonding effects). This graph corresponds to the adhe-
sive contact of two laminae having negligible initial thickness of adhesive material
between them. According to the assumption of plate theory, the two laminae are in-
compressible in the direction Ox; and thus the condition of nonpenetrability should
be described by a vertical branch 4B. However, here, in order to take into account
the possibility of elastic deformations of the laminae in the direction Ox;, we allow
the line AB to have a small slope (line AB’). Analogously, the graph of Fig. 2c
corresponds to the more realistic case of a bonding sheet between the two laminae
of thickness # > A’. It is worth noting that the developed theory here simulates the
action of the adhesive material only in the direction normal to the plate. Interlayer
slip, which together with the debonding normal to the laminae constitutes the main
cause of the degradation of laminated plates, may occur in the framework of the
theory presented here as a result of the Bernoulli assumption for each plate. A more
complete study of the connection of debonding due to bending and that due to plane
interlaminar stresses could be achieved only in the framework of von Karman plate
theory and will be attempted elsewhere. In the present paper we make the general
assumption that 7,~ is generally a multivalued nonmonotone function (cf. Fig. 2d) of
the relative displacement of two plates.
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FiG. 2. Interlaminar force diagrams
[€1=0 — (> (see Fig. 2). (2.3)
We write that
—fLeBl-8) onQcCcQ N (2.4a)
(where Q'n ' =9),
+HeBli-8) onQcQnQ, (2.5a)
(where @ NI, = @), _
fi== =1 (2.6)
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and _
f1=0 onQ ~Q, (2.4b)

f,=0 onQ,-Q. (2.5b)

The graph of # may include vertical “filled in” gaps of finite length (Fig. 2b,c,d).

Further, we assume generally that # : R — P(R) is a nonmonotone multivalued
function, which is obtained in the following way. Let § be a locally bounded, mea-
surable function f: R — R, i.e., f € L2 (R). Moreover, for any ¢ > 0 and £ € R we
define the numbers

B.(&1) = esssup B(E),
[& —¢l<e

and

B, (&) = gssinf B(2), 2.7)

which are incr@sing and decreasing functions of ¢, respectively. So as ¢ — 0 we may
formulate lim 3,(&) = p(£) and lim_ﬁ_g(é) = B(¢), and we define the multivalued

function 8 : R — P(R) by setting

B(&) =18(S) ()] (2.8)

According to [11], if B(Eyg) exists for every £ € R, then a locally Lipschitz function
j : R — R can be determined such that

B(E) =03 (2.9)
Here j is defined up to an additive constant by the relation
4
i€)= [ s (2.10)

and 9 denotes the generalized gradient of F. H. Clarke [7]. Thus we write (2.4a) in
the form

-f1€B) =3, (2.11)
which is equivalent by definition to the hemivariational inequality
& z=-&>~f(z-&) forall zeR. (2.12)

Here j°(-,-) denotes the directional derivative in the sense of F. H. Clarke defined by

P& 2) = limsup LEFAHAD) e+ h)
A—0,,h—0 A

E+h+iz

= lim sup + B(&) dé. (2.13)
A~—*0+,h—*0’1 E+h

Note here that Eq. (2.11) may be interpreted physically as a nonconvex superpotential

relation [1, 3] describing the behavior of the adhesive material between the plates.
Now we can proceed to the derivation of the variational formulation of the prob-

lem. From (2.1), assuming sufficiently regular functions, we get the expressions

a((:,‘, Z,') Z/Q f,‘Z,‘dQ,‘%-/r @,-(C,-)z,-a’l“,— —A M,({,) g—ijdl‘,, Vz,€Z;, | = 1,2.
' ' ' (2.14)
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Here n; denotes the outward unit normal vector to I';,

all, z) = K/[(l — V) apZap + VALAZ]dQ, o, f=1,2, (2.15)
Q
is the bilinear form of the elastic energy of each lamina,
M({) = —K[vAL+ (1 = v)(2ninplin + il + n3¢ )] (2.16)
is the bending moment and
— oM dA 5}
00) = 0(0) — 25 = —k |8 4 (1= ) Setmma(Caa = L) + (= )]
(2.17)

is the total shearing force on the plate boundary I". Equation (2.14) expresses the
“principle of virtual work” for each lamina; Z; denotes the appropriate vector space
for the deflections {;, which will be defined later. We write Eqs. (2.14) for i = 1,2
and add. Then from (2.12) we get, by setting [{] = {| — {, and [z] = z| — z,, the
hemivariational inequality

I R I S A GIE R G

[9) 0 9z, -0
> [ Qi —cnars [ Oaz - Gyar- rIMIZIT%r

- Mzazz—a_agdr+/ 71(21—C1)d9
I n Q,

+/ 72(22—C2)d9, Vzi€Z,, Vz; € Z>. (2.18)
Q>
Further, we specify the boundary conditions of each plate: let us assume that

general monotone boundary conditions [12, 3] hold on the boundaries of the two
plates I'y, I's.

M, € b, (‘Z—i‘) on Iy, (2.19)
-0, €bl(¢)) onTy, (2.20)

. (00,
M, e bz <W) on I, (221)
-Q,€ebi(l;) onTy, (2.22)

where B,, 5{, 52, 5:’2 are maximal monotone operators from R into P(R). Then
convex, l.s.c., proper functionals ¢, ¢{, ¢,, ¢, (convex superpotentials [4]) can be

determined such that
- (0 o¢; )
A =30 | 22 = 2.2
b'<8n> 8(p,<an>, i=1,2, (2.23)

by =09(C),  i=12, (2.24)
where 0 denotes the subdifferential [13]. These general subdifferential boundary con-
ditions include all the classical (bilateral) and all the unilateral monotone boundary

and
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conditions [3, 6] (e.g., unilateral contact, friction, plastic hinge effects, prevented
rotation effects). Concerning the appropriate choice of ¢; and ¢} for each specific
boundary condition we refer to [3]. Further, the functionals

®,(z,) = { /r o () ar o (Gn) € r'm (2.25)
oo otherwise, i = 1, 2,

and

o { /r/p;(z,-)dr, if g!(z;) € L'(T), 226

oo otherwise, i = 1,2,

are introduced. They are convex, Ls.c., and proper on H?(Q;), i = 1,2. Thus we are
led to the following problem:

Problem 1. Find {, € Z,, {; € Z, such as to satisfy the variational-hemivariational
inequality.

a1 (§r, 21 = G) +a2(82, 22 = o)
+ [ P - D a9 + (2 - @40
+ @)(22) = P5(82) + @i (z21) — @i ({1) + Pa(z2) — P2({)
> /Q 712101 dQ+ /Q To(z22—02)dQ, ¥z € Z), V2 € 7o,

(2.27)

Equation (2.27) constitutes a variational-hemivariational inequality expressing the
principle of virtual work in its inequality form.

Obviously, all combinations of classical boundary conditions with boundary condi-
tions of monotone type resulting from convex superpotentials give rise to variational-
hemivariational inequalities analogous to (2.27). Only modifications of the range of
the integrals in (2.25) and (2.26) will be necessary. Further, we shall study (2.27)
on the assumption that the boundary conditions guarantee the coerciveness of the
bilinear forms; i.e., a “rigid lamina” displacement (polynomial of first degree in x
and x;) is not permitted. Moreover, we include the classical boundary conditions in
Z,;. For homogeneous boundary conditions Z; is a closed linear subspace of H?(Q;),
whereas for inhomogeneous boundary conditions Z; is a closed linear subvariety of
H2(Q;). In the latter case an appropriate translation transforms the boundary con-
ditions into homogeneous ones. For simplicity we first study the following problem
{problem 2). We assume that

{,=0 and 08L/on=0 onl, (2.28)

and that
{1 =0 and (2.19) holdson I';. (2.29)

These boundary conditions guarantee the coerciveness of the bilinear forms. Then
Z] = HZ(Q‘) N Hl(Ql) and Z)_ = HZ(Qz)
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Problem 2. Find {, € Z, and {; € Z, such as to satisfy the variational-hemivaria-
tional inequality

(81,21 = ) +a2(82 22 — ) +/Q, FULLIZ] - 18D dQ+ @y (z1) — D1 (1)

>(frzi1 =)+ (f222-8) VzZi€Z), V2 €2,

(2.30)

The above is a model problem: the method applied to its study remains the same

if other more general boundary conditions are considered provided that the coercive-

ness of the bilinear forms is preserved. Such more general problems will be examined
in the sequel.

3. Existence and approximation results; the differentiable case. We assume that for
some £ € R

esssup B(&) < essinf (&), (3.1)

(—o00.—&) (+&.+00)

i.e., that § “ultimately” increases. Obviously we can assume without loss of generality
(appropriate translation of the coordinate axes) that

esssup f(&) <0 < essinf f(£). (3.2)

(—o0,—¢) (+€.+00)
Note that it is possible that f(+o0) = +oo. We shall distinguish two problems with
respect to ®;: in the first case we assume that grad ®,{-) exists everywhere (“dif-
ferentiable” case), while in the second case @, is generally l.s.c., not everywhere
differentiable, and may take values in (—oo, +o0], ® # oo (the “nondifferentiable”
case).

Let us denote by (-, -) the duality pairing between the spaces Z; and Z|. Note that

(2.30) is equivalent to

ar(§nzr = &)+ aa(ls 22 — €2)+/;21 81121 = L) dQ + (grad @4 (81), 21 — &1)

>(fr.z21-8)+([222-8), Yz €2, Vo € 2.

(3.3)

Here (-, -) denotes the L?(Q;)-inner products. Indeed (2.30) implies (3.3), as it results

easily by setting z; = {; + A(w; - {;), 4 € (0, 1), and letting A — 0,. Here we use the

fact that & — jO([{], &) is positively homogeneous. It is obvious that (3.3) implies

(2.30) because of the convexity of ®.

We consider the regularized problem 2., which is defined as follows. Let p be a

mollifier, i.e., p € CZ°(—1,+1), p > 0, with ff:j p(&)dE =1 and let

Be = De * B, >0, (3.4)

where p,(&) = (1/¢e)p(&/e) and * denotes the convolution product. Then problem 2,
reads
Problem 2,. Find {,, € Z, and {,, € Z, such as to satisfy the variational equality

ay(Cre 21) + @282 22) + (grad @ ({1e), 21)

+ [ BllEdId@ = Tz + (o) vai€ 21 Va e 22(35)
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We consider a Galerkin basis of Z;, i = 1, 2, and we denote by Z;, the correspond-
ing n-dimensional subspace of Z;. Then the following finite-dimensional problem is
formulated.

Problem 2.,. Find (., € Z\,, {3en € Z>,, such as to satisfy the variational equality

ai(Cren 21) + @2(82ens 22) + (grad @ ({ien), 21) (3.6)
+ [ Bidid@ = Froz) + Foza) Vo€ Zin ¥ir€ Zan

Besides assumption (3.1), we assume further that
grad ®,(0) = 0. (3.7)
ProrosiTiON 3.1. Under assumptions (3.2) and (3.7) and for 7,- e L¥Q),i=12,
problem 2 has a solution.
Proof. We write (3.6) in the form

(A(en), 2) =0, for 2 =(zy,23), V2| € Zin, V23 € Zs. (3.8)
Because of (3.2) we may determine p; > 0 and p; > O such that (&) > 0if & > p),
Be(§) <01if &< —py, and {B:()] < p2 if [{] < p1, and we may write

[ BG40 = follEnDlEn] 42

[[Cenll> )
L B X (M
I[en 1<
>0—ppymesC). (3.9)

Because of the boundary conditions the bilinear forms are coercive, i.e.,
Ot,‘(C,', C,) > C,'||C,'||2, Vv(,eZ;, ciconst. >0, i=1,2. (310)

Here || - || denotes the H?-norm.
Because of the monotonicity of grad @, and assumption (3.7) we have

(grad @ ({1en) — grad ®@,(0), &1cn — 0) 2 0, V1o € Zy. (3.11)
From (3.9), (3.10), and (3.11) we find that
(A(gen)x Een) = a1 ($ien Cren) + @2($2ens C2en)

+ <grad q)l(Clen): Clen) + /Q/ ﬂs([Cen])[Cen] aQ — (71’ Clen) - (72, C2an)

> CI”Clen”z"'CZIKan”z
+ 0 — p1pames Q' — c3)|Cienl| — callCaenlls 1, C2, €3, C4 const. > 0.
(3.12)

By Brouwer’s theorem (3.8) has a solution {,, with ||{.,|| < c.

Further, we shall investigate the behavior of the solution (., of the finite-dimen-
sional problem 2., as ¢ — 0 and n — oo. Due to the fact that {{,,} is bounded in
Z;, i = 1,2, we may extract a subsequence, again denoted by {{;.,}, such as to satisfy
fore - 0, n — o0

Cien— ¢y weaklyin Z;, i =1,2. (3.13)
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But since the imbeddings H2(Q;) c L*(Q,), i = 1,2, are compact, we obtain
Cien — (; strongly in L2(Q,), i =1,2, (3.14)

and accordingly
gisn d Ci a.e. in Q,‘, i=1, 2. (315)

Further, we show that, under the assumption (3.2), {B:([{en])} i1s weakly precom-
pact in L'(Q'). By the Dunford-Pettis theorem ([14], p. 239) it suffices to show that
for each 4 > 0 a d(u) > 0 can be determined such that for w C Q' with mesw < §

/ Be([Len])| 42 < . (3.16)

The inequality (cf. [15])
SolBe(S)] < 1B(S)e] + o I;lilg |B:(S) (3.17)

implies that

/'ﬂe([(en])’dgséi/|ﬂ£([C£n])[Cen]|dQ+/ sup  |B:([Len])| Q2 (3.18)
w 0Jow w

[[Een(x)11<&0
But

/ |Be([CanD[Lon] A = / |Be([ConD[en]| 42
Q’ [[en(X)]]> P

+ / |Be([Cen])[end d Y
[[8en (XIS o1

[[en (x)11>p1 [[en (X)) < P4
+2 |~~~|d§2’§/ |- |dQ
”CE“(X)”S/’I |[CL"(X)]|>p]

+/ |- dQ +2 |- 1deY
|[§CH(X)]|$pI '[(l;u(-x)”Spl

= [ Blllal(Cal d +2 |Be([Len]) Cen)l 42
_Q' _ [[Cen(X)]I<
= (71, Clsn) + (72' €2£n) — (Clsnv Clsn) - QZ(CZWI’ Can)
- (gradq)l(Clsn)vClsn> ‘+‘2 |ﬂ£([££n])[€£n]ld9l
[[Len NI Py
<c+2pipymesQ — (grad @, (L)) — grad @, (0), £1en — 0)
<c+2ppymes, (3.19)
where again (3.11) has been applied (see also (3.9)). Further, we use the relation
sup |B:(¢)] < esssup|B(E)]. (3.20)
[E1<¢0 [€1<&n+]

We can choose &, such that for all € and »

1 , i ,
aﬁlﬂe([cml)[cmnm < H(c+2ppmes) <

(ST

(3.21)
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and J such that (cf. (3.20)) for mesw < J

esssup |B(¢)] < 2= (3.22)
| <Eo+1 20
Then
/ sup  Bo([ln))|dQ < esssup  |B([L.]) mese
@ |[en ()< J[Cen (X)L +1
b _ B
<550=3 (3.23)

Equations (3.18), (3.19), (3.21), and (3.22) imply (3.16), i.e., that B:([{cn]) is weakly
precompact in L'(Q’). Thus, as ¢ — 0 and n — oo, a subsequence again denoted by
{Be[{en]} can be determined such that

Be([Cen])) — x  weakly in L'(Q). (3.24)

From (3.6) we get
|{grad @, (Cien), 21)| < cllzil|z1, Vzi € Zy, (3.25)

which implies that
|l grad @ ({ien)llz; < c. (3.26)

Thus we can determine a subsequence again denoted by {grad ®,({).,)} such that as
e—0,n— o
grad®,({i.n) —» ¥ weakly in Z;. (3.27)

Thus by passing to the limit n — oo, € — 0 we get from (3.6) (note that [z] €
H(Q') ¢ L*(Q) for Q' C R?)

(G 20) + on(Ga,z2) + (¥ 21) + | 27140

=(F.21)+ (F222), Vzi €Z1, Yz € Z5. (3.28)
The proof will be complete if we show that
Y =grad®,({;) in Z; (3.29)

and that
x € B([L]) ae. on Q. (3.30)

To prove (3.29) we proceed as follows. We form the nonnegative—because of the
monotonicity—expression

Xn = (grad ®({1en) — grad ®,(0).{1en — 0) >0, VO € Z,, (3.31)
which by means of (3.6) becomes
Xn = —a1(Cien C1en) — @2(82en, C2en)
- [ Bl Een) 2+ (T ren) + (7o o)
~ (grad @, ({1n), 0) — (grad ®,(6), Luon — 6) 20, VO EZ,. (3.32)
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We assume at present (the proof will be given in Lemma 3.1 separately) that
iim [ pGaliEld@ = [ xi1d0 (3.33)
= 2

Then (3.32) givesas ¢ — 0, n — o0
0 <limsup X, < —o ({1, 1) — a2(2. o)
- [ 1042+ 7 0)+ (T L) = (¥.0) — (erad @1(0), Ly = 0). - (334)
From (3.28) and (3.34) we get
(W, - 0) — (grad ®,(0),.(, —6) >0, VOeZ, (3.35)

which implies by the well-known monotonicity argument or Minty’s method (see,
e.g., [6], p. 55) that

¥ = grad®({,) in Z]. (3.36)
It remains for us now to show that
x € B(L]) ae. in Q. (3.37)

From (3.15) by applying Egoroff’s theorem we can find that for every o > 0, w, and
w, with mesw; < o and mes w, < « can be determined such that

Cien — ¢ uniformly in Q; —w;, i =1,2, (3.38)

where {; € L*(Q; — w;). (Actua_lly Cign — &; strongly in L°°_(_Q,~) because of the com-
pact imbedding H?(Q;) ¢ C%Q;) and the imbedding C°(Q;) C L*°(;).) Because
of the uniform convergence for any p > 0 we can determine &g < p/2, ny > 2/p such

that for ¢ < &g, n > ng
[Cion = Cil < p/2, VYx e —w;, i=12. (3.39)

Therefore for every o > 0 we can determine w with mes w < « such that for any
u>0and fore<ey < u/2and n>ng>2/u

I[Cen] = [CN < /2, Yx € Q — w. (3.40)
We can easily verify that
Be(&) = (pe * B)(S) = ) B(& —t)pe(t)dt < eslflsup/f(é —1) (3.41a)
and analogously
essinf B(& —¢) < B.(&). (3.41b)

|t]<e
Thus from (3.40) (see also (2.7))
Be([Cen]) < Ssssup B(&)

< esssup B(&) < esssup (&) = f,([¢]). (3.42a)
(o1& 1<p/2 1)=&l <u
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Analogously,
B ([C]) < essinf B(E) < Be([Cenl)- (3.42b)
[1=¢l<u
Choosing e > 0 a.e. in Q' — @ with e € L®(Q' — w), we obtain from (3.42)
[ Bedas | pladedes [ F(ledd (343
Q' —-w Q' —w Q—w
and taking the limits ¢ — 0 and n — oo we find
[ ppedns [ geaas|[ Fpeda (344
Q' —w Q—w Q' —w
Lebesgue’s theorem implies as 4 — 0 that
[ pivedas [ zeaas< [ Faipeds (3.45)
Q' —w Q' -w Q—w
Since e > 0 is arbitrary, (3.45) implies that
x € B(L]) ae inQ -w (3.46)

and by taking « as small as we wish we obtain (3.37). O
LEmMMA 3.1. As e — 0, n — oo, (3.33) holds.

Proof. We form the difference

/ {ﬁs([CEn])[Cm]_X[C]}dQ: / ﬂs([(&n])([Ct:n]—[C]) dQ
Q Q
+ / ) Be(lon]) — 2)dQ = A+ B (3.47)
QI

Since H?(Q') is imbedded into L>(Q'), (3.24) implies that lim B = 0. This imbed-
ding is also compact. On the other hand, (3.24) implies that

Be([LeDll L@y < € (3.48)

Therefore
| Al < B ([Cen DIl @y 1lCen] = [Ell L), (3.49)
which yields that im A4 =0. O

4. Study of the nondifferentiable case. In this case grad ®; does not exist every-
where. In order to regularize the convex superpotential ® we assume that a sequence
of convex Gateaux-differentiable functionals {®,,} exists, depending on a parameter
p, with the properties:

(1) As p— 0, ®,(z) = P(2).Vz € Z, (4.1)
(i) grad @, ,(0) = 0, and (4.2)

(iii) if z, — z weakly in Z, for p — 0, and if ®,,(z,) < M, where M is a constant,

then

limigﬂb,,,(z,,) > ®(z). (4.3)
p—

We now define the following regularized problem.
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Problem 2;,,. Find {;, € Z;, i = 1, 2, such as to satisfy the variational equality

1(Giep 20) + 02 22) + [ 18 DIZ1 A0

+(grad ®,(Ciep), 21) = (f1, 20) + (Fp 22), Vzi€Z;, i=1,2. (4.4)
The corresponding discretized problem reads

Problem 221,,,. Find {ipn € Zin, § = 1, 2, such as to satisfy the variational equality

al(Clspn: z1) + aZ(CZepn: z2) + /Q/ ﬂs([Cepn])[Z] dQ

+ (grad @, (ispn) 21) = (F1 20) + (F2 22). V2 € Ziy, i= 1,2 (4.5)

PROPOSITION 4.1. Under assumption (3.1) and if ®,, satisfies (i), (ii), and (iii}, prob-
lem 2’ has a solution.

Proof. For problem 2; ,, we can prove, as in Proposition 3.1 by means of Brouwer’s
fixed-point theorem, that a solution exists and that

[[Ciepnllz, < ci, i=12, (4.6)
where ¢;, [ = 1,2, are independent of ¢, p, and n. Then as ¢ — 0, n — oo,
Ciepn — Cip weaklyin Z;, i =1,2. (4.7)
Further, we can show as in Proposition 3.1 that (3.16) holds for {S;([{:»]}. Thus

Be([Cepn]) — x, weakly in L'(Q'). (4.8)
As p — 0 we have
lip— i weaklyin Z;, i =1,2, (4.9)
and
Xp — x weakly in L'(Q'). (4.10)
As in Proposition 3.1, we show that
|l grad @1 ,(C1epon)llz; < . (4.11)
where ¢ is independent of ¢, n, p and thus as ¢ — 0, n — oo,
grad®,,(1zpn) — ¥, weakly in Z] (4.12)
and
Y, - ¥ weakly in Z]. (4.13)
By means of the monotonicity argument for ®, we obtain as in Proposition 3.1
¥, =grad®,({1,), (4.14)

where we use

limy | BGamCin1d2 = [ 118,102 (4.15)
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The proof of (4.15) is the same as the proof of Lemma 3.1. By passing to the limits
&£ — 0, n — oo in (4.5) we obtain the variational equality

ar(Cip, z1) + a2(82p, 22) + /Q 2p[21dQ + (grad ®,,({1,), 21)

=Frz)+ (Faz2) Vzi€Zy Yz € Zy (4.16)

Now we pass to the limit p — 0. From (4.16) and (4.14) we find that because of the
convexity of ®;,

(Dlp(zl) - (Dlp(Clp) + al(Clp: zZ) — Clp) + aZ(CZp: 2 — C2p)

+/ Xo([2] = [£,]) dQ > (71, 21— Cip) + (72, 23— (o), Vzi €Zy, Vz € Z;.
o 4.17)

Let us introduce in (4.17) z; such that ®;(z,) < co. Then from (4.1) an M, exists
such that ®,,(z;) < M, and from (4.17) we obtain

D,,(L1,) < M. (4.18)
(4.18) and (4.9) imply (4.3). (4.17) is written in the form

A=®,(z)) + a1({1p, 21) + a2(2p0 22) + /Q xp[21dQ2

> 01,(010) + onC1p D) + 02(laps ) + [ 210,142

+(frz1=Cip)+(f222-02p) =B, Vz,€Z, V€2,  (4.19)
which as p — 0 gives

;l)i_rgian = /l,i_r%{d)lp(zl)+a1(C1p,zl)+a2(C2p, ZZ)'*‘/Q, %p[2]1dQ2}
> /l)i_r'r(l)infB = ll)i_lginf{q’lp(flp) + a1 (815 C1p) + @282, C2p)
+ [ pl1d@) +lim((Froz - ) + (Fo 22— )
Q p—0

Vz,€Z,, Vz&€Z,. (420)
From (4.3), (4.10), and the relation (proof as in Lemma 3.1)

lim / 200,149 = / 21014, (4.21)
p—0 Jq Q
we get from (4.20) by means of
liH}) inf o;({ip, Cip) > ai(8in §i), i=12, (4.22)
p—

the following:

Di(z) —Pi(1) + il 21 = §1) + (o 22— §2) +/Q/X([Z]— [€1)dQ

>(fz2i =)+ (fr 22— 8), Vzi€Z, Vz,€2Z,. (4.23)
It remains for us to show that
x € B(L]) ae onQ. (4.24)
The proof of (4.24) is the same as in Proposition 3.1. O
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5. On the strong convergence of the approximate solution. In Secs. 3 and 4 we
have shown that {;,, — {; weakly in Z;, i = 1,2. We shall study here the strong
convergence of the solution by means of additional assumptions. We treat directly
the nondifferentiable case.

PrROPOSITION 5.1. Suppose that there exist ¢ > | and a constant ¢ > 0 such that
1B(E) <c(l+E)9) forall&eR. (5.1)

Moreover, let b(¢) € d¢, (&) and b,(E) = grad ¢;,(£) and let us assume that they
satisfy the conditions

1bE)| < ci(1+1E]) (5.2)
and
[6,(E)] < a1+ [E]). (5.3)
Then fori=1,2
Cignp — ¢ stronglyin Z; ase¢— 0, n — oo. (5.4)

Proof. First we write (2.30) in the equivalent form

ar(Cr zr = §1) + oG 22— &) +/ S8 2] - KD dQ

+d)ll(Clv4l Cl) (f] Zy CI)+(72,22—C2), VZ]€Z|. VZQ_EZz,
(5.5)

where
(e ) =ty AN =000 56

is the one-sided directional Gateaux differential at { in the direction w. It is well
known that for ®() finite ®(¢, -) always exists [16]. To show the equivalence of
(5.5) to (2.30) we note that setting in (2.30) z; — {; = A(Z; = {;) for 0 < A < 1 implies
(5.5). Conversely, (5.5) with the inequality

Dy (z1) — P () 2D (12 = 6), Vi eZ (5.7)
implies (2.30). Equation (5.5) implies by setting z; = {;,n, { = 1,2, that
ar(C1 8 4+ @2(80. 8) < a8 Ciepn) + a2(82, Laepn)
# [ ] = D4R = oL = 1)
— (T Coopm = §2) + D4 (E1, Chegn — 81) (5.8)
From Problem 2,,, (Eq. (4.5)) we obtain

) (Clcpnv Clﬁ/m) + (12(C25;)r1r C?,E/Hl) = @) (Cl{,‘/)n' Zin)
+ (IZ(CZE/)"' Zon) + (grad<D|,)(Clg,,,,). Zin — Cle/m)

+ / BC([{E/)H])([ZN] - [Cs/m]) dQ - (711 Zin — Cls/m)
JQ

- (72, Zn — C21;/m)v VZln S ZInn VZZn € Z2n- (59)
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Because of the coerciveness of the problem, we obtain from (5.8), (5.9)

IS = Cispnll* + 21180 = Caepnl?
<ol - Clepn’ ¢ - Clepn) + (- CZspn: G- CZspn)
= a1 ({1, 1) + 1 (Ciepns Crepn) + @2(C2, §2) + @2(82epns C26pn)
- 204(¢y, Clapn) = 203($2, CZspn)

< o1 Grepn) + 02(Ga Lagn) + [ 1200 Gopr] = 10D 42
- (71: Cle/m - cl) - (?2’ C2£pn - £2) + (i)ll(Clv Cls/m - Cl)
+ oy (Clepn: Zin) + a2(c26pn’ Zyn) + (grad(blp(Clapn)’ Z1n — Clepn)
+ [ BellCeon )20 = o) 492 = (T 210 = L)

- (72r Zn — CZapn) = 204({1, Clepn) = 2a(8y, CZspn)r Vzin € Zin, Y224 € Zop-
(5.10)

We take z,,, i = 1,2, such that as n — oo
zin — (i strongly in Z, ¢ H*(Q,), i=1,2. (5.11)

From (5.10) by considering the limit ¢ — 0, 7 — oo, p — O we have to calculate

| i ) ]
lim { [ P - ) a0+ [, Al @201 - el 0

+(i)ll(CI’ Cle/m - Cl) + (gradq)lp(Cle/m)' Zin — Clspn)}- (512)

Using hypothesis (5.1) and the definition of j°, we have

l [C]“”h*’/{{[é’c/»n]_[“}
/ B(t)drdQ
[

| @ Em - R = [ tim sup
1% o} ’-h—_’?d {l+h

. 1 [C]+h+l{[4’um]_[é‘]}
< c/ lim sup = (1+17|19)dtdQ
Q' Ah—;od /‘{ [;]-&-h

=c / (1 + [0 ([ opn] — [£]) A2 (5.13)
Q/

Since H?(Q;) is compactly imbedded into L4(Q;), ¢ > 1, i = 1,2, we obtain, since
Q' C Q; and using Minkowski’s inequality, {{:,,] — [{] strongly in L7(Q'), g > 1.
Thus fore — 0, n - 00, p — 0

tim [ (0 1] ~ 10 d2 = 0. (5.14)

From (4.8}, (4.10)
1B ([epnDll iy < c (5.15)

Moreover, the compact imbedding H2(Q,) ¢ C%(Q;), i = 1,2, implies that
[{epn] — [C]  strongly in L>°(Q'). (5.16)
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Therefore, we have that

[ Bzl Kl 49
< ||;Be([Cepn])||L1(Q/)||[zn] _ [Cb‘pn]”Loo(Ql)

< C||[Zn] - [{epn]HL""(Q/)

< clllzn] = [Ny + cHET = [Lep]ll Lo (r)- (5.17)
From this inequality we obtainas ¢ — 0, n — o0, p — 0
lim [ Bul(Gopn ) ([20] = [n]) 42 = (5.18)
Q/

We examine the term (i>’1(C 1,C1epn — £1). From assumption (5.2) we easily obtain
9,(0¢/dn) € L\, by applying the trace theorem and using the fact that up to an
additive constant ¢, (& f g b(&) finite), where b is a measurable selection
of b. Moreover, @, is regular in the sense of Clarke and therefore ®9(w, z) = & (w, 2).
Using assumption (5.2) and the continuity of the trace mapping, we obtain by apply-
ing Proposition 2.3.6 of [7] (see also [3], Proposition 4.3.1)

ow 0z ow 0z
/ — 0 — 0 —_ =
<I>l(w,z)—d>1(w,z)—/r(pl (8n’8n> dar /(p (8 8n> dr. (5.19)

ow Oz ) 1 Ow/On+Adz/on
3| =, — dF:/llm—/ b(t) dt
/r""<8n 3) ar= [ im ; ot ()

But

Ow/on+Aoz/on
hm— (1+|l|)dt=c/<1+ ?ﬁ><a—z>dl“
r4=0. 4 Jaw/on r on on
ow 0z
1+ — — 5.20
* n an |2, (520

We note that {55, — ) weakly in H%(Q,) implies that 0C1epn/On — 3(1/On strongly
in L2(I';) for a Lipschitzian boundary I';. Indeed, {jpn — {1 weakly in H?(Q)
implies that {1;,n; — (1. weakly in H'(€) and, because u € H'(Q,) — u|r € L*(T)
is compact and n = {n;} exists a.e. on I'; where n; is a measurable bounded function,
we get the strong convergence of the normal derivativesonI'|. Thusase — 0, p — 0,
n— oo

llm(iyl((ly Clt:pn - Cl) =0. (521)

We now examine the term (grad ®;,({icpn). Zin — {1epn). Using the same arguments
as in the previous case, we find using (5.3) that

ow\ 0z

(grad ®,(w), z) = / grad g, <8 > n

1 owfdn+Adz/on ow
/lrm— b,,(t)dt5c/<l+ =
ri=0: 4 Jawjon r

on
ow 8_2
on on |l

) (@) or

(5.22)

<cfi+ |5
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Thus
|<gradq)1p(Clepn), Zin — Clspn)
<cl1+ 8Clspn 621,1 . aC[epn
on ) on on 121)
<c azln _ a_CI 8_C1 _ aCISpn , (523)
- on  on |y on on |l

which implies thatas e —» 0, p — 0, n — c©

1im<gradq)1p(Clspn), Zin — ern) =0. (5.24)

Thus (5.12) tends to zero, and this implies with (5.10) the strong convergence of (.,
to {;in H*(Q;,) fori=1,2. O

Because of this strong convergence we will also have convergence of {;;,, to {; in
the C%(Q;)-norm.

6. Related general boundary-value problems and remarks. Analogous results may
be obtained if other types of subdifferential boundary conditions hold. Suppose for
instance that on I, C I'; (2.20) holds and that the remaining boundary conditions on
I') and I'; guarantee the coerciveness of the bilinear forms. We denoteby Z;, i = 1, 2,
the closed subspaces of H?(Q,), i = 1, 2, defining the kinematically admissible sets of
the plates. The resulting variational-hemivariational inequality is analogous to (2.30)
but with @, replaced by &}, which is given by (2.26). Again Propositions 3.1 and
4.1 hold and the problem admits a solution. The proof of Proposition 5.1 is slightly
modified since the imbedding H?(Q) — L>(I") is compact. Moreover, assumptions
(5.2) and (5.3) can be replaced by the assumptions

1/ <c(T+K1™), a1 >1 (6.1)

and
b, < a1 +K["), @21, (6.2)

where b'({) € 0¢}(£) and b,(f) = grad 9] ,(£). Moreover, instead of (6.2) we may
assume that
& — by(&) € COR).

Also, combinations of subdifferential boundary conditions can be dealt with. Sup-
pose, e.g., that on I'; C I'; and I/ C T; the plates Q; are subjected to the boundary
conditions! (2.19) and (2.21) on I} and (2.20) and (2.22) on I'/, respectively, and
that on the remaining parts I/ of their boundaries they are subjected to classical

'Various types of boundary conditions may simplify some parts of the proof. (The proof of Problem 2 is
the most general possible.) For instance, due to the imbeddings H2(Q) ¢ €%Q) ¢ CI') ¢ L>(T') and
the smoothness of S the part of the proof (3.16-3.23) is superfluous for the variational-hemivariational
inequality (2.30). However, the L'-weak precompactness of {f;({)} has to be shown in any problem
for which the previous imbeddings do not hold, e.g., for a hemivariational inequality formulated in the
H'-space (see [3], p. 272). This is also the case in our problem if a nonmonotone boundary condition
holds, i.e., if (2.19) is replaced by

Me 131 (%%) =8¢, (%%‘) onI.
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boundary conditions which guarantee the coerciveness of the bilinear forms. Then
we may pose the problem in the general form (2.27). We may also define, fori =1, 2,
the convex, l.s.c., and proper functionals

0z, /(2 if o, (22} e L/
/r’ v, (W) d1"+/r” gi(z)dT if o, <8n> e L'(T})

9.(zi) = I and ¢(z;) € LI(F',-l), (6:3)

oo otherwise

and pose the problem again in a form similar to (2.27) but now including the terms
2

> (®i(z) - ®i(L))  given by (6.3).

i=1
To study this problem we make the same assumptions as in Propositions 3.1 and
4.1 but now for each ®,. The same proofs (with only slight modifications) as in
Proposition 3.1 and Proposition 4.1 yield the existence of the solution for both the
differentiable and the nondifferentiable case. The strong convergence is shown under
the growth assumptions (5.1) and (5.2), (5.3) where now the latter have to be assumed
for the b/s corresponding to ¢, and ¢;, i = 1,2. As noticed before, the growth
assumptions with respect to the ¢/s may be replaced by (6.1) and (6.2) whereas the
latter may also be replaced by & — b;p(C) € C%R).

We may also obtain existence and approximation results if subdifferential condi-

tions hold in Q) C Q;, i = 1,2, of the following form. Suppose that

7 = 7’ + ﬁ where 7_,7 is given in L*(Q;) and

€09/ (l;) on Q' cCQ, (6.4)
77=0 onQ -Q

fi
7

where Q; N T'; = @. Here p!' is a convex, l.s.c., proper functional on R. It is well
known (cf. [3], p. 91) that (6.4) describes the unilateral contact problem for each
plate (cf. Fig. 3) for a deformable or a rigid support. In this case ®,;(z;) in (6.3)
will also contain the term { [, ¢/ ({;)dQ if ¢]({;) € L'(Q), oo otherwise}. Again
Propositions 3.1 and 4.1 hold under the same assumptions as before, and analogously
strong convergence may also be shown. In this case b/'(£) € 3¢ () has to satisfy a
relation of the form (6.1) and b,,(¢) = grad ¢}, (¢) a relation analogous to (6.2) or
that § — b7(¢) € CO(R). The method developed can also be applied to orthotropic
or anisotropic plates by changing appropriately the bilinear forms «,({;, z;).

Until now we have considered a laminated plate consisting of two laminae. The
same results can be obtained for a laminated plate consisting of # laminae which

Then we take the Galerkin approximation

N )z
Z,,,CZ;:Z,ﬁ{:I{qu,,{‘—'
on

€ Lx(r])}

Ty

where Z, is dense in Z,; (3.14) is replaced by 9, /dn — 9¢, Jon strongly in L2(I"}) and then the L'-weak
precompactness of {h],; ((')C,,;,,/i)n)} has to be proved (cf.(3.19-3.24)).
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are bonded by interface laws of the nonmonotone possibly multivalued form (2.4)-
(2.6). Let us assume that all the subdifferential boundary conditions of each plate
are included in a functional ®; defined as in (6.3), whereas the classical boundary
conditions are taken into account in the definition of the subspaces Z;, i = 1,2, ..., n.
Then we may formulate the following problem.

. z

2

NN

/

F1G. 3. On the obstacle problem for a laminated plate

Problem 3. Find {; € Z;, i = 1,2,...,n, such as to satisfy the variational-
hemivariational inequality

n n—1
SelCozi- L)+ Y [ 008N (2 - €0 4
i=1 i=1 Y8

3 @i(z) - (L) 2 Y /Q Tz -8)dQ vz eZ. (6.5)
=1 i=1 '

Here [z];=z;p1— 2z, i=1,2,...,n~ 1.

Following the same methods as in Propositions 3.1, 4.1, 5.1 we can prove the
following proposition on the assumption that the boundary conditions guarantee the
coerciveness of the bilinear forms. (For example, let us assume for simplicity that
on I} C T'; each plate is clamped, i.e.,that (2.28) holds for each plate.) Moreover, we

assume that 7, € L*(Q,)).

ProrosiTION 6.1. Let (3.2) hold for the B8; corresponding to j;, i = 1,2,...,n, and
assume that for each ®;, i = 1,2, ..., n, assumptions (4.1)-(4.3) hold. Then problem
3 admits a solution.

The proof is the same as the proof of Propositions 3.1 and 4.1 and therefore
is omitted here. Analogously, we obtain the strong convergence and therefore the
convergence in the C°(Q;)-norm, if growth assumptions (5.2), (5.3) and/or (6.1),
(6.2) hold.

It is worth noting that by applying the method of [3], p. 150 all the studied prob-
lems can be formulated as substationarity problems of the potential energy. More-
over, because of the lack of convexity the problem does not have a unique solution.
Each local minimum of the potential energy is a substationarity point and there-
fore a solution of the variational-hemivariational inequality—and therefore of the
problem—but not conversely.
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The method applied to the study of the existence and approximation of the solu-
tion of laminated plates in Propositions 3.1 and 4.1 can also be applied to the study
of the existence and approximation of the solution of more abstract mathematical
problems. We mean here nonmonotone perturbations (expressed in terms of general-
ized gradients) of multivalued equations of the form f — Au € d ®(u), i.e., the study
of multivalued equations of the form

f—Aueddu)+alu) (6.6)

Here 4 ¢ introduces the nonmonotone perturbations of the equation, ® is a convex,
L.s.c., and proper functional on a Banach space V', f € V', and A: V — V' is a linear,
bounded coercive operator.
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