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The aim of this contribution is threefold. First, we formulate unilateral
contact problems for three models of plates and the Koiter shell model.
Contact conditions have been formulated on the face being in contact
with an obstacle and not on the mid-plane of the plate or the middle
surface of the shell. Such a rigorous approach results in nonconvex mini-
mization problems even in the case of thin, geometrically linear plates.
Existence theorems are formulated for each model considered. Second,
the Ito and Kunisch (1990, 1995) augmented Lagrangians methods have
been extended to nonconvex problems. Third, nonconvex duality theory
by Rockafellar and Wets (1998), valid for finite-degree-of-freedom sys-
tems has been extended to continuous systems. Specific examples have
also been provided.
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1. Introduction

Contact conditions for thin structures like plates and shells are usually
posed on the mid-plane of the plate or the middle surface of the shell, cf
Duvaut and Lions (1972, 1974), Panagiotopoulos (1985), Telega (1987). Such
an approach is unacceptable in the case of moderately thick structures and
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in the case of friction beetween the structure and obstacle. Also, rigorously
formulated contact problems should be formulated on the face being in contact
with the obstacle.

Our considerations are confined to static frictionless contact problems. It
is then possible to formulate relevant boundary value problems in the form
of corresponding minimization problems. Since we are interested in the con-
tact conditions imposed on the face being in contact with an obstacle, the
resulting minimization problem is in general nonconvex even in the case of
a geometrically linear structure. We shall consider two geometrically linear
elastic plates, the von Karman plate model and the linear Koiter shell model.
A moderately thick nonlinear plate was studied by Bielski and Telega (1998),
cf also Bielski and Telega (1992, 1996). Other models of plates and shells,
including geometrically nonlinear models, can be studied similarly.

Ito and Kunisch (1990, 1995) developed mathematically rigorous augmen-
ted Lagrangian methods valid for convex problems. We propose an extension
to the nonconvex contact problems, combining the approach of these two au-
thors with iterative procedures, cf also Bielski et al. (2000). An example has
also been provided. The papers by Telega and Galka (1998, 2001) provide
many examples of usefulness of the method of the augmented Lagrangian.

The third topic studied in this paper concerns duality theory in the case
of nonconvex primal problems. In a series of papers we have shown that the
so-called Rockafellar’s theory of duality, as presented in the book by Ekeland
and Temam (1976), imposes restrictions on dual variables, cf Bielski and Tele-
ga (1992, 1985a-d, 1986, 1996), Bielski et al. (1988, 1989), Telega et al. (1988),
Galka et al. (1989), Telega (1989), Galtka and Telega (1990, 1992, 1995). For
instance, in the case of von Karman’s plates, the matrix of membrane forces
has to be positive semi-definite, thus precluding compressed plates. Otherwise
the primal and dual problems will be characterised by a duality gap. Ano-
ther possibility is offered by so-called anomalous dual variational principles,
cf Galka and Telega (1995), Telega (1995). However, their usefulness seems
to be of limited value, as prove the examples of compressed beems, studied
in these two papers. Recently, Rockafellar and Wets (1998) proposed a novel
approach to the formulation of dual problems in the nonconvex case where the
duality gap is possible. Their approach is confined to finite-degree-of-freedom
systems (discrete or discretized). In essence, this new approach exploits pro-
perly chosen augmented Lagrangians. We succeeded to extend the Rockafellar
and Wets (1998) duality theory to continuous systems.
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2. Geometrically linear plates

In Section 2 we shall formulate minimization problems in the case of the
obstacle problem for the linear Kirchhoff plate and Reissner plate model. The
obstacle is rigid and the contact occurs through the lower face of the plate.
An extension to the case where both the lower and upper faces may come into
contact with rigid obstacles is straightforward.

2.1. Thin plates

Let £2 C R? be a sufficiently smooth domain and I" = 942 its boundary.
{2 denotes the mid-plane of an undeformed plate. The plate occupies the region
§2 x (—h,h) C R3. The boundary I is decomposed into two parts: I and
I such that I' = T(] UTl, IynlIy = (. Let v = [’UZ'], v; = ’L)Z’(JEQ,Z) be
the displacement vector of a point (x4,2) € 2 X (=h,h), a =1,2;i=1,2,3.
The axis z is directed downwards. We assume the classical Kirchhoff-Love
kinematical hypothesis

Va(Ts, 2) = ua(g) — 2w,a (75) vs(@g, 2) =w(xg)  (2.1)

Here u = (u,) stands for the in-plane displacement vector whilst w denotes
the transverse displacement. By c¢;j,; we denote the elasticity tensor of the
material of the plate. We assume that the plane z = 0 is the plane of the
material symmetry; hence c,g,3 = €333 = 0. For a thin elastic plate the
constitutive relationship takes the form

0ap = Caprpcrn(u) Ta3 = 2Ca323Ex3 (1) o33=0  (2.2)
where o;; are components of the stress tensor, and
-1
Caprp = Caprp — CaB33C33AuC3333

Here (c;j11) denotes the elasticity tensor of the material of the plate. As usual,
the strain-displacement relation is given by

gij(u) = U 5) =

Let N = (Ny3) and M = (M,g) be the membrane force tensor and moment
tensor, respectively, defined by

h h
Nog = /aag dz Myg = /zaag dz (2.4)
“h ~h
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The constitutive relations are given by

Nog = Aaprperu(u) Mag = Bapaptiau(w) (2.5)

Here e,3(u) and rkqg(w) are the strain measures defined by

1
€a5(u) = 5(“@,5 + uﬁ,a) /faﬁ(’w) = —W,ap
and
h h
Aapru = /Caﬁ/\u dz Baga = /220115)\“ dz
—h “n

The equilibrium equations of the plate (in the absence of the obstacle) are
Nopg+pa=0 Mugpa+p=0 in 2 (2.6)
Let the continuous function
f: 0 —R z = f(zq) N cCy

determines a rigid obstacle. The unilateral condition is specified by, cf Bielski
and Telega (1998), Dhia (1989)

w(za) +h < f(2a + ua(zg) — hw,a (z5)) (2.7)

The lower face of the plate may come into contact with the rigid obstacle. We
introduce the set

K = {(u,w) € H'(2)* x H*(2) ‘ (2.7) is satisfied for (z,) € Q}

Remark 2.1. If K is non-empty, then, in general, it is a non-conver set.
K is a convex set provided that f is a concave function. O

The boundary conditions are assumed in the form

0
w =20 —w:0 u=0 on Ij meas Iy >0
on

Here m denotes the outer unit vector normal to I'. We set

ow
V:{(u,w) € HY(2)? x H*(2) ‘ u =0, w:a—n:OonFO}
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a(w.v) = [ Aapu(@)eas(wer, (v) da
97

(2.8)
bwt) = [ Bapnu(@)ras(w)ir (t) do
9]
where u,v € HY(£2)? and t,w € H?(02).
The functional of the external loading is assumed in the form
—0
L(u,w) = /(paua + pw) dx + /(raua + qw — Ma—:) ar (2.9)

N In

where r4,q, M € L?(I), and po,p € L%(£2). The functional of the total
potential energy is given by

J(u,w) = %a(u,u) + %b(w,w) — L(u,w) (2.10)

Now we are in a position to formulate the first, in general a nonconvez, mini-
mization problem.

Problem (P)
Find
inf{J (u, w) ’ (w,w) e KNV}

We observe that on account of unilateral condition (2.7) the in-plane and
transverse displacements are interrelated. Consequently, the problem (P) can-
not be decomposed into membrane and plate problems. We recall that if the
contact condition is imposed on the mid-plane of the plate then both problems
are independent and only the bending problem is of a unilateral type.

Theorem 2.2. The problem (P) possesses at least one solution (u,w) €
K NV, provided that K # 0. O

For the proof the reader is referred to Bielski and Telega (1998).

Remark 2.3. The linearization of the r.h.s. of (2.7) was considered by Bielski
and Telega (1998). In the same paper the linearization of the r.h.s. of
(2.7) has also been carried out. O
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2.2. Reissner’s plate model

In a simple model of moderately thick plates accounting for transverse
shear deformations it is assumed that, cf Jemielita (1991), Lewinski (1987),
Reissner (1985)

Vo (X, 2) = ua(x) + 2o () (x,2) € 2% (—h,h)
v3(zg,2) = w(xg)

Here ¢, (a = 1,2) denote the rotations of the plate transverse cross-sections.
The strain measures are given by

1(8ua %)

Eaﬁ(u) = U(a,B) = B 8—3:5 0% Paﬁ(‘P) = P(a,B)

(2.11)
doc(wa ‘P) = Wya TPa

Let us denote by T = (T,,) the transverse shear force vector. The constitutive
relationships are given by

Nag = Aag)\“&‘)\“(u) Maﬁ = Baﬁ)\upAu(‘P)
(2.12)

T = Haﬁdﬁ(wa 90)

where the elastic moduli A,gy, and B,gy, are specified in Section 2.1, and

h
Haﬁ = /Cagﬁg dz
—h

The equilibrium equations have now the form
Nogg+pa =0 Mugg—Th+mq =0 Toa+p=0 (213)
provided that the obstacle is absent. The boundary conditions are
u=20 p=0 w=0 on Iy

where meas I > 0.
We set

Vi = {(u,w,cp) € H'(2)? x H'(2) x H*(R)? ‘ u=0, =0, w=0o0n Fo}
(2.14)
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Now, the impenetrability condition is given by, cf (2.7)

w(x) + h < f(2za + ua(x) + hpa(x)) x € (2.15)
Consequently, the set of kinematically admissible displacements is defined by
K, = {(u,w,cp) % } w(@) + h < f(xa + ua(x) + hpa(x)) x € Q}

(2.16)

We assume that K; # (. The functional of the total potential energy is
expressed by

T, w,) = 5 [ [Aaprcas(@en() + Bapnipas(@)pni(e) +
“ (2.17)
+Hopdo(w, p)dg(w, cp)} dr — Li(u,w, )
where
Li(u,w,p) = /(paua + pw+ maps) dr+ /(raua +qw+ Muops) dI (2.18)

N In

We formulate the second minimization problem.

Problem (P)
Find

inf{Jl(u,w,cp) ‘ (u,w, ) € Kl}

In general, this problem is also nonconvez. The following existence results
are formulated as follows.
Theorem 2.4. The problem (P;) possesses at least one minimizer
(’INL, w, QNO) € K. O

For the proof the reader is referred to Bielski and Telega (1998).

3. Von Karmén’s plates

This model is still based on the Kirchhoff-Love kinematical hypotheses.
The strain measures are defined by, cf Fung (1965), Ciarlet and Rabier (1980),
Lewinski and Telega (2000)

1
Cap(u, W) = €ap(w) + Fw,aw,s Kag(W) = —w,ap  (3.1)
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where eqp(u) = u(y,5). We note that only the first strain measure is nonlinear.
The constitutive equations have the form
Naﬁ = Aaﬁ,\uew(u,w) Maﬁ = Baﬁ,\um\“(u}) (32)

As previously, N and M are the membrane forces tensor and moments tensor,

respectively. In the absence of the obstacle the equilibrium equations are given
by

Nag’ﬁ +po =0 Maﬁ,ﬁa + (Naﬁw,ﬁ ),a +p=0 in 2 (33)

We impose the following boundary conditions

u=0 on [y wza—w:O on [’
on
An appropriate space for displacements is
Vo = {(w,w) € H'(2)? x H}(2) |u=0 on Iy} (3.4)

The functional of the total potential energy is now given by

Jg(u,w) = %/[Aag)\“ (Eag(’u) + %w,a ’w,g ) (s,w(u) + %w,)\ w,u) +
2
(3.5)

—I—Baﬁ,\u/{aﬁ(w)/{,\u(w)} dx — /(paua + pw) da — /raua dI’
n I

The nonlinear strain measure renders the functional Jy nonconvex on
HY(£2)? x HZ(£2), and particularly on V5. This functional is weakly lower
semicontinuous and bounded from below, cf Bielski and Telega (1996), Ciarlet
and Rabier (1980). For the obstacle problem the set of kinematically admissi-
ble fields is specified by

Ky = {(u,w) eV } w(x) + h < f(zq +ua(x) — hwo(x)), € Q}

We assume that Ks # (). We can now formulate the obstacle contact problem.

Problem (P)
Find
inf { o, w) | (u,w) € K>}
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The existence to the solution to the Problem (FP,) is ensured by the follo-
wing result.

Theorem 3.1. The functional J; has at least one minimizer on the set Ks.
O

For the proof the reader is referred to Bielski and Telega (1998).

4. Obstacle problem for linear Koiter’s shell

Consider a shell of the thickness 2h. Let the middle surface S of the shell
be specified by the equation

x=P(§) x=(z;) €S i=1,2,3 S =o(02)

(4.1)
E= (&) €N a=1,2
where (2 is a bounded sufficiently regular domain in R? in the Cartesian
coordinate system with the base (e, ez, e3). Let (uq,w) be the displacement
vector of a point belonging to S. Let 7(£,) denote the position vector of a
point lying on the lower face of the deformed shell, cf Fig. 1.

D(S,)

(&) N
77 ST

z=f(x1,%;)

Q
]

" €3

Fig. 1. Unilateral contact of a shell with a rigid obstacle
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We have
rh(fa) =r(&) +hN (4.2)

where
T‘(fa) = é(goz) +wN + uqaq

is the placement vector of a point lying on the middle surface of the deformed
shell. Here (a,, IN) forms a local base for the middle surface of the undeformed
shell and NN is given by, cf Koiter (1965)

2|

a 1
_ \/% (A = @uld)aa, + 5 (B — DE)N]

where

lo =05 tu o — bjw Yo = W, + btk

Here a and @ are the determinants of the first quadratic forms of the middle
surfaces of the undeformed and deformed shells, respectively. After lineariza-
tion we get

ISHES]]

=1+ 2,

Let 21 C R? besuch that 2 C £2;. As previously, z = f(za), (o) € 21,
defines a rigid obstacle. The impenetrability condition is now given by

r(&,) es+hIN -e3 < f(r-eq) (4.3)
After the linearization of NN we get
n=—(wy,+b,u’)a" + N
For the linear Koiter shell model the strain measures are
cap(u,w) = %(an + ugja) — basw
Kap (U, W) = W3 — b;‘ﬁuy — bty — bjtigq + bagw

Here b= (bag) is the second quadratic form of the middle surface.
The total potential energy of the shell is expressed by

J(u,w) = L(u,w) + 44
1

‘|‘§ /[Aaﬁ)\ueocﬁ (uv w)e)\u (u7 w) + Daﬁ)\u/{aﬁ (u’ w)K’)\N (u’ w)} \/a dx
N
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where Augy, € L(82), Dagyy € L®(£2) and L(u,w) is the functional of
external loadings. The precise form of L is not needed, it suffices to assume
that it is weakly continuous in the topology of H'(£2)? x H?(12).

For the linear Koiter shell being in unilateral contact with the obstacle the
set of constraints is given by

Ko = {(w,w) € H(2)? x HX(Q) | 7(&) - €3+ - e5 < f(r-ea), (%) € 2}

For a discussion of Sobolev’s spaces of functions defined on the middle surface
of the shell the reader is referred to Bernadou (1996) and Lewinski and Telega
(2000). The set K is weakly closed. The proof is similar to the one given by
Bielski and Telega (1998) for plates, cf also Baiocchi et al. (1988).

Let the shell be clamped along 05y C 9S. Now we formulate the minimi-
zation problem.

Problem (P;)

Find
inf{J(u,w) } (u,w) e L5, u=0, w= g—ln” =0on 850}

Now we are in a position to formulate the existence theorem.

Theorem. The problem (P;) has at least one solution. O

Remark 4.1. The function f(r -e,) can be linearized, compare the lineari-
zation in the case of plates by Bielski and Telega (1998). The constraints
set ICs is then convex. We observe that only partial results concerning
unilateral contact problems for shells are available in the literature, cf
Floss and Ulbricht (1994), Telega (1987). 0

5. Augmented Lagrangian methods for nonconvex problems

In this section we propose augmented Lagrangian methods applicable to
nonconvex contact problems. To this end we extend the approach developed
by Ito and Kunisch (1990, 1995), cf also Bielski et al. (2000).
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5.1. Nonconvex set of constraints

Ito and Kunisch (1990) carefully studied the augmented Lagrangian me-
thod directly applicable to geometrically linear problems in the case of convex
sets of constraints, cf also Cea (1971).

This approach is now extended to geometrically nonlinear contact problems
in the presence of nonconvex constraints. First, we consider the case where only
the set of constraints is nonconvex. The algorithm, we are going to present, is
applicable to geometrically linear structures where constraints are nonconvex.

The problem under investigation is
(P) min{%a(u,u) —1(u) ‘ g(u) <0, ue B}

Here the following spaces and mappings are used: V is a Hilbert space;
B is a reflexive Banach space continuously embedded into V'; H is a Hilbert
lattice with the inner product (-,-); a(-,-) : V' xV is a bilinear and continuous,
V-eliptic form, with a(u,u) > Collul|?, for some Cy > 0;1:V — Ris a
continuous linear functional; g : B — H is in general a nonconvex, continuous,
Gateaux’s differentiable mapping.

From the practical point of view, the expression ”Hilbert lattice” merely
means that the constraint g(u) < 0 appearing in problem (P) is meaningful.

For a general definition of spaces being lattices the reader is referred to Yosida
(1978). We assume that

9(u) = G(u) = Gi(u) (5.1)

where the mapping G is convex whilst (7 is nonconvex. The Ito and Kunisch
(1990) procedure can be extended by combining their augmented Lagrangian
technique with an iterative procedure:

— the mth step

G(u) < Gy(u™1) m=1,2,... (5.2)

Then the set
K ={ueB|Gu <G} (5.3)

is convex. At each step m we define a family of augmented Lagrangian pro-
blems by

(P)im.ea Ly e(u™,\™) = min{Lm,c(u, A) ‘ u € B}

where

1 . C~
Lm,c(u7 )‘) = §a(u7u) - l(u) + <)‘7gm(u7 )‘7 C)> + §”gm(ua )‘70)“%{
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and A€ H, ¢ >0, c € RT. Moreover

gm(uv A, C) = Sup(gm(u)’ _%)

The mapping g, is defined by
gm(u) = G(u) — G(u™1) (5.4)

The Algorithm
(1)  Choose A" € H, A\T" >0, and ¢>0

(2) put n=1

(3)  solve (P)uyexm for uy

(1) put Ay — A+ cglum, X, ¢) = sup(0, A + cg(ull))
(5)  put n=mn+1 and return to (3).

We observe that the parameter ¢ may also depend on m.

Applying Ito and Kunisch’s (1990) results we get
> 1 1
C, m o m2<_)\m_/\m2< _)\m_/\*m2< 5.5
onz_:lllun u™[v < 5 IAY Iz} sup 50 AT 7 <oo  (5.5)
since ¢ can be taken sufficiently large, such that for each m € N we have

1
N = AT < G C1 >0 (5.6)

Let us pass to examples.

Example 5.1. As we already know, the sets of constraints given by K, K1,
and Ko are, in general, nonconvex. We can easily introduce sequences
of convex sets of constraints by

k= {(u,w) € H'(2)? x HY(9) \
\ w(@) +h < f(@+u"" (@) - WV (2)), =€ 0}
and
K = {(u,w,gp) ew ’ w(x)+h < f(m—l—um_l(m)—i—hgpm_l(m)), x € Q}

and similarly for the set K§', m =1,2,...
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Example 5.2. To cope with geometrically nonlinear plates we aditionally
introduce a sequence of bilinear forms. For instance, in the case of von
Karman’s plates we take

1 .- _
apm (u, w; w, w) = /{Aaﬁ,\u(eag(u) + iwf’; 1wiﬂ 1) .
(9}
1 . _
(ean(w) + U 1) + Bagutias(w)rir, (w)| da m=12,...
Another possibility is to introduce the following sequence of the bilinear

forms

~ 1 m—1

am (W, wyw, w) = /[Aaﬁ)\,u (Eaﬁ(u) + §w,aw7g ) :
9]
1 _

'(E)\“(u) + §w7,\w7",} 1) + Bamunag(w)m,\u(w)} dx m=12,...
Then, instead of the problem (P), we have a sequence of the following
problems

Nt
(Pm) min{ S am (w, wiw,w) I, w) | glu,w) <0, (u,w) € Ka}
(5.7)
m=1,2,..., and similarly in the case of ay,.

Here [(u,w) is the loading functional. If K5 is a nonconvex set, in order to
use the previouly outlined augmented Lagrangian method, we have to replace
Ky by a sequence of convex sets of the constraints 5.

5.2. Nonconvex extension of Ito and Kunisch’s (1995) augmented Lagran-
gian method

Ito and Kunisch (1995) investigated an augmented Lagrangian method
for a significant class of nonsmooth convex optimization problems in infinite
dimensional Hilbert spaces. More precisely, let X, H be real Hilbert spaces
and K a closed convex subset of X. Consider the minimization problem
(Q) min{J (u) + p(4u) | u € K}
where J : X — R is a lower, semicontinuous differentiable, convex function,
A e L(X,H) and ¢ : X — R is a proper, lower semicontinuous convex
function. The convex functional ¢ is not necessarily smooth; in applications
it can be an indicator function of a closed convex set. Several examples of the
linear and continuous operator A are provided by Ito and Kunisch (1995).
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For instance, in unilateral contact problems with constraints inposed on the
boundary, A is a trace operator (in the sense of value of a function on the

boundary).

A smooth approximation of ¢ yields the following problem:
(Q) min{ Lo(u,\) | w € K}
where

Lc(u7 )\) = J(u) + (Pc(Auv )‘) (5 8)

pelv, ) = inf{ip(v — u) + A ubsr + S ully |

Here (c,\) € Rt x H. We observe that (-, ) is (Lipschitz) continuously
Fréchet differentiable.

Ito and Kunisch (1995) developed the following augmented Lagrangian
method involving a sequential minimization:

Augmented Lagrangian Algorithm

Step 1: Choose a starting value A\; € H, a positive number ¢ and
set k=1.

Step 2: Having given A € H find u € K by
Le(ug, \g) = min{Lc(u, Ak) ‘ u € IC}

Step 3: Update M by Aey1 = @L(Aug, Ag), where ¢’ denotes the
Fréchet derivative of the functional (-, A).

Step 4: If the convergence criterion is not satisfied then set k =k + 1
and go to Step 2.

Under suitable, physically plausible assumptions, the just sketched au-
gmented Lagrangian algorithm converges.

Obviously, this algorithm is not directly applicable to nonconvex contact
problems of, say, finitely deformed elastic bodies and geometrically nonlinear
structures. There are three basic sources of nonconvexity:

(i) a nonconvex functional .J,

(ii) a nonconvex functional ¢,

(iii) nonlinear operator appearing in the functional ¢.

Such an operator is denoted by IN. Obviously, in practice, various combina-
tions of the cases (i)-(iii) are important.
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For geometrically nonlinear problems the functional ¢ is usually an indi-
cator function of a (weakly) closed and nonconvex set, cf Examples (5.1), (5.2)
and He et al. (1996). We already know how to generate a sequence of convex
sets of constraints. A large class of geometrically nonlinear problems leads to
the functional J of the form, cf Bielski and Telega (1985b), Galka and Telega
(1992)

J(u) = G(Au) + F(u) (5.9)

where G represents the functional of the total internal energy whilst F'is the
loading functional, usually a linear one. The functional G is nonconvex. For
nonlinear structures it can often be written as follows

G(Au) = G(Ayu, Ayu) (5.10)

where the functional G(-, Agu) is conver whilst G(Aju,-) is nonconvex. To
use the augmented Lagrangian method we combine the approach by Ito and
Kunisch (1995) with the iterative procedure. To this end we set

G (Au) = G(Ayu, Apu™ ™) m=1,2... (5.11)
and consider a sequence of regularized minimization problems
(D m.e min{Gm(Au) + F(u) + @e(Au, A) ‘ u € IC}
Now we have a sequence of the convex problems (Q)mcx, m = 1,2,..., to

which we can apply the augmented Lagrangian method developed by Ito and
Kunisch (1995).

Consider now a more specific case of a body made of the Saint-Venant
Kirchhoff material, cf Benaouda and Telega (1997). Let F' stand for the de-
formation gradient, F = Vx, x = (xi), 7 = 1,2, 3. The stored energy function
of isotropic Saint-Venant Kirchhoff material is expressed by, see Ciarlet (1988),
Benaouda and Telega (1997)

7 A
W(F) = ZHFTF—IIIQJrg(IIFHQ—iﬁ)2 (5.12)

where A and g are the Lamé moduli. The function W is not of even rank-
one convex, consequently it is neither quasiconvex nor polyconvex. However,
defining the sequence of the convex function

7 A
Win(F) = 7| F " Frnoy — 17+ S (1Fma* - 3)? (5.13)

where F,,_1 = Vx™ ', m=1,2,..., one can apply the outlined augmented
Lagrangian method to various frictionless contact problems for bodies made
of the Saint-Venant Kirchhoff material.
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Remark 5.1.

(i) It seems possible to apply the approach sketched for the Saint-Venant
Kirchhoff stored energy functions to other, well-known hyperelastic
materials. Such stored energy functions were discussed by Ciar-
let (1988) and Ogden (1984). Obviously, the choice of the sequen-
ce Wy, m=1,2,...,is not unique and depends on the particular
case.

(ii) The paper by Telega and Gatka (2001) reviews various applications
of augmented Lagrangian methods, including contact problems, cf
also Telega and Galka (1998), Telega and Jemioto (2001). However,
the presented approach seems to be novel.

(iii) Our study is confined to frictionless contact problems. Unilateral
contact problems with friction are still more complicated. It seems
possible to extend the Ito and Kunisch (1990, 1995) augmented
Lagrangian methods to contact problems with friction by combining
these methods with time discretization. O

6. Specific one-dimensional nonconvex contact problem

In this section we are going to study a simple one-dimensional nonconvex
contact problem. Consider the following minimization problem. Find uw € K
such that

J(u) = inf J(v)

veK
where
) )
J(u) = / a(uw + %umum)z dx + / bu(z) dz a>0
1 1
~3 —3
K = {uew"0,1) \ u(—%) - u(%) =0, g(u) <0}

Particular forms of the function ¢ are given below. Anyway, we assume that
the set K is convex. To solve this problem we introduce the sequence of
functionals, cf the previous section

1

3

1
1 2 f
Im(u) = / a(uw + §u7zu$_1) dx + / bu(z) dx m=1,2,...

Nl

_1
2



758 J.J. TELEGA ET AL.

and the family of augmented Lagrangians

=

Lipex(u) = Jp(u) + 2% / {(sup{O, A+ cg(u)})? — )\2} dx

NI

To apply the augmented Lagrangian method we consider two cases of constra-

ints
1

. —u(z) — Gl case (a)
g(u) =
—u(z) — % —V1—2? case (b)

In the first case we put: b= —1, u’(x) =0, \g = 1, ¢ = 200.

In case (b) we take b= —1, u’(z) =0, \g = 1, ¢ = 50.

The results of calculations are presented in Fig.2-Fig. 4. They have been
obtained by using FEM.

0 0.1 0.2 0.3 0.4 0.5
T T T I T T T I T T T I T T T I T T T
-0.003}
-0.008F u
p=-1/64 "2 —L
-0.013F “14
20.018

Fig. 2. The function u(z) in case (a), steps 1,2 and 14; ¢ = 200, ¢ — the parameter
in the augmented Lagrangian

0.010 T T T ()|.1 T T T Oiz T T T 0i3 T T T 0i4 T T T 0 5
0
20.01F
Uy
-0.02F
Uz
u
-0.03F 2
=65 12
-0.041 y=rga VIE

Fig. 3. The function u(x) in case (b), steps 1,2 and 3; ¢ =50

We observe that the Lagrangian multiplier A represents the contact forces.
The augmented Lagrangian solutions tend to the problem with the obstacle.
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1.2

(@)

1.0 0.40

(®)
0.35

.81 0.30

0.25

0.20

0.4- 0.15

0.10
0.2

0.05

Fig. 4. Lagrangian multiplier \ for cases (a) and (b)

7. Augmented Lagrangians and nonconvex duality

In a series of papers we studied dual problems for nonlinear elastic solids
and structures, cf Bielski and Telega (1985a,c,d, 1986, 1988, 1992, 1996), Biel-
ski et al. (1988, 1989), Telega et al. (1988), Galka et al. (1989), Telega (1989,
1995), Galka and Telega (1990, 1992, 1995). We derived the dual problems by
using the duality theory expounded by Ekeland and Temam (1976). Unfortu-
nately, this theory is more appropriate for convex problems, since in the case
of nonconvex problems it imposes restrictions on dual variables. For instance,
in the case of von Kdrmén’s plates the matrix formed of the membrane forces
N = (Nag), o, 8 = 1,2, has to be positive semi-definite. Without this type of
restriction the duality gap

inf P > sup P~ (7.1)

arises. Here (P) denotes the primal problem and (P*) is its dual.

Rockafellar and Wets (1998) developed the duality theory which avoids the
duality gap like that given by inequality (7.1). This duality theory, however,
is confined to finite dimensional spaces. It means that its applicability is re-
stricted to discrete or discretized problems, including contact problems of this
type.

The aim of this section is to extend the nonconvex duality theory by Roc-
kafellar and Wets (1998) to infinite dimensional spaces. Consequently, it will
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be possible to apply it to nonlinear solids and structures, thus extending the
range of applicability of our previous results concerning the duality. Our ap-
proach combines some results presented by Ekeland and Temam (1976) with
the developments of Rockafellar and Wets (1976).

Let V and Y be locally convex topological spaces, and V*, Y™ their
duals, cf Ekeland and Temam (1976). One may think of Sobolev’s spaces and
LP-spaces. The space Vis usually the space of kinematically admissible di-
splacements. The primal problem means evaluating
(P) inf F(u) = inf{@(u,O) ‘ u € V}
where

&(u,p) = J(u, Au — p) (7.2)

and A:V — Y is a linear and continuous operator.

Definition 7.1. For a primal problem of minimizing F(u) over u € V and
any dualizing parametrization F = @(-,0) for a choice of @ :V xY —
R = [~o00,+00], consider any augmenting functional f; by which a
proper, lower semicontinuos, convex functional is meant

f: Y =R with min f =0 arg min f = {0}

The corresponding augmented Lagrangian with the penalty parameter ¢ >
0 is then the functional

L(u,p*,c) := ;g§{¢(u,p) +cf(p) = (") (7:3)

The corresponding dual problem consists of maximizing over all (p*,¢) €
Y* x (0,00) the functional

G(p',c) = inf{@(u,p) + cf (p) = (") | (w,p) €V XV} (7.4)

Here (-,-): Y* xY — R denotes the duality pairing, cf Ekeland and Temam
(1976).
To formulate the duality theorem we set

h(p) := inf{@(u,p) ’ u € V}

hes(p) := inf{@c,f(u,p) ‘ u e V}

where

P f(u,p) := P(u,p) + cf(p) (7.6)
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The notion of the augmented Lagrangian in the nonconvex duality arises from
the idea of replacing the known inequality in the convex duality

(7.7)

inf P = sup P* h(p) > h(0) + (p*,p) Vp,
p* € arg max(P*) with p(0) # —oo

with one of the form

h(p) = h(0) + (p*,p) — cf(p) Vp

What makes the approach successful in modifying the dual problem to get rid
of the duality gap is that the last inequality is identical to

he,p(p) = he,f(0) + (P, p) vp

Indeed, h¢¢(p) = h(p) +cf(p) and he ¢(0) = h(0), because f(0) = 0.

The Lagrangian associated with @, ris L f(u,p*) = L(u,p*,c), where L
is defined by (7.3). The resulting dual problem consists of maximizing G, 5 =
—@7 4(0,-) over p* € Y. We have

Gc,f(p*) = a(p*v C)

We can apply the theory developed by Ekeland and Temam (1976) to this
modified formulation, where &, ; replaces @, and in that way capture new
powerful features.

Theorem 7.1 (duality without convexity).

For the problem of minimizing JF on V consider the augmented
Lagrangian L(u, p*,c) associated with the dualizing parametrization
F = &(-,0), ¢ : V xY — R, and a certain augmented functional
f: Y — R. Suppose that @(u,p) is level-bounded in u locally uni-
formly in p, and let h(p) := inf{@(u,p) | u € V'}. Suppose further that
inf,, L(u,p,c) > —oo for at least one (u,c) € V x (0,00). Then

F(u) = sup L(u, p*, c) G(p*,c) = igff(u,p*, c)

p*.c

where actually F(u) = sup L(u, p*, ¢) for every ¢ > 0, and in fact
p*

inf F(u) = inf[sup L(u, p*, ¢)] = suplinf L(u, p*, c)] = sup G(p*, ¢)
ueV U Tpre prec U p*,c
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Moreover, the optimal solutions to the primal and augmented dual pro-
blems are characterized as saddle points of the augmented Lagrangian

(p*y C) € arg m*axa = Sup E(Uv p*7 C)
pre p*vc

u e arg mle(’LL) 1%ff(u,ﬁ*,5) = z(ﬂ7]_7*76) =
(p*0) (<

the elements of arg maxy,- .G(p*,c) being precisely the pairs (p*,¢)
with the property that

h(p) = h(0) + (", p) — Cf (p) Vp m

The proof will be given elsewhere.

Let us recall the definition of the level boundedness, cf Rockafellar and
Wets (1998).

A functional g : V — R is (lower) level bounded if for every o € R
the set levelcag := {o € V | g(u) < o} is bounded (possibly empty). This
requirement can be replaced by coercivity.

Specific case

Consider now the case where

1

£() = 5ol = 3 lpl3 (7.9

Then, since f is finite we have

1 1
T * — L *Y T o ¥ )12 1 — L * k) T || %2
(u, ") sg*p{ (u,q") = 5 lla" =7l } S;l*p{ (u,p* —q") = 5-lle”| }

where L is the standard Lagrangian
L(u,q%) = nf{@(u,p) = (p*,p) | p € Y} = —sup{(p*,p) - (u,p) | p € Y}
For & being given by (7.2) we get, cf Ekeland and Temam (1976)
L(u,q") = =(q", Au) — Jy(=q")
where .J,, denotes the functional p — J(u,p) and J; is its dual defined by
Ji(q") = swp{(a",a) = I (q) g € Y}

After some calculations we obtain, cf (7.4)

¢ —p?)  (79)

Gv',0) = inf L(u,p",¢) = sup{ —T*(4"q", —¢") -
u q* 2C
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Here A* is the adjoint (dual) operator of A.
For the practically important case where

J(u, Au) = G(Au) + F(u)

we calculate

al * * * * k% 1 * *
G@,dzs?ﬂ—G(—Q)—F(AQ)—ijm-—pW}Z
(7.10)

—inf{G*(=q") + F*(4°¢") + 5_lla" |1}

Remark 7.1. From relations (7.9) we conclude that, at least for the augmen-
ted functional given by Eq. (7.8), the dual functional G consists of the
standard term J*(A*q*, —¢*) and the regularizing term ||¢* —p*||?/(2¢).
According to the terminology given by Rockafellar and Wets (1998) the
dual function G(p*,c) is then the minus of the Moreau envelope of
J*(A* *7_q*)' D

Remark 7.2. Indicator functions of a set determining constraints can be in-
cluded into the functional F'. O

Example 7.1. Consider a simple case of the nonconvex functional G in the
one-dimensional case of an elastic nonlinear rod. Then

l
2
G(Au) = %/a(u,x + —u2x) dz a>0
0

and
\W—ﬁWZ/@—ﬁFW
0
The primal problem means evaluating
l
(cP) inf{ G(Au) — [ r(z)u() da \ we WH(0,1), u(0) = u(l) =0}
0

Now Au = (uy,u,), and

!
G(q1,q2) /W q1,92)
0



764 J.J. TELEGA ET AL.

We recall that the operator A has to be linear. Standard calculation yields,
cf Bielski and Telega (1985b), Galtka and Telega (1995)

0 it ¢3=0 AN ¢ 20
W41, q3) = %(‘hﬁ + 5 —(g3)? if ¢f>0 (7.11)
0
+00 otherwise

The physical meaning of the dual variable ¢f, ¢35 is: ¢ = N 1= 04, ¢5 = Nu,
where o, is the normal stress. From Eq. (7.11) we conclude that N has to be
non-negative, i.e., the classical duality theory admits only tension. To include
compression we use the developed nonconvex duality theory. Now we have

l

G(N,Q,c) = inf W*N:E’Nx
e (ﬁvé)E[L‘*/?’(O,l)]z{o/[ (N(z),Q(x)) + -
o (N = NP+ (@ - Q)] da + I5(V, Q)

where

§ = {V.Q) e [LY}0.0] | (N + Q). € LY*(0,0),

(N+Q)atr=0, z€(0,)}

provided that the rod is clamped at = =0 and z = [. Here r(x) (z € (0,1))
denotes the loading distributed along the rod. It can be shown that

l
GN.Q.) = = [ WI(N,Q) do ~ Is(N. Q) (713)
0
where
W*(N,Q) if Q=0AN>0o0orN>0
WelN,Q) =4 1, (7.14)
%(N + Q) otherwise

Now we conclude that the normal force N in the problem (P*) is not neces-
sarily non-negative, due to the regularization given by Eq. (7.14).
The augmented dual problem takes eventually the form

Sup{a(N,Q,c) ’ (N,Q)eS, ¢> 0}
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Remark 7.3. The augmented dual problem is by no means unique. There are

a lot of problems related to the augmenting functionals f(p), satisfying
the conditions specified in Theorem 7.1. O
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Metody rozszerzonego lagranzianu dla pewnej klasy wypuktlych
i niewypuklych zagadnien kontaktowych

Streszczenie

Cel pracy jest trojaki. Po pierwsze, sformulowane zostaly jednostronne zagadnie-
nia kontaktowe dla trzech modeli ptyt oraz liniowego modelu powtok Koitera. Warun-
ki kontaktu zostaly sformulowane na powierzchni bedacej w kontakcie z podlozem,
a nie na powierzchni srodkowej plyty lub powtloki. Takie Sciste podejécie prowadzi do
niewypuklych zadan minimalizacji, nawet w przypadku plyt cienkich. Dla kazdego
zagadnienia sformutowano twierdzenie o istnieniu rozwiazan. Po drugie, metody roz-
szerzonego lagranzianu Ito i Kunischa (1990, 1995) uogélnione zostaly na przypadek
zagadnien niewypuklych. Po trzecie, teoria dualno$ci Rockafellara i Wetsa (1998),
opracowana dla skonczenie wymiarowych zagadnien niewypuktych, zostata rozszerzo-
na na przypadek uktadéw ciaglych. Podano réwniez kilka przyktaddw.
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