Weierstraf3-Institut
fiir Angewandte Analysis und Stochastik

im Forschungsverbund Berlin e.V.

Preprint ISSN 0946 — 8633

Optimization problems for curved

mechanical structures

Viorel Arngutu®, Jiirgen Sprekels?, Dan Tiba2: 3

submitted: 4th February 2003

1 2

Department of Mathematics Weierstrass Institute

University “Al. 1. Cuza” for Applied Analysis

RO-6600 Iasi and Stochastics

Romania Mohrenstrasse 39

E-Mail: varnautuQuaic.ro D - 10117 Berlin
Germany

E-Mail: sprekels@wias-berlin.de
E-Mail: tiba@wias-berlin.de

3 Institute of Mathematics
Romanian Academy
P. O. Box 1-764
RO-70700 Bucharest
Romania
E-Mail: dtiba@imar.ro

No. 812
Berlin 2003

1991 Mathematics Subject Classification. 49Q10, 74P10, 49Q12.
Key words and phrases. Shells and curved rods, minimal regularity, optimal design.

Supported by the DFG Research Center “Mathematics for key technologies” (FZT 86) in Berlin.



Edited by

Weierstraf-Institut fiir Angewandte Analysis und Stochastik (WIAS)
Mohrenstrafle 39

D — 10117 Berlin

Germany
Fax: + 49 30 2044975
E-Mail: preprint@wias-berlin.de

World Wide Web:  http://www.wias-berlin.de/



Abstract

We study the optimization of three dimensional curved rods and of shells
under minimal regularity assumptions for the geometry. The results that we
establish concern the existence of optimal shapes and the sensitivity analysis.
We also compute several numerical examples for the curved rods. The mod-
els that we use have been investigated in our previous work [11], [16] and a
complete study of the Kirchhoff-Love arches and their optimization has been
performed in [10].

1 Introduction

The scientific literature concerning the modeling of curved mechanical structures
offers presently a variety of mathematical models for the study of the displacement
of such an elastic body under the action of various internal or external forces and
tractions. We refer just to the monographs of Ciarlet [9], Trabucho and Viafio
[17], Antman [2], where a very rich material can be found for investigations in this
direction.

It is a natural question now to develop a research program concerning the optimiza-
tion of such objects, including numerical experiments. It should be mentioned that
there are already several works of interest discussing such problems, Chenais and
Rousselet [8], Rousselet [14], Myslinski, Piekarski and Rousselet [12], Sprekels and
Tiba [15], Ignat, Sprekels and Tiba [10], etc.

In this article, we attempt a general analysis of optimization problems associated to
curved rods and shells. The generality of our setting is related to the consideration of
a general performance index, of general constraints on the geometry, the relaxation
of the regularity assumptions, and the implementation of numerical experiments. In
particular, we are assuming just C?-regularity, instead of the usual C3-hypotheses
from the literature. For shells, we obtain this by using the generalized Naghdi-type
model introduced in Sprekels and Tiba [16]. For rods, this is achieved by replacing
the classical Frenet frame with a new general algebraic construction that will be
introduced in Section 2. Other variants of local coordinates systems associated to
three-dimensional curves under low regularity conditions may be found in Cartan
[6] (the Darboux frame) or in Ignat, Sprekels and Tiba [11] from where we take
the linear model that we are using. It consists of a system of nine ordinary dif-
ferential equations with clamped boundary conditions, written in the weak form.
Comparing with the regularity assumptions from the modeling process, we see that
the optimization hypotheses are minimal.
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Our approach allows to minimize within the class of curved rods of a prescribed
length, which is a natural condition in applications. This is preserved as well by the
variations that we are using, according to Section 4. We also show how to avoid
certain degenerate cases: rods of zero length or with multiple points.

It is also to be noticed that, besides the fact that we have general constraints on
the geometry, in certain important examples the parametrization used here allows
to re-express them in a convex way. The optimization problems considered in this
paper are nonconvex, but the convexity of the constraints set is very helpful in the
numerical experiments.

The plan of the paper is as follows. We start with the theoretical discussion of
optimization problems for curved rods. In Section 2, we indicate the necessary pre-
liminaries and the formulation of the problem. In Section 3, we prove the existence of
the solution (while uniqueness is not valid, in general), and in Section 4 we perform
a sensitivity study.

A similar program is carried out in Sections 5, 6 and 7, in connection with the study
of optimal shell configurations. Our basic assumption is that the geometry of the
shell can be described by some mapping in C?(@). While this setting still allows
for many applications, it is also helpful as it reduces the complexity of the problem
and of the notations.

We underline that, in order to prove the existence of optimal shapes, coercivity
inequalities of Korn-type, uniform with respect to the geometry, are to be established
(in Sections 3 and 6). In particular, for shells the extension property in Lipschitz
domains, Adams [1], plays an essential role.

In the last section, we present some numerical experiments for optimization problems
for three-dimensional curved rods. Their difficulty is already quite big and shows
that the numerical treatment of the shells optimization (which is not considered
here) would require very special numerical approximation methods.

2 Description of the curved rods problem

Let 0 = (61,05,03) € C*0,L]*;k € IN, be a three-dimensional Jordan curve of
length L >0, and let # = (ty,5,t3) € C*'[0, L]* be its tangent vector. We shall

always assume that 6 originates in the origin of the coordinates system and that it
is parametrized with respect to its arc length, i.e. |f(z3)|g: =1 Vz3 € 0,L].

Then, alternatively, we may consider ¢ € C*~1(0, L] and ¢ € C*~1[0, L] to be some
spherical ~ coordinates of a unit vector given by (sin p cos 9,
sin psin, cos p) € C* 10, L] which we denote again by £. The corresponding
three-dimensional curve is obtained by

O(z3) = /t‘(T) dr, z3 € [0,L]. (2.1)



Notice that, although the polar coordinates may not be uniquely determined in
certain cases, relation (2.1) with arbitrary ¢, 1 generates a rich class of three-
dimensional regular curves having C*-regularity, which is enough for optimization
applications.

One advantage of the form (2.1) is that the curve is automatically parametrized with
respect to its arc length, and that a local frame may be defined by purely algebraic
means

(cospcosty, cospsint, — sinp) .
= (— sint, cosy, 0) (2.3)

o~ S

in all the points of the curve.

We denote by A the orthogonal matrix having the columns £,7,b. The geometric
meaning of this construction is that we perform a rotation of the global axes system,
corresponding to the angles ¢ and ¢ and indicated by A ,i.e., t = A(1,0,0)T, 7 =
A(0,1,0)T, b= A(0,0,1)T.

Remark 2.1 It is possible to apply (2.1)—- (2.3) to absolutely continuous regular (i.e.
with non-zero tangent) curves, after reparametrization with respect to the arc length.
Although we employ the same notations, the vectors 7, b are different, in general,
from the normal and binormal vectors of the classical Frenet frame obtained under
stronger regularity assumptions, Bloch [4]. Other useful variants of local frames
with low smoothness hypotheses may be found in Cartan [6], Ignat, Sprekels and
Tiba [11].

We introduce the open set

Q= (w(x3) X {x3}> c R (2.4)

z36}0711[

with w(z3) C IR?, z3 € [0, L], being a bounded domain, not necessarily simply
connected, such that w(z3) D w, an open subset of IR? satisfying the symmetry
relations

0 = /.’L‘l d.’El d.’Eg = /.’L‘Q d.’El d.’Eg :/.731 T d.’El d.’L‘Q. (25)

The curved rod € associated with 8 is obtained by the one-to-one transformation
F:Q—Q,

= g(.’l?g) + T T_l(.’Eg) + 9 6(1173) € Q, Ve Q; (26)
where Q = {Zz = Fz;& € Q}.

In the sequel, we will always assume that ¢, € C'[0, L], i.e. k=2. Then we get

<t_(:1:3), F(x3)>lR3 - <ﬁ(:1:3), ﬁ'(x3)>lR3 - <l_)(:1:3), l_)'(x3)>lR3 —0, (27
3



which yields the “equations of motion” of the considered local frame:

U(ws) = alzs)b(zs) + Blws)Alas),
b(zs) = —a(zs)it(zs) + c(zs) n(zs), (2.8)

771,,(1173) = —5(373) {(1173) + C(:I?g) b(x3)a

with a, B, ¢ € C|0, L] expressing the curvature and torsion properties of the curved
rod.

The Jacobian of F', denoted by J(Z) = D F(Z), is given by
nl(xg) b (1173 tl(.’Eg) + 1 n'l(arg) + T2 bll(xg)

1(3)
J(Z) = | na(zs) ba(xs) ta(zs) + z1mh(zs) + z2b5(z3) | - (2.9)
n3(x3) b3(£173) t3(.’l73) + T ng(xg) + T2 bg(xg)

By (2.8), (2.9), we have
det J(z) = 1 — B(z3)z1 — a(z3)z2, VT €Q. (2.10)

If w(zs), z3 € [0, L], is contained in a sufficiently small disk in IR?, then we may
assume that )
det J(Z) > ¢ >0, VZIe, (2.11)

which justifies the introduction of the curved rod € via the geometric transformation
F, Ciarlet [9], Thm. 3.1-1.

We assume that it is clamped at both ends, and that it is subjected to body forces
f € L*()*® (weight, electromagnetic field, etc.), as well as to surface tractions §
on the lateral surface of the rod, denoted by %, § € L?(X)?. On the “inside” lateral
face of 0 (i.e. corresponding to the possible holes), we take §=0.

Denote by 7 : Q — IR® the corresponding displacement of each point z € Q. In
Ignat, Sprekels and Tiba [11], the general geometrical assumption that

9(&) = 7(z3) + @1 N(z3) + 22 B(zs), V& € Q, (2.12)

with Z = (21, 72, z3) = F (%) and 7, N, B € H}(0, L) unknown functions, is
imposed. This is a special case of the so-called polynomial approzimation of the
displacement, see Trabucho and Viafio [17]. Then, the following boundary value
problem is obtained from the elasticity problem:

B(y,v) = S\/Z [Ni(l's)hli(f)+Bi($3)h2i(-’f)

+ (7il@s) + @1 Ni(zs) + 22 Bi(as)) hgz-(:z)] [M,-(x3> h(2)
+ Dj(ws) hos(3) + (uj(zs) + 1 Mj(zs) + w5 Di(as) ) hgj(a:«)] | det J(2)| da
o Z[Ni(m)hu(@)+Bz~(xs>h2j(:z>+(T;(x3>+x1N;(x3>
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+ @5 Bi(2s) ) ha(7) + Ny(2s) hail2) + B;(23) hai(2)

+ (7j(@) + 21 Nj(@a) + 22 B (a )mz] i(w3) hij(2) + Di(ws) hoy ()
+ (iles) + 21 M(z5) + 2, D ) hai (Z) + M;(z3) hui(Z) + D;(23) hoi()
+ (u;(x3)+x1M( +z9D >h3l ‘detJ )‘d

i(25) hi(2) + Bilzs) hai(®) + (7/(23) + o1 N (23)

+ 2ﬂ/z

T, Bg(x3)) hai (Z)

[M,(xg,) h1i(Z) + Di(z3) hoi(T)
+ (u;(x3)+x1M{(x3)+x2D( ))h3Z ] ‘det] )‘d
= Z / fi(z Ml z3) + x1 Mi(z3) + T2 Dl(-’”s)) | det J(z)| dz

=1 ¢

+ ZZ/g, wi(z3) + Ml(x3)+$2Dl($3)>|det J(z)]

i,j=1 I= 139

V(@) g(2) vi(@)dr (2.13)

Above, A > 0,/ > 0 are the Lamé coefficients of the material, the matrices
(hij(2)) = J(2)~" and (¢7(Z)) = (9:5(2)) ", (9:5(2)) = J(2)" J(2) and o, M, D €
H}(0, L)% are arbitrary test functions with 9(Z) = f(x3) + z1 M (z3) + x2 D(z3).
More details and the proof of the coercivity of the bilinear functional B(-, -) :
H;(0,L)° x H;(0,L)° — IR, given by (2.13), may be found in Ignat, Sprekels and
Tiba [11], where different local bases are used. This yields the existence and the
uniqueness of the solution g of (2.13), in H; (0, L)°.

In the sequel, we shall suppose that w(z3) = w for z3 € [0, L], with w satisfying
(2.5).

For given f, g, a general shape optimization problem associated to (2.13) is

Min {11(p,%) = j(6,5)} (P)

Pyt

subject to # € K C C?[0,L]*, a closed bounded subset, and § = (7,N,B) €
H}(0,L)° obtained as the solution of (2.13). We assume that the mapping j :
C?[0,L]® x H}(0,L)° — IR and satisfies some regularity properties. An important



case for a cost functional j is the quadratic case. For instance, if
A 2 2 2
j(0,9) = |7—1|Hé(0,L) + |7—2|Hé(0,L) + |7—3|H§(0,L)7 (2.14)

then (P) aims at finding the shape of the curved rod that minimizes the displacement
of the line of centroids under the prescribed forces and tractions. This is a natural
safety requirement in many applications.

Concerning the constraints to which the curved rod may be submitted, we underline
that our formalism automatically ensures a prescribed length L > 0. This elimi-
nates possible trivial cases, such as  constant in [0, L], and is also important from
the optimization point of view, since otherwise the cost may depend on L. A simple
sufficient condition under which § has no multiple points is

0 < op(zs) < - —¢, z3 €[0,], (2.15)

o] 3

with ¢ > 0 small. It may be used in problems concerning the optimization of
strings, where the periodicity condition (for 6y, 6s)

L L
/tl d.’133 == /tg d.’L‘3 =0 (216)
0 0

Notice that relations (2.14), (2.15) correspond to convex optimization problems,
while relation (2.16) is nonlinear in ¢, v and, consequently, the corresponding set
K is nonconvex. Relation (2.11) should also be included in the definition of K.

is also important.

Remark 2.2 A very simple variant of representation of the unit tangent vector is
t = (u1,u2, /1 —u? —u3), but this already assumes a prescribed sign for ¢3 and
requires the most restrictive hypothesis

ul +ui <1 —¢

for the differentiability of the local frame. However, under this representation rela-
tion (2.16) becomes linear, which may be useful in some applications.

3 Existence of optimal curved rods

We prove the following continuous dependence result:

Theorem 3.1 Assume that ¢, — ¢, ¥, — ¥ strongly in CYO,L]. If §n, ¥
denote the solutions to (2.13) associated with (@, ¥,), respectively with (¢, ¥),
then

U — 1§  strongly in H;(0,L)?. (3.1)



Proof. Clearly, we have

tn = (cosy, sin g, , sin, sing,, cos,) — t = (cos ¥ sinp, siny sing, cos @)

(3.2)
in C'[0, L]*. Then, (2.1) shows that 6, — 8 in C?[0, L]*. By (2.2), (2.3), and with
obvious notations, we get that 7, — @ and b, — b in C[0, L]*.

From (2.8) it is easy to infer that
an = (t,,b)gs — a = (£, b)gs strongly in C[0, L]. (3.3)
Here, (-, ) is the inner product in IR?®, and we also have 8, — B, ¢, — ¢ in
Clo, L].
Relation (2.10) shows that
det J,(z) — det J(z), in C(Q) (3.4)

and, by (2.11), we see that {det J,(Z)} is bounded from below by some positive
constant.

gives clearly that J,(z) — J(z) in C(Q)?, and, likewise, that

Moreover, ( 9)
'(z

J 1 (z) — ), by (3.4) and the above observations. In particular, we have that
hiy(z) — hi(z) in C(Q). (3.5)
Let B, denote the bilinear functional (2.13) with coefficients AZ;, det J, .
Lemma 3.2 There are ¢; > 0, co > 0 such that
Bn(9,9) 2 ‘31|?7|§13(0,L)9 — c2|@l72(0,0 (3.6)

for any § € H}(0,L)° and any n € IN .

Proof. By (3.4) and (2.11), we have

Bn(7,9) > ﬂC/Z

o i<

NI, + B b, (T;+x1N;+xQB;) B

2

+ N, hT + B; b, (T+x1N+sz)hg; dz

2

dz .

3
—I—Zﬁc/z [N,- h" + B; h + (T; +z, N} + sz;) h
i=1

By the uniform boundedness of the coefficients due to (3.5) and by usual binomial
inequalities, we get

iBn(y,y) > /Z

1<J

+/§;

2

!+ 2, N +sz)hg] (T + a1 N, +x23)hgg dz

(7 + 2 N/ + 2, B)) h?i dz — &lylz20,0




We use the following algebraic identity:

2

2
- (z1 B+ 2 h§1> n (z2 hE, + 24 h§2>

+ (zl his + 23 h§1>2]

3
2

Z%(h§1)2 + Zg(h:%)z + Zg(hgs)zl

1 2
(B3 )? + (Bi)? + (B ) | + 5 (20 By + 20 bl )

1
= —(zf+z§+z§) 5

2

1 1
+ 5 (z1 Ry + 23 hi)? + 5 (zz hgy + 23 hi)?,

with z; := 7/ + 2, N] + 2o B}, i = 1,3. Tt follows

1
— By (3,
fc

N

3 3
1 2 i
) > Z/Z(Ti,—l-:m N! + a5 Bg) N (hE)?dz — Elgag - (3.7)
Q =1

i=1
A direct calculus allows to find A{; and to check that, for some k>0,

3 3 9

> o(h5)* = | det | Y det Jy] >k >0 (3.8)

i=1 1=1
since |t,|ms = 1.

Relations (3.7), (3.8) give

—_
|

2
(n’ + 2y N + B§> dz — E|glz20,0y0 -
1

3
—Bu(9,9) =

/

)

Performing the computations in the right-hand side, and integrating with respect to
Ty, T3, we obtain the inequality (3.6) by means of (2.5). O

Proof of Theorem 3.1 (continued). We use a contradiction argument to show
that the functionals B, are uniformly coercive. We assume that there is a sequence
en — 0 and a sequence §, € Hy(0,L)°, |Jn|gi(o,yo = 1, such that

0 < Bu(§n, Fn) < enldunltony - (3.9)

Let § be the weak limit of g, in H}(0, L)%, which may be supposed to exist.
We give a detailed computation for the last integral in the definition of B, (gn, ¥n) :

3 2
I, = 2j / > [Ni" AT, + B by + (ﬁ-”' +z; N + 1z, By’) hgi] det J" dz
Q i=1



3 2
> [N? hyi + BP h; + (T" + 2, NY + 1, By’) hg,-] det J dz

1

i

:2,;/
Q

3
20 / 3 [N" h;;\/det T7 — hyv/det J) +Bf(hgi\/det J% — hoiv/det J)
Q

=1

—i—(T + 2, NY + B") (h;}im — hzsi\/CW)]

[ N2 (ho/det J7 + hy/det J) + Br (hgi\/det J7 + haiv/det J)

@
(=

+

7' 4z NP —I—sz")(hgi\/detJ"+h3i\/m>]da‘c.

Here, §, = (4, Na, Bn) belong to the unit ball in H!(0, L)°. The uniform conver-
gence of the coefficients (see (3.4), (3.5)) shows that the last integral converges to
zero. The weak lower semicontinuity of quadratic forms gives

n—o0 n— 00

2
liminfl, = liminf 2M/Z[N"hh+3 hai + (T o NP + 2y B )h&]

x det Jdz

3 2

o =1

v

det J dz ,

where (7, N, B) € H}(0,L)? is the detailed notation of 7.
Computing the other terms in a similar way, we get
3
lim inf By (G, Gn) > 2@/2 [Ni hi; + B; ha;
n—00 —

2

+(T +.’I?1N —i—:ch>h3Z det J dZT

/z

7,j=1

N hy; + B; hos + (T o N JrgczB)hg,z

lehljJrthQjJr (# + 21 N + 22 B ) hy; | det J da

+ﬁ/z

o i<

Nih1j+Bih2j+<T +.’I71N +.’E2B>h,3]




2
—I-Nj hi; + Bj ho; + (7:], + 2 N], + 9 B;) hs;

det Jdz = B(3,7). (3.10)

By assumption (3.9) and by (3.10), we have B(g,3) =0.
It is known that such a relation yields § = 0 (see, for instance, Lemma 2.3 in [11]).

We use again the inequality (3.9) with Lemma 3.2,
En Z Bn(gnagn) Z 1 — 62|gn|i2(0,L)9a (3'11)

since |§n|gio,Ly0 = 1-

Notice that 7, — ¢ = 0 strongly in L?(0,L)°, by the above argument. Then,
combining (3.10) and (3.11), we obtain the contradiction 0 > ¢;. We conclude that
there is some § > 0 such that, Vn > 1:

B.(9,9) > 6lglimone, V¥ € Ho(0,L)". (3.12)

Let us fix in the corresponding to B,(:,-) state equations (2.13), © = g, . Taking
into account (3.12), we immediately obtain that {g,} is bounded in H}(0, L)°. We
may take a subsequence such that g, — 3§ weakly in H}(0, L)°. Due to the uniform
convergence of the coefficients Af;, det J,, g, one may pass to the limit in (2.13)
and see that ¢ is indeed the solution of (2.13) associated to (¢, ¥).

The last step of the proof is to show that the convergence is valid in the strong
topology of H}(0,L)?. We substract the equations corresponding to (7, N, B"),
respectively to (7, N, B), we intercalate advantageous terms and, finally, we take
test functions of the form (7", N*, B®) — (#,N, B) € H}(0,L)°?. We write in detail
just the simplest term:

3
2 / > [Nr B+ B b+ (1 4 @ VY 4 2, BY) h]
Q i=1
[(N,-” — N+ (BE = Bo) by + (7 — 7 + o1 (N} = W) + za(BY' — B))

3
hg;.] det J"dz — 2 fi / > [N hyi + Bi hg; + (ﬁ! + a1 N! + 5 B;) ha;

=1

Q

[(NZ‘ ~ Noh + (BF = B has + (71" — 7+ o1 (N’ = N}) + 2a(B}' — B

3
h3i] det Jdz = Zﬁ/z [(Nzn — N;) hii + (B} — B;) ha;
Q i=1

10



2

(7 = H 4 e (N = N)) + o3(BY — B]) hyi| detJ d

3

+2;1/Z

Q i=1
n

NP hy; + BP ho; + (Ti”’ o NY + 2y B{“) ha;

(Nz % %

— Ni) (R — hu) + (B} — Bi)(hy; — hai) + (r-”' — 7 + o (N — N))

Fzo(BY — Bg)) (B2 — hy;)| det J dz

3
27 / 3 !Ni" hus + B hoi + (Ti"’ Yo NY 4z, Bl-"') hgi]
Q i=1

(2 (2

(N? = N b+ (BF = By b+ (7' = 72 wa (N = )+ wa(BY' — BY)) h]
| det " — det J | dz

3
+20 / > [N[L(h;;. — hui) + B (h; — ha) + (T" + 21 N + 7 B{") (hy; — h3i)]
Q i=1

(N — N;)h%; + (B! — B;)hy;

)

(A (N~ WD)+ wa(BY — BY)) gy | det T dr.

All the terms above, except the first one after the equality sign (the quadratic one),
converge to zero due to the weak convergence of (7", N*, B") and to the uniform
convergence of the coefficients. Similar computations may be performed for all the
integrals in the variational equations, and we conclude that

lim B(§, — 9, 0n—9) = 0. (3.13)
n—oo
By (3.12), (3.13) the proof is finished. O

Corollary 3.1 If K C C?0,L]* is generated by a compact in C'[0, L]*> subset of
{p,%} and j:C?(0,L)* x H}(0,L)® — IR is lower semicontinuous, then the shape
optimization problem (P) admits at least one optimal curved rod solution in K.

4 Sensitivity analysis of curved rods

We study first some differentiability properties of the mapping (p, %) € C1[0, L]? —
g € H}(0,L)%, with g being the solution of (2.13) corresponding to (p,?). We

11



consider (px,¥n) = (p + Av, ¥+ A€) € C'0,1]*, X € IR, , to be some variation
around (p,1), and we denote by §x = (7a, N, By) € H;(0,L)? the corresponding
solution of (2.13). Similarly, we denote by £y, 05, fix, bx, ax, Bx, cx, Ja, by, g5 all the
quantities defined in Section 2, starting from (p,,¥,) . Notice that, by our construc-
tion, the perturbed curved rod ) has length L and is parametrized with respect
to its arc length, i.e. |[{x|rs =1.

It is elementary, though tedious, to check that all the below listed limits and oper-
ators exist and satisfy the indicated properties

/l\iir(l) = t(y,€);t: C'o,L]* — C'o, L]*, (4.1)
0, — 0 ~ ~
lim *A = 0(7,8); 6 : C'[0,L]* — C?[0,L]?, (4.2)
lim P = fi(y,); 7 s CU0, L] — C'o, L, (4.3)
lim 2 = b,6)55 s €Yo, L Co, L] (4.4)
Im P2~ — 3 G CY0 L1 > Co, L 45
/\lm - (J,(")/,f),(], . [Oa ] — [07 ]7 ( . )
—0 )\
li =B _ ; .G CY0,L1? — C[0, L 4.6
lim = B(v,6); B : C'o,L)> — C[o, L], (4.6)
—0 )\
lm 2 =C = y,);e: CU0, LI — O[O, L, (47
—0 )\
lim ST p 6 - 0o, 1P - 0(@), (4.8)
. L= dJ = 5 1 2 ~\9
lim = J(v,€);J : C0, L] —» C(Q)°, (4.9)
—0 )\
Jl_ gt N N _
}‘im’\i = I(v,6); 1 : C'0,LP? — C(Q)°, (4.10)
-0 A
h — hy 3 3 _
—0 )\
im BT = gy, 6); 57 CUo, L] —~ (@) (4.12)
—0 )\

All the operators t,8,7,b,d,3,¢D,J, I, hij,§7 are linear and bounded in the indi-
cated spaces.

By Theorem 3.1, we also have that
g — @ strongly in H;(0,L)°. (4.13)

In order to prove the differentiability properties of 7, we substract the equations
of 7, ¥, we divide by A, and we intercalate advantageous terms. Later, we shall
also fix the test functions of the form A~!(yy — 3) € HZ(0, L)°.
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In the right-hand side of (2.13), it is possible to pass to the limit

. det J, —detJ
lim { /fl wi(zs) + z1 Mi(zs) + 2 Dl(%)) — A " dz
A—0 A
+ Z Z/gl wi(zs) + 1 Mi(z3)

i,7=1 =1 80
det Jxy/vi(Z) g7 v;(Z) — det J )9y, (z
) Dl($3)> )\ dr

3

= Z/fl (,Ul z3) + 1 Mi(z3) + zo Dl($3)> f)(% §)dz

3 3
2.2 / 91(®) (1u(23) + 21 Mi(ws) + 2 Di(w3) ) | D, )/ g7 v
ij=1 1=1 3o
+ det JM] dr . (4.14)
2 g’ v;

We also write the corresponding transformation of the simplest term from B,(-, -),
the bilinear functional (2.13) obtained from (py, %)) :

3
1 ’ ’ ’
Q i=1

!Mi h};, + D; hy; + (u; + 1 M) + dg) hy;| det Jy dz

3
_2/]/2 [Nlhh—FBZ/’LQZ—i‘ (TZ,+£L'1N;+£L'QB;> /’L3Z
=1

[Mih1i+DihZi+(u,+x1M + 23 D)) hy;

— QN/Z

N — 1! N} — N! BY — B!
+( 2 Z+x1 2 Z+x2 2 )\ Z>h3z

det Jda‘c}

B} — B;
- ha;

hlz

M; b + Do + ( + 21 M + 2, D) h3Z] det J dz
3
2/1/2 !Nz)\ hli +Bz)‘ hzi + (Tix ‘f—xl NZ-X +x2 BZX> hgz]
)

=1

13



h) — hy; h), — ho; h), — ha;
M D2 () gy M 0y D)) S22 det J da
A A A
3
h. det J, — hy; det J ha. det Jy — hoy; det J
21 )\ 17 2 )\ 2 7
vop [ 3 [t bttt
Q i=1
+(T-X + x; NN + To B?") hgl det Jy — hyi det J]
(2 (2 (2 A
[Mi hy; + D; hy; + (u; + 1 M| + x4 D;) hgll dz . (4.15)

The important term in (4.15) is the first term after the equality sign. Taking into
account (4.14), and similar transformations in the other integrals defining By(-, ),
we obtain the relation

B <y*;y , a) — Z,(3) (4.16)

for any test function ¥ = (i, M, D) € H}(0,L)°, and with some linear bounded
operator Zy : Hj(0,L)° — IR for any A € IR, . The relations (4.14), (4.15) show
that the following estimate is valid

1Zx(@)] < Clolgio.zy0 (4.17)

with some constant independent of A > 0. Here, we use the differentiability proper-
ties of the coefficients, given in (4.1)—(4.12), and the convergence of gy, according to
(4.13). By fixing 5 = A" L(§ — §), relations (4.16) and (4.17) show that {22 Y}

A
is bounded in H{(0,L)° for A > 0, by the coercivity of B. We may take a weakly

convergent, subsequence

U—Y
A

— ¢, weakly in H}(0,L)°. (4.18)

As in the previous section, one may see that the convergence is valid in the strong
topology of H}(0,L)?. The equation in variations has the form

B(9,9) = Z(v), Yo € Hy0,L)°, (4.19)

with Z(9) = limy_,o Zx(7), which exists by the above discussion. Z depends lin-
early and boundedly on (v,£) € C[0, L]?.

Remark that (4.19) has a unique solution § € H}(0,L)°. We have proved the
following result:

Proposition 4.1 The mapping (p,v) € C'0,L]*> — § € H}(0,L)° is Gateauz
differentiable, and the derivative § satisfies (4.19).

14



We introduce now the so-called adjoint sytem, with unknowns 7T = (R, P, Q) €
H}(0,L)?, and defined by

B(T,%) = V2j(0,5)(v), Yo e H(0,L)°. (4.20)

In (4.20), we assume that j : C?[0, L]* x H}(0, L) — IR is Fréchet-differentiable,
and that V,j denotes the second component of Vj or, equivalently, the partial
Fréchet differential with respect to . The existence and uniqueness of a solu-
tion T € H}(0,L)° to (4.20) is obvious, due to the coercivity and boundedness of

B(-,-).
Proposition 4.2 If j is Fréchet differentiable, then the directional derivative of
the cost functional T1 in the problem (P) at the point (p,) € C[0, L]?> and in the
direction (v,€) € C'[0, L)* is given by

VII(e, ¥) (7,€)

= V1j(0,9)0(y,€ +Z/fl Rl T3) + 1 B($3)+$2Ql($3)> D(y,€) dz +

=1 §
3 3
ZZ a(z )(Rl(x3)+$1 Py(z3) + 22 Qi(z3 ) (v, &)V g¥v;dr
i.j=11=1 jq,
3 3
+ 303 [ a@)(Ruan) + 51 Pias) + 22 Qulas))
i,j=1 I=1 80
1 »
det J ———=v;g" (v, )y, dT
\/ Vi gV V;

3
_2,&,/2 [Nlhll—‘l_Bthl—l_(T;+$1N;+$2Bl’> h3l
o =

P; Bli(%f) + Qi ;in('y, §) + (R; +z1 P + 2y Q;) Bsi(%f)] det J dz

—2“/2

Qzl

N; hai(,€) + B; hoi(, €) + (T +z1 N] +sz)h31(7 5)]

Pi hli + Ql hgi + (R; + f)i, + T Q;) h3i det J dZT

_QM/Z

Qzl

N; hy; + B; hos + (T t o N JrgczB)hg,z

P hy; + Q; hoi + (R; +z1 P + x5 Q;) hsi 75(% §)dz

15



-

0
MW

[Nlhll—i‘Blhgl (T +.’131N +.’EQB>h3,

Il
—

i,j

P; hyj(7,€) + Q; haj (7, €) + (R; + 1 P 4z, Q;) hsi (7, 5)] det J dz

7.

Pj h,lj + Q]' hzj + (R; + P], + T Q;) hgj] det J dT

M«

!N hii(7,€) + B; hai(v, &) + (T + 1 N; +$2B> h3z(%§)]

~.
Il
—

oJ

_S\/Z !Nlhll—i‘Blhgl (T +.’131N +.’E2 h3,
Q

f)jh1j+th2j+(R;+$1f)]{+x2Q ]f)%

/Z !N hij + Bihos + (7 + 1 N| + 23 B, haj + N hu; + B; ho

1<j

+(T +$1N +$2B>h31

Pihs(7,€) + Qi hag (v,€) + (B + 21 P+ 22 Q) By (v, €) + Py hua(7,€)

+Qj Bgi(’}/, f) + (R; + 1 P]’ + 2 Q;) Bgi(’}/, f)] det J dz

—p N; hij(7,€) + B; hoj(v,€) + (7! + 21 N| + 22 B ) hs; (7, €)
>

o i<i

+N; hug(v,€) + Bj hai(v,€) + (7' + 21 Nj + z, B; ) h31(7’§)]

Pih,lj + QZ hzj + (R; + T Pi, + T Qi) hgj + P] hli + Q]‘ hg,’

+ (R + o1 P+ 2, Q)) hsi| det J dz

g/z [N hyj + Bi haj + (T + 2, N +sz)h3,

1<J

+Njh1i+th2,' (T +.’131N +£L'QB>I’L3Z
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Pz'hu—l‘Qith—l-(R2+$1PZ—'+-’L’2Q;) hsj + Pj hii + Q; ho;

+<R;' +a1 P+, Q;) hsi| D(v,€) dz. (4.21)

Remark 4.1 In order to compute (4.21), from (p,%) and (v,§) € C[0, L]?, one
has to compute 6§ € C2[0,L® by (2.1), § = (7,N,B) € H}(0,L)° by (2.13),
T = (R,P,Q) € H}0,L)° by (4.20), and to use (4.1)—(4.12). Since spaces of
continuous functions are taken into account, it is not advantageous to rewrite (4.21)
by using adjoint operators.

It is also to be noticed that the above argument holds for ¢, 1, ~,& piecewise in
C1[0, L]. This is important for the numerical experiments in Section 8.

Remark 4.2 Assuming that the cross-section of the rod is not constant, one may
study optimization problems with respect to the cross-section as well, under appro-
priate regularity conditions.

Let C = {(¢,%) € CY0,L)%; O(p,%) € K} and uy = (po,1) € C be arbitrarily
fixed. We denote by

T(C;up) = {u € C'0,L?; u= lim A\y(un — o), A >0, u, €C, and u, — ug}

n— 00

the cone of tangents to C at ug, Barbu and Precupanu [3]. It is known that if C is
convex (see examples (2.15),(2.16) and Remark 2.2), then T'(C;ug) = [Jy5 A(C — u) .

Corollary 4.3 Assume that u* = (¢*,v¥*) is a (local) optimum point for (P).
Then, the following statements are valid:

i) If 11 s Fréchet differentiable on C1[0, L]?, then
VI(g", ¢")(7,€) >0, VY (1,€) € T(C;u").
ii) If C is convez, then the directional derivative of Il satisfies

VII(p*, ¢*)(7,€) 20, V (v,€) € C—u".

Remark 4.3 Corollary 4.3 gives the standard first order optimality conditions for
the problem (P), Troltzsch [18]. Relations (4.21), (4.20), etc., indicate the explicit
calculation of the directional derivative of the cost functional and will be used in
the last section in the numerical experiments.
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5 Formulation of the shell optimization problem

Let w C IR? denote a bounded domain, not necessarily simply connected, with
Lipschitz boundary Odw. Define

Q=wx]—¢,¢e[C R
for some “small” ¢ > 0. We denote by (z;,23) € w and z3 € | —eg,e[, T =

(z1, 22, x3) € Q, the independent variables.

Let p: w — IR be a C?(w) mapping, whose graph represents the middle surface
S of a shell. We introduce the geometrical transformation

F:Q— R,
F(z) = 7(z1,72) + z30(21,22), (5.1)

with @ = (my, 7, m3) = (21, T2, p(x1,22)), and with 7 = (ny,ns,n3) denoting the

. . . o
normal vector to S in the point 7(z1,z2) . Since the tangent vectors Pl (1,0,p)
I

e , are always linearly indepen-

o} 0
and % — (0,1,ps), with p; = P and Py =

O0zs 0x; N 8x
or  om i
dent, we may take 7 as the normalization of — A —, that is
8.’171 61‘2
1
n = (5.2)

————=(—P1, P2, 1).
V1+pi+p3

Assume that dw = %y U7y, with =y, 71 nonoverlapping open parts of dw such
that meas (7y) > 0, and let Ty := yyx] —e,e[, I'; := 0Q \ I'y. We introduce the
notations

Q= F(Q), Iy = F(,), T := F(I'y).

We argue later (see (5.9)) that F' is a homeomorphism for small ¢, and the open
set 0 will represent a shell. We assume that body forces f € LQ(Q) and surface
tractions § € L?(I'1)® act on the shell. Our main mechanical assumption is that
the corresponding displacement @ € V(Q) = {6 € H*(Q)?; o]p, = 0} has the form

A

w(z) = a(zy,x2) + z37(21,22), z € Q. (5.3)

Here, T = (z1,To,73) = F71(2) € Q and @ = (uy,uz,u3), 7 = (r1,72,73) belong
to the Hilbert space

V(w) = {7 = (v1,v2,v3) € H'(w)*; 7], = 0}, (5.4)
equipped with the norm

17|y (w) ::/ (Vv ? + [Vua|* + |Vus|?) dzrdas .

18



If we denote by V() the subspace of V() defined by (5.3), (5.4), we can see that
V() can be simply identified with V(w) x V(w), and we shall do this repeatedly
later in this paper.

Clearly, u represents the displacement of the middle surface S of the shell, while
7 is the modification of the points along the normal 7(z,zs), assumed to remain
on a line. The form (5.3) allows for both dilation and contraction of the elastic
material; it is a generalization of the classical Naghdi model, Ciarlet [9], Blouza [5].

The Jacobian J = D F of F' is given by

Ony Ony
1 + .’Lé;3 o11 I3 Bq,% ny
7) — Ony Ony
J(Z) = T3 6z18 1+ 3 %: ny | . (5.5)
pL+ 2352 P2t 3G, 3

As n|% =1, we get (A, 22)ps = 0,7 = 1,2, which shows that can be
l xi
on on
generated by I and 25 We get the relations
83:1 81‘2
on on; O Onsy OT
= 5.6
oz T (xl, xZ) 83:1 83:1 + 83:1 81‘2 ’ ( )
on 87’7/1 or 87’7/2 o
= 5.7
ox T2 (xl, xZ) 61‘2 6$1 + 6$1 8.’172 , ( )

which are special cases of the equations of motion of the local frame on the surface
S, Cartan [6]. The coefficients a:a
of §.

Equalities (5.5)—(5.7) yield

i=1,3, a =1,2 are related to the curvatures

_ 87?,1 67’12 87?,1 87?,2 87?,1 87?,2
det J = |1 — 4+ —= — /1 2 2
¢ (-77) N <6$1 + 8.’172) te <6$1 61‘2 61‘2 61171) ] +p1 +p2
(5.8)
Since p € C?(@), for “small” € > 0 we get that
det J(z) > ¢ >0, Ve, (5.9)

Let us notice that (5.9) justifies the definition of the shell € via the transformation
F', see Ciarlet [9], Thm. 3.1-1.

We denote the elements of J(Z)! by

J(Z) = (hij(Z)); =15 - (5.10)
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In Sprekels and Tiba [16], the following generalized Naghdi model is obtained:

B((z,7), (i p))
3
A\ O, or; ou or
= A : | P - hai + 7 hsi
/{Z[<31‘1+x38x1> 1+<6$2+ 38:1:2) 2+7" 3 }
3
O , , 9P du;  Op; o
{Z [ <a$1 Oy faj + Ozy +x38x2 haj + pj haj | o |det J(2)|dz

Q =1
3
ou or Ou; or
[ - hz — hz zhz
'UI/XI: [(81‘1 :1;381'1) ! (81’2 +x38$2> 2%+ T 3]
Q

O Ip; Oui dp =
hy; ha; i hsi | |det J d
<8x1+x35$1> 1+<82+ 38x2> 2 T P 3]| et J(T)| dz

Ou; or; Ou; or
+ﬂ/ Z [(81‘1 8.731) h1j+<82+$38$>h2]+7'1h,3]

1<i<j<3

ou,; or; 0u,; or;
e R AL ) R e o + 1
+<8x1+x36x1> 1+<82+ 36:E2> 2+T'] 3]

X [(8.’171 +x36—$1> h1j+ <8 s +x 36x > h2]+pzh,3]

O, 9p; O, 9p;
e N ) R e hai + 1
<8.’E1 + o 8$1 i 8.’E2 T, 8.’E2 2 + R

| det J(Z| dZ

+

3
= /Zfl(ul+x3pl)|detJ |dx+/ZZgl w + z3 ) | det J(Z)|
Q =1

=1 i,5=1

x \Juil®) gi(2) vi(@) dr, Y (m,0) € V(w). (5.11)

z € Q, we use the assumed form (5.3) of
€ V(w) are arbitrary test functions. The

Here, /(z) = f(Fz), 3(2) = §(F2)
the displacement, and g € V(w), p
coefficients g are obtained by

Y

(@), =@ @] (5.12)

=1,3

and (vi(%));_13 is the unit outside normal to I'y at Z € I';.

The coercivity of B on V(w) x V(w) was proved by Sprekels and Tiba [16], for
small enough. This gives the existence and the uniqueness of the solution (@,7) €

V(w) x V(w) to (5.11).
For given f and g (defined in a sufficiently large ball in IR®), we consider the
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following general shape optimization problem associated with (5.11):

Min {H(P) = j(??(l'l,xz) ; p(-’IJ1,-’IJ2)>} (P)
p
with g(z1,72) = (4(x1,T2),7(z1, 7)) € V(w)? given by (2.11), and subject to the
“control” constraint p € K C C?(@), closed and bounded. Notice that (5.9) should
be included in the definition of K. The mapping j : V(w)? x C?(w) — IR satisfies
certain regularity properties to be described later. One classical example is the
quadratic case

2j(5,p) = lurlpry + |u2liw) + luslP, - (5.13)
Then (P) aims at finding the shape of the shell (the surface §) that minimizes the
displacement of the middle surface under the prescribed body forces and tractions.

Concerning the constraints to which the shell itself may be submitted and which
are abstractly written as p € K, there is a large variety of examples. We just list
several:

0 < p(z1,22), VYV (z1,22) € w (5.14)

(pointwise constraints),

/p(xl,xz) dridzy > c (5.15)

w

(integral constraints). A special integral constraint is to prescribe limits for the area

of §:
/Ml—i—p%—i—p%Zﬁ. (5.16)

Although all the examples (5.13)—(5.16) have a convex nature, the shape optimiza-
tion problem (P) is strongly nonconvex, since the dependence p +— § is nonlinear.
(P) is a control-into-coefficients problem.

6 Existence of optimal shells

We prove first the following continuous dependence result:

Theorem 6.1 Assume that p, : @ — IR and p, — p in C*(@). If G = (Un,Tn)

and § = (@,7) are the solutions of (5.11) corresponding to p,, p, then G, — §
strongly in V(w)?, for sufficiently small € > 0.

Proof. Relations (5.1), (5.2), (5.5),

~~

5.8) give (with obvious notations)

fi, — n in C'(@)?, (6.1)

F, = T, + 237, — F =7 + 237 in C'(Q)?, (6.2)
J, — J inC(Q)?, (6.3)

detJ, — detJ in C(9Q). (6.4)
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Notice that

1 0 m T+ asds  z3ga 0
J(z) = 0 1 no xgng l—l—x@ 0| =SR= S+ z3M)
P1 P2 ng 0 0 1
(6.5)
(new matrix notations).
Similarly, we have
Jo = Sp Ry, = Sp(I + z3 M,) . (6.6)
A simple calculus gives
1 [ ny—n3p;  nipy  —nf ]
St ngpl  nf—nipl —nj
T VI @) [ —pt —p3 1 J
1 n3 — N2 P2 1 P2 —n
— ng P1 ng—mnipi —mny | =S,
V1+pi+ps —D1 —D2 1
strongly in C'(@). Moreover,
R'=(+az3M,) ' =1—a3M, +23M> — 23 M> + ... (6.7)
for € small. Clearly, we have
[ On? Onf 0' [ Ony  Omy 0'
81‘1 83:2 a-’171 81'2
M= | ompomp | = | om on (69
8.’171 61‘2 8$1 8.’E2
| 0 0 0] | 0 0 0]

in C(@). Relations (6.7) and (6.8) show (by a passage to the limit in the infinite
sum, n — oo ) that R,! — R~ ! in C(Q), for ¢ small.

Then, (6.6) and the above argument give
Jb— J1 inC(Q)°. (6.9)

In particular, we have that:

hi;(z) — hi(z) inC(Q), Vi,j =13, (6.10)
gi(z) — ¢7(z) nC(Q), Vij=T13, (6.11)

according to (5.10), (5.12), (6.3) and (6.4).
Let B, denote the bilinear form B from (5.11), with coefficients Al , det ., . We

17
show that it has a coercivity constant independent of n € IN, for € > 0 small

enough (again independently of n ).
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Proposition 6.2 Assume that K is bounded in C*(®) and that ¢ < e(K) and
d << e are given positive numbers. There are ¢ = ¢(K) >0 and m =m(K) > 0
such that

PN _ _ m _ _
By(1,1) > elelal}y + & | — 5 [fhan + @fwn] »  (612)
for any p € K and any @ € H*(Q)® given by (5.3).

The constant €(K) > 0 dependson ¢; >0, ¢ = 1,2, defined in (6.23) and in Lemma
6.3. It should be small enough such that (5.8) is fulfilled, which is possible due to
the boundedness of K in C?(@). The precise significance of £(K), ¢(K), m(K) is
indicated in the proof.

The notation B,(-,-) signifies the bilinear functional (5.11) associated to some
p € K. We prove Proposition 6.2 only for the case @,7 € Hj(w)® = V(w), in order
to avoid more technical arguments related to the extension of @ to Hj(IR)®.

Proof. We consider the mapping @w € H'(Q2)*, given by
w(z1, T2, x3) = U(x1,22) + 23 7(21,22), (6.13)
such that 4(%) = w(F~'2), 2 € Q, & = F~'¢ € Q. Denote by
St =le,e+d] xw, S =[-€e—-0,—¢ xo. (6.14)

We extend @w to QUSTUS™ by @W|g =w and:

w(z) = 51{ [(8 +9) — xg] a(z1,22) + € (e + 0 — z3) 7z, :1:2)} (6.15)

w(z) = 1{(6 + 0+ x3) u(zy,z2) — € (e + 6 + x3) 7z, xz)} (6.16)

for z € S™.

Then, we may extend @ by 0 to IR® as @,7 € Hj(w)®. In the general case of a
partially clamped shell, one has to use an extension procedure around w C IR?, too
(for instance the Calderon extension, Adams [1], since dw is assumed Lipschitzian).

We may assume that F,, i.e. the transformation (5.1) associated to any p € IC,
is still one-to-one on QU ST U S~ since € + 4 is “small” and K is bounded (see
(5.8)). We denote

E;j = F,(ST), ¥, = F(S). (6.17)

Above, the index p € K puts into evidence the dependence on p of the geometrical
transformation and of the sets. We introduce the extension of 4 € H*((,)* by

(3) = m(p;l(g:«)). (6.18)



Clearly, it holds @ € H}(Q, USS US:).

As K is bounded in C?(@), there is a ball O in IR? such that O > Q,U Yiux,,
for any p € K. We may extend %@ by 0 to O so that @ € H}(O). We have

3 9 3
By (i, @) + i / > da%z;z/z
ij=1 o i=1

1.1=
siusy;

2
dz

éij (1) éij (1)

since A > 0, it > 0. The Korn’s inequality, applied to the last integral, gives that

3
2
Ba) > clifyo —n [ || da
siusy ni=l
3 2
> claff g, — A / > |e(w)| da, (6.19)
stusy W

with ¢ > 0 being independent of p € K.

We have to estimate the last term in (6.19). To this end, we compute

o, | O
7 di — i
/ o / <<3x1 (2(2)) ,
Ty USp SUs,
811~)i(—(A)) %(—(A)) (dp &), &), & (A)) 2 Ny
axzxx ’8x3x$ » \@15\T) 5 A4(T) 5 O34T R3x
ow, Ow: Ow; 2
= v ) L hP. hlP. h,p- det J. |dz
/ <<8x1’ 8.’172’ 6$3> ) ( 15 255 3])>]R3 | e p| z,

Stus-—

where (df;); ;13 := D F; (&), (h};); j—13 := J, *(Z), and where we have performed
a standard change of variables in the integral (see Sprekels and Tiba [16] for a
detailed calculation). Notice that the extension of h; to S* U S~ is obvious by
(5.5).

As {det J,}, {hi;} are bounded for p € K, we have to estimate the gradient of w
in L2(STUS~). We compute it in S, for example:

ow ou or
o 51 (6+5_x3)8xa +€(6+6—x3)axa , a=12, (6.20)
P
8—;”3 = — 6 Ya+er). (6.21)
Thus, we get
8 v 1 1
i < \/5575|ﬂ|[/2(w)3 + \/56 67§|f|L2(w)3 .
O3 L2(S+Uus—)3
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For a« = 1,2, we have:

2
£66

12(w)8 IRV

Consequently, we can find some ¢; > 0, independent of p € K, such that

o0
(9:1:0,

or

V3
5 oz,

<
L2(S+US—)3 V3

‘ o (6.22)

Oz,

L2 (w)3

By(i,a) > C|ﬁ|ip(gp) — ¢ [5|ﬂ|%/(w) + 628|750y + 07 Al Ty +€° 5_1|F|%2(w)3] :
(6:23)

Lemma 6.3 If Qp = F,(Q), there are co > 0, c3 € IR, independent of p € K,
that

|a|§11(g}p) > e |eltfi,) + €Nl
—cselT| oy, Va(&) = w(F,'E) € H'(Q),

for € < ey and with €9 > 0 independent of p € K.

Proof. The proof of this Lemma is quite technical, and we quote Sprekels and
Tiba [16, Sect. 3| in this respect. It is possible to check that all the constants
appearing there may be chosen independently of p € K. We indicate here just a
precise quantitative argument which replaces the qualitative proof of Lemma 3.3 in
Sprekels and Tiba [16], in order to preserve the control of the constants. We have:

3
. ou; or; B ou; or; ~
e, = /Z [(a 2 6a, ) h;(@) + <8x2 +x38x2> h2;(2)

Q 7,7=1

2

+7i(2) W5;(2) | | det J,(2)| dz, (6.24)

after the change of variables via F, : 3 — Qp.

We define the quadratic form

Ou; Ou; 2
<8Zl hpO + a;b hg} + 7y h§]0> m dz, dzs
2¢° Ori p,0 ori ,p ’ 2, 2
" 3 Z oz Py + Oz» h2} m dzy dze, (6.25)
W BI=

and we estimate it first. Here, (hf]zo) are the elements of the matrix S;* (see (6.5),
(6.6)), that is, they constitute an approximation of (hj;). Taking into account the
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structure of S, , we get

% _ P1 (87"i hp,o or; hE: >

0z, V1+p?+pi \ 0 0z
1 or; or;

+ < Tippo o 2T e ) : (6.26)
V1+pi+p3 \07 Oz

and similarly for 2%, 2% i =173, a =1,2.

Then, simple algebraic manipulations in (6.25), (6.26), involving the triangle in-
equality (and the fact that the coefficients of the parentheses in the right-hand side
of (6.26) are less than one), put into evidence a constant, independent of p € K,
such that:

Qu(@,7) = c(ell}y + el = elfios ), >0, (627)

Taking the difference between (6.24), (6.25), estimates similar to Sprekels and Tiba
[16, Sect. 3] show that it will be dominated by the right-hand side in (6.27), for e
small. This ends the proof of Lemma 6.3. O

Combining it with (6.23), we get (6.12), for § << ¢, and the proof of Proposition
6.2 is finished. O

Proposition 6.4 Let K C K be a compact subset. There are € > 0, such that for
e < &, there is c. > 0, independent of p € IC,
By(,d) > ccflaf) + ], @) = 0(F @) € B, (6.28)

p

forany pe K.

Proof. We fix ¢ and € < ¢, § << ¢, such that (6.12) is valid.

Assume that (6.28) is false, i.e. there is no ¢, > 0 with the indicated property.
Therefore, for any a > 0, there is p, € K and @, 7a, Ga(%) = wa(F,, (£)), such
that

0 < By, (tha, ia) < af|taldiy + [Tal¥w | - (6.29)

In (6.29), we can assume that |(%q,7a)|v ()2 = 1, and, consequently, that B, (iq, i)
— 0 for a — 0. Moreover, we can suppose that Uy — U, Ty — T, both Weakly in
V(w),and p, = p € K strongly in C?(@), due to the compactness of K . In particu-
lar, we get hi; — hi; strongly in C(Q), where (his)ig=13 = ;" (ilij)ij_ﬁ =J;t.

It is simple to see, due to the uniform convergence of the coefficients h., that

Z]’

By, (ta, Ua) — Bp(tla, ta) — 0 (6.30)

(see (5.11)). The weak lower semicontinuity in H'(w)?® x H'(w)® of By(-, -) and
(6.29), (6.30) show that

0 > liminf By, (i, ) = liminf By(ila, i) > B,;((a, s (@, f)) > 0. (6.31)
a— a—
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Clearly, (6.31) shows that Bs((@, 7); (@, 7)) = 0, and the coercivity of B; gives
@ =0, 7 =0, according to Sprekels and Tiba [16]. We conclude that @, — 0, 7, —
0, both weakly in V(w) and strongly in L?(w)3.

We combine (6.29) and (6.12) to obtain that
o > clelafi + Il | = o | [Faliewy + 1Tal?
2 alvw) alviw)| = 5 |ITalzeqy + |talz2(uys

m
> ce®— = |:|Fa|%2(w)3 + |ﬂa|%2(w)3] :

)

Taking a — 0, we get the contradiction
0> cel

which ends the proof. O

Proof of Theorem 6.1 We notice that the assumptions of Proposition 6.4 are
fulfilled and that (6.28) is valid for {p,}, for any n € IN. Then, if we fix (g, p) =
Un = (Un,7,) in (5.11) with p = p,, we get immediately that {7,} is bounded
in V(w)?. We may assume that @, — 4, 7, — 7, both weakly in V(w), on a
subsequence. Due to the uniform convergence of the coefficients, one may pass to
the limit in (5.11) and see that § = (@, 7) is indeed the solution of (5.11) associated
to p. As the solution of (5.11) is unique, 7 is the weak limit of the whole sequence.

Now, we have to show that the convergence is valid in the strong topology of V (w)?.
We substract the equations corresponding to %, , ¥, we intercalate advantageous
terms (see the last step in the proof of Theorem 3.1) and, finally, we take test
functions of the form g, — 4 € V(w)?. As the difference of the corresponding right-
hand sides converges to 0 (by the above weak convergence property), a detailed
calculus gives that

By (6.28), (6.32), the proof is finished. O

Corollary 6.5 If K C C?(@) is compact and j : V(w)? x C*(@) — R 1is lower
semicontinuous, then the shape optimization problem (P) admits at least one optimal
solution p € K.

7 Sensitivity analysis for shells

We investigate some differentiability properties of the mapping p € C?*(@) — § €
V(w)? defined by (5.11). We consider p+ Aq, A € Ry, and q € C?*(@), a small
perturbation of p € C%(@), and we denote by g, = (@*,7) € V(w)? the correspond-
ing solution of (5.11). Similarly, we denote by 7y € C'(w)*, Fx € C'(Q)?, J, €
C(Q)%, by € C(Q), g) € C(Q), By, etc., all the quantities defined in Section 5,
starting from py = p + Aq. We shall simply write B for B,.
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It is elementary, though tedious, to check that the below listed limits, and linear
and bounded operators, exist in the indicated spaces:

iy — 7

lim —=— = #(g); & : C*(®) - (@), (7.1)
= L i _
lim 2" = J(g); J - C¥@) - @), (7.2)
N - - _
}\%% = I(g); I : C*(@) — C(Q)°, (7.3)
R —hy; - - - 3
lim —=——=" = hi;(q); hij : C°(®) = C(), (7.4)
. det Jy —detJ ~ _
lim === = D(q); D : C*(@) ~ C(Q), (7.5)
. gf\j — g7 ~ij ~ij 2/ - A
lim === = g%(q); g% : C%(0) = C(Q). (7.6)

By Theorem 6.1, we also know that
gx — ¥ strongly in V(w)?. (7.7)

Now, we subtract the equations for g, and for g, we divide by A, and we shall
prove that it is possible to take A — 0. In the right-hand side, we have

3
. det Jy, —detJ
;lgg]{/l};fl(mxspl)*fdx
5 1=

det J,\\/ 1% gij Vv — det J+/y; gij vj
/Zzglﬂl—F-’L‘st 5y dr

=1 i,5=1
Z/fl i+ 3 p1)D(q) dz
=1 g
~ij
—l—ZZ/ (1 + z3 p1) [ )\ Vi zJI/]—I—detJ Yig ()] ]dT (7.8)
v; g9 v;
=1 i,5= 1 J

Here v = (1,p) € V(w)? is an arbitrary test function.

As the computation of }[By — B] is quite lengthy, we write in detail just the terms
from the bilinear functionals associated with the coefficient 2 fi , namely:

/\ or} ou} or)
{ /Z [ 83:1 81‘1) hi‘l * (81-2 L3 Oz, ) hé\z /\hQZ]

[(8.’171 + o 6:1,‘1> hli + (8:172 + T3 8.’E ) h’2z + pi h3l |det J,\|d$
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_A;ng—ng%)hh+(gi4— §h>hm+rm&

[(ZZ; +x3§£i> hii + (ggl + 3§x ) ho; + pihs;

A A A
u —u; 6” ;Ti 8“1 —Uj 87'2' T fr-.)\ —
hy; A A ho; : “h i
/Z [( 6;1;1 3 6:171 > 1+ ( 61172 + T 8(172 > 2+ A 3]

(g-’l:; + 23 251) hy; + (g;l:; + 3§x ) hai + pihsi

3
ou Or2\ h3;det Jy — hy;det J
+/Qiz:;l(8x1+x33xl> A

+<8uf‘ or} ) hy; det J)\—hmdetJ_Hﬂ,\ hj; det Jy — ha; det J
61‘2 61‘2 A : A

| det J|dx}

| det J|dz

dz

(o + 70, W+ (g + 30) W

’\ 0 0 0
L] (]

O Op; hi‘- — h; O p; hé- — hy; h:,)"- — hs; _
! k ;— det J|dz .
(8:1:1 +x33x1> A +(6x2+x33x2> A te A | det J|dz

According to (7.4), (7.5) and (6.10) the last two integrals are of the form Z,(gyx, 7),
and there is a constant independent of A > 0 such that the bilinear forms 7, satisfy:

1Zx(Ox, | < Clalvw)y |y - (7.10)

Applying the same technique to all of the terms of By — B, (7.8)—(7.10) give

B(yA;y : 73) = Z\(7x,7), V1eV(Ww)?, (7.11)

where 7, is obtained by adding together all the terms from (7.8)(7.10).
By fixing ¥ = 27 in (7.11), and taking into account (7.10) and (7.7), we see
that {%} is bounded in V(w)?2, due to Proposition 6.4. We may take a weakly

convergent subsequence,

y)‘; AN g weakly in V(w)?, (7.12)

and we can pass to the limit in (7.11). The obtained equation in variations has the

form:

B(y,7) = Z(v), Vo€ V(w)?, (7.13)



where Z(%) = limy_,0 Zx(fx, 7) and Z : V(w)? — IR is a linear bounded functional.
Notice that (7.13) has a unique solution § € V(w)?, due to (6.28). We thus have
proved:

Proposition 7.1 The mapping p € C*(0) — g € V(w)? given by (5.11) is Géteauz
differentiable, and the directional derivative § satisfies (7.13).

We introduce now the so-called adjoint system with unknowns 5= (a, b) € V(w)?,
B(s, ) = Vij(g, )(8), ¥ 5 € V(). (7.14)

The existence and the uniqueness of the solution to (7.14) is clear due to the prop-
erties of B. We have assumed that j is Fréchet differentiable on V(w)? x C?*(@),
and Vij, Vyj denote the partial differentials with respect to 7, p.

Proposition 7.2 If j is Fréchet differentiable, then the directional derivative of the
cost functional 11 in the problem (P), at the point p € C*(®) and in the direction
q € C*(@), is given by:

VIl(p)g = V2i(7,p)a + Z(5). (7.15)
Proof. 1( Ag) — TI(p)
: + Aq) — . o
lim r— P = Vailg,p)a+ Vii(g, p)3,
—0 A

by the chain rule and Proposition 7.1. Moreover, by (7.14), (7.13), we have
V¥, p)y = B(5,9) = B(y, 5) = Z(5).

O

Remark. In order to compute (7.15) from p, ¢ € C*(@), one has to compute ¥
by (5.11), § by (7.14) and Z by (7.13). The computation of Z is standard (see
(7.9), (7.8)), but tedious and we do not detail it here.

Corollary 7.3 Assume that p* is a (local) optimal shape for (P), and §* is the
associated deformation, and that all the above assumptions are fulfilled. Then

i) If K C C*(@) is conver, we have
Voi(g", p)g+Z(5) >0,V ge K —p".

i) If K is not convez, we have:

Voi(g*, p*)g+ Z(5) >0, VqgeT(K,p").
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Remark. Corollary 7.3 gives the standard optimality conditions for the problem
(P). The directional derivative obtained in Proposition 7.2 may be used, in principle,
in the numerical computations, as in the case of the curved rods. However, the
coercivity properties of the bilinear functional B, are valid just for small thickness
e, and the coercivity constant depends in a very bad manner on e (see Proposition
6.2 or Sprekels and Tiba [16]). This shows that instabilities (the locking problem)
may appear in the numerical experiments and special numerical schemes are to be
used. The interested reader may consult Paumier and Chenais [7], Pitkdranta and
Leino [13], for a discussion on the approximation of the state equation (5.11).

8 Numerical experiments

In the papers of Ignat, Sprekels and Tiba [10], [11], many numerical examples con-
cerning the deformation of three-dimensional curved rods and the optimization of
planar arches are reported. Here, we concentrate on the problem discussed in §2-§4.
The “locking phenomenon” [7], [13] is avoided in our experiments by allowing the
thickness of the curved rod to be “larger” then the division that we consider for
the interval [0,L] L = 4m+/2. Namely, we have divided the interval [0, L] in 100
equal parts and we have taken the cross section of the curved rod to be always given
by a disk with radius R = 0.3. For the integrals over the cross section, the usual
change of variables to polar coordinates leads to the integration over the rectangle
[0, R] x [0,27] which allows the use of simple numerical integration formulae corre-
sponding to the discrete grids. We have divided it into 8, respectively 80 parts, and
we have used Simpson’s iterative formula.

In general, as initial iteration to the optimization algorithm, we have considered the
spiral, lying on the cylinder z? + z2 = 1, given by:
™ T3

, ¢0($3) = 5 + E, T3 € [O,L] . (81)

A simple calculus shows that the rod parametrization corresponding to (8.1) is

¥ (z3) = %

é(.’lis):(cosﬁ in 23 3

3’ sin ARG
Deformations for this example of a curved rod, under the action of various body
forces, have been computed in Ignat, Sprekels and Tiba [11]. The Lamé constants
taken into account are A = 50, p = 100. The solution of the state system (2.13)
in the Sobolev space H{(0, L)% is approximated by linear splines from V;?, where
h > 0 is the division norm of [0, L], and where

), sepr. (8.2)

Vi = {v, € C[0,L]; v4(0) = vy(L) = 0, vy, is piecewise linear in [0, L]}. (8.3)

The same matrix governs both (2.13) and the adjoint system (4.20). We under-
line that finding the matrix (which has to be recomputed in each optimization
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iteration) is the most time consuming step of the algorithm. This is due to the
three-dimensional character of the objects that we are studying. The model (2.13)
provides a dimension reduction up to O.D.E.’s, and this is reflected in that the
coefficients involve the computation of many integrals over the cross section. One
can compute the gradient of the cost functional, and use descent algorithms for the
optimization of the geometry of the 3D rods, as explained in Section 4. We have
used the Uzawa algorithm combined with the Armijo line search rule.

A first class of examples is obtained when the force f = (0,0, f3) with the variants:

L
10 | xge[o,a],

f3(zs) = (8.4)
—10 | x3e]§,L],
f3(.’133) = 10 il’l [O,L], (85)
(10 xge—o,g],
folas) = L (8.6)
\ 0 y I3 € | 5, L:| ,
(0 el g] ,
folas) = L (8.7)
\ 10 , I3 €& | 5, L:| .

The cost functional was II = %|Ti|i2(0 ry With ¢ =2,3 (compare with (2.14)). We
have also imposed the constraint (2.15), with € = ¢, to avoid the appearance of self

intersecting curves. We have neglected (2.11), but it may be checked a posteriori
that detJ #0.

In all the cases (8.4)—(8.7), the vertical column, which corresponds to ¢ = 0, was
the geometric solution of the given problem. Indeed, the vertical column is the most
resistant structure with respect to vertical forces as in (8.4)—(8.7). In this case also,
the lateral displacements 7, , 75 are with several orders of magnitude smaller than
the vertical displacement.

Figure 1 shows the initial and the final geometries, obtained in one or two iterations.
In Figures 2-5, the values of 73 (in the final iteration) are shown and one can see
its dependence on the forces (8.4)—(8.7), respectively.

In another set of numerical tests, we have considered f = 10b (recall (2.3)). Again
the initial iteration was given by (8.1) (or (8.2)) or by some perturbation of it

T L

Z + 0) 1 ) T3 € [07 5:| )
Flaz) = {4 . 58)
™ o1 , meb,L],
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and the objective functional was the same as above.

Notice that, under our parametrization, it is very simple to change the initial iter-
ation, which is an important advantage in nonconvex optimization problems. The
main property of this choice of f is that it acts always in the horizontal plane,
although in various directions. It is also very easy to be constructed, under our
approach. For the constraints, we have taken € =0 in (2.15). This allows horizon-
tal curves as well, but self intersections may appear (which indeed was the case).
That is, in this set of experiments (2.11) is violated. In the examples that we have
computed, a clear decrease in the cost was observed and the tendency to produce an
horizontal curve as the solution. Although self intersections are present, horizontal
curves will deform just in the horizontal plane under the action of f = 10b. That
is, a mechanical interpretation is still possible (and due to this, it was necessary to
allow € =0 in (2.15)).

An interesting feature of this type of experiments was that the optimal ¢ was
bang-bang. The figures 6, 7 show this when the initial iteration was given by (8.8),
respectively (8.1). Figures 8 and 9 show the last two iterations of another example
with first iteration (8.1) and cost functional %(72)%2(0@ . As the optimal ¢ is very
close to 7, then the obtained (self intersecting) structure is almost horizontal. In
this example, the optimal values of 73 are very small too, which corresponds well

to the mechanical interpretation.

In general, one experiment took between two and three hours, on a powerful Compaq
GS80 workstation.
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