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Abstract

We consider a circular arch of thickness € and curvature 7~ whose elastic deforma-
tions are described by a 2 x 2 system of linear partial differential equation. The system
- of the type y” + Ay = 0,y = (y1,ys) - involves the tangential y; and normal ys3
component of the arch displacement. We analyze in this work the null controllability
of these two components by acting on the boundary through a Dirichlet and a Neu-
mann control simultaneously. Using the multiplier technic we show that, for any € > 0
fixed, the arch may be exactly controlled provided that the curvature be small enough.
Then, we consider the numerical approximation of the controllability problem, using
a C° — C" finite element method and analyze some experiments with respect to the
curvature and the thickness of the arch. We also highlight and discuss numerically the
loss of uniform controllability as the thickness € goes to zero, due to apparition of an

essential spectrum for the limit operator A°.
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1 Introduction

Let w be a domain in R with boundary dw, ¢ : @ — R? a smooth function and £ > 0.
We consider an arch clamped on dw, made with homogeneous and isotropic, linear elastic
material, with thickness ¢ and whose middle surface is ¢(@). Submitted to applied forces
with resultant f (expressed in a covariant basis attached to ¢(@)) and to initial condition
(y°,y1) at time ¢t = 0 the arch undergoes a displacement field y = (y1,y3) (expressed

in the associated contravariant basis) which satisfies a system of linear partial differential

equations:
y' '+ Ay=17F in Qr =w x (0,7),
(1) y=20,0,y3=0 on Yr = 0w x (0,T),
(y(vo)ay/(70)) = (yO’yl) n w.
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The symbol ’ denotes the partial differentiation with respect to time and A€ a partial
differential linear operator of the fourth order (depending on the map ¢ and specified in the
sequel). 9,ys designates the normal derivative of ys.

We address in this work, on a theoretical and numerical viewpoint, the null controllability
of the dynamical system (1): given any 7' > 0 large enough and any initial condition (y°,y1)
in a suitable space, do there exists a function v = (v1,v3) acting on the system only through

the boundary as follows:

y1=v1,y3=0,0,y3 =v3 on Xp
such that
(2) y(.7)=y'(nT)=0 inw?

y1 and y3 denotes respectively the tangential and normal components of the displacement of
the arch. vy acts on the tangential component and may be qualified as a Dirichlet control.
vg acts on the derivative of the normal component and may be qualified as a Neumann
control. Following linear arch and shell theory (we refer to [6], chapter 7), the operator A€

is decomposed as follows:
2

A= Ap+ %AF
where Aps and Ap designate the membrane and flexural operator respectively.

In spite of several works in the eighties about the controllability of beam and plate (see
[17] and the references therein), much less is known in the case of the shell and rod. In this
case, due to the coupling provided by the curvature, the study is more involved and most
of the existing works deal with specific examples of the map ¢. Thus, in [9, 11], Geymonat,
Loreti and Valente show the exact controllability of an axi-symmetrical spherical cap for a
small enough curvature. In [10], the same authors consider also the case of an hemispher-
ical shell and get controllability using harmonic analysis. For these two cases the analysis
highlights the loss of exact controllability in the transition shell-membrane, i.e. when the
thickness ¢ tends to zero. From the analytical expression of the eigenvalues of A€ for the
hemi-spherical, it appears that the spectrum of A€ does not fulfill a uniform gap condition
with respect to ¢ and exhibit a minimal time of controllability T}, of order O(¢~!). More-
over, the operator Aps has a non empty essential spectrum oess(Anr) = {a},a > 0. This
non-controllability result is extended in [12] to more general operators. According to this
property, relaxed exact spectral [24] or partial [16] controllability of membrane shells have
been studied. For & > 0, we also mention [20] where a controllability result is obtained for
a shallow Koiter’s shell using the Hilbert Uniqueness Method [18] and more recently [15]
in the context of so-called intrinsic shell model. Furthermore, on the related thematic of
stabilization, let us mention [4, 14] where dissipative terms are added on the shell model in
order to obtain a specific decay of the corresponding energy. The boundary stabilization of
a nonlinear arch is studied in [22].

From a numerical viewpoint, few works are available for mainly two reasons. First,



independently of the controllability problem, the numerical approximation of arch and shell
(by finite element method) remains difficult because of the locking phenomenon that may
appear in the flexural case (we refer to [5], chapter 3). Secondly, since the pioneering work
of Glowinski et al [13] (see [25] for a recent review), the exact controllability for hyperbolic
systems is known to be sensitive to numerical approximation.

In this numerically oriented work, we address the exact controllability issue in the simple
but rich case of a circular arch with the aim of producing some numerical experiments
and discuss the sensitivity of the control with respect to the parameters, in particular the
curvature and the thickness. In Section 2, we define precisely the operator A¢ and state some
existence results for the corresponding static formulation (Lemma 2.2). Similar qualitative
results are given for the homogeneous dynamic problem (i.e. without control) in Section 3.1
(Lemma 3.1). In Section 3.2, we use the multiplier technic to obtain respectively the so-called
hidden -regularity inequality (Theorem 3.1) and the observability inequality (Theorem 3.2),
both involving the energy of the homogeneous solution. Then, Section 4, using the Hilbert
Uniqueness Method introduced by J.-L. Lions in [18], these estimates permit to construct
explicitly a control, assuming the curvature of the elastic arch small enough (see Theorem
4.1). In Section 5, we then address the numerical approximation of this control and study the
influence of the curvature and thickness. The assumption on the curvature appears weak in
practice (Section 5.2). Moreover, we numerically check, Sectionsec-influence-epsilon, the loss
of uniform controllability as the thickness € goes to zero. As explained, this phenomenon
is due to the fact that the limit operator Ap; posseses an essential spectrum: precisely,
0 € 0ess(Anr). Then, we observe that the uniform controllability is not recovered for initial
datum (y°,y') € (KerApr)*. This is related to the non convergence of o(A¢€) toward
o(Apnr), enhanced by the degeneracy of the boundary conditions on ys. Section 6 concludes
this work with some perspectives and Appendix 7 analyzes the spectrum of A€ and exhibits

its densification over RT as ¢ — 0, responsible of the lack of uniform spectral gap property.

2 Static problem

We explicit in this section the operator A€ in the case of a circular arch and then state some

important existence and regularity results in the static case.

2.1 The case of a cylindrical arch

Without loss of generality, let us assume that the mid-surface of the arch is w = (0,1) and
note by ¢ € w the curvilinear abscissa. For a cylindrical arch, the map ¢ : @ — R? may

takes the following expression

ol6) = (rsinlr 1 reosr9)) =@ = (o1,

where r > 0 denotes the constant radius of curvature of the arch. The curvature is then 1.

Remark that the length of the arch is equal to 1 for all » > 0. The tangent vector 7 = J¢¢p



and the normal vector v take the expression

7= (costre) —sin0) ). v = (sin(r ). cos(r6))

and any displacement vector y(x) of component (g1, ys) in the orthonormal basis (eq, es)

of R? so that y(z) = §1(x)e1 + 93(x)es may then be expressed as follows

y(x) =176 +ys(Ov(§), Sew

in the contravariant basis (7,r) (which coincides here with the covariant basis). The oper-
ator A€ is then defined by A = Ay + £2/3AF where

— 7-_1 1
(3) Apy=a ( (Y11 + Y3), )

Tﬁl(yl,l + 7 tys)

2r M(ys 1 — 2r 'y — 1 2ys)
(4) Ary =a -1 —2 -3 —a )
Y3,1111 — 277 Y1111 — 207 Y3 21 Ty + 1 ys

a designates the longitudinal elasticity coefficient of the arch. For simplicity, we take a = 1 in
the sequel. Moreover, y; 1 denotes the partial derivative of y; with respect to the curvilinear

abcissa 6: y11(§7t) = 8yl(£at)/a£7 i€ {17 3}

1

Remark 1 When the curvature is assumed to be small (r~t < 1), one may simplify the

Aty —a <r‘1(y3’1 - T_1y1),11>
Y= .

(y3,1 — T71y1),111

operator A as follows:

When the curvature is assumed to be very small (r=! << 1), one may consider simply

0
(5) Ayy:a< ).
Ys3,1111

The operator Apg remains unchanged in both cases. We refer for instance to [8], chapter 4.

Remark 2 The curvature r—1 is the coupling parameter between the two components iy, and
Y3, so that when v~ = 0, the components are respectively solution of the wave and beam

equation

52

3
The first equation is null controllable for any T > 1 and (y9,yi) € L?*(w) x H=Y(w) through
y1 = v1 € L*(Xr) (see [18], chapter 3). For any € > 0, the second equation is null
controllable for any T > 0 and (y3,y3) € L*(w) x H=%(w) through d,y3 = v3 € L*(Zr),

Y —1111=0, ¥+ —=ys111=0 in Qr.



taking ys = 0 on X (see [18], chapter 5).

Before to proceed to the analysis of the null controllability of system 1, let us insist on
the following point. In the two-dimensional shell theory as presented in detail in [6, 7], the
mid-surface w belongs to R? and systems involves three components of the displacement
(u1,u2,us3). The operator Aps and Ap given in that section are derived from the 2 —d case
by simply eliminating the variable uy. Moreover, the operator A€ = Aps +€2/3AF appears
in the well-admitted Koiter shell model (we refer to [6, 7] for the analysis of the Koiter shell
model).

2.2 Some results for the static problem

In order to fix the notations, we summarize here some important results about the static
problem : find w = (uy,u3) such that

(6)

u = O7 81,11,3 =0 on ow.

{Asu:f in w,

Definition 2.1 For any v = (v1,v3) and u = (u1,us), we introduce the following notation:

y(v) =vi1+ r s,

p(v) = vz —r oy — 1 y(v) = vz — 2r oy — 7 %ws,
2
£
bar(u, v) = 7(w)y(v), br(u,v) = p(u)p(v), b (u,v) = bu(u,v)+ Fbr(u,v).

v is the linearized change of metric function associated with the map @. p is the linearized

change of curvature function.

From these definitions, we may rewrite the operator Aps and Ap defined in (3) and (4)
respectively in term of v and p:

~(y). 2r ' p(y) 1
(7) Apmy = ( . ) , Afpy= ( Ly

1 (y) p(y)1—r " p(y)
Then, computations based on integrations by parts, lead to the following relations (we refer
to [20] for similar developments for shell operator).

LEMMA 2.1 For all u € H3(w) x H*(w), we have,
e Forallv € HY(w) x H?*(w)
/ Apnru - vdg = / bar(u, v)d€ — [y(w)ui;

[ v vd = [ bt o) + ptw).avaly = [p(wpvaal + 20 fplwer;,



e Forallv € H} (w) x HE(w)

/w Anru - vdé = /w bar (w, v)de, /w Apu - vdf = / bi(u, v)de,

w

therefore

/Q)Asu-vdﬁz/wbs(u,v)df.

We now introduce the space V' = H}(w) x HZ(w). As a consequence of the Poincaré’s

inequality on ¢ (@) (see [6], chapter 4 for the counterpart Korn’s inequality for shell), the

oy = ( / bf(vm)d&)w

is a norm over V. Therefore, the symmetric bilinear form (u,v) € V. — [ b°(u,v)d¢ is

energy norm

continuous and V-coercive so that Lax-Milgram theorem leads to the following result (see
for instance [6]).

LEMMA 2.2 (i) If f € (L?(w))?, there ezists a unique weak solution w € V' to the variational

problem
/ b (u, v)d€ = / f-vd, YveV.
(ii) Let E = (H3(w)NH (w)) x (HY(w)NHE(w)). If f € HY(w) x L*(w), the unique solution

u of (6) belongs to E and satisfies the estimates

3C > 0: |lulle < CU|fllar @w)xr2w) + 1wl 2 (@w)x 2 (w))-

3 Homogeneous evolution problem

The homogeneous problem plays an important role in the Hilbert Uniqueness Method. We
first recall some basic results and then derive several technical equalities related to the
multiplier method.

We introduce the space H = L?(w) x L?(w) endowed with the usual norm and identified
to its dual space. The Hilbert space V. = H}(w) x Hg(w) is dense in H with compact
imbedding. Let V/ = H~1(w) x H%(w) denote the dual space of V', so that V.C H C V".

3.1 Existence - Uniqueness

Let T' > 0 be given. We consider in this section the uncontrolled system

u’ + A%u=f in Qr =w x (0,7),
(8) u=0,0,u3=0 on Yr =0dw x (0,T),
(u(-,0),u'(-,0)) = (u®,u') in w.

The existence, uniqueness and regularity of the solution of (8) is given by the next lemma,



direct consequence of Lions’s "abstract” theorem (we refer to [19]) and of the regularity given
by Lemma 2.2.

LEMMA 3.1 (i) For all (u®,ul, f) € V x H x L?(0,T; H), there exists a unique weak
solution w € C(0,T; V)N CH0,T; H) that satisfies the variational problem

<u”,v >y y +/ b (u,v)d¢ = / f-vdé, aete(0,T),VveV.
w

w

Moreover, the mapping (u®,ul, f) — (u(t),u'(t)) is continuous :

t
30> 05 Ju@®y + o' ()] < C(IIUOII%/ + |ut || +/0 fllfHdS) te(0,T).

(ii) For all (u®,ul, f) € E x V x L*(0,T; V), there exists a unique strong solution u €
C(0,T; EYNnCY(0,T; V) and

t
3C >0 Jlu)li +llw' @O < C<IIUOII% +lut I3 +/0 fl%zd8>, t€(0,T).
When f = 0, we denote by E the "natural” energy of the arch

E(t,u) = /(u’ ~u’ + b°(u, u))d€.

N =

LEMMA 3.2 When f = 0, the energy of the weak solution to (8) is constant in time: E(t) =
E(0), for allt € (0,T).

PROOF. First, when u is the strong solution to (8), multiplying (8) by u’ and integrating
over w, we have [ (u”+A%u)-u'd{ =1/2d/dt [ (v’ -uw'+ ASu-u)dé =1/2d/dt [ (u'-u’+
b® (u, u))d€ using the step (ii) of Lemma 2.1. Secondly, when w is a weak solution associated
with initial conditions (u®, ul) € V x H, we get the result by a density argument: let
(ug7 u,lc)(k>0) € E x V be a sequence of Cauchy conditions and let ug be the associated
strong solution such that (u2, uj) — (u®,u') in V x H as k — co. From the continuous de-
pendence of the solution with respect to the initial data, ugx — w in C(0,T; V)NC*(0,T; H).
Hence, Ey.(t, uk) = 1/2(|ul |3, + [ukly) — E(t,u) = 1/2(|w |3 + |ul3,) as k — oco. O

In the sequel, we take f = 0 and note

Fo(u) = B(t = 0,u) = %/( Lol b7 (w0, u))de.

3.2 Observability and direct inequalities on the homogeneous prob-

lem

In view of the null controllability, we establish in this section that for any 7" large enough,

r~! small enough and any initial data (u®,u') € V x H, there exist two positive constants



(1 and (5 such that

1

(9) Cato(u) < [ : [zf(u,u)hdt < O\ Eo(u).

Those inequalities, obtained using the multiplier technic, show that ( fOT[bE (w,u)]dt)/?

defines a norm on the set of initial data. The left part of (9) is called the observability
inequality associated with the adjoint system (8) and allows to show that if u solution of (8)
is such that v = 0 on X7, then © = 0 in Q7. In that sense, the whole solution is observed
from the boundary. This inequality requires that the time be large enough, due the finite
speed of propagation of the solution along w. The right part of (9), easier to obtain, is called
the direct inequality, and does not require any condition on 7'. The right inequality is also
referred as the hidden inequality because implies extra regularity on the boundary terms.

3.2.1 Some technical lemma

The multiplier method is based on the multiplication of the conservative system (8) by
suitable functions and allows to express the solution v on Q7 in term of the solution on 7.
For the sake of clarity, we collect in this section such computations leading to Proposition
3.1.

LEMMA 3.3 Let u be the strong solution of (8) and q € C1(w). We have

T
1
/ u” - qudédt = */ ‘J,lu' -u'dédt +/ [u' ) qu,l] dg.
. 2 Qr w 0

PROOF. Integrating by part, we have

T
/ u” - qu jdédt = —/ u' - qu’ 1dédt +/ {u' . quyl} d¢
T T w 0

T
:47% /q q(u’.uﬁgdédt+l/’Pﬂ‘un] dg
T w 0

1 17T ' ’
5/ giu’ - u'dédt — 5/ {q u’ - u’} dt +/ {u' . quﬁl} d¢
r 0 0 w 0

and the result follows since u = 0 on X7 = dw x (0, 7). O

We also have the following relations.

LEMMA 3.4 For all ¢ € C?*(@) and v € C?*(w) x C3(w) we have

Y(qv1) = qv(v) 1+ 9m(q,v), plgva) = gp(v)1 + gr (g, v)

with

gm(q,v) = qavi1, gr(q,v) = qu1v31 +2¢103,11 — 27"7111,1111,1-



PROOF. From Definition 2.1, we write for all ¢ € C1(@) and v € C?(w) x C!(w) that

Y(qv1) = (qui1)1 + T_lqv3,1 =q1v1,1 +qui11 + T_qu3,1
=q(vi1+ 7“_11)3),1 +¢1v11 = qv(v) 1+ gm(q,v)

Similarly, for all ¢ € C?(@) and v € C?(W) x C3(W), we write

plqv1) = (qus1) a1 — 2r Hquin) a1 — 7 2qus
= q11v3.1 + qUs 11 + 2q1v311 — 2r M (gavia + quin) — 1 2qus
= q(vs,11 — 2r tvr — 7 %u3) 1+ q1ivs1 4+ 2gavs01 — 28 g v

=qp(v) 1+ gr(q,v).

Lemma 3.4 then implies the following one.
LEMMA 3.5 For all ¢ € C?(w) and v € H3(w) x H*(w), we have
1 1 !
/ b*(v,qu1)dE = —5 / ¢1b%(v,v)dE + 5 [qbe(v, v)] + / 9% (g, v)d¢
w w 0 w
where )
€
9°(¢,v) = 1(v)gr(g,v) + 5 p(v)gr (g, v).
PROOF. From the definition of by (see Definition 2.1) and using Lemma 3.4, we write
/ bar (v, qu,1)d€ =/ Y(0)v(qua)dE = / () (@v(v)1 + ga (g, v))dE
w w w
1
—5 [ abuwv)ade+ [ 2@l v)ie
w w
1 1 !
= - 5 q’le(’U,’U)dg + 5 qu(”?”) + V(U)QM(qav)df
w 0 w
A similar computation for the term fw br (v, qu 1)d¢ then leads to the result. g

LEMMA 3.6 For all (u®,u') € E x V and all ¢ € C*(w), we have

1

/ Afu - qudf = / b (u,qu 1)dé — [qbs(u, u)} )
w w 0
PROOF. Since u is a strong solution to (8), we use the step (i) of Lemma 2.1 with v = qu ;.

We write .

/AMu-quyldf = / b (w, qu 1 )dg — [’Y(U)qul,l} :

0
Since uz = 0 on dw x (0,T), the last integral is

1

-t + )| == [rtuntug

0
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Similarly,

1

/ Apu - qudé = / br(u,qu 1)dé + [q (p(u),lu&l — p(u)us 11 + 2r1u171>} .

0

Once again, since uz = uz 1 = 0 on dw, the last term is [gp(w)(—uz 11+2r tus 1 +72uz)]y =
—[gp(u)p(u)]} = —[gbr(u,u)]}. The result follows from b°(u,u) = bys(u, uw)+e2/3bp(u, u).

These lemmata lead to the following result.
PROPOSITION 3.1 Let ¢ € C*(@). For all (u°,u') € V x H, the weak solution to (8)
satisfies the identity

1

2 [t a=g [ ot |

0 T w

+ / 9° (g, uw)d&dt.

T
o] i
(10) 0

PROOF. As in Proposition We first consider the strong solution associated with (u®,u') €
E x V. Multiplying (8) by the multiplier gu ; and integrating over @7, we obtain fQT (u” -
qui + A®u - qu1)d¢ = 0 and the result follows using Lemmas 3.3,3.5 and 3.6. For weak
solution of (8) with the data (u®, u') € V' x H, the result is obtained using a classical density
argument. (see [18] for the wave and beam equation and [20] for the general situation of

shell operator.) O

3.2.2 Direct and inverse inequality

We are now in a position to prove the right inequality of (9), the so-called direct (or hidden-

regularity) inequality.

THEOREM 3.1 Let € > 0.There exists a constant C1, which depends only on w and on the
map @ such that for all (u®,u') € V- x H, the weak solution to (8) satisfies the inequality

T 1
/ {be(u,u)] dt < Ci(1+T)Ep(u).
0 0

Therefore, the linear mapping (u®,u') € V. x H — b°(u,u) € L'(Xr) is continuous.
PROOF. Let us take ¢ € C?(w) such that ¢(0) = —1 and ¢(1) = 1. It follows from (10) that

T 1 T

/ [be(u,u)] dt :/ g1(u - u' —b°(u,w))dédt + 2/ [u' . qu’l] dé¢
0 0 T w 0
+ 2/ g° (q, uw)d&dt.
T

The first integral is lower than ||g,1 |z ()T Eo(w). Similarly, using that ([ b°(w,u)d¢)"/?
is a norm equivalent to ||u||y, the third term is lower than 2CT [ b°(u,w)d¢ < 20T Ey(u)
for some C > 0. At last, the second term is less than 4CEy(u). The majoration follows. O
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The left inequality in (9) - the observability inequality - is obtained with the new multi-
plier p = 2(¢ — &), & € R, in this case Proposition 3.1 takes the following form.

PROPOSITION 3.2 Let p = 2(€ — &), & € R. For all (u®,ul) € V x H, the weak solution
to (8) satisfies the identity

1

%/0 {be(u,u)} Odt =TFEoy(u) + /QT (v(w)y(w) + £2p(w)p(w))dedt

s o mre )

PrROOF. As in Proposition 3.1, the identity is first established for Cauchy conditions
(u®,u') € E x V corresponding to a strong solution and by the same density argument we
show that it is still valid for (u°,u') € V x H.

Hence, Lemma 3.3 reads

T

1
/ u” - pu jdédt = 5/ 2u’ - u'dédt +/ [Ul 'pu,l} dg.
T T w 0

From the relation

/QTul.u’dgdt/w{u’.u]onng/Tba(u’u)dgdt’

we obtain that

T
1 1
/ u -pu 1 dédt 15/ u’ - u'dfdt + 5/ bs(u,u)dfdt + / [u, ' <pu71 + Z)] &
T T . ? ’

crago o fmr )

Lemma 3.4 now reads

Y(pv1) = py(v) 1 + 2011 = py(v) 1 + 27(v) + har(v),
p(pv.1) = pp(v) 1 + dvs 11 — 47 o1 = pp(v) 1 + 4p(v) + hp(v)

where hy(v) = —2r~1lvg and hp(v) = 4r~1y(v). At last Lemma 3.5 becomes

1
0

[ ¥twmns =[] + [ Gtnt+ 2ot + [ nwe

where
2

B (u) = y(uhas(w) + Sp(whe (w).

Summarizing these equalities yields the result. O

Before showing the left part of (9), we need the following intermediate result :
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PROPOSITION 3.3 Let p = 2(€ — &), & € R, ¢ > 0 and r—! > 0. There exist a constant
C > 0 which depends on w, € and on the map @ and a constant D which depends on € such
that for all (u®,u') € V- x H, the weak solution to (8) satisfies the inequality

1

(11) % /OT [pbg(u,u)] Odt > (T(l —r7'D(e)) — 20) Ey(u).
PRrROOF. We first prove that there exists a constant C' such that
(12) / u - (puy + g)df < CEo(u), Vt>0.
w
For any constant B > 0, we have

1

Using that [ pu ;- udf = — [ u-ud, we obtain

/

Moreover, from Poincaré’s inequality, there exists a constant Cx such that

2

u

2
pu + | de < / s - pude.
w

/(u,l cuq +u-u)dE < C’K/ b° (u, u)d¢.

Hence,

2
1 Pl w
/u'- (pu; + Z)df‘ < QmaX<B,CKHHLB()>EO(U)-

(12) then follows with B = \/Ck||p||(.) and C' = B/2. From Proposition 3.2, the inter-
mediate result is therefore that

% /0 ! [pbe(u,u)];dt > (T — 2C) Eo(u) + / eyl

From he(u) = r~1y(u)(—2uz + 4§p(u)) we first notice that the last term vanishes for
r~! = 0 (corresponding to a flat arch) and then (11) follows with D = 0. For r—! > 0,
using the equivalence of the norm in V' and the elastic energy norm ( fw be (u, w)d€)'/?, there

exists a constant D(e) independent of r such that

/ hf(u)da\ <0G [ ¥ e

(11) then follows. O
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Let us now take & € w so that p defined by p(§) = 2(£ — &) satisfies p(0) < 0 and

p(1) > 0. Then, defining
2C

T* —1 —
08 = TG
and assuming 7 large enough so that 1 — r~1D(e) > 0, we deduce from (11) the following

result:

THEOREM 3.2 Lete >0 and r= < 1/D(g). For all T > T*(r~1,¢), there exists a constant
Cy = (1 —r71D(e)) such that for all (u®,u') € V- x H, the weak solution to (8) satisfies

the inequality
1

/OT [bg(u’ U)} a2 Co(r™,e)(T — T*) Eo(uw).

We then conclude from Theorem 3.1 and Theorem 3.2 that for all (u®,u') € V x H, if
r~1 < 1/D(e) and T > T*, then the semi-norm (fOT[bE(u,u)](l)dt)l/2 is a norm over V x H.
Similarly, the observability from the right extremity £ = 1 is obtained with the choice £, = 0

in p.

4 The control problem

Let V'’ the dual space of V defined by V/ = H~1(w) x H~2(w). We show in this section
that for any (y°,y') in H x V', there exists a control function v € (L?(37))? such that

the solution y of
y" + A%y =0 in Qr,
(13) y1=v1,y3=0,0,y3 =v3 on X,
(y(-,O),y'(-,O)) = (yoayl) in w,

is at rest at time T, i.e. satisfy (2). Following [20], we first establish an existence theorem

for (13) and then construct the control v.

PROPOSITION 4.1 For any (y°,yt,v) € H x V' x (L?(X7))?, there exists a unique solution
y € C0,T; H)NCY0,T; V') and the mapping (y°,yt,v) — (y(t),y’(t)) is continuous:

30> 0: ly®)l3r + 19 O3, < CUlglBr + [9H 13 + [0lPaay) te (0.T).

PROOF. We refer to a detailed proof for hyperbolic equation to [18] and to [20] for shell
system. For clarity, let us simply precise how the estimate is obtained. Let us first define
a weak solution of (13). Let D(w) = C°(w). For all (u°,u') € D(w) x D(w), let u be the
unique solution of (8). Multiplying (13) by w and (8) by y, and integrating over Qr, we
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get, for all t € (0,7)

u

t
-yo—yl-uo)df—l—//(Aey-u—Asu-y)dtdf
0Jw
1

t
ul - y® —yl - u)de +/ [Ba(u, v)} dt
0 0

[ @@ v - ut)- v oyis = [ @
w w
where, from Lemma 2.1, the boundary operator B¢ reads
€ 52 -1
B (u,v) = y(w)vr + Sp(u)(vs1 = 2r~ v1).
Noting < u,v >= [ u - vd¢ the duality product between H and H'(= H) or V and V’,
the previous equality becomes
1

(14) </ (t),yt) > — <u(t),y’'(t) >=<u',y° > - <y, u’ > +/O [Bs(u,'v)} dt.
0

Therefore, y is a weak solution to (13) if it satisfies (14). Now, according to Lemma 3.1, for
(u®,u') € V x H, there exists C; > 0 such that

t 1 1/2
la(®)llv + /(9] + ( / [b%u(s),u(s))} Ods) < O (Jullv + [ ar):

Moreover, from the definition of B¢, there exists a constant Cy > 0 such that
1

A )| ds < ol [ t (e () :) -

The estimate of Proposition 4.1 then follows from the relation (14). Finally, the regularity
on y is obtained by density argument. 0

We can now apply the duality HUM method (see [18]) to get the following controllability

result.

THEOREM 4.1 (NULL CONTROLLABILITY) Let € > 0,r > D(e) and T > T*. For any
(y°,yt) € H x V', there exists a control v = (vi,v3) € (L*(27))? such that y(-,T) =
y'(,T)=0 inw.

PrOOF. We introduce the following backward system :

2/ + A2 =0 in Qr,
(15) 21 = 0yu1, 23 =0, 0,23 = 831,u?, on X,

(z('vT)Vzl('vT)) = (070) in w.
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From Proposition 4.1 and from the reversibility property of (15), there exists a unique
solution z € C(0,T; H) N C*(0,T; V'). Moreover, since

< 2'(0),u’ > — <ut, z(0) >= /OT [’y(u)zl];dt
1

+ E;/OT {(—p(U),lzL% + p(u)zz1 — 27“1;)(“)21)} Odt

we get

1

(16) < 2/(0),u® > — < ul,2(0) >= /OT [Bs(u,z)} dt = /OT [bs(u,u)} i
0 0

Then, as a consequence of (9), the linear mapping A° : (u°,u!) € VxH — (2/(0), —2(0)) €
V'’ x H verifies
T 1
< A% (u®,ut), (ul, ut) >:/ [bg(u,u)} dt
0 0
and is an isomorphism. Thus, for any (y°, y') such that (—yt,4°) € V’ x H, there exists
a control function v = (uy 17, us311) on L and the solution y of (13) is y = z and satisfies
E(T,y) = 0. Finally, the hidden regularity implies that b(y, ) € L'(X7). Therefore
v} +e%(v31 — 2r~'v1)? belongs to L' (Xr) and so vy, v3 € L*(Zr). O

Remark 3 From the characterization (16), we obtain that the control v = (v, vs) obtained
from Theorem /.1 is among all the admissible controls, the one which minimizes |[v? +

62(1}371 — 27”711}1)/3”[/1(27“)'

As a summary, we obtain the exact null controllability of the arch by acting, on the
extremities, on the tangential component y; through a Dirichlet control v; and on the
normal component ys through a Neumann control vs. In the next section, we address the
numerical resolution of this control problem and highlight the influence of the parameter

and r~1.

5 Numerical experiments

According to Section 4, the controllability problem is reduced, via the duality HUM method,
to the solution of the following linear problem: find (u° u') € V' x H such that

< As(u07u1)7 (ﬁ(]?ﬁl) >=< (yla 7:‘/0)7 (ﬁ’07ﬁ'1) >V/><H,V><H7 v(ao’ﬁl) €EVxH
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which is equivalent to minimize the following functional 7 : V x H — R
(17)
js(uovul) = < As(uO’ ’U,l), (uovul) > =< (yla _yO)’ (uovul) >V'><H,V><H

T 1
/ [be(u,u)} dt +/ y° - uldé— <yt u® >yiv
0 0 Q

N~ N~

1
= 1/T [U% 1+ i(Us,u - 27‘_1u1,1)1 dt +/ YO uldé— <yt ul >y y
2 Jo ’ 3 0 Q ’
Actually, J¢ is the conjugate function of J¢ : (L?(Xr))? — R defined by J¢(v) = 1/2|vi +
e2(vs1 — 2r~'01) /3|11 (sp) (see Remark 3).

Since J¢ is continuous, convexe and (V' x H)-elliptic for T' and r sufficiently large, the
minimization can be done by a conjugate gradient (CG) algorithm (we refer to [13] for the
wave equation).

In this section, we present some numerical experiments of the minimization of J¢ and
highlight the influence of the curvature r~! and above all of the thickness . For the wave
equation (we refer to [3, 13, 21] and the references therein), the numerical approximation
of the exact control is very sensitive to the choice of the approximation method and to the
regularity of the initial data (y°,y'). This sensitivity is likely to remain for our 2 x 2 system
(1), at least for the Dirichlet control v; which formally converges to the control of the wave

! vanishes (see Remark 2). Moreover, very little seems to be known

equation on y; when r~
on the quality of approximation of the Neumann control.

Consequently, in order to expect a convergent approximation, we consider only regular
data involving first frequency components. Secondly, we regularize the control at time ¢t = 0
and t = T: we introduce a compact support function p € C([0,T]) - typically p(t) =
sin?(t7/T) - and search for a control under the form (pvi, pv3). These two assumptions,
meaningful from a mechanical viewpoint, allow to obtain convergent and robust numerical
approximations (see Section 5.1). In this respect, since the weak adjoint solution u belongs
to C(0,T; H} (w) x H3(w)), a conformal C° —C"? finite element method is used: introducing a
uniform subdivision {2;};—1,.,s) of w = (0,1), we approximate V' by the finite dimensional

space
Vi, = {(Ulh,’vgh) S Co(w) X Cl(w), (vlh)|[1i,ri+1] € Py, (’U3h)\[ri7ﬂ7i+1] ePs,Vi=1,...,J — 1}

where P, designates the space of the polynomials of degree < k. The time approximation
is performed in a standard way using centered finite differences : in particular, we use a
Newmark method to get an unconditionally stable scheme. The introduction of a C!-finite
element as well as the presence of a Neumann control is a major difference and new ingredient
with respect to the numerical literature mainly devoted to the wave equation with Dirichlet
boundary condition.

Two stopping criteria for the CG algorithm may be used: the first one is related to the
residual (%) at the iteration k, namely r(*) < nr(9 5 > 0, permits to analyze the quality of

the numerical approximation. The second one is related to the numerical energy Ej of the
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system, namely Fj(T) < nFEj(0), permits to analyze the efficiency of the control.

Remark 4 A key point in the conjugate gradient algorithm is the choice of the scalar product

on' V' x H: in this respect, we have replaced the usual scalar product

(00onn@5) = [t +uiganas + [ ool + ododie
VxH w

w

by the more natural one :
<(v°,v1),(ﬁ°,51)> :/bs(v",ﬁo)du/(viﬁi + v303)dE.
V xH w w

Remark 5 One may improve the robustness of the algorithm (in particular reduce the num-
ber of iterations) by coupling the CY — C! finite element scheme with a Bi-grid method: in-
troduced in [13] for the wave equation, it consists in computing at each iteration the descent
direction on a coarse mesh. We have observed that the Bi-grid method remains efficient in
our context provided a careful extension (from the coarse to the fine mesh) of the nodal C*
finite element approzimation of y3. The gain of robustness is very valuable when we are at
the theoretical limit of controllability (see Section 5.3).

5.1 Analysis with respect to h

Before highlighting the influence of the parameters € and 7~! on the controllability, it is es-
sential to analyze our numerical approximation with respect to the discretization parameter
h and dt.

Let us first consider the following data : ¢ = 1071, »r=! = 107!, T'= 3. We assume that
the control is acting on the left extremity ¢ = 0 of w = (0, 1) and we note %9 = {0} x (0, 7).
On the right extremity £ = 1, the arch is clamped. We start with the following simple initial
condition (in the local curvilinear frame) (y°,y*) € H x V':

(18) y° = (19,99) = (sin(x€),sin*(7€));  y* = (y1,v3) = (0,0), €€w=(0,1).

We use the stopping criterion related to the residual 7(*) with = 10~8 and take h = 1/64
and At = h/2. Figure 1 depicts the initial condition of the system (8), minimum in V' x H
of the associated functional J (see 17). Figure 2-left represents the evolution with respect
to time of the associated control v = (vy,v3) € (L*(Z%))2. As explained previously, the
control and its first derivative are zero at time t = 0 and ¢t = T. Figure 2-right represents
the evolution of the energy (non monotonous). We check the (numerical) controllability by
computing the ratio Ey(T)/E,(0) ~ 4.75 x 1075. Figure 3 represents the evolution of the
controlled tangential y; and normal ys displacement on Qr (attached to the local basis).
Finally, for r=! = 1/5 and r—! = 1/10, Figure 4 represents the evolution of the circular
arch submitted to the initial position y°(z) = y?7(¢) + yJv(€) and to the initial velocity
y'(x) = yi7(8) + ysv(§)-

We then collect in Table 1 the evolution of several relevant quantities with respect to h =
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Figure 1: T = 3 - Initial conditions u® = (u%,u3) (Left) and u! = (u},u}) (Right) of the
system (8) and minimum of the functional J (defined by eq. 17).
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Figure 2: T = 3 - Left - Compact support control (vi,vs) = (9,u1, 0%, u3) on £%; Right -
Energy E(t,y) vs t.
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Figure 3: T = 3 - Controlled displacement y; (Left) and y3 (Right) on Qr.
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Figure 4: T = 3 - Evolution of the controlled cylindrical arch vs t € [0,3] for r—! = 1/10
(Left) and r—! = 1/5 (Right).

27" k =4,...,7. In particular, the quantities ||y) — 9, | 22(w) /0] L2 () and [|yf =1l z-1(w)
measure how well the initial conditions (y°,y') are recovered by the algorithm (recall that
they are obtained from the system (15)). The H ~! norm of any scalar function v is computed
writting that [[v] g-1(w) = |W]g1w) With |[w]pw) = ([, [Vw|?d€)? and w € H}(w) is
the solution of the Dirichlet problem : —Aw = v in w, w = 0 on Jw. Similarly, the
H~2 norm of any scalar function v is computed writing that [|v||g-2() = |w|gz2() with
lwlg2(w) = ([, [Aw|?d€)Y/? and w € HE(w) is the solution of the problem : A%w = v in w,
w = 0, w =0 on Ow.

The evolution of these quantities suggest the convergence of the approximation as h goes
to zero. Moreover, we observe that the number of iterations needed to reach the convergence
(the criterion r*) < 10787() is independent of the mesh size h. We may also compute the
order of convergence of the controls (taking as reference solution the solution obtained with
the small mesh size h = 278): we obtain the following order

”ul - U1h||L2(Q) = O(h2'07), |U1 - U1h|H1(Q) = O(h0'97),
lus — usnll L2y = O(h*'?),  |us — usn|g2(a) = O(A""7),

o1 — v1nllp2csg) = OWY™®),  |lvs — vanll2(so) = O(A"O)
in full agreement with the order of the scheme used on a uniform discretization.

Remark 6 Following [21] for the wave equation, one may exhibit the loss of convergence of

the approximated controls by considering less regular initial data (we also refer to [15]).

Being confident about the quality of the numerical approximation when regular initial
data are involved, we now study the influence of the parameters on the uniform controllability

result.
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h 1/16 1/32 1/64 1/128
# CG iterations 12 9 9 9

%# 321x 1073 6.28x107%  1.11x107%*  3.40 x 10~°
Iyt —yiplla-1 | 1.39x1072 378 x107%  1.25x107%  3.87x107°
%}% 258 x 107 570x107°  3.20x107°  3.08 x 107°
13 — vinllm-—2) | 7.88x107%  9.52x10°%  7.99x10°7  7.74x 1077
Y10 (T) || L2(0) 292 x 107  528x107*  9.61 x 1075  2.64x 107°
ly3n (1)l L2(0) 1.93x 1073  2.73x107* 852x107° 3.15x107°
lyin (Ml -1) | 520x107% 298 x107%  7.88x107* 233 x10~*
v, (D)l -2y | 473 x107%  1.85x107*  1.11x107™* 599 x 107°
lvinllz2(foyx (o)) | 4153 x 1071 4177 x 107! 4183 x 107! 4.184 x 10~*

lvsnllL2(foyscoryy | 4.847 4.846 4.845 4.845
[ud) | () | 483x 1072  5.08x 1072 514x107%  5.15x 1072
[ulp |2y | 1.902x 107 1.978 x 107 1.993 x 10~ 1.995 x 10~*
Ew(T)/En(0) | 378 x107%  4.04x107* 475x107°  7.56 x 10~°

Table 1: Numerical approximations vs. h =1/16,1/32,1/64 and h = 1/128 - At = h/2.

1

5.2 Influence of the curvature r~ on the controllability

The controllability result from Theorem 4.1 requires that the curvature - coupling parameter
between y; and ys - be small enough (r~! < 1/D(g)). We highlight that this condition -
so called shallowness assumption - is also prescribed in the literature, both in the context
of controllability and stabilisation ([4, 11, 14, 20]). Table 2 gives the norm of the control
with respect to the curvature, from an almost rectilinear arch (r—! = 7/256) to a semi-
circle (r=' = m). We take T = 3, ¢ = 1/10, the initial condition (18) and assume that
the control is active on the two extremities £ = 0 and £ = 1 of the arch. We observe
that these norm increase with »—!: however, the controllability still holds even in the very
curved situation so that the condition r=! < 1/D(e) of Theorem 4.1 is not restrictive
in practice (remark that ¢ = 10~! corresponds to a rather thick arch). The amount of
work ||b%(u, w)|| 12y = |[vf +€2/3(v3 — 2r~'v1)?| L1(x) Produced by the control increases
smoothly with the curvature. Actually, spectral computation for the hemi-sphere performed
n ([10]) (by symmetry, the analysis is reduced to a one-dimensional analysis) that the time
T = T(r) of controllability is of order of r~!. The same result is obtained in [1] in the case
€ = 0. We also remark that the control v; acting on the tangential displacement is more
active for large curvature. Finally, we also check that, when the curvature goes to zero,
the two controls converge toward the control of the wave equation and beam equation (see
Remark 2).
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r1 | w/256 /64 /16 /4 T
# CG iterations ‘ 8 8 8 10 12
lvinllze(mey | 295 x 1071 294 1071 2.91x 1071 251 x 1071 3.67 x 10~
lvsnllzeey | 3372 3.376 3.439 4175 3.033

[6°(u,u) || Ligmpy | 1.24x 1070 1.24x 1070 1.25x 1071 1.29x 1071 1.54 x 107!
En(T)/Ep(0) [ 692x10°% 7.01x107% 858x1075 5.07x1075 4.54 x 1077

Table 2: Approximation of the control vs. the curvature - Y = dw x (0,7).

5.3 Loss of uniform controllability with respect to the thickness ¢!

As announced in the introduction, the controllability issue is more sensitive and subtle with
respect to the thickness. We first highlight that the system (1) where the elasticity operator
defined on w x —|g/2,¢/2[ is replaced by the operator A* = A + £2/3AF on the mid
surface w is an approximation of Koiter type assuming the variable ¢ small enough (see
[6, 23]). Tt it therefore interesting to known the behavior of the control when ¢ is arbitrarily
small. We take the data of the previous section. We use now the stopping criterion on the
energy, i.e. E,(T) < nEp(0) - with = 1078, which permits to compare controls leading
to a same level of (numerical) controllability. Figure 5 depicts the evolution of the L2-norm
of the controls v; and vg with respect to € for T = 3,4 and T = 5. Table 3 gives some
numerical values. It appears clearly that these norm blow up as € goes to zero: precisely, as
soon as ¢ is small enough, the controllability properties does not hold anymore: for T' = 3,4
and T = 5, the critical thickness is approximatively ¢ = 0.037,0.048 and 0.058 respectively
so that the minimal time of controllability - as a function of ¢ - behaves like T'(¢) ~ O(¢71).
This illustrates the lack of uniform controllability of the system (1) with respect to € and
is in full agreement with [11]. This also validates somehow our numerical approximation.
Remark that the non boundeness of the control observed in Table 3 is not in contradiction
with Theorem 4.1 because T is here fixed independent of e. When T' behaves like O(s71),
llvill2(s,) and |levs||2(s,) remain bounded (see Table 4). Since € varies here, it is more

relevant to consider in Table 4 the quantity evs (instead of v3) which appears in the bilinear

form b°.
| £=1/10 e=1/20 e=1/30 e=1/40
# CG iterations ‘ 8 9 16 n.c.
lvinllL2esry | 2942 x 1071 2,952 x 1071 3.095 x 107! n.c.
levsullzmyy | 3.38x 1071 356 x 1071 8.52x 107! n.c.
16 (w, w)|| sy | 1.24x 1070 1.295x 1071 337 x 107* n.c.
Ew(T)/En(0) | 729 x107% 336 x107°  1.90 x 1073 n.c.

Table 3: Approximation of the control vs. ¢ - T = 3 - C = 7/32 - n.c. stands for non
controllability.

The loss of controllability as € goes to zero is related to the property of the operator Apys



22

0.8 * O T=38 O T=3
| * T=4 3o * * T=4 |
0.75—? “ C\‘) o T=5 | | o T=5
I 7|
orr “ \‘ “‘ sk | | ?
\ \
065 “ \‘ “‘ g o L |
| I o) \ \
o6 | ( ] 20} \
1 ’\ 5o
055 \ \
0|

| 1
‘ d? | 15
\ *
0451 | \ %%9 B ol
ﬂ? * —o— —o |
0.35- ]N %7*43%77%*‘*%‘%* |

=B —8—8—8— 75 0 T \%
03 . . . . .
0.03 0.04 0.05 0.06 0.07 0.08
thickness

L L
0.09 0.1

L L L L L
0.11 0.03 0.04 0.05 0.06 0.07

. .
0.08 0.09 0.1
thickness

Figure 5: L*-norm [|v1 || r2(s,) (Left) and |jvs||f2(z,) (Right) vs. the thickness &

e=1/10 £=1/20 e=1/30 e =1/40
8 8 8 8

# CG iterations ‘
lvinllz2ery | 2942 x 1071 2551 x 1071 2,302 x 107 2,151 x 107+

levsn |l L2(sy) 3.38x 1071 249x 1071 241 x107! 249 x 107!

1.24 x 1071 857 x 1072  7.20 x 1072
729 %1076  1.04 x 107°

[16° (u, u HLl(ZT

6.70 x 1072
Ep(T)/En(0)

2.14 x 1074 1.38 x 104

Table 4: Approximation of the control vs. € - T'(¢) = 3/(10¢) - C' = 7/32.

which formally appears when ¢ is zero. The system (1) then reduces to

y'+Apy =0 in Qr,
(19) y1 =0

(y('a 0)7y,('7 0)) = (yovyl)

on X,

inw
with any boundary condition on the variable ys (so that vy is the only control for the
two components). We point out that when e goes to zero, the boundary conditions ey; =
eyz1 = 0 on X7 on the normal displacement degenerate, and H?(w) is replaced by L?(w)
without trace on dw. The study performed in [1] (extended in [2] to a two-dimensional
setting) reveals that this limit system is not uniformly controllable (with respect to the data
(y°, y1)): the kernel KerApy is of infinite dimension (0 belongs to the essential spectrum

of the operator Aps). The controllability, through a Dirichlet boundary control on y; holds
uniformly (only) for all data in the orthogonal of KerApns

(KerApp)t = {(41,v3) € H}(w) x L*(w),r Yy +4p31 = 0in H H(w)}.
When e goes to zero, the operator A€ loses his compactness property so that the minimal
controllability time T'(¢) blows up. According to the study of the limit case, one can wonder

whether or not the controllability for (1) holds uniformly with respect to ¢ if (y?, y*) belongs
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to the non empty space KerAps N (H NV’). Remark that the initial condition (18) does
not enjoy this property because r~1¢9 + y?()),l = sin(m&)(r~! + 27 cos(w€)) # 0. For instance,
we may consider the following initial data in (KerAps)*t N (H x V)

(200 y° = (v1,45) = (=2m cos(n€) sin(x&),r~ 'sin®(n€)); y' =9°, Ecw=(0,1).
Then, we minimize the following functional with respect to (u®,u!) in V- x H:
jﬂ(uoaul) = j(u07 ul) + 77_1||r_1u(1) + ugl”?—]g(w) + 77_1”74_1/“’% + ué,l"%i*l(w)

where we add a penalized term in order to enforce (asymptotically with respect to €) the
initial condition (u®,ul) to be in (KerAps)t: in practice, we take = . Table 5 collects
the norm of the control in this case. We observe that the norm of svs is not bounded with
respect to € and therefore, the control (vy,vs) corresponding to that initial condition, does
not converge toward the control of the longitudinal case (corresponding to € = 0, see [1]).

[ e=1/10 e=1/20 e=1/30 e=1/40 | 7e=0"
# CG iterations | 5 8 14 75 \ 11
lvinllLeeey | 1121 1.124 1.127 1128 | 1.251
levanll2(ery | 999 %1072 8551072 2.14x 1071 6.02 x 10° | 0.
Ew(T)/En(0) | 523x107% 543 x107% 3.05x107° 5.32x 1075 | 4.85 x 1077

Table 5: Approximation of the control vs. ¢ - T = 3 - »~! = 7/32 with the initial condition
(20) element of (KerAns)* N (H x V).

This suggest that it is not enough to eliminate the initial data in KerAps to obtain a
uniform convergence with respect to the thickness of the arch. This phenomenon is due to the
fact the spectrum o(A€) of A° does not converge toward o(Apr) = {0} U {r=2 + (k7)%}r>0
as ¢ — 0. This fact, explained in detailled in [23] is due to two things : i) the fact that the
limit operator Aps posseses an essential spectrum; ii) the fact that the boundary conditions
on y3 degenerate when € — 0. This implies a densification of the spectrum o(A€) along RT:
precisely (see [23], chapter 10 and the appendix)

lir% o0(A®) = RT U {+oo} # o(Anr).
E—

Remark that this limit coincides precisely with the convex envelop of o.s5(Apr) = {0, +00}.
We also emphasize that the situation here is much complex than the situation considered
in [10], where for symmetry property, there is no degeneracy of the boundary condition,
and therefore no densification of the spectrum as € goes to zero. We refer to the Appendix
2

where we characterize deeper the spectrum o(A€). It appears the part o(A€) C (r~2,00) is

composed of two sets 0“1 and ¢~ defined as follows :

ot =\ > 2 AT = Npo TN — 24 (k) 90T — v in HY,
ofT = (N, > T AT = AT AL = e ¢ 0(Am), ¥ T — 0in H
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The first one is related to the spectrum of the limit operator Ap; while the second is

composed of spurious elements. The second set densifies over (r~2

,00) as € — 0 (see Figure
7) and prevents from uniform spectral gap. Using Ingham type argument (see [2] in a similar
context), one may show that controls v for system (1) are uniformly bounded and convergent
toward control of (19) if and only if the intial data y°,y! are generated by eigenfunctions
associated with o%*. This proof out of the scope of this work will be presented in a distinct
work. Remark however that the approximate controllability problem, which consists to drive
the state (y(-,T),y’(-,T)) in a neighborhood (independant of €) of (0,0) holds uniformly
w.r.t. € out of KerAps. This is due to the fact that the energy E(tpy ™, v’ ) corresponding
to the spurious modes ;" converges to zero as £ — 0 (related to the convergence of the

spectral family of the operator A€; see once again [23]).

6 Final remarks

This work is a contribution to the challenging thematic of null controllability of elastic
arches and shells. The elastic cylindrical arch described by a Bernoulli type model, is
exactly controllable by two boundary controls acting respectively on the tangential and
normal displacement. The analysis highlights the influence and interplay of the curvature
r~1 and the thickness € on the controllability. When ¢ is strictly positive and fixed, the
operator A€ enjoys compactness properties so that the arch is uniformly controllable after
a time T'(r~!) which increases linearly with the curvature »—!. When the thickness goes to
zero, the spectrum o(A€) densifies all along Rt what implies non uniform gap properties
with respect to the thickness. The uniform controllability is then lost in H x V'’ (see also
[12]). This phenonenon, related to the non empty essential spectrum of the mixed order
operator Aps and to the degeneracy of the initial condition, emphasizes how subtle the
subspace (included in H x V) of uniformly controllable data is. Finally, when 7~ = 0 and
€ > 0, the two uncoupled components of the displacement are uniformly controllable. The
loss of controllability in the thickness is therefore enhanced by the curvature. A general arch
described by any map ¢ (except the trivial map ¢(§) = (1,0)) enjoys a similar phenomenon
(and in particular the loss of controllability as e goes to zero). In the case of shells, the
asymptotic characterization of the subspace for which the controllability holds seems open
and challenging. We refer to [2] for the analysis of a cylinder for which the operator Aps has
a kernel reduced to zero but an essential spectrum of the type [0,772]. Similarly, it would
be interesting for which class of data, the system 1 is null controllable with only one control.

Our numerical experiments are in full agreement with these properties. Morever, we
highlight that few works are concerned with exact controllability of system, a fortiori when
Dirichlet and Neumann boundary control are involved. In this longitudinal asymptotic
situation, there is no locking phenomenon to expect. However, according to [21], we may
expect a loss of controllability with respect to the discretization parameter. In this respect,
it is interesting to analyze the influence of the parabolic (resp. hyperbolic) terms of the

system on the approximation of the Dirichlet control vy (resp. Neumann control v3).
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7 Appendix: On the spectrum of the operator A€ vs. ¢

We analyze in this appendix the behavior of the spectrum o(A€) and then highlight why
the controllability is not uniform with respect to the thickness €, even out KerAps. For
simplicity, we perform the computation replacing the operator Ag by the operator A%
defined in (5). This does not change the qualitative properties of o(A€). We note € = £2/3.
The spectral problem is then the following one, for ¢ = (¢1, ¢3) :

Apdp+eApd=N¢ inw,
¢ =0, ¢3,1 =0 on awa

which reads as follows :

— 111 — 1 P31 = Ay in w,
(21) 7 o1+ 172 hs + €3 1111 = A g3 in w,
¢=0,¢031=0 on dw.

The operator A€ is positive and self-adjoint, so that A° belong to R* for all € > 0: we have
the relation
e L @ra + 7 03)? + e(9301)?dE (|6°(, D)l L1 ()

Yo J (63 + ¢3)d€ - oz ¢ = (¢1,¢3) # (0,0).

Differentiating with respect to the variable £ in (21), we may separate ¢, from ¢35 to
obtain that they both solve the following sixth order ordinary differential equation :

et + et =AY AN =12 =0, i=1,3

so that introducing the corresponding characteristic equation €X% + AeX? — AX?2 — \(\ —

r=2 —a) = 0, we have to determine the roots of the third order polynomial
3 2 A A 9 2
(22) p(m)=m>+Im*——m—=A—r"7), m=X".
€ €

In the sequel, we are interested by the eigenvalues A\ greater than r—2. This implies that
p(0) < 0 and p'(0) < 0. Therefore, there is one root R§(A) € (0, 00). Moreover, by studying
the polynomial q(m) = p(m) — p(0) = m(m? + Am — \/e), we observe that if e is small
enough, the two others roots are reals and simple, R$(\), R5(\) €] — oo, 0[ so that

A2 /3T dx A2 4 /32N
2+ /€ <R < RS(N) < 0 < RS(\) < 2 2+ /e

Therefore, noting r1(A) = /—R5(A), m2(A) = /—R5(A) and r3(A) = \/R5(A), ¢1 and ¢3
are generated by {cos(ry(\)€),sin(ri(N)€), cos(ro(N)€), sin(ro(N)€), em3(MNE e=m3(NEY " There
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exist some constants A;, B; € R, i =1,...,6 so that
#1(8) = Ay cos(r1(A)§) + Agsin(ri(N)E) + Az cos(ra(N)E) + Agsin(ra(A)E) + Agers V8 4 ggemma(NE
(],53(€) =B COS(Tl ()\)f) + B Sin(m ()\)f) + B3 COS(TQ()\)g) + By SiH(TQ(/\)f) + B5€T3()\)E =+ B6€7T3(>\)§.

Reporting these expressions in (21) and noting (r;(A) # 0)

7“1()\)2 - 7“2(/\)2 - 7“3()\)2 + A
! Cri(\) P Cra(\) » ° Crs(\)

we then get the relations (Bl, BQ) = Kl(—Ag, A1)7 (Bg7 B4) = KQ(—A4, A3) and (B5,Bﬁ) =
Kg(—A5,A6) so that

<¢1 <€>> 4 ( cos(m(A)&)) A ( Sin(ﬁ(/\)é)> a ( cos(w)é))
?3(8) Ky sin(ri (M) —Kj cos(r1 (M) Ko sin(ra(\)€)
sin(rz2(A)§) er3(NE) e T3(NE

o (—Kg cos(rg()\)g)> i (_ngm()\)f) + 4 ( ) :

KBefrs(A)ﬁ

Finally, taking into account the boundary conditions, we get that A° > r~2 solves the
equation det(M(A€)) = 0 with (we note r; for r;(N), i = 1,2,3)

1 0 1 0 1 1
cos(ry) sin(rq) cos(r2) sin(rsa) e’ e "3
M) = 0 _K, 0 Ky K K
Kisin(ry) —Kjcos(ry) Kasin(re) —Kscos(re) —Kze™ Kie™ "3
Kir 0 Korg 0 —K3rs —K3rs
Kiricos(ry) Kyrsin(ry)

Korgcos(ra) roKasin(ry) —Ksrse™ —Ksrge "
Let us analyze the behavior of r; with respect to e. Using Cardan formulae, the roots

Ry, Ry, R3 of the third order polynomial p defined in (22) takes the following expression

R, Ry(n) = —AETEQ) F VA

6 A
€ -9 1/3 -y _ 2
) R5(N) =2p cos<3) 3

with

3/2 _
= (—;) , 0= arccos(2z>7 A=(\+R3(N\)?*+ 4p(0) > 0,

R5(A)
AN A

S — 2 (202 — 18\ + 271 2).

s Pl <0, ¢ 276()\6 8\ +27r7°)

Tedious computations then leads to the following expansion :

ROV RS0 =722 = T+ 00A), RS =~ 1) + 000

e poe A/ AT =N 3/4 e r!
K17K3: r_1€1/4 :l:Z ’[“_1)\ 6/ +O(E / ), K2:7ﬁ+0(\/g)
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The negative root RS is bounded with respect to € and converges to the single roots which
appears in the case € = 0 (leading to the eigenvalues A} = 772 + (km)?). Precisely, we
compute that for all £ >0

det(M<(\)) = O(e'%), A} =772 4 (kn)? € o(Anr)

so that, from the continuity of the determinant, there exists, for all k, an element )\Z’+ €
o(A*®) so that )\E’Jr — )\2 as € — 0. But, as suggested by Figure 7, the spectrum of
A€ densifies, as € — 0, over the real axis: its appears spurious eigenvalues, say {\;" }x
which does not converge toward an element of o(Aps). Consequently, o(A€) does not
converge punctually toward o(Apng). This is due to the behavior of the roots RS and R§ of
order O(1/4/€). Therefore, the functions (cos(r1(A)), sin(r1(A€))) where r1(A€) behaves like
o(1/ et/ 4) are very oscillatory. This phenomenon is the consequence of two properties: the
non-empty essential spectrum for the asymptotic operator Aps and the degeneracy of the
boundary conditions for ¢3 (we refer to [23] chapter 10).

The case A\° < r~2 leads also to a densification phenomenon. This densification clearly
prevents from any uniform spectral gap with respect to € and explain the loss of controlla-
bility, even far away from the value 0, element of c.ss(Apr), as € — 0. As a summary, the
uniform controllability of system (1) w.r.t. € is expected if and only if the initial data are
generated by the eigenfunctions, says {qﬁ?s}(kw), associated with /\Z’Jr, weakly converging

in H toward the eigenfunctions of Apy.

80

60 o

N il

Mg 111 ‘y“‘;wv” i
|

-60 4

80

Figure 6: Evolution of A — det(M (X)) and \° — sin(ro(\¥)) in [r=2,100) for ¢ =
1071,1072,1073,10* and r—! = 1.
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