N

N

Well-posedness of wave scattering in perturbed elastic
waveguides and plates: application to an inverse
problem of shape defect detection
Eric Bonnetier, Angele Niclas, L. Seppecher

» To cite this version:

Eric Bonnetier, Angele Niclas, L. Seppecher. Well-posedness of wave scattering in perturbed elastic
waveguides and plates: application to an inverse problem of shape defect detection. Proceedings of the
Royal Society A: Mathematical, Physical and Engineering Sciences, 2023, 479 (2273), pp.20220646.
10.1098 /rspa.2022.0646 . hal-03798261v2

HAL Id: hal-03798261
https://hal.science/hal-03798261v2
Submitted on 3 May 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03798261v2
https://hal.archives-ouvertes.fr

Well-posedness of wave propagation in perturbed elastic waveguides
and plates ; application to an inverse problem of shape defect
detection

Eric Bonnetier!, Angele Niclas®®, and Laurent Seppecher?

"nstitut Fourier, Université Grenoble Alpes, France
2CMAP, Ecole Polytechnique, France
3Institut Camille Jordan, Ecole Centrale Lyon, France
"Corresponding author: angele.niclas@polytechnique.edu

Abstract

The aim of this work is to present theoretical tools to study wave propagation in elastic
waveguides and perform multi-frequency scattering inversion to reconstruct small shape defects
in elastic waveguides and plates. Given surface multi-frequency wavefield measurements, we use
a Born approximation to reconstruct localized defect in the geometry of the plate. To justify this
approximation, we introduce a rigorous framework to study the propagation of elastic wavefield
generated by arbitrary sources. By studying the decreasing rate of the series of inhomogeneous
Lamb mode, we prove the well-posedness of the PDE that model elastic wave propagation in
2D and 3D planar waveguides. We also characterize the critical frequencies for which the Lamb
decomposition is not valid. Using these results, we generalize the shape reconstruction method
already developed for acoustic waveguide to 2D elastic waveguides and provide a stable recon-
struction method based on a mode-by-mode spacial Fourier inversion given by the scattered field.

1 Introduction

This work is devoted to justify the well-posedness of wave propagation in perturbed elastic waveg-
uides and plates. These results are needed to extend the multi-frequency reconstruction method
exposed in [13] in the case of acoustic waveguides to the case of elastic plates. If the scalar Helmholtz
case is relevant to the non destructive testing of pipes or optical fibers (see [19]), applications in the
elastic case concern the monitoring of structural parts, airplane, ship, offshore wind energy plants
or bridges for instance (see [37]).

The main common point between acoustic and elastic waveguides is the existence of a modal
decomposition of the wavefield in a sum of explicit guided modes. The acoustic modes form an or-
thonormal basis, a property not satisfied by their elastic counter-parts, called Lamb modes. Several
authors have looked into this feature. The books [30, [I] provide analytic expressions of Lamb modes
as well as dispersion relations for their wavenumbers. In [24} 27, 28] a new formulation is introduced,
the X /Y formulation, under which the family of Lamb modes turns out to be complete [3, 20, 10].
The associated bi-orthogonality relations [16] thus allow the use of the Lamb basis to decompose
any wavefield that propagates in an elastic waveguide as a sum of Lamb modes.

However, a rigorous mathematical framework is still missing to study the propagation of an
elastic wavefield generated by an arbitrary source term (see nevertheless [7, [§] in 2D). One main goal



of the present article is to prove well-posedness of the system of PDE’s, that models 2D or 3D planar
elastic waveguides with internal and boundary source terms. To this end, we adapt the strategy
developed for acoustic waveguides in [I3], which differs from [7]. Under stronger assumptions on
the regularity of the source terms than those in [7], we present in Theorem [2[ a constructive proof
of existence and regularity of a wavefield propagating in a two dimensional elastic waveguide.

As it turns out, this result is not valid at some particular frequencies, which we call critical
frequencies, and that are characterized in the proof of Theorem [2} In particular, we establish in
Corollary [1] that the critical frequencies, for which the Lamb family is no longer complete, coincide
with the vanishing of the bi-orthogonality relation established by [I6]. This result, up to our
knowledge, has not been proven before and may help understanding the mathematical analysis of
elastic waveguides.

Concerning the study of wave propagation in three-dimensional plates, most of the work that we
are aware of consists in adapting the 2D framework to situations with radial or axial symmetry (see
for instance [21], 30} 2, 36]). In [33], arbitrary source terms are considered, without mathematical
justification however. Introducing the Helmholtz-Hodge decomposition of the wavefield [I1], we
split the three-dimensional system of elasticity into a system of two independent equations. One of
them fits into the scalar wave framework developed in [I3], while the other can be rewritten using
a carefully adapted X /Y formulation. This provides a full expression for the decomposition of the
wavefield generated by arbitrary source terms in dimension 3, see Theorem

Equipped with these results, we can generalize the shape reconstruction method presented in
[13] to the case of elastic plates, so as to determine possible defects (bumps or dips) in the geometry
of a plate, from multi-frequency measurements. Such inverse problems have already been tackled
by other methods, such as linear sampling [8]. Most of them use a single frequency and several
propagative incident waves to probe the waveguide: however, sufficiently many such waves may not
exist at low frequencies. Our approach differs as we use several frequencies and only 2 propagative
incident waves, which can be shown to exist even at low frequencies. We refer to [13] for more details
and comparisons. We use here the very same procedure as in the acoustic case : after mapping
the perturbed plate to a straight configuration, we simplify the resulting system of equations using
the Born approximation. The scattered wavefield generated by a known incident wavefield in the
original geometry, gives rise in the straightened plate to a boundary source term, that depends on
the shape defect. Using measurements of the scattered field on the surface of the plate at different
frequencies, we can reconstruct in a stable way the shape defect (provided the latter is small enough).
Numerical reconstructions are presented in the last part of the article, which show the efficiency of
the method.

The paper is organized as follows. In section 2, we study the forward source problem in a two
dimensional waveguide and introduce all the tools needed to use Lamb waves as a modal basis. In
section 3, we generalize the results of section 2 to the forward source problem in three-dimensional
plates. Section 4 is devoted to the reconstruction of shape defects in two dimensional waveguides,
generalizing the method presented in [13]. Finally, in section 5 we show numerical illustrations of
the propagation of waves in two and three-dimensional plates as well as reconstructions of different
shape defects.



2 Forward source problem in a 2D regular elastic waveguide

In this section, we present a complete study of the forward elastic source problem in a two-
dimensional isotropic regular waveguide. We use the X /Y formulation developed in [27, 28] which
allows a modal decomposition of any elastic wavefield using Lamb modes. Most of the results pre-
sented here are already known, and can be found in [28] [30} [I]. Our main contribution is to provide
a rigorous proof of well-posedness for the direct problem and of the fact that its solutions can be
represented in terms of Lamb modes (Theorem [2). We also follow the suggestions in [20] to define
the set of critical frequencies and critical wavenumbers in Definition 3| and we prove in Corollary
that it coincides with the set of frequencies for which the components X,, and Y;, of the eigenmodes
are orthogonal for some n.

2.1 Lamb modes and critical frequencies

We consider a 2D infinite, straight, elastic waveguide Q = {(z,2) € R x (—=h,h)} of width 2h > 0.
The displacement field is denoted by u = (u,v) . Given a frequency w € R, and given (A, ) the
Lamé parameters of the elastic waveguide, the wavefield u satisfies

V-o(u) +w’u=—Ff in Q, (1)
where f = (f1, f2) is a given source term, and where the stress tensor o(u) is defined by

o () = ( (A 4+ 2u)0zu + AO,v 1o u + wov ) _ ( s t ) .

o 1O + pdyv Az + (N + 2u)0,v t r (2)

In this work, we assume that a Neumann boundary condition (also called plane strain condition) is
imposed on both sides of the waveguide

o(u) -v=>0"P on dp, o(u)-v=>b""  on 0, (3)

where b'°P = (b\°P bbot) and bt = (BB, B are given boundary source terms. The setting is
represented in Figure The analysis presented in the rest of section 2 could also be carried out
with Dirichlet boundary conditions providing few changes in the formulas.

btop

bbot

Figure 1: Parametrization of a two dimensional waveguide §2. Elastic wavefields are generated
using an internal source term f, and boundary source terms b'°P and bP°t.

In [24] this equation is analyzed in an operator form Z = £(Z) where Z = (u,t,s,v). This idea
was then adapted in [27] to formalize the so-called X /Y formulation. We introduce the variables

X —ue, +te,, Y = —se;, +ve,, (4)

with which the elasticity equation can be rewritten as follows:



Proposition 1. The system , with the Neumann boundary conditions (3)), is equivalent to

0
X —f2 = by 0oy — B35, :
R = L(X,Y s Q,
’ <?’> FEVITN poms s, oo, | " @
0

with the boundary condition B1(X) = Ba(Y') = 0, where L(X,Y) = (F(Y);G(X)) and F, G, By
and By are differential matrix operators defined by

1 A
— — 0, w2 9
F=l 00 e g, | G—<_az N (6)
A42u ¢ A+2u  *F H
A Ap(\ +
Bi(X)=X -e,, BQ(Y)——A+2HY-6I+M8ZY-6,Z. (7)

The proof of this proposition follows the same steps as that presented in Appendix A of [2§8]. In
this formulation, the operators F' and G only depend on z, and are defined on one section of the
waveguide, while derivatives with respect to x only appear in the left-hand side of . We consider
the space

Hy = {(X,Y) € (H2(~h, h))*| B1(X)(h) = Bs(Y)(+h) = 0}, (8)

and the operator
Hy — (L*(=h,h))* 9
(X.Y) = (F(Y)G(X)) )

Our goal is to diagonalize this operator and, to this end, we introduce the Lamb modes:

L:

Definition 1. A Lamb mode (X,Y’) € Hy, associated to the wavenumber k € C, is a non-trivial
solution of L(X,Y) = ik(X,Y).

The next Proposition provides the analytical expressions of these modes. The proof can be
found in [11, 30].

Proposition 2. The set of wavenumbers k € C associated to Lamb modes is countable, and every
such wavenumber k satisfies the symmetric Rayleigh-Lamb equation

2 2
2 w 2 2 _ W 2 2 12\? o tan(ph)
V=S TR e= ok (¢* - #%) Pl an(gh)’ (10)
or the antisymmetric Rayleigh-Lamb equation
2 2
2 w 2 2 W 2 2 12\? 2 tan(gh)
= —k =——k —k = —4k . 11
P g o o= (4 - #?) P (oh) (11)
If k satisfies , the associated Lamb mode is called symmetric and is proportional to
(X(2),Y(2) =
u(z) ik(q® — k?) sin(qh) cos(pz) — 2ikpqsin(ph) cos(qz)
t(z) B 2iku(q? — k?)p(— sin(gh) sin(pz) + sin(ph) sin(gz)) (12)
—s(2) | | (¢® = EH)((\+ 2u)k* + A\p?) sin(gh) cos(pz) — 4upgk? sin(ph) cos(qz)
v(2) —p(q* — k?) sin(qh) sin(pz) — 2k*psin(ph) sin(qz)
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If k satisfies , the associated Lamb mode is called anti-symmetric and is proportional to
(X(2),Y(2)) =

u(z) ik(q® — kz) cos(qh) sin(pz) — 2ikpq cos(ph) sin(qz)

t(z) _ 2iku(q®> — K*)p (cos( h) cos(pz) — cos(ph) cos(qz)) (13)
—s(2) (> = K*) (A + 2u)k2 + Ap®) cos(gh) sin(pz) — 4ppgk? cos(ph) sin(qz) |

v(2) p(¢* — k?) cos(qh) cos(pz) + 2k*p cos(ph) cos(qz)

Remark 1. We see on the above expressions that p and ¢ are defined up to a multiplication by
—1. However, since Lamb modes are defined up to a multiplicative constant, the choice of the sign
of p or ¢ does not change the associated value of k or the associated Lamb mode.

We notice that if & is a solution of the Rayleigh-Lamb equation then —k and k are also solutions.
Figure [2| depicts different wavenumbers k& where Real(k) > 0 and Imag(k) > 0, in terms of the
frequency w.

4 \o/é:/
— propagative
. inhomogeneous
= e eVanescent
§ 2 —@— critical

0
23T 1 2 0
5 6 6
Real(k(x))h(zx) Imag(k(z))h(x)
Figure 2:  Solutions of the symmetric Rayleigh-Lamb equation in the space Imag(k) > 0,
Real(k) > 0 with © = 0.25 and A = 0.31. Solutions on the full space can be obtained by axial

symmetries. Propagative, evanescent and inhomogeneous modes are represented by different colors.
Critical points are represented by red dots.

We can distinguish three different types of modes (represented in different colors in the above
Figure) as in [21]:

Definition 2. There are three types of Lamb modes. If k € R, the mode oscillates in the waveguide
without energy decay and is called propagative. If k € iR, the mode decays exponentially to zero
as ¢ — oo depending on the sign of ik, and is called evanescent. If Real(k) # 0 and Imag(k) # 0,
the mode oscillates quickly toward zero as x — 400 depending on the sign of ik, and is called
inhomogeneous.

The completeness of Lamb modes depends on whether the frequency w is critical as defined
below:



Definition 3. A frequency w and a wavenumber k are said to be critical if they satisfy k = 0 or
condition and I'g = 0 (resp. condition and I'y = 0) where

I's = h(¢* —k?)?sin(qh)? 4 4k*p* sin(ph)? (14)
2 1.2 9
+(q? — k?) sin(ph) cos(ph) sin(gh)? (q k 8 p_r ) ,
Ta = h(g® —k*?cos(qgh)? + 4k*p? cos(ph)? (15)

—(q? — k?) cos(ph) sin(ph) cos(qh)? <q2 K 8 20 _ P >

We denote by werit the set of critical frequencies, and by kit the set of associated critical wavenum-
bers.

Note that the expression of the frequencies associated to critical wavenumbers k = 0 are explicit.
For instance, in the symmetric case, there are given by

we {VA+2u(r/2+ mm), m € N} U{ymm, m € N}. (16)

Critical points solution to k£ = 0 or to I'g = 0, where I'g is defined in , are represented in Figure
2] We notice that critical points are located at the junction of branches of modes of different types
(see [20, [30] for more details). Next, we introduce the functional space

H :=H'(—h,h) x L}(=h,h) x L?(=h, h) x HY(=h, h). (17)
and state the following completeness result:

Theorem 1. At frequency w, Lamb modes form a complete set of functions in H if and only if
w & Werit.

Proof. Step 1 : It is shown in [3] (see also [20] [10]) that the operator L satisfies the following
properties:

e There exists a set of five rays in the complex plane such that the angles between adjacent rays
are less than /2,

o Sufficiently far from the origin, all the points on these rays lie in the resolvent set of L,
e There exits IV € N such that the resolvent of L satisfies
(£ —¢D)™Y| = O0(¢N) as |¢] — +oo along each ray. (18)

Invoking Theorem 6.2 in [22], one may then infer that the family of Lamb modes forms a complete
set of functions if and only if for every associated wavenumber £k,

Ker(£ —ikI) = Ker(L — ikI)>. (19)

Step 2 : The above condition is however implicit and does not allow an effective determination of
the frequencies for which the Lamb modes form a complete set. In [20], a simpler condition than
is derived (although not proved) with a reference to [32]. Our goal is to derive an equivalent condi-
tion, that only depends on the parameters of the problem. To this end, we generalize the approach



in [30] and in view of ([19), we seek to characterize under which conditions generalized eigenvalues
exist. We present the argument in the case of a symmetric Lamb mode, the antisymmetric situation
can be handled in the same manner.

Assume that (ug,to, —S0,vp) is a symmetric Lamb mode (given by ) associated with a
wavenumber k € C so that is not satisfied. We look for (u,t, —s,v) € Hy that satisfies

L(u,t,—s,v) =ikL(u,t,—s,v) + (uo, to, —S0, vo)- (20)
Defining fi=—=(A\+ p)0zug — 2ikpvo, fo = =2\ +2u)ikug — (A + p)9d,vo, (21)
we notice that (u,v) satisfies the equation

A+ 20)0..0 + (A4 p)ikdu — pg>v = 1 in (=h, h),
10w 4+ (N + p)ikd,v — p*(N+2u)u = fo  in (—h, h),
0 u(xh) + ikv(£h) = —vo(£h),
Niku(£h) + (A + 2p)0,v(£h) = —Aug(Lh).

Using the decoupling of the wave equation in linear elasticity presented in [I], we find that
u(z) = Ayikcos(pz) + Asiksin(pz) + Al gsin(qz) — Aqcos(qz) (23)

k%(q? — k2 2k*
+M sin(gh)zsin(pz) — 2k*psin(ph)z sin(qz) + 'L;p
qw

+ <q2 — k2 + U 12)22)()\ * 2M>> sin(gh) cos(pz),

sin(ph) cos(qz)

v(z) = —Aipsin(pz)+ Aapcos(pz) + Alik cos(qz) + Abiksin(gz) (24)
2
—ik(q?® — k%) sin(gh)z cos(pz) — b

2ik?
P sin(ph)z cos(qz) + <2ikp + Zw2up> sin(ph) sin(gz)

iR (g® = KP)(A +2p)
w2p

sin(gh) sin(pz),

for some Aj, Ay, A}, A}, € C. Expressing the boundary conditions, we obtain
A\ b1 . _ —2ikpsin(ph) (¢* — k?)sin(qh)
M( ) ) o ( by ) o A= ( u(q® — K cos(ph)  2ikugeos(gh) )0 2

@ — Kk

2
by = 2k?(¢*® — k?)h cos(ph) sin(qh) — 2(q)ph cos(qh) sin(ph)

( 4Pp® | (P = )R - pH) (W’ + (A + 2M)k2)>

+ sin(ph) sin(gh) —9pk? — pg® + 2 + 5

pw

. ik 2 12)2 o
by = <4Mik5p + Z/L(Qp)) hsin(ph) sin(gh) + cos(qh) sin(ph) (Mk:qu _ zquQM )
_ 2ikp(q® — k?)

w2

+ cos(ph) sin(gh) ( (W? + k2N +2u)) + Nik(q® — k2)> :

Since k satisfies the symmetric Rayleigh-Lamb equation , the determinant of the matrix M
vanishes.



If the first column of the matrix M is non zero, then has a solution if and only if

2ikp sin(ph) by
p(q* — k?) cos(ph) by

Computing this determinant and using the relation leads to

=0. (26)

— 2k | h(g® — k?)*sin(qh)? + 4Kk*p? sin(ph)?

+ (¢* — k) sin(ph) cos(ph) sin(gh)? <q2 ; K —8p — 2 _ ;) ] =0, (27)

in other words, I's = 0 and w € werit.
Assume now that M;; = My, = 0. Then either k£ = 0 and ¢> cos(ph) = 0 (the condition ¢ = 0
is excluded as it yields to a trivial eigenfunction (ug, tg, —So, vp)) and the system takes the form

0 ¢*sin(gh) A1\ [ 2pg*sin(qh)
o) ()= (3) =

and has non trivial solutions (for instance By = 2p and A; =0). Or k # 0, p € 7Z and @ -k =0,
in which case (b1, b2) = (0,0) and the system also has nontrivial solutions. In this latter case, one

can check that I'g = 0 as well.
Conversely, if holds, then using — one can construct a solution (u,t, —s,v) to .
This shows that w € we,it if an only if is not satisfied, and concludes the proof of the Theorem.
O

Remark 2. When w € wgjt, finding a Lamb mode expansion is much more complex. To obtain a
complete basis, one needs to add generalized eigenmodes to the Lamb modes to obtain a complete
family [20, [3, B4, 5, 4]. Our proof can be useful if ones want to find the expression of such generalized
modes: finding (A1, B2) solution to and replacing it in and gives the expression of
the generalized modes.

Remark 3. If we derive equation (resp. (11)) with respect to k, we notice that dyw = 0 if
and only if (resp. (|15)) is satisfied. This shows that critical points are exactly located where
Orw = 0. When k # 0, these points are called zero group velocity points (ZGV points) and have
been extensively studied (see for instance [6]).

2.2 Solution of the 2D elasticity problem

In the rest of this section, we assume that w ¢ werit, so that Lamb modes form a complete family,
however they do not necessarily yield an orthonormal basis. In order to identify the decomposition
of a given function of H on the Lamb basis, we split the set of wavenumbers k in two parts:

Definition 4. Let w ¢ weit. We say that a Lamb mode with wavenumber k is right-going if
Imag(k) > 0 or Imag(k) = 0 and Oyw > 0, and is left-going if Imag(k) < 0 or Imag(k) = 0
and Jrw < 0. We index the right-going modes by n € N*  and sort them by ascending order
of imaginary part first, then descending order of real part if their imaginary parts match. More
precisely, if k, = a,, + i, then 3, is increasing and if 8, = Bh4+1 then an41 < ay.



As mentioned previously, if k,, is a right-going mode, —k,, is also solution of the Rayleigh-Lamb
equation and is then a left-going mode. We also notice, using , that if (Xvn,Yn) is (up to a
multiplicative constant) the right-going Lamb mode associated to k, and (X,,Y,,) is the left-going
Lamb mode associated to —k,, then u, = —t,, v, = Un, Sn = Sp, tn = —t,,. It follows that for any
(X,Y) € H, there exist (Ap)nen+, (Bn)nen+ such that

(X7 Y) = Z An(Xna Yn) + Z Bn(j\(/na ?;L) = Z An(Xm Yn) + Z Bn(_Xm Yn) (29)

n>0 n>0 n>0 n>0

Note that the completeness of the Lamb modes only means that finite linear combinations of Lamb
modes are dense. We however wrote X = > A, X, in order to simplify notations, consistently with
[12, 27, 28]. Defining a,, = A,, — B,, and b, = A,, + By,

X=> aX, Y=> bY, (30)
n>0 n>0

This decomposition with right-going modes is easier to handle than the full decomposition: We
prove below that we can find an explicit expression of a,, and b, given (X,Y). We denote (-,-) the
product defined by

VG EIAAMO) (6668 = [ 606 eEaEE @Y

Note that this product is not a scalar product since the §;’s are complex-valued. The following
proposition states that families (X,,)nen+ and (Y, )nen+ are bi-orthogonal:

Proposition 3. For every n,m > 0, (X,,,Y,,) = d,—mJn, where J,, = iw’k, Tg if nis a symmetric
mode and J,, = iw?k, ['4 if n is an anti symmetric mode, with I'g and I" 4 defined in and .
Especially, J,, # 0 if and only if w ¢ weyit.

Proof. The proof that (X,,,Y,,) = 0 if m # n can be found in [16, 28]. Then, using expressions
and (13), we can compute (X,,Y,) as in [28]. O

This provides a new characterization of critical points:
Corollary 1. The three following definitions of the set of critical frequencies are equivalent:

Werit = {W e Ry | In € N* <Xn’ Yn> = 0}
= {w € R4 | (X, Yn)nez does not form a complete set of functions in H} (32)
= {w S R+ | dn € N* 8knw — O}

Proposition [3| allows us to compute the coefficients in a decomposition , as
an = (X,Y,)/Jn, b, =Y, X,)/Jn. (33)

We use the modal decomposition to provide an outgoing condition for elastic waveguides. For
acoustic waves, one may ask that each modal component should satisfy a one dimensional Sommer-
feld radiation condition (see [I3] for instance). In the same spirit, we consider the following

Definition 5. A wavefield u € Hf () is said to be outgoing if X and Y defined in (] satisfy

(X,Y,) ()= — iko(X, V) (@) — 0 VneN-. (34)

‘.%" |z| =400

(Y, X)) (2)

2] — ik (Y, X)) (x)
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This condition guarantees existence and uniqueness for the source problem (/1)) as we prove
below. For every r > 0, we set €, := (—r,7) x (—h, h). We consider that any source defined on {2,
(resp. (—r,7)) is extended by 0 on € (resp. R).

Theorem 2. Let 7 > 0. For every w ¢ weit, f = (f1, f2) € HY(Q,) and b'°P = (b]°P, bi°P), b =

~3/2

(b2, bty € H“(—r, 1), the system

V-o(u) +wu=—f inQ,
O'(’Ll,) V= btop/bot on Qtop/bot7 (35)
u is outgoing,

3
loc

u(zx, z) = Z an(x)up(2), v(z,z) = Z b (z)vp(2), (36)

n>0 n>0

has a unique solution w € H;j, .(€2). This solution admits a Lamb-mode decomposition

where a,,, b, are solutions to the decoupled Helmholtz system
al + k2ay, = ik, F* — F3V,
Vi + k2b, = FYY — ik, Iy,
1 h t b
where Fl'(z) = A / fi(x, 2)un(2)dz + b (2)un(h) + b (z)un(=h) |, i€ {1,2}. (38)
n —h
Equivalently, a,, = G} % F{* — G5 % Fy' and b, = G4 x F|' — G * F' with

n 1 ikn |z n T ikn|x
Gt (x) = 5¢ fnlal, G3(x) = me fnlal, (39)

Moreover, there exists a constant C' > 0, which only depends on h, w and r, such that

Proof. This proof is an adaptation of the proof presented in Appendix A of [13].
Step 1. We first show uniqueness of the solution. Assume that u solves with f = 0,
b'°P = bt — (. The associated fields X, Y defined in can be decomposed as

X(z,2) = Z an () Xn(2), Y(z,2) = Z bn(2)Y,(2). (41)

n>0 n>0

As proved in [28], the operators F' and G defined in are self adjoint on Hy. By projecting
with the product (-,-) on X,, and Y,,, we see that

al, = ikyby, b, = iknan,. (42)

Solving this system of ODEs and using the outgoing condition shows that a,, = b, = 0, leading to
u = 0.

Step 2. Assume that the functions (u,v) defined in are well defined. A quick computation
shows that the associated fields (X,Y") satisfy for every mode since

GV = ik,GD, GV = ik, G + b, (43)

10



Assuming that |z| > r, we also see that

(X, Y, (2) = —

2] ikn (X, Y,)(2)

=0. (44)

K' ‘G”’ z‘knG?> * FI'(z) — (‘ |G"’ z’knG’;)*F;(m)

Repeating this computation for (Y, X,,), shows that (u,v) satisfies the outgoing condition.

Step 3. We prove that the functions given by are well-defined, in other words that the
series in converge. We know from [30] that the number of evanescent and propagative modes is
finite, so we only need to study the convergence of the inhomogeneous modes. We begin by noticing
that if k, is an inhomogeneous mode, then k,, = —k, also satisfies the dispersion relation, and
Xm = X, and Y;, = Y,,. We index the subset of inhomogeneous wavenumbers with positive real
part by j € N* and all the asymptotic comparison are now meant when j — +oo. Let N = 25—1/2
(resp. N =254 1/2) if k; is associated to a symmetric (resp. antisymmetric) mode. Using [25], we

know that N (2 N) )
K n(2w
hk; = = 1n(27TN) + 27 —— Y +0 (N) . (45)

Let p; and g; be the quantities defined in (L0). We notice that p;, q; ~ —ik;. Since (p; — ik;)(p; +
ik;) = w? /(A4 2p) and (g; — ik;)(qj — ik;) = w?/u it follows that

w? 1 1 w? 1 1
B T A il z = 4
P Zk”Jr(/\+2u)7rN+O<N>’ b 2k+wf N+O(N) 1o
We notice that cp cq

o |2| N  In(27N) 1

sin(ikjz) = ﬂexp ( N < In(27N) +1 i - i— 5 N >) +0 <]\[1—|z|/2h) ; (47)
) 1 |z| /1 .7mN  In(27N) 1

cosiby?) = g (7 (e + 75— 5 ) 10 (). (49

and if o stands for p or ¢,
cos(a;z) ~ cos(ik;z) + %zsin(ika), sin(oyj2) ~ — sin(ik;z) + Cﬁazcos(ika). (49)

Using the definition of the symmetric modes (12), we find that (X;(2); Y;(z)) ~

h —|z|
—ipmN(z — hz/|z|) | TN?(cp, — ¢,) |2| In(27N) 7N  iln(27N)
prN(h — |2]) 6 eXp((h+1>< 2 T2 T T 2N >>
i(z — hz/l2))

and it follows that

T h32 N3 e, — ¢ ThN?|c, — ¢4
HUjHL2(—h,h)a HUJHLZ(—h,h) ~ An(2rN)32 Huj”Loo(—h,h)a HUjHLOO(—h,h) YT g

PR32 N4 e, — ¢

R2 O NSw?|e, — ¢4
”thLQ(—h,h)v ||5jHL2(—h,h) ~ Aln(2rN)32 .

8

| Jj| ~
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Similar estimates can be derived for the antisymmetric modes, which yield the same asymptotic
behaviors. Defining a; = G« Fl — G« Fi, bj = = Gl«Fl -G « Fg , we see using Young’s inequality
that ‘ ‘ ‘ ‘

Haj HLQ(—r,r) < HGjl HLl(—'I‘,T‘) HFIJ HL2(—T‘,7‘) + HGé”Ll(—r,r) HFQJ HL2(—7",7’)' (50)

From the asymptotics of k; it follows that ||G{||L1(R), ||G§||L1(R) < 1/N. Thus if u? denotes a
primitive of u;, we see that

[ h ey =[2G 7 - [ o G (51)

Using the previous estimates, we find that u(z) ~ —2-u;(2) and so there exists a constant ¢ > 0,
that depends on w and h, such that
J 1 top bot
1Y (2 <y < N3 <||f1”H1(Q) + 1161 MLz wy + 1107 HLQ(R)) : (52)

We obtain a similar estimate for F5. Finally, using the triangular inequality,

lullizoy < D0 el rmlunlliznn +2 D lajliierm w2 nm- (53)
n|kn €R,R jEN*

which leads to

2r

lullzey < | 32 5 (el + loalliznm) Tunlliz Ca
nlk,€R4R 7T
1 to bot
DY (jSl/g)ln@jilm)gml (1 12 ey + 18P M2y + 16" ey )+ (54)
JeEN™

A similar control holds for v. Elliptic regularity results (see e.g. [I7]) show that there exists a
constant c3 depending on r such that

Il g, < es (1wl + 1F T w) + 10P sy + 107 g2 ) - (55)
(R) (R)
which together with conclude the proof. O

Remark 4. This result is probably not optimal: indeed, in the scalar case one can merely assume
that the source term lies in L?(€2,) and obtain a solution in H (Q) (see [I3]). However, in the
present case, the Lamb modes are not orthogonal and Parseval equality does not hold, so that
in the above proof, we controlled terms using the triangular inequality, which may lead to a loss
of accuracy. We can see in the proof that the extra regularity of the source terms is needed to
derive , which in turn yields the convergence of the series . Providing adaptation to elastic
waveguides, the theory developed in [26] may be better adapted to treat source terms with lower
regularity. This proof also shows that if w is a solution to the elasticity system , then the series
> an, X, and Y b,Y,, are indeed convergent (provided that the data in (35)) is smooth enough).

To conclude, in this section we have constructed an explicit solution of the elasticity problem in
a regular waveguide, and have shown that its norm is controlled by that of the source terms. Such
estimates will be useful in the following to perform the Born approximation.
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3 Forward source problem in a regular 3D plate

In this section, we are interested in the forward source problem in a three-dimensional isotropic reg-
ular waveguide with two infinite dimensions. Our motivation comes from the experiments reported
in [6], where the authors try to reconstruct width defects in thin elastic plates. The propagation
of waves in three-dimensional waveguides with one infinite dimension such as pipes or air ducts is
a direct generalization of the two dimensional case presented in the previous section, see for in-
stance [8]. Two main issues are at stake. First, as mentioned in [2I], in addition to longitudinal
and transverse modes, one needs to take into account horizontal shear modes in order to form a
complete modal basis. Second, one would like to generalize the (X,Y") formulation of Definition
to 3D.

Given an elastic wavefield u = (u, v, w) that propagates in a three-dimensional plate, our main
contribution consists in introducing two auxiliary variables o and [ in that only depend on
u and v, which allow the decoupling of the equations of elasticity. We show that («,w) can be
decomposed using Lamb modes, while 5 represents the horizontal shear modes. This allows us to
obtain a generalization of Theorem [2] to three-dimensional plates.

3.1 Decoupling of the linear elastic equation

Let us consider a 3D infinite isotropic elastic plate Q@ = R? x (—h,h), where h > 0 is half of the
waveguide thickness. For every r > 0, we define Q, = By(0,7) X (—h, h) where By(0,r) is the ball in
R? centered at (0,0) with radius . A point (z,v,2) € Q will be denoted by (x, z), and the elastic
displacement by u = (u,v,w). Given a frequency w € R and given (A, u) the Lamé coefficients of
the elastic waveguide, the wavefield w satisfies

V-o(u)+wiu=—f in Q, (56)

where f = (f1, fo, f3) is a source term and o (u) is the stress tensor defined by

A+ 2u)0u
| +A8l:z; + \0,w [0y + pdzv PO 4 Oz w
A=+ 2u)0,v
o(u) = pOyu + 1105V ( —|—)\8’li)u Z_/}_ N 10,V + poyw ) (57)

In the following, we study the case of Neumann boundary conditions
o(u) -v=>0"" on dop, o(u) - v=">b"  on O, (58)

where b™P = (B b5°% bBO%) and Pt = (BP°F, p5°t hE°Y) are boundary source terms. Note that
our analysis could also be applied to the case of Dirichlet conditions. We represent the set-up in

Figure
To adapt the X /Y formulation to 3D, we introduce the following notations : for a vector field
g = (91,92, 93) and a scalar field g we set

diva(g) = 0xg1 + Oyg2, curla(g) = 0xg2 — Oyg1, Aa2(g) = Orag + Oyyg- (59)

13



€z ptor

€y
h
(- -
- C) 0
Phe O
_h - b

Figure 3: The three-dimensional plate (2. Elastic wavefields are generated by an internal source
term f and by boundary source terms b'°P and b"°'.

Given u = (u,v,w) € Hi.(Q) we define
a = dive(u), B = curly(u). (60)

Note that o and § only involve the in-plane components of u. The following proposition shows how
these new variables decouple the elasticity system:

Proposition 4. If u is solution of with boundary conditions , then (o, w) satisfies
A+ 20) Agar + pd..a + wla + (A + p)Asdw = —dive(f)  in Q,

A+ w)0za + (A + 20) 02w + pAow + w?w = —f in 2, 61
O, + plow = div2(bt°p/ bot) on 9ap /bot s (61)
(A + 20)0.w + Aov = b/ P on 9op bot
while 3 satisfies
1B + 10,8 + w?B = —curly(f)  in Q, (62)
10,3 = curly(bP/Pot) on Iop /bot -
Proof. If we denote L; the lines of and B; the lines of , we compute 0, L1+0y Lo, 0, B1+0yBo
and with Ls and Bs, we find . Then, ;L2 — 0yL1 and 0, By — 0, B give . O

We start with the study of equation (62]), which is a Helmholtz equation, similar to that of
acoustic waveguides, for the function 3. Inspired by [I3], we introduce a decomposition of /3 as a
sum of horizontal shear modes.

Definition 6. For every n € N, we define 2 = w?/u—n?r?/4h* with Real(k,) > 0 and Imag(,,) >
0. We define the n-th shear horizontal mode (SH mode) ¢, by

1/V2h if n=0,
pn(2):=¢ 1 cos (mr(z + h)> else (63)
Vh 2h '

The sequence (¢, )n>0 defines an orthonormal basis of L?(—h, h) for the scalar product

10 = [ gl (64

Classical results on waveguides (see e.g. [I4]) show that if one imposes a Sommerfeld radiation
condition [31], the problem is well-posed except for the frequencies

sh — %n, n > 0. (65)

More precisely, when w ¢ w3, := {w3", n > 0}, the following result holds:

w
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Proposition 5. For every w ¢ wﬁﬁt, f € HY(Q,) and b*P bP ¢ I;T3/2(—r, r), the problem

A28 + 0.8 + WQﬁ = —curly(f) in 2,
:U’azﬁ = CurlQ(bet/top) on 8Qbot/top7 (66)
VR0, —itn] (B|on) (Re™) W, 0 =0 VOE(, om),
——+00

has a unique solution § € HZ .(Q) which decomposes as

Blx,z) = D~ Fj)(@)en(2), (67)

n>0

where I'"™ denotes the Hankel function of the first kind I'(x) = —%Hél)(nn\w]), and where

mo = E </h curly(f)en + curly(5°P) @, (1) +CUT12(bb°t)<Pn(0)> :
w\Jn

Proof. We follow the exact same steps as Appendix A in [I3]. Since the ¢, form an orthonormal
basis, any function S can be decomposed as f = > Bppn. Projecting on the SH modes, the
problem is equivalent to the collection of problems indexed by n € N

Aoy + Kibn = g, in R?
VT 10, — itn] Bu(Re®) —> 0 W0 € (0,27). (68)

As AT™ + nif" = Jp [38], each function G, can be expressed as the convolution I'" x Fl;. The
series can be shown to converge in L2 () and provides a solution in the sense of distributions
to (66). Elliptic regularity allows then to show that 3 is actually in Hi,(€). O

Next, we study equation , which resembles the two dimensional elasticity system studied in
section [2] The general idea is to try to use the Lamb decomposition: we seek a way of writing the
elasticity system in the form D(X,Y) = L(X,Y) + f where D is a differential operator with respect
to the longitudinal variables and L is diagonalised by the Lamb modes. We propose the following
choice:

t=po.a+ phow, s=A+2pn)a+ 0w, X =(ot), Y =(—s,w). (69)

Then, we adapt Proposition [T}

Proposition 6. The system is equivalent to

0
X\ _ —f3 = Oonby® — Gom 5 :
( AY > =LY G0 (F) + 8ndiva(b'oP) + 0. pdiva(6") in €1, (70)
0

with B1(X) = B2(Y) = 0, where £(X,Y) = (F(Y);G(X)), and F, G, By and By are the same
matrix operators as those defined in Proposition |1|in @ and .

We thus may use Lamb modes to diagonalize the operator £ as in the 2D situation, and obtain
in this way a result similar to Theorem [2| Let wu,, v,, k, be defined as in section [2| and assume that
w ¢ Werit -
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Proposition 7. For every w ¢ weit, f € H(Q,) and b*P bPot ¢ I;T3/2(—r, r), the problem

A+ 20) Mg + pd..a + wla + (A + p)Asd,w = —divy(f) in Q,

A+ )0 + (A +20)0w + pAow + w?w = — f3 in Q,
3za + ,U,AQU) = diVQ(thp/bOt) on 8Qt0p/bot7
A+2u)0,w 4+ Ao = plop/bot on 060 /bot » (71)
3 p/

VR0, — ikn] (Y, X,,)(Re™) W, 0 V>0 Voe (0, 27),
—400

VRI[8, — ik, ] (X,Y,)(Re?) — 0 Yn>0 V0e(0,2n),
R—+00

has a unique solution (a,w) € HZ () x H .(Q) which decomposes as

alx,z) = Z((kiF§L+zknF1”) xG")(x)up(2), w(x,z)= Z((—zknF§‘+FfL) * G™)(x)vn(2), (72)

n>0 n>0

where G"(x) = —iH{" (k,|2|) and

1 h
F' = A (/ diva(f)u, + dive(b*P)u, (h) + diVQ(bet)Un<—h)> , (73)
n —h
n __ 1 h top bot
F3' = A hfgvn + by vp(h) + b3 v, (—h) | . (74)
Proof. The proof is very similar to that of Theorem We start by decomposing (X,Y) in the
form
n>0 n>0

Injecting in , one obtains, instead of in the 2D case, a,, = ikpby,, Asb, = ikpay,. If is
well defined, it satisfies since AsG" = —k:,%G” + dg9. The study of the asymptotic behavior of
an and b, can be performed as in section [2] using the fact that

162G L1 B0, = OM)s N[kaG 11 0,y = O/1),  1G™L1(Boy) = O1/n). (76)

It follows that the sum of series are in L2 .(Q) and provide a solution of in the sense of
distributions. Rewriting this system as an elliptic system

(A +2p)Aga + 0. () = R(w, f) in Q,
(A4 20)0z,w + (A + 2u) Agw = S(a, f3) in Q,
0, = r(Aqw, btoP/bOt) on 9 qp /bot
d,w = s(a, bgoP/bOt) on 9 op /bot

using elliptic regularity [I7] and a bootstrap argument, one further infers that o, w € H (), which
concludes the proof of the Proposition. O

3.2 Helmholtz-Hodge decomposition
Now that equations and are solved, we return to equations and . We need to

ensure that given the expressions of o and 3, we can recover a unique expression for v and v. To
this end, we use the Helmholtz-Hodge decomposition, which states that under certain conditions, a
vector field can be decomposed in a unique way as the sum of a curl-free and divergence-free fields.
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This decomposition is mostly used in fluid mechanics to analyze three-dimensional vector fields (see
for instance [I1}, [15]). In our case, we apply it to two dimensional vector fields, since we are only
interested in finding a link between (u,v) and («, 3). We give the corresponding statement below,
the proof of which can be found in [29] concerning existence, while uniqueness is addressed in [35].

Proposition 8. Every vector field £ € Hlloc(Rg, (CQ), vanishing at infinity uniformly with respect to
the direction, can be uniquely decomposed as € = d + ¢ where d, ¢ € H,.(R* C?), curly(d) = 0 and
dive(e) = 0. The couple (d, ¢) is called the Helmholtz-Hodge decomposition (HHD) of £&. Moreover,
£ is uniquely determined by divy (&) and curla(§).

Providing enough regularity on « and /3, one can compute (u,v) using the formula [29]
(u,v) = =V(G(a)) + V x (G(8)), (77)

where G represents the Newtonian potential operator which convolves each function with z —
log(|x|)/(27). However, in the following, we will not need to use this formula. Indeed, we exhibit
expressions of u and v that satisfy dive(u) = o and curly(u) = 5 and thus are the ones we look for
thanks to the previous uniqueness result.

We introduce an outgoing radiation condition for 3D wavefields:

Definition 7. A wavefield u € HZ(9) is said to be outgoing if it vanishes at infinity, and if X,Y"

defined in and 3 defined in satisfy
VR[8, —iky] (X,Y)(Re™), VR[0, — iky] (Y, X)(Re™) W, 0 >0 Voe (0,2m), (78)
—+00
VRI[0, —irn) (Blon) (Re?) — 0 Yn>0 V6 e (0,27). (79)

R—+o00

Under this condition, uniqueness of solutions to the source problem in 3D will be guaranteed, as
stated in the next Theorem. We first introduce some notations. We define the scalar convolution by

g1 %92(5) = [ 1(@~ v) - 92(y)d. (30)
and introduce the Green functions
Gi(@) =~ Hy (kulz]). G3(@) = VGi(x), Gj(x) =~ H (kala]). (81)

Let (£, £57), (b, b5), (bloy, biat) denote the HHD of (fi1, f2), (517, b5P), (B5°",b5°") respec-
tively and set

z _ 1 h top bot
go(x) = A [h f3(x, 2)vp(2)dz + by " () vy (h) + b3° (x)vs(—h) |, (82)
&sh — Jln < [ ]; P (@, 2 u (2)dz + bt (h) + bgngun(—h)> . (83)

Theorem 3. Let 7 > 0. For every w ¢ wey Uwlk, £ € H3(Q,) and b*°P P € H32(—r, 1), the
problem
V-o(u) +wu=—f inQ,
o(u) v= ptop/bot on Qtop/bots (84)
u is outgoing,
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has a unique solution u € Hj _(€). This solution admits a decomposition u = u?f + u ¥ with

A, () u,(z
” 2 Anlwnn(2) SHM:( gocn@m(z))’

Z bo(x)vn(2) |’

n>0

u”(xz,z) = (85)

0

where A, b,, C, satisfy the equations

A A, + KA, = —Vg’ +ik.g’,
A2Cy + KLCn = —gy, (86)
Agby + k2b, = —ikng? + diva(g’).

Equivalently, A,, = —g; * G5 + z'kngfl xGT, Cp = —gflh/,u * Gy and b, = —ik,g, * G] + gfL * - Gy.
Moreover, there exists a constant C' > 0 depending only on h, w and r such that

w3,y <C (HfHHl(Q) + HthpHHgm(R) + beOt||H3/2(R)) : (87)

Proof. If f, b'P and b"°' vanish, uniqueness in Propositions [7| and |5| show that o = 3 = w = 0.
Since u and v are uniquely determined by diva(u,v) and curly(u,v), it follows that u = v = 0 and
the uniqueness of a solution is established. Moreover, Propositions[7] and [5] provide expressions of «,
B and w. Using the HHD, there exists a unique wavefield u determined by («, ) and we can check
that expressions provided in indeed provide a solution. Finally, the control of the wavefield
with respect to source terms is obtained in the same manner as in the proof of Theorem [2 using
the following estimates on the Green functions:

IGT I 5o,y = (/1) G lIL(s(0,) = O(1/n). (88)

O]

4 Reconstruction of small shape defects from multi-frequency mea-
surements in 2D

In this section, we consider the inverse problem of reconstructing small shape defects in an elastic
waveguide from multi-frequency surface measurements. We first detail the method used in the
two dimensional case. Its 3D generalization is discussed at the end of the section. We follow the
method developed in [I3] for acoustic waveguides. In the present case, given current experimental
setups [21], we assume that the measurements consist in surface measurements of the displacement
fields, rather than measurements in a section of the waveguide, which were considered in the acoustic
case.
We consider a waveguide Q that contains localized bumps, defined by

Q = {(z,2) e R?|h(—1+2g2(x)) < z < h(1 + 2g1(2))},
where g1, go are C? functions with compact support, such that —1+2gs(z) < 1+2g1(7), see Figure

Note that g1 and go are not required to have a constant sign. Hereafter €2 is called the perturbed
waveguide.
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Figure 4: Representation of shape defects in a waveguide of width h.

An incident wavefield u™° is sent in the waveguide, and we denote by @ the total wavefield

and %° := @ — u'™ the scattered wavefield. Our goal is to reconstruct functions g; and gs from
the total wavefields measured on a bounded interval I' at the top surface. Since the incident
wavefield is known, this provides measurements of the scattered field generated by the obstacle.
This experimental setup is described with more details in [§] and provides precise measurements of
the scattered field w®. The inverse problem can then be stated as follows:

Find (g1,92) from @’(w,z, h(1+ 2g1(x))) Ve el VYw € (0,wnax)- (89)

4.1 Born approximation

As incident wave, we use the function corresponding to the first symmetric Lamb mode of a straight
guide, which we denote by uw'™(z,z) := wu;(2)e?**. The same analysis could be conducted with
any other Lamb mode. However, note that the first symmetric Lamb mode has the advantage to
propagate at any frequency, which is not the case for the other symmetric Lamb modes. The total
wavefield u solves the equations of elasticity in the waveguide:

{ V.-o(@) +w?u=0 in §~2,~ (90)
o(u)-v=0 on 9Qap /bot -
Then, the scattered wavefield solves
V.o(@®)+w?a®*=0 inQ,
o@) -v=—cw™)-v on Oop /ot (91)
u® is outgoing.

For every (z,z) € 09, we know, using the definition of Lamb modes, that

O_(Uinv:) — < 31(2) t1(2> )eik1$7 (92)

ti(z) ri(z)
50 if (1, 2) € op then o (@) - v is equal to

). 1 ( —2hg(z) ) et ( —2hg} (x)s1(2) + ta(

—olu _ )
( L+ 4h%g) (2)? ! S anzgi (2 \ ~2hh@h () +1(2) ) (93)

We can also do the same thing on O ot to explicit the equation of the scattered wavefield. Then,
following the steps of [13], we map the perturbed waveguide 2 to a regular waveguide Q := R X
(—h, h) using the mapping

¢(z,2) = (z,(1 + 91(2) — 92(2)) 2 + hg1(x) + hga(z)) - (94)

N
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We define u® = u® o ¢. Equation in the perturbed waveguide Q is equivalent to the following
equation in the regular waveguide :

V- o(u®) + w’u’® = —a(u®) in Q,
s _ 2hg/ (HT)S ((b(l‘, Z)) —t ((Zﬁ(.’L‘, Z)) ikix s
ou’) v= ( thi(iv)hl(qb(ﬂﬂ,Z)) B ri(gb(w,z)) ) e —by(u®)  on 0op, -
s _ _thl (1‘)3 (Qb(ﬂl‘, Z)) —t (qb(l‘? Z)) k1 s
ou®) v= < —2th(x)t11(¢(x,z)) B ri(qﬁ(w,z)) > ™1 —by(u®)  on ey,
u® is outgoing,
where we denote f1(z) = hg1(z) + hga(z), fo(x) =14 g1(x) — ga(x),
a(u) = et BE- ) [ 2004+ 20)00u+ M+ )00 N 5 [ (A +2p)0.0
a f22 QIUaTZU + ()‘ + :u)azzu f22 ,u@zu
(f{f2 +fé(z_f1))2 ()‘"’_2”)82'2“ i _ ()\+H)axzv
i f2! ( p0:zv ) " <f2 1) < (A + 1) Oz )
U+ (8 =207 ) (2 = f1) =23 fifo ( (A4 2w)0yu | | ( 1 1) §0,u
F2’ pozv f’ (A+2p)0:2v
(96)

and

fifa+ fa(z = f1)
f2?

' 1
bi(u) = —gi(M?u)@xu—A%@sz < - 1) D u+ (¢ (A +2p)d.u—pd,v), (97)

2 fo

bQ(U) = géu@xv + ,u,';iazu — (A + 2”) (.][1.2 . 1) azv _ f{fQ +:}]:z,§2 — fl)

From now on, we only consider small shape defects, i.e. we assume that the quantity

(ghpd,v — XNd.u).  (98)

e = maxx (Jlgallweee s ll92llweoe ry) (99)

is small compared to the size of the supports of g1 and g2, and compared to the width of the
waveguide. A direct computation leads to the following bounds for operators a and b:

Proposition 9. For every r > 0, there exist two constants A, B > 0 depending only on w, h and r
such that
la(u)lly(q,) < Aellullusq,),  [16(w)llys/2q,) < Bellullgsq,)- (100)
Following the steps of [I3], we define the Born approximation v of u® by
V-o(v)+w?v=0 in Q,
2hgy(2)s1((x, 2)) — t1(d(2,2)) | ik,

o) v= ’ ’ e on OQop,
@) ( 2hg} (2)1(6(, 2)) — 11(6(z, 2)) top
—2hgh(x)s1((x, 2)) — t1(p(x,2)) | iry
o) v= e 1T on 0Qpot,
@) ( ~9hgh(0)t1 (8(x, 2)) — 1 (6(z, ) bor

v is outgoing.

(101)

The following proposition, the proof of which is similar to Propositions 5 and 6 of [13], shows that
v is a good approximation of w if the defect is small:
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Proposition 10. Let C > 0 be the constant defined in Theorem [2| If eC'(A + B) < 1 then
has a unique solution u® and

cC(A+ B)

I~ vl < TGy gy Ol + Wllge + ). (102)

Finally, to simplify the boundary source term and get rid of the dependency on ¢, we notice
that

gi(2)s1(g(x,2)) = g (2)s1(h) + O(e?),  t1(d(x,2)) = (g1(x) — g3())d:t1(h) + O(e%),  (103)
gi(@)ti(é(z,2)) = O(?),  11(d(x,2)) = (d1(2) = ga(2))der1(h) + O(7). (104)

We define a simpler approximation w of v as the solution of

V-a(w)+w2w:0 in Q,

( 20 (2)31 (h) — (gh(2) — gh(2))0:t (h) ) I
Z{6h(2) - e e)er (1)

ooy [ ~2heh@s(h) — G (@) ~ NN B e

o) ( (6(2) — ghle)ur ) ) O0hor

w is outgoing.

o(w) v=
(105)

Using the control provided by Theorem |1} w is a good approximation of v if € is small enough
so there exists a constant D > 0 such that

lv = wllys (o, < e2Dhr (Istllyz + 10:t1 [l + 110271 [1y2) - (106)

4.2 Boundary source inversion

From now on, we denote by u the solution to generated with boundary source terms denoted
by b°P and b°'. Given a maximal frequency wmax, we measure the wavefield at the surface of
the perturbed waveguide for every w € (0,wmax). Using the previous Born approximation, we
can assume that the wavefield w is measured on the surface y = h and that the measurements
may contain noise. For every frequency w and x € T', the measured value of u(x,h) is denoted
by w,(x,h). Similarly, the associated wavenumbers and Lamb modes are denoted by k,(w) and
(Un.w, Unw) respectively. Using Theorem [2 we know that

ug(z,h) = Z an () unw(h), Z by (@) Vn (107)

n>0 n>0

where a, = G * F|' — Gy x Fy', b, = Gy « F|' — G * Fy' and GY, G5 are defined in and

ik1x
F'(2) = —— ((2hgys1(h) = (91 — 93)0=t1(h))unw(h) — (2hgysi(h) + (g1 — g5):t1(h))unw(=h)),
" (108)
eiklx
F}(z) = Tn(gi — 65)0:71(R) (—tnw(B) + U w(—h)). (109)

From now on, we assume that the measurement interval I" is located on the left of the support
of the sources, and
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(they, ) (, 1) = % D (tn gy —Vn ) (R)eFn ) / eFn (@2 (FP(2) — Fy'(2))dz, (110)
n>0 R

As explained in [23] and illustrated in [21], we can use a spatial Fourier transform along = to
separate each term of the sum. We notice that up to a multiplicative coefficient, the fields u,, and
v, contain the same information about the source, so that only measurements of one component of
the displacement are needed.

Further, since noise is likely to pollute the response of evanescent and inhomogeneous modes in
real-life experiments, we only consider the propagative modes n and we have access to

/R k(@ @)z( gl ()l 4 gh(2)2)dz Yw € Ry, (111)

where ¢l and ¢ are known coefficients depending on the mode n. We use the following definition
for the Fourier transform

Fla)©) = [ gz)e " d (12)

From now on, we consider that n = 1 is the first propagative symmetric Lamb mode and n = 2
is the first propagative antisymmetric Lamb mode. Both modes exist at any frequency w, and
w > k1(w) or w— ko(w) are increasing functions that map Ry to Ry (see an illustration in Figure
for the symmetric case, and for more details we refer to [30]). In particular, if we set & = 2k, the
available information amounts to knowing F(clg] + c¢3gh)(€) for every & € (0, 2k (Wmax)). Similarly,
if ¢ = ky + ko, we have knowledge of F(csg| + c3g5) for every & € (0,k1(wmax) + k2(wmax)). We
define

§max = min (kl (wmax) + ko (wmax>7 2k (wmax)) . (113)

Looking at expressions —, we notice that the linear combinations cjg] + cigh and
cigh + c3gh are independent so the Fourier transform of functions g] and g are available on the
interval (0,&max). Since ¢} and g, are compactly supported, their Fourier transform is analytic
and the knowledge of values over an interval provides a complete knowledge of the whole Fourier
transform (see [13] for more details). Thus, ¢} and g5 can be approximated by (g1)*"P and (gj)*PP
computed by applying the inverse Fourier transform on the available noisy Fourier data. If g stands
for gi or g5, the next proposition shows that this inversion is stable (its proof is the same as
Proposition 12 in [13]).

Proposition 11. Let g, g*®" € C?(—r,r) and their Fourier transform d = F(g) and d**® = F(g*"P)
defined on (0, &{max). Assume that there exists M > 0 such that ||gllgs_, .y, [9°P g ryy < M,

then -
4 2
lg = PP 120y < —I7(9) - F(a"P) 120 ey + 72— M (114)

max
Remark 5. We notice that the above estimate is actually better than the one presented in the
acoustic case in Proposition 12 of [I3]. Indeed, in the acoustic case, there is only one propagative
mode at every frequency, and the function ki + k2 is not one-to-one from R, to R;. In the elastic
case however, we take advantage of the existence of two different Lamb modes propagating at every

frequen(igl. . . o . 1
Remark 6. In this proposition, the measurement noise is assumed to be in H* to ensure a control of

the error term associated to the lack of frequency measurements above &nax. With lower regularity
on the measurement noise, one can only replace 2w M? /§I2nax by an unknown function converging
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to 0 as &max tends to +oo. Concerning the relative error, one could estimate it by dividing the
calculated error by /r, a rough estimate of the L? norm of the true norm of a bounded defect
supported on an interval of size r.

Given the reconstructions of g} and g, we can integrate these functions, using the fact that g;
and go have compact support, and obtain an approximation of the shapes of the defects. In the
previous estimate, the error [|d — d**?[[;2._, ) contains both the measurement error, as well as the
error caused by the Born approximation . It follows that the reconstruction error decreases
when the size of the defects gets smaller and when wy,,y increases. We present examples of numerical
reconstructions in the next section.

We conclude this section by discussing possible extensions of this work. First, the method
presented here could be implemented in a similar fashion in 3D. Indeed, using a Born approximation,
one can show that the measurements are close to those emanating from a wavefield generated by
two boundary source terms that depend on Vg; and Vgs in a regular waveguide. In 3D, a Hankel
transform plays the role of the Fourier transform, and one obtains thus a reconstruction.

Second, by the same method, one can also reconstruct bends in an elastic waveguide, in a
similar manner as in the acoustic case described in section 3.2 of [13]. However, the detection of
homogeneities seems more difficult. Following section 3.4 of [13], one could use a Born approximation
to approach the measurements by a wavefield generated by an internal source term f, that depends
on a transformed inhomogeneity in a regular waveguide. However, it does not seem easy to extract,
from the measurements, something like the Fourier transform of a function, that would characterize

the inhomogeneity, as in ((111]).

5 Numerical results

In this last section, we illustrate the results of Theorems [2]and [3] and present numerical reconstruc-
tions of small shape defects.

Concerning Theorems [2[ and |3| we compare the modal expressions of u given in and
to the wavefields generated using Matlab in 2D, and Freefem++ [I8] in 3D, respectively used to
solve and . In the following, we assume that sources are supported in €2, where r/h = 30
in 2D and r/h = 5 in 3D. To solve the elastic equation, we use the finite element method with
a perfectly matched layer (PML) [9] placed in Qg \ Q4 in 2D, and Q95 \ 21.3. Since PML’s do
not correctly handle the presence of right-going propagating modes correctly when the wavenumber
is negative, we use the strategy presented in [I2] which modifies the PML to provide a correct
approximation of the wavefield, for every non critical frequency. The coefficient of absorption in the
PML is defined by a = —((|z| — 4)1|/>4 in 2D or a = —((|z| — 1.3)1|4>1.3 in 3D. The structured
mesh is built with a stepsize of 5.107° in 2D and 10~2 in 3D. To compute the modal expressions
and , we truncate the expansion to use only N modes and we compute each modal coefficient
using a convolution with the Green function. Since we proved that the modal expansion is normally
convergent, we can estimate the truncation error using for instance. As for the convolution
error, we compute the integral using 10 points to ensure a very small quadrature error. Altogether,
we can assess the precision of the modal decomposition in each of the following case and we expect
relative reconstruction errors to be smaller than 0.1%.

We first illustrate the two dimensional case, and the modal decomposition solution to .
Numerical representations of the wavefield u, obtained using the modal decomposition are
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presented in Figure 5] as well as the wavefields generated by the finite element method, showing
good visual agreement. Their computed relative error in L*°(£2,.) and L?(£2,) is smaller than 1%.

Real (u™°9) Real (uFM)

Imag(vFEM)
0.1 0.1
2
-2
—0.1 —0.1
-2 0 2 -2 0 2

Figure 5: Comparison between a wavefield 4 computed using the modal solution or using
a finite element method. Top: comparison between real parts of u. Bottom: comparison between
imaginary parts of v. Similar results could also be obtained for Imag(u) and Real(v). The parame-
ters of the problem are A = 0.31, p = 0.25, h = 0.1, w = 13.7. The sum in the modal decomposition
of u™% is cut at N = 20 modes. Wavefields are generated using an internal source term f defined
in and boundary source terms b*P and bP°! defined in . Their support is represented in
red. Here, the relative L>(Q,)-error is 0.8% and the L?(9,.)-error is 0.5%.

A similar comparison is carried out in 3D for the modal decomposition solution to (84)). To
visualize the decomposition u = u” 4+ u*", we first choose a curl-free internal source given by .
The modal simulation is compared with the fields obtained from a finite element approximation
in Figure [6] Again, both approximations of the true wavefield are visually similar, even if that
produced by the finite element discretization seems to propagate at a higher velocity. This could
be caused by the fact that the step size of the discretization may not be sufficiently small. We
point out that the calculation times of these simulations are not the same: while the finite element
method takes around eight hours to run, the modal decomposition produces a result in less than
two minutes. This underlines the interest of using the modal solution to do computations in three-
dimensional perfect plates. Next, we choose a divergence-free boundary source term given by .
Comparisons are presented in Figure [7, and similar conclusions can be drawn.

Finally, we illustrate in Figure [§] two numerical reconstructions of small defects. Synthetic
surface measurements are generated using the finite element method described above for different
frequencies. Then, we reconstruct the derivative of defects profiles g1 and go using the penalized
least square algorithm described in [I3]. We get reconstructions as good or even better than the
one presented in the acoustic case (see Figure 11 in [I3]), and we notice that the reconstruction
seems more robust than the acoustic one then the size of the defect increases. Table [I] illustrates
this point as it depicts the relative error on a reconstruction of g; when its amplitude increases.
This table can be compared to Table 2 in [13] where the same relative error in the acoustic case
turns out to be bigger.

Acknowledgements: We thank the referees for their very helpful comments.
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Figure 6: Comparison between u computed using the modal solution (85) and using the finite
element method with a curl-free internal source represented in red. Top: comparison of
Real(w). Bottom: comparison of Real(u) (plots of Imag(u), Real(v), Imag(v), Imag(w) look similar).
The parameters are A = 0.31, ¢ = 0.25, h = 0.2, w = 10. N = 20 modes are used in the
decomposition of w™°?. On the smaller domain [—0.5,0.5] x [—0.5,0.5] x [=0.2,0.2], the relative
L>-error is 3.2% and the L-error is 4.4%.

ﬂ
—_—

Figure 8: Reconstruction of two shape defects. In black, the initial shape of 2, and in red the
reconstruction, slightly shifted for comparison purposes. In both cases, h = 0.1, wpax = 17 and the
interval (0, wmay) is discretize with 170 points. The relative L?-error is 4.7% on the left and 5.1%
on the right. Functions g; and g2 are given in and .

A 0.1 0.2 0.3 0.5

Table 1: Relative errors on the reconstruction of h for different amplitudes A for the shape defects
g1(z) = Alz<p<s(x — 3)%(5 — )2 and go(x) = 0. In every reconstruction, h = 0.1, wyax = 17 and
the interval (0, wmax) is discretize with 170 points.

Appendix: Expressions for numerical simulations

(y — 0.06)2

f(z,y) =-1001 x,y) <1 —(z—0.5) + 0.0152 ) (x 4 2y; 1), (E1)

—0.06)2 (
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Figure 7: Comparison between a wavefield u computed using the modal solution or using a
finite element method with a divergence free boundary source ([E4]) represented in red. The real parts
of v is shown (plots of Imag(v), Real(u), Imag(u), Real(w), Imag(w) would have similar aspect). The
parameters are A = 0.31, = 0.25, h = 0.2, w = 10. N = 10 modes are used in the decomposition
of u™4, On the smaller domain [—0.5,0.5] x [<0.5,0.5] x [<0.2,0.2], the relative L>®-error is 2.8%
and the L%-error is 2.3%.

t0 10 _ (240.5) bot .
BP() = e S (L), 6 (@) = 01 (@) - D(e - 25) (@), (E2)
T
50 _(?+v?)
fla,y,z) =z0e "m0 (—a5-y;1), (E3)
% i)
P (z,y) = —e 0 (—y;x;0), b*(z,y) = 0. (E4)
m
5 35
a1 (a:) = Elg,ggx§4_2($ - 3.2)2(4.2 - x)2, gg(ﬂ:) = —E13,4§x§4(x - 3.4)2(4 - 56)2. (E5)
125 125
91(2) = Jp s r<eza(z — 3742 -2)%, galw) = g Lsaseza(z — 3.4)%(4—x)®.  (E6)
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