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Sommary

Thie alen of tas paper b5 0 smudy the behaviorof leaky Lanth waves ansd whag we remmed esaftibovered 8evleigl waves
in asjsoiregiic perialEczlly mealtilayened media amd panioalarly inoehe loeg wove Eength domeine The ouelalaveed
miclnum s firsd studiod in s sbele compleaity amb ispetsion earves for onniilinered Ruvleiglt sodes are diawn lin
CarbouTmeny comipasaies, The alisplecement vecior of sugh i wave | st im Bernil, enabling che evaismiatioe of
the chanpe of the nature of a misde which is the resull of a Floguel wave becoming proqpapalive againe In the long
wanelength domain, the sidilinerad Lamb moded ane kbenieal Tor abl the erabilayensd medea which ive 1he sans:
layers im o superlayer, irrespective of the stacking arler of the layers. 1lowever, the siacking onder of ihe lasers in
a perivd of s muhilayercd psedivm has an impostance in the validity domain of hemegenisation for smliifavesed
Rainiede i e, When the lreguency el tivwanls 2o, the seloginy of the s ifirveeed Bavfeopl susde temds s
the velicity of the Bayleiph wave that is propagating in lhe cormes pomling hamogenised inedium. The valulidy Somain
o Irenwagenksatz e relone daembs am the napure oF e siediod waves,

IS ne, 4120 Fw, 400507

latraduetion

Cinialed weaves an places and surfaee waves have become o sub-
jeer of micasive swidy, especially Lamb waves and Bayieigh
waves. Alhough o comiplete review of the exiensive lierone
on this subjeat cannga be undemoken bese, it is worith men-
tionning the main conribwiions Lamb waves are free wives
in an isedropic plice within o saownm, amd Bayleigh wqves
are surfzee waves propagaling of the interlace separmging the
vacuun rom an infinite issteopie medivm (Dieuleswinl of gl
1974 Auld, 1973), In bolh czases, the registering of bownslary
conditions lesds 1o the cancellation of o determinint which
yields to the \:|.'|I1I'|i:!|:|'i|: ald e synonetree Lamb modes or
i bhe Ravleigh momdes, Wihen the sacmim s replacel by o
Muicl, the Lamb waves beconte leaky [amb waves amd e
Haybergh wine beconees a leaky Bayleigh wive, due 1o the
Faer than their escegy leaks i the Nuid. As discussed at
lengnh by Shoch (Schoch, 19520 and Fioriie et al. (Fiorsio e
al,, 197490, it is psswmed that the Lomb wave veglor equals
the wave veetor progection of the bongatulieal wiseg from the
fluid oato e sirfce of e plae. The presenee of Liunh
waves a0 a plate i mwlicaed by the sharp aunima in e
nergnaiicle amd rapid reversals inahe phose of e eflecmon
cogfficient in the Ouid (Ckinent e ol 195830, Based on Cre.
mer’s “coincidence” hypolhesis, this approximatzon is valul
prvvaded that the mtne of scoustic impedances of the fud
amsh plate s simall (Mayleh of ol 1988; Merkuloy, 1985 &
Chiment and Rokldos, 199500, When this mtio s close oo e
value one, Plona et al. (Plona er af, 1975) hpve shown that
the inertial effects of the fuid are significant aml canmat b
neplectes), Let us cnll &y ithe projeciion of the wire number
veetor of the waves on the surfzaee of the plite. Inihe comples
Mane of &, the phase reversal clearly indicales the pissase

Heceived B Ooslcr 1995,
icweied 3 Febnary 11034,

Peneath a Lamb wave polbe or between a pale-zemo pair. As
far s the leaky Ravleigh wave Is concerned, s Belavior
is relaged o ihe pole of the relleciion coeflicient. The wave
munbers corresponding oo tee pole amd 1o the wero of the re-
Mection ceellicient are conjugaied complexes {Labicki er ol
1T The modelus of the refleclion coefficien is therefone
egqual to one, whereas s phase saries fmom 5 10 =7, The
By lesgh mode con also be studied by ooresonant formilism,
using the Poynting veclor (Doclos efal., 1994), There exists
correspombzrce belween Lamb modes and Bavleigh modes.
Indeel, dispemion corves for Lamb mades cin e drman as
it functien of the praxhict Sl the frequency of the inciden
wive multiplicl by the Hackness ol The plate Gale Billy o ol
1953, Clacys er al., 19815, Ievespective of whether the plale
i an Eorropie o less saynumetry crystal sysen medimm (L
of il PPN, wihien the thickeess of e ple ks towands
the infiniy, the velaciny of te waves which comprose the tao
first symmetric and anii symmerrie Langl modes teod nnsand
Lhe Bayleigh wove velocity, Moreover, when there s a preop-
ngatien slong o svmmetry axis, Li etal, (L er o, 19N lave
Fourad 2 Bavleiph wave velocity cguivalent 1w shat obcaiied
byw Ihnenlesaing ond Hoyer (Bover er al. 1984k When (he
meiliom consists of m composite material insead of a lso-
nergeneans malerial, the imponam werks of Chimenti and
My el biwe led to 2 belter wnslersianding of the wlimsonic
feaky Lanb wave propagation in fibber-reinforced wnidinee-
tiweal sumd fusther poramidisectiona] compaosites. (Nayleh
e el PSS Clamemti of of., 1985 Chimenti of of., 1959;
Chimemn aml Nayfeh, 19903, Chimenti snd Rokhlin (Chi-
meemid amd Boklling 199 Climenti and Bokhlin, ['FKE:
Chimeni and Rokllan, 19901 have particalady sbedicd e
infence of the Midfsolisd |.||."ﬂ:q.il:.' i wlen it approashes
or exceeds unity? instead of apgeoaching the Bayleigh wave
speed nsymprotically, the vwo curves Tor te Sundaanental
antissymumnetric Ay and synumerric g modes join ind cross
tlye Hayleiph wive speed at finite S when the satio is ap-
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Fapure 1. PertmlBieally multlapesed medsim.

progimmtely 1. When the rutio incrcases, e curve is mone
distoriad or disappears, The influence of liquid layers on
Lamb wives has alse Ieen stdied by Wo et nl, (Wu e .
1592 This is by o means an exhanstive Tt of the wock
carricd ot im this field.

The aame of his paper is 10 siudy the behavior of lerakey
Lamls wiwes anl what we termed ina previous paper amil-
fervered Rayleigh waves in anisotropic periodicnlly multilay-
ered meden dsee (Potel amd de Belleval, 1995 ) and references
contained thereind amd particularly in the Tong wave benpth
domain. As many works Ravie dealt with tee wltnsonic [
guiien i an humogenised mullilversd medinm (vl e el
P48 Dot e ., PSR, b admof the pagier is not o con.
sider the mudiilayered medivm as an homoseneows medium:
it is 1o sty the mullilaversd medivm in s whole com-
plexily and o compare the results with ihose oliained when
the medium is hamogenised. Anisotropic perisdieally mul-
tilayered modia consist of the reproduction of P anisotropic
multilayered medivm cells, termed “superlayer”, These ine-
dia have been extensively studied in previeus works (see
(Potel of ari. 19930 Potel er ol 19930 Potel, 1904: Po-
tel e ah, 1994 Poted er al,, 1995) and relercnoes contained
thereind, By registering the boundary condiions o1 he in-
teafiwe separating o suecessdve layers, @ trnsder matrix
is oblained. The solwions which permit us o go from ame
interfuce to another one by e of 1 diagenal matrx one
the Flospuel waves, These waves are lineir combinastions of
the classival plane wave propagating i each lver of the
multilayensd medinm, The bng-wivelength approsimation
allows cquivalent elastic censtans fora multilasered medium
10 e oblaimned. [n 198, Helbig (Hellig, 19845 used this ape
prosimation and presented dispersive curves and showness
surfaces for transversally isolmpic meds, Dring the same
vear Shoenberg (Schoenberg, 19841, wlo stwdicsd sltermating
fuikisnlid Inyers, specilied that the homogenised mediom

whicl msbels the bebavior of the prerisslically mulilverns
medivn in ihe beng-wavelength domain must hove the same
slowiiess aurfices as Uuee of il maeltilayered medium, In
1995, the present awtbors (Potel e o, 199 Patel ot gl
1995) have defined o Floguel polarisation vecior ar differ-
erk inberfwces, This veetor lends tlowards a lmit whicl is the
polagisativn of the classicsl plane wave in the homogent sl
meslivin.

The fiest aim of this paper is 1o advance the physical in-
terpaeting of e waftilievered Bavlelgd werves, After a hack-
ground study of the sltrasonis propagation in maltilavered
meili, wned on rnirifavered Bavtelol voves, the dispersion
curves of miellitervered Bavleigh modes will be dawn in
part 1. These curves allow tie change in mature of sl
Severed Ruyledgh mmendes o be stistiod, The reconstraction
of the displacemsent vector of mudiifavered Reavieipl waves
at amy deplh. measured from the firs) interface, permits a
physical interpretation to be aceomplished. The stucly of e
Behavior of hese waves amd of minediifervered Levork woves in
the keng wave bengih domain is then carried om in part 2.
This i the sevend ain of te pager: e dispersion curves of
waltilayered Lards modles wre deawn for multilayered media
that are frst studied in tseir whols complesity and, sgenmlly,
homogenised, A comparisen with the behavior of tle -
farveres! Ravieih waves is then perdformisd,

L Multitayered royleiph maodes

L1, Bunemisy

LY Anisotropic periodically mublibiverad medi

Cledmmerry of the miedinom

A periodically muliElagered medium is the reproduction
of I* “superliyers™, each one made by e slzcking of €7 dis.
Hmnet anisedropic meedia (see Figure 1), Bach layer can have
any thickness. A “superliyer” is, sherelore, the period of e
mcdiom, Medin 0 and & - 1 above and el the pericsl-
ically multilvyesed naedivm wre semi-inlinite, The atzly of
the poowstic propagation of the wives which ane renemied
by obligue inciderl wave propapating in the media 4 2nd
cunlaingd in the pluse oy, defined in Fgre 1, hos been
carvied ol in previous works (Potel o al. 1993h: Pael o
el 19933; Potel, 1943; Potel e al., 1994 Patel et af,, 19957
we will theselone conunence with o quick summary of hese
it reseilis,

Flogpoer apnalvary

By wriling the bowndary condiions at esch interiaoe Repe
JARMEAE DA AicCessive layers, tic transier nuatris [lﬂ ol uae
saiperlaver can be foond, This mutrix is defised in dPowel
of el 199350 aual {Polel er gl 199305, I allows the is-
Mocement amplitebes of the plase waves in the first Bver
of u superlayer (o be expressed as o funciion of those in the
fira Bwver of the nexst superduyer, The imnsSer natris of the
whale periodically multitiyeral medivm is [®]7", where 17
s thie number of sugrer|avers, e 1o the foct thi, Iqh_—.,|||_n.-, ihe
acousteeal state is choracterised by six quantilies, this matrx
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Table 1, Elastse constants in G for & Carlesilgiay aocdiiem fong (Hosten e e, 199580 he sixiheanlersyremeiry o anis is parallel jothe
ap-anis amd Tor homogemsed U507 2l 07 L5°000°F 155" mealia o d Hossen of @, 19935 and (0 hermitie, 1599170 the 3nis of stclad

Lavers is paralie] 1o tlee ry-axis,
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is ol L Gt onder, aml he waves whicl eomespond t tie
eagen vectors ol thas meerix are (he Flaguet waves, [Dibe gen-
eral solunon is deconposed e the Floguet wive basis, the
Iransfer mateis Becomes wamgomal matrs, These sis Flogue
waves are the propagation nees of an dinice peodically
maliiliyvered medinm, They ane linear combiations of e
chassical waves popagating incach Biver of the wmubilyered
sk The lincar combination differs simply sccording
Ihe Bawer (Pl eraad. VR Pate] er ol 1ERS).

L onf b menisones for using s Flespe analysis is thacibie
displiweemient misl stress veclirs are expressed in ihe Floguer
wave bands, Subsequently. Flodquet wases propagating i a
mmlrilayered medinm will Be wsed as elassical waves propi
garing in :t1u:-|n|1|.'um|1|n mesilivm, which is physically more
Iransgrerent, The magor difference resulis from the dispersive
characier of the |"f-:n|u|.:l WL,

Foungimgples of misofayne peeiodically aefiilavened oedin

Adthough e media constitmang the Tivers in a “super-
Paver™ can be dastiset in the nset genersl case, we will subeg-
guently iflustrae this work by the stnly of composate medi
miele up ol stacked ideniead mssesally sotropic Livers
ol CarboEpoxy. When cach Diver ks a0 307 o Ui prev-
ts e, (e composite is called o 0%/00° medivm. 17 the
fth-omler svmmietry axis of the first layer is parallel o the
= sl contaped i the incident plane, (hence ot 07 10
this wnds). the composine s callod a {0797 = medion, IF
ihis symnreiry wxis is for instsce, o1 207 wothe 5 -axs, the
composite is thos called o {059}, o mediom. Ose “sue
prerlawer” thus consists of two lovers amd is 0025 oun dhick.
When cach laver 15 21 457 o the previcns one, the compos-
ibe 2s walbed o 05000 LR medinmm, Ome “superlayer”
therefore consiats of four ayers and is 47 man thick. by e
simve nanner, i the mb-order symimeiry axis of the first Inver
i5, for instanee., 11 -1 iothe g -anis and contaimed i e inci-
dent plane, the compasite is called o {05A57/90° (1557} ..
nedinm, The elistic constams subseguently used were de-
rermincd by Casiaings (Hosen or af,, 1993 Castaings, 1993)
(see constams o4 b Table 1) these conslands ane comples,
which amouwis e saying that the mediem is a lossy one,
A nom lossy mesdiom will ths be obizimed by equalling tbe
mginary part of (he elustics constants w aero, The volu-
metric maess of each leyer is equal 1o 1577 kpfm® and the
thickmess s coual go 011 mun,
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Figane 20 Molules of e sellection coslficisnl  fog
{07 UG5S 1E0 ) o medinns made of & soperlavers ot § =
285,27, Fapuae extracted From dPodel and de Belleval, 1#055 Thick
lime: non lossy miodel. ihim i sy onesdel. daaliod Bine: oxperi-
HEELB

.02, MuolaBverasd Rayleigh waves

‘The results presented in this pare of e amicle were carried
ot i Fote| and e Belbeval. 1495

Enprerincuted trgh of s eefle i coelficienr

From experiments on a {00505 135 ], = modium
consisting of & supecliy ers submerged inwater, il was shown
that the presenec of atcough of e experimentul redlection co-
cllacient resulis Fromthe propagation of whin weealled a s
delvavered Roavleiel wave. Indesd, s trough wis not Foumsl
on e modelted coctficien when e medivm is censidered
as i lossy (e the elastic constams are rezl), whenes il is
found on 1he modelled coefficiem when e medinm i con-
sidered as Bossy (see Fipuee 2 extracted Grom {Potel and de
Belleval, 199311 Mareover, there is a plizse sariation from
#7 =, By amalogy with the beliavior of the Rayleigh
wale in sotropic meodia, we hive stislicd 1he properties of
Ihis wave.

Fropeesics af e sttt vered Radeigh wve

1. The propagutivn of @ edifovered Ravleiel werve is chi-
acterisod by the concellition of @ (3 = 3) determinam.
This duerenminant commesponds wthe bomslary conditions
Fior & verearmafonfinite anisedmpte periodicelly mdilo-
ercelitedirrsaoictune, Indbaed, cgmating 1o fem the nornil
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Figuee 3 Dispenion curves  dor
mubiilayered Bnyleiph munles fiw o
PGS0 1557 | o medsie,

sl mimgzential stresses. fmogader o ke non #ero solutions,
lezsalls low the cancellation of & (5 = 3 delerminant.

14

three enhaenngereous Floguct wisves.

- As the Floguel waves are dispersive, the sueliifovered
Fegyleigl warvee is also dispersive. The propagation of this
wise 3s Heerefore linked o Both an angle and o fregquency,
wwhicls is ol e case Tor the Rayleagh wave,

A A eritical atlennation, whene the degeh of Ue iongh of the
rellection coeflicient is maximuny, cxists. For this aeene-
ation, tee welleciion coetlicient is egual o e,

3o When the oredinm s thick enougle. it bebaves as if it
were infimite. This i why the mobuls of e relecton
coslicient is equeal b one when the msdium is nom by,
When the mediuo is this, the Beoinwing of a miefikrve e
Laraee sreanete cam Tnz sgem om the rellection coelTicient, even
3F Ll mexlium is considened as pon Jossy, We will setum
o Lhis tapic later on dn the aeticle, inosection 1.5,

The

1.2, Oibiaingng of dispersion nnlilyered Bayleigh modes
CUrves

L2 Conditions

Wi have just seen that the propagativan of o sl
Rervleiph wove ischarmeterised by the coaseellation o a {3 =3
determinimt 1hal corresponds w tie bomdary conditions
for & vicnuminfinite anisotropic periodiceily mullilvensl
mcdiwmm atructure, This determinan depeads on Ey, the pro-
Jevtion on the g -axis of e wave momber vector, by s real,
Huowever, it is nsere convenienl 6y repaeseist s determingm
s Tuneteon of = etitbows angle of incidence @, whivh can be
dedined i relanion o a medivm of neference, 17 s medinm
is warer, & s given Iy

i

k= (L

Vater =in &t
with Vi ue = 14ED s,

Tz walue of &y for which the (3 =< 5) delerminznr 14
capial o oo comresponds w e propagation of & eedifa-
erced Bavleinl wene, The graphical representation of the de.
tenmianl for m non lossy medinm, a2 funetion of &, or

Ao mmdiitevered Reevlerfgh veence 1s i lingeor combinaizon o

ulf B 35 thus wqual o geroat & = Byoand o= N owhene
By in the malrilevesed Ravieigh angle aml S is the wrafri
tovered Baviviel fregacncy, Numerically, when # = 85 aml
J 2= fapothe delerminant is cbose e, Pue to the fen i
L amnfifervered Bavledgl wenve is e Binesr combination of
three inhomogeneons Flogquet waves, dispersion curves for
e wmafeitarened Bavieiel riodis can therefone be deawn by
searching bath in pngle aml in frequency for the cancellsion
pvint ol tee {5 % G ceterminant, but when sl the Flogucr
waves ane inhomogeneous in e mecdunm. 17 the medinm of
reference is waten, the “miinitavered Kaovfeigh ware™ spead
is given by:

Foai
Vp = ==, 2
RS (2)

L22 Angular and freguemil seanning

As it will be deiailad inosection 2300, Tor Lamb msdes,
it i pecessary o search for e cancellation: point of te
sbererminme by wsing v i erent scanning meshods:
# [or o fixed invident angle. ac a function of (e frequeney:
thiks s e freyeential scanning:
® for o fisad frequency, as o Temction of the ingichem angle:
this is e angular scnning,

123 Example of dispersion curves Tor 08045 907 135"
mecidia

The velocity of the metifaversd Bavleizh wave defined by
eqution (26 @5 ddiwn as o fnction of the procduct i,
where J ois the outurd Trecqueney ol b tee thickness of
a superliyer, Figure 3 presemts the wnaftifvesed  Ruayleish
muwbes for a [5ALR7 A0 LS55 o mediuny, Notice than
for i = 1.52 MUz, the rpiniler v veed Bennleinh apde
fonmd experimentally =0 @ = 23.2% in Figuee 3 cun be
fomd iz on e curve for the comesoading wave speed
Vir = 31 nwis.

.24, laihwence of the Meidfanlild density rgis

The eancellation of the deterninans, when all the Floguet
wiIves Jne Inflonmgensous. is asocioted 1o citler a ough of
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Fipure 5. Misdulus of the seflecizon coelliceent in “wares1”™ jof o
Bssy {U5FER° OIS 1357 ] o medivmconsisting ol & pericds; fli =
140 Mz mm

the mobulus of e reflection ceefTicient i ihe Deid when the
medinm 1% bossy, or 0 @ modalus equal 10 ane asl o eapid
reversal of the phase when the mesliom is i lossy (see see-
tere 10200 This can b verified for e {0° 55NC1857] 0
mgdiom forinstance o [ = 3MEeie fio= L0 MHzmm
aid * = G 10 can be scen in Figune 3 that 4 nesles exist,
hleed, a trough of the modulus of the coeflicient Tor the
Tossy medimm cormesponads wo the first three modes, However,
altbough e pliase goes Gt 3 0 — 3 fof the Toarth omsbe,
theee is no troogh (see Figoee 4 We liave seen in the intro-
dluetion that ke eatio of the sodid deasin 1woobe Ouid density

moudifies il reflection coclictent behavior (Chimenti ond
Rokhlin, 19908 The apiaeoi 0" = pia S shemilil b
el Tvowr case, his ratie is copual w o, whiclas relatively
clase by ihe value one. o osder o compare Ue rellection oo-
eificient bebuvior nn tlse sanese incidem angle Toe o different
rubice, the wave speed in the fuid has been kepleonsian, wilale
1he mtie deerensad until p° = 006, The charscterisies of
1his Muigd than we colled "water 1™ are! Viajery = DESOALS
anil e = D00 K, Fignre 5 prscats the modubis of
(he reflection ceellickent in “water!” for the lossy mediose
Tz troagle cogresponslinye to the fowrtl radrilayened Koavleigh
Jrwede 16 i wisihlie,

1.3, Plysscnl interpeeling: displacement amplindes
1.3 Lack of rogdingion

The raninilerve reed Bavlefgh inode, observed in Figure 2, disas
i appssic wlhen thie medivm s considered a5 o s lassy
wiesliem. The vanishing of this masde can be ierprenal as o
[k sl rrclinkican in the medium opposcd to U nsonifcsson
(Benelmodnla ef af. 19 Benelmostafie, 19900 As his
el appezrs for an incidem angle geeater than the critical
angles in each Bver of the medinm. the side opgosed
thre insonileitien of the plie has very small displecement
amgditudes and so las 3 very weak mdiation. The rdiation is
all tie imore weak doe o the Fict that the thickness is sizenhlc.

Cremerally speaking, the displocement s stresses voctor
in the leyeryg of o "superfiver” pof the wave can be expressed
as 3 function of ihese in the previous layer, and thereloe 25 2
[anction of these in the first laver (Potel eral, 19930 Pacel
ef arl,, PR30, The amplitudes of the displacemems ol he six
[Plane waves propagating of decreasing in ihe first layer ane
given by the repistering of the bsundary cosditions. Grad-
wally, it is possible to regenstrogt the displacensent vector
atany depth nessiered oot from the st inteeface. Inoosder
1o verify that, 21 the angle aml nalsl [regquency for which
the smultilivenesd Rovleigl mede appears, the ampliludes of
the chsplacerent veclor ine very weak ot the last interface,
Figure & prescans the cwnponents of the amplitude of the
displacement vector of the wave IJI."I.T{!H-'IiI!F in the non lossy
e it 1357}, mcthin sibmerged 0 waler o 2
lunctiom of the depeh. When the inclivm consiss of 6 peri-
owls (see Figure fab, whicl is the case Foroue experiments, e
displacememt amplinsdes are very weak a the Ist interface.
When the meedium is three times thinger (see Figure 6b], e
displacenient amplinzdes do s remaan negligible. Thie o
ihe Foct thot the thickness of the medivum is w0 sizcable, ihis
e is g mefnibovered Lol mede, Above aocertan tiick-
ness, e meedinm responds as 60 i were infinite, bence e
srltifvered Lol mele beoomes a mnitilevesed Rovleigh
sl

Althugh all the Flopiel wases e iglamnogencous in
the pericdically mnlilayered miedivm, some classical plane
waves are hamogencous (or propagative) in sone Livers,
[rbaed, & has been shown (Potel e el FFIS) that as e
[lurcpuet waves are lincar combinations of tee elassiend plane
waves inoeach lnver. there is a reconsmction of the plane
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wives of which sone are inhomogencous in one layer, 10
give Flogquet waves wlieh are all propagaive, Conversely,
tlaere 15 s recanstaeciion ol the plave waves of whicls some arne
peopagmtave inone layer, 1o ogive Floguet waves which are all
inkomogeneaus, Suppose that the classical plane wave (g} in
the layer g of o superlayer pis propagitive. s displacement
vecior can be writken as

{nlgmy — Gl g o =T g ey = R
« .,_l-l'r"ll-l'h_nl [-:F]
with: .

S0 = e showness veelor of the wave (1) in the biver g

I g = il polarisstion vector of e wave (o) in e Layer
i

IRk - flye comiples. amplitsde of the pamicle displace-
mienl cLllmh;ln-cullJin_'.'_ 1o the wave () b e Laver
w=ip— 1)+ q

Cub etz ghe displocement veclor of e wave () in the
lnyern

fiz sthe hickness of he Lver b,

As the wave (] is propagative, the projection “Yml of
the slowness veetor on the @y-axis is real. The modulus of
the amplitide of cach of the three components of the dis-
Macement vector is sherefore constant in the layer g of the
“superlayer” . However, as the sraltifavencd Bavleigh wave

=

n4 -
LLE A ' )
L b i
BT ¥
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Gl gk \
40 | s
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Figure 5, Mofulkas of ghe sellewtion coefticient in wazer for a |y
semi-infiniie [/ 45°/90° 1357 | o mediom a), number of ibe Fla-
apact wives wlinch e mboenegonoiis 16 e moi lossy imadwin b
gy aif the mosdnds af the (3 2 ) dlewerminznt carmespanding 1o
the baumalary conditives for o Pactitos Toasy pfning sl
favened meadium strueroee €0, Thick line: fh = 1.58 M2 mnw
thin line: fl = 163 Mz mm.

alohally decreases as a function of the depeh, the amplinde
of the wave (1) will also decrease in the layer g of the nexe
period pr-4- 1 and so fomh. As anexample, Figure 7 displays
the moduslus of the amplitedes of the three componenis of
the displacement veoior of o propagative wive in the secoml
loyer of a "superlayer”. e the lover of which the & th onder
symumedry mxis is of 45" o the xy-nxis, The propagadive wave
chosen is chimcterised by Uend = 40,28 pafmim,
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132, Clange of the nitwre of o masle

A smadliered Reevledgl wove 85 the combinaiion of three
inhonsegeneous Floguet wises, 1173 Flogeel wave bevonies
propagative agabt, tsere s a change in e mitene of e
mitliffavered Kendeigh reode, which becomes i ralinting
mende. As awexample, fora {07 C157504001E35" ] e medium,
it can b seen iy Figons 3 a0 fleo = LEAHz mm, e
S = 55 MHz the interouption of the e whereas it sfill
oxists ok j”l = LAsAHzmm, o f = 30 MHe, Inideed,
at fi = LGEGMHzmm one Flaquer wave becones oo
agabive again. as can be seen in Figore Sh The curves of
Prgmee & are drwn s Menction of e ascilem angle coere-
spmaling b the wive speed of e surface wave {soe couation
(1) i osection 12,10 Though the (3 = 31 determamant core
gespaiduge to e andiry conditions For a vecinmefrfinite
O CTEGT ] o el strenaie does aot caveel om
{see Fagiire Beb, there 1 31 trough of the nsliles of e seflie-
gt eosellicient for o bossy mefive ot £ = LG3MHznun
and & = 42,27, ax cun b seen in Figure 8u, Morcover, ihiere
is g eaged plase reversal o this angle which cormsgomis
Vo= 2NELD s, This can be plasecally interpreied by the
propagzatien of @ serfce wave wiich is s o sltifiesed
Riplefele wiave, 1D mulnlvensd medivm is lirite, s sier-
face wave will rcdae in e osedinen oggaosed o the insoni-
fication ecnuse one Floguet wave 15 progeeeztive, lowever,
the msle G dies pot commespand (o any tensh ar any
phase peversal, even thomgh the (3= 3] determinang js gl
FEEEN,

2 Lasnng wanve lengrih domuin

21, Siimmsary
Y11, Charactensiees ol the Imrogemiseed medium

Ceperally speaking, striilicd sedia are dispersive media,
i the velacities sl the waves wlich propagise or deerease
in e medinne deped on se Treguerey, However, s devel-
el an e long-waselargth domain peanits e siesi-
fied malivm o be hamogenised. Indecd, when the wive-
Tength of the waves increises o a mech greater ickness
than thal of one “superlaver”, the less inaporiant the dis-
sugitinss dlene to thie layers Become. Elastee comstunts af the
homogenised mediem can dsen be deduced from adevelop-
meent i the long savelengifi domain. Soch a developinent
has been done by Lhermiitie dLhermsine, 19915 fos 05490
anl D°C1GTP0T IS media, The equivalent constants we
given i Tuble L The honssgenised 07/00° medsam bas the
properties of etnigoml orystil system modia, whonsas the
homogenised IFGEGT OO 157 medivm Das e propenics
of hexagomal covstal systens meedin, The luter s Uierefone
Lransyersakly i'-l.l[rllpiL'.

X1 Shinvmess surlioes

As equivalent constants can ke calenlaed, anois possilile
draw slwvness surfices in the sime manner as lesnogeneois

HOK] % -1
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ﬁri

I
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I

PSR e TR
2 i 4 1
L1 iMHamm)

Fagiens i, Dhisgersbom viarves for Lambe masles for o hoensopenisod
(ISP F A5 ] o i, bere, M s the whale tickneas of

ghe enealaiie,

g, Tliese slinwness surfaees are the sine o ihe Flos
sfiet slovwiess surfaces of te multiliyered meliving, as kag
as the honwsgemised medioms smobels e Isehavior of Use -
ricudically nalinlaversd nesdivne, i specilied in tie snmosdoe.
tieen dSehocabers. [081). Grobually, e Flogeetr slowness
surfices are distonsd when the frequency incresses. For a
D007 msedium. the homozenzsation is valid until APproR-
imately [ = 0065 Mz mm, whereas it is valid unll ap-
prosimately (o= 052 MEemm for e 00005570000 1257
necilivmn (Folel of al., 1993,

213, Pelumisation veetor

The polarisation vector of a classical plase wive gropapal-
ing mn a homogeneons predivm remains constant in @ phe
perpuandicular tooihe direction of propagation vecler of e
wave, Thas i ot the ease For ihe Floguet polansation vecloe
defined b (Ponel er o, P98S), bevause the Floguer waves
are sl plane woves: e Floguet polirisatian vecoor vasics
awcording 1 iis position i the oltilayered medivm. How -
ever. imthe teng wivelength dongin, the Flogguet palarsation
vecler temds wawands o limin which is e polarisstion of the
elassical plame wave in the honmgemsed mediom,

2.2 Alultilayered Lanly nusles

1-d

21 Principle

A spovificed i e inteoduciion, Use preseinee of Lamb waves
if a plate i indicated by the sharp minima in e mogn-
tude wnel vapidd reversals in e plase of the reflection cogl-
diciemt an e Wil (Cliaognt of ol 19858 This approxama-
tiaenn is valid so bong as U mslio of scoustic impedanees of
Uhee Flud cnd plaote is szl E8avleh e ol 1953 Metkuloy,
Tass: Chiment amd RokBlin, 1995, The mefleclion coefii-
cient will this be caleulated as previously stited in section
P24 im the fluid called “waterl ™, Asan example, et ws take
the dispersion curves of Laanb osbes for an bemogenised
fUPF4E7 R 1355, o medinn dsee Figune ), The curves
arg vy plolted os @ Menction of the product £, where [
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Fizure X Dispemion  cumses for Lomh misbes (e b
(O 57 F007 1357 ] o medinm consisling of 2 periiabs,
ey
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Fapuse 11, Bhspegsin curves  fe Llamb nusles o o
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s conistiag ol  perssl Bl Pao giepoes aee ety the wanic,

is the 1ol thickness of e plate, Iean be munediotly el
kit el hocisantal |1|:qu;{!} correspomls o Baylerph mode
iy = 658% Py = G226, Mageover, e dhispersb
curves Tor sadiiliavered Lamls orecdes Teve o be deown by
twerdlifferent seannings: a fecepential scanning amd an angu-
lar seanping (see section 12221 Dndeed, o mode paralbel o
the Trequencies-axis will e daeced only by angelar scan-
ming. whereas & mode parallel wothe velocities-axis will be
derecred only by Tregeeniinl scanning (Benelmosiada e il
ek Benelmdostafi, [5G

2,22, Stacking omler wd (b Lvers

The stcking onber of ihe loyers s oo “superfoyer”
has o impontaece oy e long-wavelengih doain for
the  caleulmivn of ihe clasie comstinis of b -
nusgenised  mulilayesed mediume iLlsermime, 1990 -
deel, this calenliion can be viewel as an aver-
nge. Far esample. a {07 055000°% 15°) = medium. a
{0457 FO0°7 1357} .0 medium, a {0P/45°/90° /1557 ),
medivm ond w O%0%05" S TEG" mediuny will hove the

|'I]_|Ill'l.' 13, E]i.-.|!4,'t'\-||k:'| eeirves [ b nwsles fof 2
{OFCLRT 07 A" | e i comsisting af 2 periinds.

same hemogenised elustic constinis, Dy e same way, o
{l]“f‘.!ll"]“-- mcalium anil 31 {l]'llr‘,illl"']-._""-. meeidinam will sluire
1he sanane bomogenisaed elasdie comstants,

IRaRy ey ren e

Morgover, 10 esch Lyver of o "soperlsyer™ is o nueeslinie
wrystal systene medin with o secomd-onder axis perpemlioular
tov Ahae ederfinees toe with o nerror plane presiblel b these
the Floguet wives progeegate in he swne sanner in (w3
reclois \:,|||||m|:i.;.'|l with respaeck o |1,'r|1-,'m|'u.'u|;|r. which
s 10 i raghl angle o the ierfices, This can be sated in
i chllememt manner, by steiing tat e doed components aof
e Flspine) slowisess vectors are appuoscd or conjugited o
cach other dPotel er af,, VRER, A JOFE55 NI LG ]“--.
a (LSS LEG ] el o QIESASSMFTIGE ], o and 2
PO AR DT | e meedinm Dawe tus e sanwe Pl
aguet waves, However, when the medium is submerged i a
Nuiiall, it has Been observed thal te modulos of e ellocion
eonfliciens ane exaetly the same fora (0715770071357 o
and fer w (05550051357 ) oo medivm The same ple-
meanenon alsy ocewrs for o [OFL15%00% P LE5%), - and 2
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f 000 P U357 | e medinm, o far o (057907 ) 2 and
u {0707 ) e, The posilion of the minima of the misl-
ulps of the cogfliciems will, thenefore, ndss be the sune.
A 0PSRN a0 1350 I-l,:- and @ [OSLIRSMO05 1357 (3
mdivim (see E'-I'J.:,ILF\! 10Fy, sl os o !1I':'I|"-|E|"'I|"!]II':'I|"I:].'|" L.-u’
und 2 {IFFAG R LER" ] e meeding (use Figuee 11hora
fnefans F"-- and 1 -Il'l"_ll'fhl"l:."u will thies By e the samse s
tfigvered Lowndr wenes, Howeser, o ill-'_."-i-'lnﬂ:ll'f'l[l-fiﬂ.'l."'}u.
and !1]"'.:"-I.'J"I|"Elllﬂfii!.'1“ ]-!mu will not Teive the sime mads
pfigvered Lomly waves [see Figoare 10 ancd Eigiere 111, The
observalions of Uis part ane erue evien oot of the validie do-
neain af the homogenisatine We will now investigate what
ceenies i s domeain.

Il freguiency renge

A e emadilevesed Levonla o are concermed, it can be
seem in Figure 10, Figuse 10, amd Figwre |2 skt the stacking
ofder of the lavees insuperbayer las no inipomaiee 01l vas
lislivy domain 4l the homaegenisation i(for S8 < 1 Mz man
e, for Ji < 0.5 MHz mo, whese £ 35 ihe wal thickness
of the plate aod 1 e aekness of ofe seperilaver). Tislesd,
encepd when the Floguet waves which compose (e mode e
all inhomogencous (see mimle $00, the srelitfavered Lol
el e the sume for a [O5H5E°00° 1257 ] = medium
isee Figuee M for o [0°F05° F0°0EG° ], 2 medinm {see
Figure 115 mngd for o 0°F00° 005 135 mediom (see Figere
121 Mloreover, we have seen an section 201,01, that the hio-
mngenised {l]"'lnII |f:|"'l|l'ﬂ(:|':lrl.'ﬁ"' ]-"u miechiune 1= Tz ersally
1sslrogied, i is Lis sy Tl sy’ solxlaogs ancand s svaoneiry
ais pagallel whe 2y -axs does not chunge e properties off
the nsediuny. L the validiy donsans of e laiogenisation,
the mdtifayvered Lamd mecfes for o ‘H"I."-I-'lcl.l":J[l?l.l' l;:l-:l-':'I";
medivm whicl is sotted by 307 about the rp-anis, ie,
for a {lJ"_,I'-]-'b'l:ll'!H:I":,l' L35 ]-:m-:, medidng (see Figuru 1.3}, @re
thus e same as those for o {05507 P10} e o a
ORI 155, o medium. However, the comgarizon
of all these dispeesion curves [or minliflavered Lok omedes
with those of Figere 9 for the komogenised medism shows
thut the meede (33 isonly found inthe mullilaversd ease. This
amounts 1o saying tha seconding o e type of waves and
1o the reguired precision, the ulirasenic propagxion can be
stndied For o homogenised medinm, However, if e studied
case needls more prectse resalis, the mubilaversd mediom
must be stuskiee in its whole complexity.

To summarise, it can be suid thal, as [or as mdiifovened
Lamfs waves are concerned. in the low frequency mnge. the
sticking onder of Uie layers in  superdayer has no inportince
s it all the moltilayered medin which have the same Juy-
crs 0 supedlioer Bave the same belovior, Moreover, when
the homtegemsed mediun is trmnsversally isotropie, any ros
tanions arowimd he axis of steked yvers of the :hu|'|i|:|:|.|:r|.'|.|
mexlaim does e change i mialtilevesed Camlvaredes, Hivowe-
cver, some masles one pot fowwl for the cormesponding T
mogenisad maedism,

225 Muades at the valishiny Timit of Bonwgenisation

Al he validiry limin of homsgenisation, the moee 1he in-
cidbemt angle increases, which is equivalen o saving ihe
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o non lessy {OFAEBSOF 1357 ] = nandiem Ohin liesd aml 2
AL PR ] o wslians dulisek Tinch consisting of 2 pe-
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Figure 15, Dhspeesion curves of nualilavenad Ragleigl wasbes o
O35 15" medda motated by 0F 4200, 307 (2008 457 10
asoimd 1l ry-anis,

nore U velocaty decresses, e less the maltifeyesed Lamb
dmapiden superimnposie, Tideed, the Fhsquel slowness surfaces
abt FH = 07T MUzone. te Sh = 0370 M ETzmm do na
stprerinipsse Tor grea) crlent @igles, The lesmogenisation
is therefore only salid for weak angles, Tndeed, o e e
erted by am obiligee Didem wave covers o greater distance
than a wave generated by o wormal incident wive, 1T the ve-
Ity of the Flsspuet wave decreases whenthe incident angle
inereases, the wavelengih also decreases, In this case, Lthe
mare the inciden angle inereases. ihe more te validiny dio-
main of hemopenisation sheinks. Tlis is why a shaft ol modes
GO uned 333 can be abserved in Figure 14 for an incidens wnabes
af opprosimutely 8% and T5%respectively, whereas there is
imre Bor the mende (10,

23 Muliilavercd Bayleigh modes

Wi have just seen that as far as mufitayessd Lamil modies ane
corcerneel, the stcking onder of the livers in a superlayer his
iwy jnproriance in the long=wavelength dwnain, The aim of
s seetion is o allustmite thal this is not the case Formdilay-
el Rovdengh wewdes, Iodecd, a ondtifavered Ravleipft werve
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is gt surfisce wive and il amplitude decreases as o function
of the alepily Gsee section 1.3 The namee of the Gt Byers
bias, therefore, an meence on the propagalion of @ -
Favervad Rayleigh wave amd e socking omder of e Layers
in a supeelayer i theeelore important, On the comrary, st
tilavered Lot werves are plate waves zih the propagation
of (hese waves is the same imespective of the stacking osder
of the layers. The valislity doannin ol Juanogenismion de-
pends o ihe nuare of e stodicod waves, In fict. his demiin
shrinks.

251 Trnssersilly isotropic mediuna: 0005570077 |5
nezilinieny

For o transversally asoleopac needivm, sy rotalion arouesl
its symmetry axis dises not change ils propertics. Figone
15 presents the dispersion curves of ealtilirvesed Ruvledel
srandes for 050057 O0°F 1357 media, rataiad by 07, 507, or
A" ursaind he eg-axis, in e long wavelength donsiin
O o 0.5 MHz mank The wing of this section is o sily
the belavior af the smcdeifavered Revleigl mede (0 of Figure
doowhen the mediem is focaced aroumd tee sxis of sticked
layers, It can be seen immedionly thar wien the prodiect
fends towands wero, the velowities of the thace modes 1emnl
toward the sime it which is e veloeity of e Ravleigh
wave pragkigisting in the hamwgenised nweding, This velocity
(Vi = 6220 las wlready be Fownd in section 2220, i
Figure 9, wliach gives the Lamb masdes of the homogenised
nsedinig, The mare e product i increases, e nsore the
tleree wles dividde,

232 O medinin

Wi hove seen in section 2222, ahar the propagstion of
mweliiteryereed Lamb modes Bs the same noa (07907 ) o
nvailivm amd [0°7007 )= medium, However, the mndtify-
ered Rercleiph rmodes ane not the spme. oven an the valid-
iy clonzin of horsopenisation. As previously stated, wisen
e procuct fl emsls owasls zere, the selacities of e
twr mobes el towand o limit which is the velovity aof e
Rayleagh wave propagating in the bomogenised mediom,

A Conclision

Fromm observing an experimental trougl of e rellectoon co-
elficient For s compasite plate, o wave that was teeed el
fiterveread. Renvledgly wave wis delined, by analogy with (he
Raylergh wave which propagntes in ismeopic modia, This
smapltilavered Releigly wove is the cambinataon oDibioee mlios
mogencous Flacuet waves and resulis frons il cancellation
of o (3 = 1) determinant, The seonning. et in anzle il
in freguency, of e cancellition of his determinane allows
dispersion curves For the mlifayvered Basleiph sedes o be
drown. When e composite plate is fosded by o Naid, the
propagmion of aorndiifavered Ravleieh werve is also charme-
terised by o trougl ol e nusdulis of the meleciion coelli-
cient wnd a rpid reversal of s phase, For some apdtifavened
Riavlefgle npocles. the rosgh of the nysdules of e reflection

copfficient is enly visible when e fluidSolid depsity rtio
1% anwall, Examiples are given or CarlondEpesy composine
pates consistinge of FA 5507 LS amd 0P medin.
The catealation of the displeenent voctor of the ol
ered Revleigh wove, as a function of e depth, llows
physical interpeelation o be given: the amplinndes of the
thece components of e displacensent vecios are very weak
a1 e fast nterfuoe of the siratilied mediom when i is ek
cnougls, 11 therefiore behaves s i in were infinie and e
is o radiation in tee medivm oppesed o the insonilicso,
On the comeary, when the medivm is thin, e amplinsdes of
the displacement vector are ns longer nealigible aml tere
is pudiation i the st medsom, Tleene is the propasaticn of
o ptritaveved Lok aende which becomes o audiifuversd
Ravledgh stnde when the osedivn is sizeable. Allwash a
rpfiitervered Rervledph werve 1 e combinutien of e in-
homogensous Flogquer waves, sonse clissical pline wives ean
be propagative insome Lyers of a "superkayver™. Glebally, is
Wi mseleifavered Bavletgl werve decneises w o functiom of the
depile e amplitule of a propagative ehissical pliane wave is
comstant i eme layer, bt also decesases mothe next period,
Wieen a Flogquet wave becomnes propagative g, there is 2
change in e muture of e mske, which thies rliztes in e
i opposed te b isonifcaion.

I the loung wiveeBengih domain, the mubilayensd nsedivm
ein be honmegenised, aml the stncking onder of e Layers ina
“superlaver” is oo donger inaportzn for the muiifavened Leods
ataredes These maodes wre identeend Fornll che maltilayered mie:
din which liave the sanee Layers s superluyer, imespeciive
of the stacking ordee of tie Layers. When e homozenised
melimn is trmsversally dsstmgac, any rotgion srownd e
axis of siocked layers of e multilayensd medion does aot
change s miniilavessd Laod podfes, |loweven, when e
Flocpeet woves which compose tee anfifuvered Lol srple
are bl inlernogencods, e Bater ae not wentical in eocl
maultilayered medinm, Moreover, alihougzls most of Use sl
tibfavereil Lol meles une identical i die wilidity donesin of
tlee smmogenisation when the multilayered nvedivm is sind-
ke in i whiole complesity, some modes we i foumd Forihe
commespondange homogenised medivm. On the coiLragy, as fir
as amaefeifeveredd Ravleigh modes ane ooncemncl. the szcking
order of te lavers in e superlayer is of importance, cven i
the validity domzin of homogenisation. Indeed. the anspli.
vl aof s miadnifervered Ravleigh wove decrenses as a function
af the depth. When the fregoency temls wwards Fero, the
velovity of the nxles tend eowand o limit, which is e ve-
lewity of the Raybeigh wave propapating in e homoegenised
meslivne The mose the lrequency ineneases, the more (e
mesdes dlivide.

T comclude, it con be siid e the valishty sbsnain of
hewrgemsation depends o the natune of the silied wives,
Thas aboiman s reduced Tor milifavered Ravleigh wives,
Morvover, secording 1o the tvpe of waves aml 1o the reguined
precision, the ullmsonic propagzition can be studied Nor s Jus-
mogenised nsedinm, However if the studied case needs imaore
precise resules, the smeliilayeresd medivm must be studicd in
ils whole complexily.
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