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(DEOH GHVY PDWLqUHYV

&EKDSLWOMWURGXFWLRQ JpQpUDOH

&RQWH[WH GH OTpWXGH
2EMHFWLIV FRQWULEXWLRQV HW FRQWHQX GH OD \

&KDSLWADS DFLWp GHY OLDLVRQV j GLVVLSHU

,QWURGXFWLRQ

ORGQOHV SK\VLTXHV GHV PpFDQLVPHV GH GLVVLSDYV
9LVEFRPODVWLFLWpP OLQpDLUH
'PSHQGDQFH j OD IUpTXHQFH HW OD WHPSpUDW.
ORGJOHV UKPpRORJLTXHV HQ YLVFRpODVWLFLWp
ORGJOHV GH VWUXFWXUHV YLVFRpODVWLTXHV
&DOFXO GH OfDPRUWLVVHPHQW
&RQWDFW HW IURWWHPHQW
,PSOpPHQWDWLRQ QXPpULTXH GX FRQWDFW HW

3UHPLHU H[HPSOH OLDLVRQ DPRUWLH SRQFWXHOO
2EMHFWLIV HW SUpVHQWDWLRQ GX SUREOQPH
&B3DFLWp GH GLVVLSDWLRQ SDU XQH OLDLVRQ
(IIHWV GH QRQ OLQpDULWp

JLDLVRQV GLVWULEXpHYV
ORGgOHV SDUDPpWULTXHV GJLQWHUIDFH
OpWKRGHYV GH UpGXFWLRQ SRXU OHV pWXGHV G
&RXSODJH XQH PHVXUH GH OJLQIOXHQFH GH O

EKDSLWRODFHSWLRQ GIXQH OLDLVRQ GLVVLSDMW

,QWURGXFWLRQ
&RQFHSWLRQ GIXQH PDTXHWWH SRXU OfpWXGH GH
OLDLVRQV
'HVFULSWLRQ GX PRGQOH



3URSULpWpPV GHV PRGHYV

&RXSODJH GDQV OD MRQFWLRQ HW FDSDFLWp G

BWDWLTXH GHV OLDLVRQV ERXORQQpPHV HW VXUIDFI
,QWURGXFWLRQ

SUpFKDUJH HWFHWQH GH FRQWD

ORGgOHV pOpPHQWYV ILQLV GH OLDLVRQV ERXOR

$SSOLFDWLRQ j XQ FDV GYpWXGH
SURSRVLWLRQ GH OLDLVRQ GLVVLSDWLYH HW RSWL

1RXYHOOH DSSURFKH GH FRQFHSWLRQ GH OLDL

eWXGH SDUDPpWULTXH GH OD GLVVLSDWLRQ PR

&KRL[ PDWpULDX UpHO HW UREXVWHVVH GX FRP

&KDSLWWDHWLGDWLRQ H[SpULPHQWDOH

,QWURGXFWLRQ

eWXGH H[SpULPHQWDOH
ODTXHWWH

$FTXLVLWLRQ HW WUDLWHPHQW GHV VLIQDX]
,GHQWLILFDWLRQ GHV SDUDPgQWUHV PRGDX]|

OpWKRGHYV XVXHOOHYV

OpWKRGH GITLGHQWLILFDWLRQ SDU PRLQGUHYV F

ORGHV LGHQWLILpY GDQV OHV GLIIpUHQWHYV FR
&RUUpPODWLRQ FDOFXO HVVDL

3ULVH HQ FRPSWH GHV GpIDXWV GH
&RUUpODWLRQ FDOFXO HVVDL
,QIOXHQFH GHV GpIDXWV GH

IRUPH

IRUPH VXU OH FDO

&EKDSLWOWYMWD PRGgQOHYVY GH OLDLVRQV

,QWURGXFWLRQ

SUHPLHU H[HPSOH FDV VLPSOLILp j GHX[ OLDLVRQ)\

OpWD PRGqOHVY GH OLDLVRQV ERXORQQpHV W\SHV U
1RQ OLQpDULWpPY ORFDOHV HW PRGqOHV GH OLI
6RXV HVGBFGEpPIRUPDWLRQV SULQFLSDOHYVY GH Ol
ODFUR IRUFHV GX PpWD PRGQqOH

9DOLGLWpP GHVY PpWD PRGgOHV VXU XQ FDV VLPSOH



5HSUpPpVHQWDWLRQ SDUDPpWULTXH GHV PDFUR |
&RQVWUXFWLRQ GHV GpIRUPDWLRQV SULQFLSD:
9DOLGLWp GH OD VWU D\ pJGH P B Q \BIRXQY HINV\G\W B H
9DOLGLWp GH OD VWUDWPpPJLH 9' GpPpFRXSODJH
9DOLGLWp GH OD VWUDWDpPJLH 3/ (IIRUWV SULQ
OpWD PRGgOHV UpSpWpV GDQV XQH VWUXFWXUH F\O
'HVFULSWLRQ GX SUREOQPH
&DSDFLWp GLVVLSDWLYH GH OD MRQFWLRQ
5pGXFWLRQ GH OD ]JRQH OLQpDLUH
9DOLGLWp GH OD VWUDQWBJIGHP)9Q WLRXQV UHHWS/DUF H
9DOLGLWp GH OD VWUDWPpPJLH 9' OpPRXBQBJH G

9DOLGLWp GH OD VWUDWpPJLH 3/ (ITRUWV SULQ

EWSLWBERQFOXVLRQ JpQpUDOH

5pIpUHQFHYV

/ILVWH GHV ILIJXUHV

ILVWH GHV WDEOHDX]






&SKDSLWUGIWURGXFWLRQ Jp(




&KDSLWQWURGXFWLRQ JpQ

&RQWH[WH GH OTpWXGH

/ID PRGPOLVDWLRQ GX FRPSRUWHPHQW O®\ QIKPOL\TK HG 16
FRQFHSWLRQ HVW GHYHQXH LQGLVSHQVDEOH VRXV OfLI
DXWRPRELOHW &0 \EBRPOHQHY GH SRLQWH FKHUFKHQW GH
OHXUV SURGXLWYV IDFH j OD JUDQGH FRPSpPWLWLYLWp VXU (

'DQV FH FDGUH OD PDLWULVH GHV DPELDQFHV YLEUDMW
GH IDWLJXH HW SDUIRLVY GH UXSWXUH V®DGMYBIWK H/ X QXX
FULWLTXH 8Q SURFHVVXV GH FRQFH SWH®DX Y HEFWRMWR Gd H HF
OHV H[FLWDWLRQV OHV WUDQVIHUWYV SDDQO/DOHNEXEVERNH
Re RQ QH SHXW SDV MRXHU VXU OHV VRXUFHV GYH[FLWD)
LPSOLTXH XQH UHFRQFHSWLRQ 6L OHV PpWKRGHV MRXDC
PDLWULVpHY OD UHFRQFHSWLRQ HQ DPRUWLVVHPHQW HVYV
FDU DYRLU GHV SURFpGXUHV SUpPGLFWLYHV GHYLHQW QpFH

[ Définir les entrées }

[ Etablir fonctions de }
transferts

| |calculer/mesure.
les sorties A bt b = Vérification Amortlsse_ment-masse-
raideur

TFFtnosel]

0 500 1000 1500
Frequency [Hz] des

i3 yf."’ \7'/ i spécifications

‘ 2(
| Conception

JLIXUH3URFHVVXV GH FRQFHSWLRQ YLEUDWRLL

/ID SOXSDUW GHV V\WWQqPHV PpFDQLTXHV VH FRPSRVHC(
VRXUFHV SULQFLSDOHV GH GLVVLSDWLRQOYBPRRUSUYVHBPI
LQWULQVQGTXH DX[ PDWpULDX[ GHV VWUXFWXUHV HW OfDP
PDWpULDX[ GH VWUXFWXUH pWDQW OH SOXV VRXYHQW WUq
HVW GRQF FODLUHPHQW LGHQWLILp FRPPH XQH VRXUFH GfY
GH QRPEUHX[ FKHUFKHXUV RQ>S@XWDBVWGIN BMHEU W UDX [5)
0$,$6 © ODLWULVH GHV $PRUWLVVHPHQWY ,QGXLWV GDQV
VRQW DIIDEKKVHHOH WUDYDLO GH WKqVH FKHUFKH GRQF
OTLQWPpJUDWLRQ GH FRQQDLVVDQFH GH OLDLVRQV GLVVL
YLEUDWRLUH JOREDO



&KDSLWQWURGXFWLRQ JpQ

/D PDVWULVH GH OY{DPRUWLVVHPHQW GDQV OHV OLDLV
GHV OLDLVRQV pOpPHQWDLUHY OHV PpFDQLVPHYV SK\VLTXH
IURWWHPHQW HW OD YLVFRpODVWLFLWp REMHWY UHVSHFYV
63 GH 0$ S8 JURMHWY > @ > @ /H 63 > @ DERUGH OD TXHV
VXUIDFHV IURWWDQWHY PDLV QH WUDLWH SDV GLUHFWHPFL
FH WUDYDLO OOfERWPHBEWYRQ® GH OLDLVRQV GLVVLSDWLYH\
JOREDOH

ADR ARTSY4
GROL PE’\()}‘:EA [: \[‘ \Y/
SOPEMEA - _/‘ DS
FBsystem b ONERA
AER ¢ ———

cnes — SDE Tools

J)LIXUH 3SIDUWHQDLWBW&X SURMHW

/TPWXGH GH OD GLVVLSDWLRQ GDQV OHV MRQFWLRQV
OLWWpPpUDWXUH > @B>S@pGLEMMRIRLG/H OJDPRUWLVVHPHQV
DVVHPEOpPHV GqV OD SKDWRPPH FROFHWWHRQUDLWpPH GHSX]
SHXW FLWHU SDU H[HPSOH OHV WUDYDX[ GH WKgVH > @
VWUXFWXUHV VSDWLDOHV DILQ GH UpGXLUH OHV QLYHDX]J |
WUDYDX$} ® RQW WUDLWp OfDPRUWLVVHPHQW SRXU OD Up
OHV VWUXFWXUHV DXWRPRELOHV /D JHVWLRQ GH OD VWU X
WUDYDX[ > @ > @ GDQV OD OLWWpPUDWXUH YXH OD FRP
SUREOQPH 'DQV OH VHFWHXU LQGXVWULHO GHV PRGQgOH\
VLPXODWLRQ GX V\VWgPH QpJOLJHDQW DLQVL OHV PpFDQL
QRQ OLQpPDLUH GH OD VWUXEFWXUH /H GpVLU GIDPpOLRUL
RXYUH DORUV GHV SHUVSHEWLYHV YLV j YLV GH OD V
3DUWLFXOLqQUHPHQW OHV VWUXFWXUHV PXOWL MRQFWLRQ

'DQV OHV PpWDX[ OD GLVVLSDWLRQ SUHQG OLHX GHYV
4XDQW DX[ SRO\PqUHV FJHVW OH SKpQRPqQH GIpYROXWLF
GLVVLSDWLRQ > @ HW TXL HVW QHWWHPHQW SOXV LPSRUW
/HV PDWpULDX[ YLVFRpODVWLTXHVY VRQW FRQQXV SRXU OH
QRPEUHX[ WUDYDX[ GDQV OD OLWWpUDWXUH DLQVL TXH G
GHV VHFWHXUYV



&KDSLWQWURGXFWLRQ JpQ

&RQFHUQDQW OD GLVVLSDWLRQ GDQV OHV MRQFWLR
PPEFDQLTXHV SOXVLHXUV W\SHV GH OLDLVRQV 'DQV OHV O
HVW OD SULQFLSDOH 'DRXUFHVGHILG LV RIQYHRBEORIRQGPHW | VHI
MHVW j GLUH DYHF GHV VXUIDFHV PpWDOOLTXHV HQ FRQWLE
OH SKpQRPQqQH GH IURWWHPHQW GDQV OHV LQWHUIDFHV (
DVVHPEQ@Y> @

2EMHFMRQWULEXWLRQV HW FRQWHQX GH OD WKc

/ID)LJKU SUpPVHQWH OH VFKpPD IRQFWLRQQHO GX F\FO}
GLIIpUHQWHY pWDSHV pODERUpHV GDQV FH PpPRLUH SR>
DVVHPEODJHV PpFEDQLTXHYV

Conception Opération
[ Définir les objectifs J [ Vérification et validation J
Amortissement maitrisé /f—\
Corrélation calcul/essai
A i Niveau de couplage
De\.reloppelr.urTe c.oncepuon L Test global J
préliminaire
A
Modgle de jonctions détaillées ™. ‘/”—‘\ /' Analyse modale
Niveau de couplage suffisant Validation méta-modéales /
\ Validation méta-modeéles
[ ’ N
L Conception des composants €———————- Test unitaire
Construction de méta-modéles /’ﬁ Caractérisation des jonctions
Optimisation paramétrique \\ VAL L5 Bancs de caractérisation:
N C MAIAS: SP1 et SP2

Cycle numérique
Cycle de fabrication

J)LIKU &\FOH GH FRQFHSWLRQ HQ 9

'DQV FH WUDYDLO OYREMHFWLI pWDQW GH FRQFHYRL
TXHVWLRQ HVW GYDVVXUHU TXH FHV OLDLVRQV RQW XQH
YLEUDWRISUHPLqUH FRQWULEXWLRQ GDQV FH WUDYDLO F
FRXSODJH GIXQH MRQFWLRQ SRXU GRQQHU XQH SUHPLqUH



&KDSLWQWURGXFWLRQ JpQ

i GLVVIESHU HVWDSSK/FHQWFH FRPPHQFH FH FKDSLWUH SDU

SULQFLSDX[ PpFDQLVPHV GH GLVVLSDWLRQ HW GHV PRG(q
FRPSRUWHPHQW /fpWXGH GH OD FDSDFLWp GHV MRQFWLF
WUDYHUV XQ H[HPSOH VLPSOH GH MRQFWLRQ SRQFWXHOO}
PDWpULDX[ YLVFRpODVWLTXHV HW SDU IURWWHPHQW (Q
SUpVHQWDQW OD VWUXFWXUH GHV MRQFWLRQV UpHOOHV }
OfDSSURFKH GH PHVXUH GX FRXSODJH

3RXU LOOXVWUHU OD SUREOpPDWLTXH GX SDVVDJH F
HILFDFLWp GDQV XQH VWUXFWXUH OTDQFUDJH DpURQDXW
GIXQH VWUXFWXUH UHSUpVHQWDWWUXMHHGBVVHPERDQW VS Wb
HQVHPEOH GH MRQFWLRQV GH IRUPHV DVVH] VLPLODLUHYV
SUpVHQWHY SRXU OHV KpOLFRSWqUHV FKH] (XURFRSWHU (
$VWULXP 2Q UHWURXYH GDQV FHV DVVHPEODJHV GHV OLI
LOOXVWUpBXUSDU OD

JLIXUH )XVHODJH (XURFRSWHU > @

i

Liaison Eurocopter Liaison Airbus

J)LIXUH 7\SHV GH OLDLVRQV pWXGLpV GDQV OH SUR!



&KDSLWQWURGXFWLRQ JpQ

/DVWUXFWXUH LBRQWUHSU B'QH Q W H. @G XWX\SBLRHON2 & XU O H
EDVpH QRWUH pWXGH QXPpULTXH HW H[SpPULPHQWDOH 6D !
VWUXEFWXUHV DpURQDXWLTXHV TXL VRQW KDELWXHOOHPHC
UDLGLH XQ HQVHPEOH GH FDGUHV HW GH ORQJHURQV DS
PRLQV LPSREWW @HWOLHUYV SHUPHWWHQW GH VXSSRUWHU
WUDQVPHWWUH OfJHVVHQWLHO GHV HIIRUWV LQGXLWV SDU
GpILQLVVHQW OD IRUPH GH OfHQYHORSSH HW VXSSRUWHQ\
OD FRQFHSWLRQ GHV VWUXFWXUHV | IRUWYV PRPHQWV TX
30XVLHXUV W\SHV GH OLDLVRQV VRQW SUpVHQWHV WHOOH
HWRXGpHV

JLIXUHODTXHWWH

/ID FRQFHSWLRQ GH FHWWH RXDSHWAH HVWR SDQ VYA
OTpWXGH GHV MRQFWLRQV FR}WRIQ QEH S pW HSHR/S $ A ¥ B UjU Ww
FKDSLWHMN[DJPH FRQWULEXWLRQ FRQVLVWDQW HQ XQH FR:
GLVVLSDWLYH EDVpH VXU OJLQWURGXFWLRQ GX PDWpULDX
JTHIIHW GLVVLSDWLI FRQQX GH FH PDWpULDX > @ HVW FRF
ERXORQQpH GDQV FH EXW &HW DSSRUW SHUPHW GH UpSRQ
OYDPRUWLVVHPHQW SDU PDWPpULDX[ YLVFRpPODVWLTXHV W
PRGDOHV GDQV XQ LQWHUYDOOH SUpFLV 7RXWHIRLV OH F
YX OHV SURSULpWpPV TXL GLIIQUHQW GTXQ PDWpPULDX | (
HQYLURQQHPHQWDX[ 8QH pWXGH HVW DORUV UpDOLVpH SR

/ID YDOLGDWLRQ GH FHWWH DSSURFKH GH FRQFHSWLR
H[SpULPHQWD OH &KERRILNWHEGNYRVVWNKQH DQDO\WH PRGDOH Gl
GLVVLSDWLI GX PDWpULDX YLVFRpODVWLTXH VHUD PLV HC



&KDSLWQWURGXFWLRQ JpQ

UpDOLVpH SRXU WURLV FRQILIXUDWLRQV GTLQWHUIDFHV ¢
VRQW VXVFHSWLEOHV GIDYRLU GHV GpIDXWV GH IRUPH G
IDEULFDWLRQ PRQWDJH &HV GpIDXWV VHURQW DORUV SU
LQIOXHQFHYV VXU OITDPRUWLVVHPHQW GH OD VWUXFWXUH

/IHV pWXGHV SDUDPpWULTXHV GH FRQFHSWLRQ HIIHFEW)
FKDSLWUH VRQW EDVpHV VXU XQ PRGQOH SK\VLTXH SUpVF
MRQFWLRQV 'DQV XQH VWUXFWXUH JOREDOH RQ UHQFR
MRQFWLRQV GH IRUPH VRXYHQW WUQV SURFKHV /fLQWpJU
QRPEUH GH OLDLVRQV GHYLHQW WUQV UDSLGHPHQW ORXUC
GH FDOFXO ,0 HVW GRQF FRXUDQW GH FKHUFKHU j UHSUp
OfDLGH GH PpWD PRGQOHV FDUDFWpPULVDQW OHV HIIRUW\
YDOLGLWp GH WHOV PpWD PRGgOHV HVW FHSHQGDQW Gl
FRPSDUDLVRQV GH Up®R@YMVqPORERBGWUH FDPWRRQH HVW GR
OBKDSLWIQH UpMXIDRRRKRQVWUXFW LR QGG HO P pPMADRER/G/MVDBIYW p.
SRXU OD GpWHUPLQDWLRQ GH OHXU YDOLGLWp 'LIIpUHQW!
HW GYHIIRUWY SULQFLSDX[ GH OLDLVRQV VRQW SURSRVp]
FRPSRUWHPHQW YLVFRpODVWLTXH /H FDV GH OLDLVRQV U
IDLW TXH OHV EDQFV GYHVVDLV GH OLDLVRQ EDVpV VXU Gt
GHX[ OLDLVRQV SHXYHQW HIIHFWLYHPHQW rWUH H[SORLW
OHVTXHOOHV OH FKDUJHPHQW UpHO GH FKDTXH OLDLVRQ H
HITHWV RQ FRQVLGqUH XQ PRGqOH F\OLQGULTXH j GL[ MR
OfDUFKLWHFWXUH UpHOOH GHV VWUXFWXUHV DpURQDXWLT



&KDSLWQWURGXFWLRQ JpQ




&SKDSLWE&BSDFLWp GHV OLD
GLVVLSHU




&KDSLWDIBDFLWpPp GHV OLDLVRQ®

 QWURGXFWLRQ

eWXGLHU OD GLVVLSDWLRQ GDQV OH SURFHVVXV GH FR
OTREMHFEWLI SULQFLSODHD FEKDGYWUH WRPPBQFH GRQF SDU
SULQFLSDX[ PpFDQLVPHV GH GLVVLSDWLRQ FBRULEQ@UpV
GHVFULSWLRQ GH OD YLVFRpODVWLFLWp OLQpDLUH GH VI
XWLOLVpY SRXU OD UHSUpVHQWDWLRQ GX FRPSRUWHPHQW
FDOFXO GHV DPRUWLVVHPHQWY DVVRFLpV DX[ PRGHV FRPS
VXU OD UHSUpVHQWDWLRQ GX FRQWDFW HW GX IURWWHP}
HQILQ LQWURGXLWYV

/ID VHFWLBRQDO\VH HQVXLWH XQ SUHPLHU H[HPSOH GH
/I fTHILVWHQFH GH UpJLPHV SOXV RX PRLQV DPRUWLV HW O {X
SRXU SUHQGUH HQ FRPSWH OHV pYROXWLRQV GDQV GHV FF
QRQLQpDLUHY YDULDEOHY VRQW GpFULWHYV

2Q DERUGH HQILQ BABVVEBEWLRXROWPY OLpHV j OD UHS
GpWDLOOpHV GI1XQH OLDLVRQ HVWLPpH QpFHVVDLUH SRXU
LQGXVWULHOOHYVY /D SULVH HQ FRPSWH GH VXUIDFHV GH F
SUREOqPHV GRQW OD WDLOOH DXJPHQWH UDSLGHPHQW
QpFHVVDLUH SRXU UHQGUH OHV FDOFXOV SDUDPpWULTXI
GHVFULSWLRQ GHV SULQFLSDOHYVY PpWKRGHV GH UpGXFWLR
DSHUoX VXU FHOOHYVY GpYHORSSpHVY GDQV OD OLWWpUDWXL
HQWUH VHQVLELOLWpPV GHV IUpTXHQFHV j GHV YDULDWLRQ
FRXSODJH SDU DQDORJLH j OD QRWLRQ XWLOLVpH SRX
GIDPRUWLVVHPHQW

ORGgOHV SK\VLTXHV GHV PpFDQLVPHV GH GLVVL

9LVFRpODVWLFLWp OLQpDLUH

/IHV PDWpULDX[ YLVFRpODVWLTXHV VRQW ODUJHPHQW
SURSULpWpV LQWpUHVVDQWHYV GIYDPRUWLVVHPHQW 2Q SH>
> @x> @ ,0V VRQW XWLOLVpV FRXUDPPHBBRO H AV WALDYGI\U
JpQLH FLYLO PpOHFWURPpQDJHUV« &HV PDWpPULDX[ FRPE
WUDGXLVDQW OD FDSDFLWp j FRQVHUYHU HWW NV WILX\HXH U



&KDSLWDIBDFLWpPp GHV OLDLVRQ®

WUDGXLVDQW OD GBSDBDRWpP JLELVMLESRHRSRUWHPHQW YLVFERYp
GHV DPRUWLVVHPHQWYVY GqV OHV IDLEOHV DPSOLWXGHV
SKPQRPQQHY > @ OD VHQVLELOLWpP GX FRPSRUWHPHQV
WHPSpUDWXUH > @ IUpTXHQFH > @ > @ DPSOLWXGH
JPQPUDOHPHQW WUQV IRUWH HW GRLW rWUH FRQVLGpUpH /
SHXW JpQpUDOHPHQW rWUH FRQVLGpUpH GDQV XQ FDGUH
FRQVLGpUpH GDQV FH PDQXVFULW /HV GpSHQGDQFHV j Of
REWHQXHV SRXU GHV QLYHDX[ GH GpIRUPDWLRQ QRWDEOHI
VHURQW GRQF LJQRUpV /D GpSHQGDQFH j OD SUpFRQWUD
FDUDFWpULVDWLRQV GLIILFLOHV j REWHQLU /JLQIOXHQFH
TXYj WUDYHUV GHV DQDO\VHV GH UREXVWHVVH

'‘DQV OH FDGUH GH OD UHSUpVHQWDWLRQ GHV PDWpULI
TXH OD FRQWUDLQWH HVW XQH IRQFWLRQ OLQpDLUH GH C
KDUPRQLTXH OD VROOLFLWDWLRQ G\QDPLTXH G{XQ PDWp
UHWDUG WHPSRUHO FDUDFWpULWp HDPWU K QO GChSEKOVPIW L
GplIRUPDWLRQ HW OD FRQWUDLQWH TXL HQ UpVXOWH FDU F
GplIRUPDQW > @ 3RXU XQH GpIRUPDWLRQ VIQRX#RwGDOH
VIpFULYDQW VRXV OD IRUPH

YR L Ye<¢AiP
ReY, HVW OYDPSOLWXGH G X iiF OFD IS XCOH/AENH ARP@IBWURPS RQVH H
WHUPHYV GHEéENRIQWUWDNQWH

&P L &e<APELU
R« HVW ODPSOLWXGH GX F\FOH GH GplIRUPDWLRQ HW / O
FRQWUDLQWH GplRUPDWXBR HVW PRQWUpPH HQ

JLIXUH&\FOH GH FRQWUDLQWH GplIRUPDWLRQ SRXU XQ
HIFLWDWLRQ KDUPRQLTXH
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/ID UHODWLRQ FRQWUDLQWH GpIRUPDWLRQ SHXW rWUH

SDUPR@GXOH G\QDPLTXH FRPSOH[H
é:Q . - . -

':Q L% L'"QEE"QL'"Q:sEEP=JW ™Q:sEER
/D SDUWLH UpHOOH GX'" PR&EXH®p AFRPEXOHHHGH VWRFNDJH
FRPSRUWHPHQW pODVWLTXH GX PDWpULDX VRLW VD FDSDF
DX FRXUV GTXQ F\FOH /D SDUWLMSSPDILBORGXID HE X6 HP FSGIXJIOWH
OH FRPSRUWHPHQW YLVTXHX[ GX PDWpULDX HW GRQF VD F
FKDOHXU DX FRXUV GYXQ F\FOH

/H IDFWHXU GH SHUWH pJDO H\OMD X\IOH DK@WH & B UD DWW
GLVVLSDWLRQ HQ UHOBRUU K \CSTRQ® ] WOLIF IPMY XUH GH OfpQH
F\FOH GH GpIRUPDWLRQ QRUPp SDU OfpQHUJLH PD[LPDOH

aL P_J..'ﬁﬁL s +JANC@ B QOIEHR U ?HA
TN T tetJANCEAEI= IR KAG=RU?HA

30XV OH IDFWHXU GH SHUWH HVW LPSRUWDQW SOXV C
VXUIDFH GTK\VWpUpVLY GH OfHOOLSVH UHODWLYHPHQW | \
GHV WDX[ GH SHUWH GH OfRUGUH GH SRXU GHV PDWpULD?)>

'IXQ SRLQW GH YXH SUDWLTXH XQ SUREOqQPH GH YLVI
pWDQW XQ SUREOgPH GY{pODVWLFLWp DYHF XQ PRGXOH FRI
SULQFLSH GYpTXLYDOHQFH pODVWLFLWpP YLVFRpODVWLFLW

'PSHQGDQFH j OD IUpTXHQFH HW OD WHPSpUDWXUH

/ID IUpTXHQFH HW OD WHPSpUDWXUH VRQW OHV IDFWHX
OH FRPSRUWHPHQW G\QDPLTXH GHV PDWpULDX[ YLVFRpODYV

/D WHPSpUDWXUH SUpVHQWH OH IDFWHXU OH SOXV LQ
YLVFRpODVWLTXHV 4XDWUH pWDWV GLIIpUHQWY SDU OHVT
IRQFWLRQ GH OD WHPSpUDWXUHBREW G B D XWHPEHW G\ R ¥ HO
FIHVW OfpWDW YLWUHX[ SXLV FYHVW OfpWDW GH WUDQVI
SRXU OHV WHPSpUDWXUHV SOXV LPSRUWDQWHYV



&KDSLWDIBDFLWpPp GHV GIWDLVRQ!

J)LIXUH O9ODULDWLRQ GX PRGXOH GH VWRFNDJH HW GX IL
WHPSpUDWXUH

$ OfpWDW YLWUHX[ OH PDWpULDX VH GplIRUPH WUQV ¢
VRQW WUqV IDLEOHV j FDXVH GHV EDVVHV WHPSpUDWXUH
VWRFNDJH DWWHLQW VRQ PD[LPXP HW QH SUpVHQWH SEL
WHPSpUDWXUH &RQWUDLUHPHQW DX IDFWHXU GH SHUWH
DXJPHQWH WUqV UDSLGHPHQW DYHF OD WHPSpUDWXUH

/TPWDW GH WUDQVLWLRQ SUpVHQWH FRPPH OJLQGLTX!
OfTpWDW YLWUHX[ ULJLGH HW OfpWDW FDRXWFKRXWLTXH &
DWWHLQW VRQ PD[LPXP j OD WHPSpUDWXUH 7J GLWH YLW
PRGXOH TXL GpFURLW DYHF OD WHPSpUDWXUH 3RXU OHV L
JPQPUDOHPHQW DX YRLVLQDJH GH OD WHPSpUDWXUH GH WL

- OYfpWDW FDRXWFKRXWLTXH OHV PDWpULDX[ VRQW
LPSRUWDQWH HW XQ FRPSRUWHPHQW YLVTXHX[ /H PRGXOF}
IDLEOHYV

(QILQ OYpWDW IOXLGH FDUDFWpULVH XQ PDWpULDX VF
YLVTXHX[ 7RXWHIRLY OYLQVWDELOLWpPp GH FHW pWDW SHU
GH FRQFHSWLRQ GHV VWUXFWXUHV



&KDSLWDIBDFLWpPp GHV OLDLVRQ®

/D PHVXUH GHV FDUDFWPpPULVWLTXHV YLVFRpODVWLTX
JPQPUDOHPHQW GDQV OD ]JRQH GH WUDQVLWLRQ R+ OYJDPR
FRPSOH[H HW XQ IDFWHXU GH SHUWH YDULDEOH HQ IUpT
FDUDFWpPULVWLTXHNIJRKREWUPHEOGHDQNWpTXHQFHY OH PRGXC
YHUV XQH OLPLWH DV\PSWRWLTXH GpILQLVVDQW OD UDLGI
IUpTXHQFH XQ HIIHW GH ULJLGLILFDWLRQ GX PDWpULDX H
SHUWH LO DWWHLQW VRQ PD[LPXP j XQH IUpTXHQFH j ODTX
UDSLGH
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JLIXUH eYROXWLRQ GHV FDUDFWpPULVWLTXHV YLVFRpOD
] WHPSpUDWXUH IL[H D PRGXOH GH VWRFNDJH E

(Q FRPELQDQW OHV HIITHWW BE VpG HXD G\D B B RVOMWH MM EW LI
GWY SURSULpWpPV GHV PDWpULDX[ XQH GLPLQXWLRQ GH WHF
GH IUpTXHQFH HVW DORUV QRWpH 2Q FRQVWDWH DORUV O
PRGXOH FRPSOH[H FRPPH IRQFWLRQ GYXQH IUpTXHQFH U,
IUpTXHQFH SK\WLTXH HW GH OD WHPSpUDWXUH &H SULQFL
GHV PHVXUHV GH FDUDFWpPULVDWLRQ VXU XQH JUDQGH JI
FDUDFWpPULVWLTXHV GX PDWpULDX j GHV IUpTXHQFHV SOX\
SHUPHWWHQW
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ORGqQOHV UKpRORJLTXHVY HQ YLVFRpODVWLFLWp OLQpPDI

"IXQ SRLQW GH YXH UKpRORJLTXH GLIIpUHQWY PRGQq
UHODWLRQ HQWUH OD FRQWUDLQWH HW OD GpIRUPDWLRQ
UHODWKXKNRQRUPH GTXQ DVVHREEGDUD FOMp UHVYRWWONpODVWLF
GIDPRUWLYVYVHXURDYDWFWHNX[VDPWW B HWWHFHRMIPLDO OH GH PRC
GHV PRGqQOHV VLPSOHV HW GHV PRGgOHV SOXV FRPSOH[HV
UKpRORJLTXH JpQpUDOLVp HVW OY{DVVHPEODJH HQ VpULH F
GH PRGqOHV UKpRORJLTXHV VLPSOHV FRPSRVpHV FKDFXQFL
DYHF XQ DPRUWLVVHXU /D GLVSRVLWLRQ HQ VpULH SHUPH'
OD VRPPH GHV GpIRUPDWLRQV GH FKDTXH pOpPHQW DYHF
FIHVW OH FRQWUDLUH 4XHOTXHV H[HPSOHV)LGHUHHYV PRG
/I fTHQVHPEOH GH FHV PRGqQOHV FRQGXLVHQW j GHV UHSUpV
IUDFWLRQ UDWLRQQHOOH

E Eq |

E C R E(1+jn) W ‘ ¢ | Cz | Cn

’ _ MA | , ,

V c vy = = E == ____ E, ==
r ‘ - == [

(a) (b) (c) (e)

JLIXUHORGQOHV UKpRORJLTXHBVODUYZARIDO EVWHDOXHEY 9RLJ
$PRUWLVVHPHQW VWUXFWXUDO G =HQHU H O0DJ]

2Q UHSUHQG FL GHVVRXWK:QD H DXEBX X HW PRRELGIOHYV XV X

x /IH PRGqQOH GH 0OD[ZHOO

2
S.5

S
x /[HPRGgOH .HOYLQ 9RLIJW DSSHOp DXVVL DPRUWLVVHPI
<<QL'E%O

x /I"fDPRUWLVVHPHQW VWUXFWXUDO FRBYRADQSMHU XQH UL
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<:QL':sEER
x /[HPRGgOH GH =HQHU DSSHOp DXVVL DPRUWLVVHPHQW

?
S.5

%0’

Xx /H PRGGOH GH 0D[ZHO®@ JPRQPUINOQWKXp GTXQH DVVRFLDWL
GHV PRGqOHV GH OD[ZHOO HQ SDUDOOQOH

S
<QL',EI—-E
5

a 25

. S S
<QL'4EIl K E—
Q 4 ) |Y %OG

Y@b

'"f{DXWUHV PRGQGOHV UKpRORJLTXHV JpQpUDOLVpPV RQW
9RLJW JpQpUDOLVp OH PRGJIOBIHG HD 19 RALR B/q OUHD B\W D@D [ZH O O
> @«DILQ GH VIDGDSWHU DX PLHX[ DX W\SH GH SUREO(q
SUPVHQWHQW XQ LQFRQYpPQLHQW /H QRPEUH GYpOpPHQW\
LQWHUIDFH DYHF OHV PRGQOHV JpQpUDOLVpPV SHXW DERXW
UDSLGHPHQW WUQqV LPSRUWDQW GH SDUDPgQWUHV 'DQV
IUDFWLRQQDLUHV RQW pWp SURSRVpV SRXU PLHX[ FROOH
SDUDPQWUHV &HV PRGQOHV RQW pWp FRQoOXV SDU GHV PI
IUDFWLRQQDLUHV WHO TXH *UXQGZDOG HWNXERW MHOQWKD W |
HPSOR\pV SDU GHV PpFDQLFLHQV WHO TXH %DJOH\ > @ S
IUDFWLRQQDLUH HQWUH OD FRQWUDLQWH HW OD GpIRUPDW
© VSULQJ SRW 2 GRQW OH FRPSRUWHPHQW HVW HQWUH FHC
SXYLIXUH

E(jwr) *

:__:__:___-2;_'__:__5__=
|

(a) (b)

J)LIXUH D 9RLJW IUDFWDO E NHOYLQ 9RLJW IU
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3RXU OH FKRL[ GX PRGqOH UKpRORJLTXH j XWLOLVHU
PLHX[ OYfpYROXWLRQ GX PRGXOH FRPSOH[H GYpODVWLEF
/ITLGHQWLILFDWLRQ GH SDUDPqWUHV GH ORL GH FRPSRUW}
GH ODUJHV GRPDLQHV IUpTXHQWLHOV j SPUWUMHGW RBWXU |
GLIILFXOWp QRWDEOH HW GHV UpIOH[LRQY¥ j@H/WXMHNYLYR B
REMHFWLI HVW GJREWHQLU XQH LPSOpPHQWDWLRQ QXPpUL
FRGH FRQVLGpUp HW HVW IRUFpPHQW SOXV GLIILFLOH TX|
QRPEUH GYpOpPHQWY j FRPSRUWHPHQW YLVFRpODVWLTXH [

'DQV OH FDV GH QRWUH pWXGH RQ VILQWpPUHVVH j (
UpVROXWLRQV IUpTXHQWLHOOHY GDQV OHVTXHOO®,V OH F|
QTHVW SDV XWLOH GDQV OD PHVXUH Re GHV ORLV WDEXOpt
rWUH XWLOLVpHVY FRPPH FHOD VHUD H[SOLFLWp GDQV OHV \

ORGqQOHVY GH VWUXFWXUHY YLVFRpODVWLTXHV

3RXU XQ V\WWgPH PpFDQLTXH VRXPLV j GHV HIIRUWYV |
YLVFRpODVMWLAXXHDOHQFH pODVWLTXH YLVFRpODVWLTXH SH
FH V\VWqgPH GDQV OH GRPDLQH IUpTXHQWLHO VRXV OD IRUF

><:Q&AMQ=L o WE>:QyMQ=L >*xQQ=
>>:Q L >2dMQ=

Re/ HVW OD PDWUHM¥W PDVPBWULFH GH ULJLGLWp GH OD
IUp TXHRBEWW OH YHFWHXU GHW H\QW WpH W HFXW M XUV GPINY G HJ
"/ GX V\VWgPWW OH YHEWHXU GHV .NRWWRIQW GXH W \F /YR
GIREVHUYDWLRQ HW GH FRPPDQGH UHVSHFWLYHPHQW

/H VIVWqPH PpFDQLTXH HVW FRPSRVp SDU GHV PDWpUL
FRQYLHQW GRQF GH SUpFLVHU OD UHSUDPWOQWDWRLR®W GH V™
OH IDLW TXH OD GpSHQGDQFH GX PRGXOH j OD IUpTXHQFH
PRGXOHV VFDODLUHV GpSHQGDQWWVRELOWD jl URKIDXTFQHF HP L
YLVFRpOD\HWMLTOHH PDWULFHVY pODVWLTXHV FRQVWDQWHV F

UplpUH&KHpP FARQW
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<K y@DL 5 BE>LET 'v:Q 2
- 4

Y

DYFHHVW OH PRGXO H VGH WAWRFNDOIMHQWHQW OHV UDLGHX
pODVWLTXHV HW YLVFRpODVWLTXHYVY UHVSHFWLYHPHQW

/ID UDLGHXU G\QDPLTXH VH FRPSRVHY GREPF,?ZEEIXQH ¢

Av4A@:QABEUCH[SULPDQW OHV FRQWULEXWLRQV GHV PDWL

PODVWLTXHV HW Gﬂx@-&|@:@w§g@mp$@LmMWVLSDWLRQ C

PDWpULDX[ YLVFRpODVWLTXHYV

&DOFXO GH OfTfDPRUWLVVHPHQW

/I[N DPRUWLVVHPHQW GHV PRGHEHNXGWGXrWWWEFPDKFXOp SDI
PPWKRGHV 2Q SUpVHQWH GDQV FH TXL VXLW OYDSSURI[LPD
XWLOLVpH JpQpUDOHPHQW SRXU OHV VA\VWgPHV IDLEOHPHQ
> @ SITX®@ HVW JpQpUDOH

/D PPWKRGH 06( HVW EDVpH VXU OH FDOFXO GTXQ FRF
PTXLYDOHQW j SDUWLU GH OD QRWLRQ GH IDFWHXU GH SHL
XQH VWUXFWXUH FRQVLVWH j VXSSRVHU XQH UMIRQVH IR
[6/ ...“iB HW | FDOFXOHU OH UDWLR GHeORLVHOPh @ HBWLIN VLB E
PD[LPDOH DVVRFLpH j FHWWH GpIRUPDWLRQ
/TDPRUWLVVHPHQW PRGDO DVVRFLp HVW DORUV HVWLPp FF
PrPH GLVVLSDWLR® HOW BEWRHIXQEBHU OD UHODWLRQ

tae L 3ykiyo
S3RXU XQH ULJLGLWp G\QDPLTXH G©HUPWWKIREH OPATERYQR
FRHIILFLHQW G PRV W MmHXKHPRWH UpHO SDU OD FRPELQDL
SHUWH GDQV FKDTXH PDWpULDX SRQFpWY SDU OD FRQWULE
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X 9B ?p%0p
t® L Asly 9FAUs

DYH¥F OH YHFWHXU SURSUH MVMRFRGH O PHD UDKRMN,GEDH O p P H
PDWULFH GH ULJLALWp GH OfpOpPHQW

/TK\SRWKgqVH GH OD 06( TXH OH GpSODFHPHQW j OLHX \
XQH DSSUR[LPDWLRQ 3RXU XQ V\WWgPH G\QDPLTXH JpQpUl
GHV pTXDWLRQV GX V\VWqPH pYROXDQW GH IDORQ H[SRQHQ

MP=L 4 A8y t FE

/IH FDOFXO GHV PRGHV FRPSOH[HV FRUUHVSRQG GRQF
YDOHXUV SURSUHYV

< &8y, L I=HWdy A o<:&:gL <=

/ID ULJLGLWp GOQHDWWTXB®H IRQFWLRQ DQDOWLTXH GX ¢
GRQF pFULUH XQ GpYHORSSHPHQW HQ VpULH GH /DXUHQW
IRUPH

[8y1,[B¢a°
Cy: OF &;

DYHFOH FRHIILFLHQW GH QRUPDOLVDWLRQ GRQQp SDU

><:Q7P5L |

UelBya’ Bre 8y

(Q JpQpUDO FH FRHIILFLHQW HVW SULV pJDO j OfXQLWp S
DORUV pFULUH OHV WUDQVIHUWY GMRRIVVOBDIR O pTXDWL

~ X sul 6 O?
UO=L > :QRQQ=L PAMQ=L $><:QPF5»2QQ=L A 0ul 0=
@5
'DQV OH FDV R+ RQ D GHV PDWULFHV FRQVWDQWHV F

FRPSOH[H VSpFLILTXH FRPPH GDQV OHV pWXGHV GpYHOR:
SUREOQqQPH DX[ YDOHXUV SURSUHV VIpFULW
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r

9

6,
DYH% L \a,(gj OH YHFWHXU SURGRH PR R FASRPEBWOHGEHILQLVVHQW
Y

e L T P _
rCé\(EBr F/an—L<Ir

OH YHFWHXU GpSODFHPHQW HW YLWHVVH UHVSHFWLYHPHQ
JpQqUH GHV SDLUHV FRQMXJXpHV GH YDOHXUV HW YHF\

'HX[ FRQGLWLRQV GYRUWKRJRQDOLVDWLRQ VRQW Qp
OTHQVHPEOH 8%y HAMW BRUSRQHY @E=€C 6pILQLVVDQW OHV
FRPSOH[HV GR 'PIRGLDIMR PDOLVH OHV PDWULFHV GX PRGQOH

| carL &5%/6 E0%8 &L >3

A%FE 0 CA7L 8%-8 EEBY/OE L FEY
/HV VROXWLRQV GX SUREOqPH DVVRFLp | XQ PRGQOH
UpVROYDQW OHV H[SUHVVLRQV HQ IRQFWLRQ GHV PRGHV F

d &°E-: ;ddyy, L =

[6yad & E-:' ;gL <=

&RQFHUQDQW OH WUDYDLO GPpYHORSHIN HOUH ROPDQX
PYLWH OfpFXHLO GH OD SULVH HQ FRPSWH GH PRGXOHV Gy
SUREOgPH DX YDOHXU SURSUH SDUDPpWUp HQ PRGXOH DVV

<"QOLNGE-gEi —-¢y'4; 0
v 4
(Q EDOD\DQW XQH ODUJH JDPPH GH PRGXOHVR®H VWR
FRQVWUXLW XQH UHSUpPpVHQWDWLRQ SDUDPpWULTXH GH PR(
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/JHFDOFXO GX PRGH UpHOOHPHQW REWHQX HVW DORU)\
FKHUFKH OH PRGXOH FRPSGHIRQG@VVRFLHU j XQ S{OH

&RQWDFW HW I[URWWHPHQW

/IH FRQWDFW JIIURWWHMHQWOH GHX[LgPH PpFDQLVPH XV
GDQV OHV OLDLVRQV HW RQ GpFULW LFL TXHOTXHV PRGqgOH

'fXQ SRLQW GH YXH PLFURPpPFDQLTXH GHX[ VXUIDFHV
SRLQWY DSSHOpV DVSpULWpV HW TXL UHSUpVHQWHQW OHYV
X FRQWDPW@ @#HVW DXWUH TXH OD PRGpPOLVDWLRQ GH
DVSpULWpV /D PRGpOLVDWLRQ GX FRQWDFW HQWUH GHX]
HQWUBLBXUE DSSHDGRHNVSOH UHVWH GX PHVW FHQ WR B WW
GH FHWWH JUDQGHXU TXH WRXV OH\SRRIG IHYDEHSRRQWDIF
SDV GH FRQWDFW /D ORL OD SOXV VLPSOH j IRUPXOHU HV)
OH FRQWDFW HW OH IURWWHPHQW HQ FRQVLGpUDQW GHV V

J)LIXUH D ORGpOLVDWLRQ GX FRQWDFW HW IURWWHPHQW
GplLQLVVDQW OH FRQWDFW HQWUH GHX[ VXU

3OXVLHXUV ORLVY GH FRQWDFW RQW pWp GpYHORSSpHV DIL
OTLQWHUIDFH DX JDS HQ VH EDVDQW VXU OH SULQFLSH Gl
FRQVLGpUHU OD UpDOLWpPp GHV VXUIDFHV DYHF OD SUpVHQ
SHUPHWWUH XQH FRPSUHVVLRQ GXH j OHXUV FDUDFWQqUH
WUDGXLUH SDU XQ JDS QpJDWLI HW XQH SUHVVLRQ HQFRUF
GLIIpPUHQWHY DXWUHV ORDINIGHHRQWDFW VRQW GplILQLHV
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—— Signorini
Linear
Exponential
—— Power

Pressure [MPa]

0 -5 -10
Gap [um]

J)LIXUH /RLV GH FRQWDFW > @

/ID ORL GH FRQWDFW OLQpDLUH UHSUpVHQWH OD ORL
OLQpDLUH GH OD SUHVVLRQ SRXU GHV JDSV QpJDWLIV j FK
HQ IRQFWLRQ GH OD UDL&®BGSRU QRUPDOH GH FRQWDFW

L:C, L FGyeco:r &

7RXWHV OHV ORLV GH FRQWDFW RQW pWp GpYHORSSpHV GL
UpHOOH GH OD UHODWLRQ HQWUH OJLQWHUSpPQpWUDWLRQ
FRQWDFW /H FKRL[ GIXWLOLVDWLRQ GH OTXQH GJHQWUH |
UHFDOHU OH PRGOH H[SPULPHQWDOHPHQW 'fDXWUHV YD!
ORLV GDQV FHWFDEUHpWD@W OD PDQLqUH GRQW FKDFXQ DQ

'fXQ SRLQW GH YXH IURWWHPHQW ORUVTXYTXQ V\VWqP*t
HQ FRQWDFW HVW VRXPLYV PHKQHDVYBPBHWHWMNBHVVHQW
PODVWLTXHV SHUPHWWDQW GH RYPFHNU PRRSH QDM |® PHFIHRG AV
OHV GHX[ VXUIDFHV VRQW DORUV HQ SKDVH GYDGKpUHQFH
j XQ FHUWDLQ VHXLO DX GHOj GXTXHO OHV DVSPUHMGMX\|XE
VXUIDFHV JOLVVHQW DORUV CPHYHW SDH) RIDFSEBER ULV VIHFCHX
LQWHUPpPGLDLUH HVW GpILQL FRPPH OH JOLVVHPHQW SDUW
DGKPUHQFH HW XQH DXWUH HQ JOLVVHPHQW WRWDO 'DQV
GD/QFH UpJLPH

'HSXLV OH qPH VLgFOH DYHF /pRQDUG GH 9LQFL HW N
PRGqOHY GH IURWWHPHQW RQW pWp GpYHORSSpHV GDQV O
PpWD PRGGOHVY UHSUpVHQWDQW OH FRPSRUWHPHQW GYXC
FRPSRUWHPHQW ORFDO
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/IHV PRGQOHVY GH FRPSRUWHPHQW ORFDO TXL SHUPHW)
FRPSOH[HV GJLQWHUIDFHV SHXYHQW rWUH DVVRFLpV j GH
GH &RXORPE > @ RX &RXORPE UpJXDOURVp' FRY PRHH PFOQYW R
GpFULW XQH SKDVH GIpYROXWLRQ OLQpDEMMNVIK ) PHIIRUW
GH JOLV(HPHQW&HWWH UHSUpVHQWDWLRQ VXSSRVH OfH[L
QRQHSUpPpVHQWpPH SDU OHV PRGgOHV HQ FRQWDFW J/H PRGc
XQ FRPSRUWHPHQW GH -HQNLQV > @ FR®NW LOVDXQ& H ROMW E
PLV HQ L@ UHE

D E
JLIXUH D &RXORPE UpJXODULVp B OPRGQWHGHK pRQRIDV

'H QRPEUHX[ WUDYDX[ GH OD OLWWpUDWXUH FRQVLGqU
'‘DKO > @ /XJUH > @ ,ZDQ > @ %OLPDQ > @« SRXU
JOREDX[ GH OLDLVRQV IURWWDQWHY ,0 HVW FHSHQGDQW
GH UDIILQHPHQW HVW OLp DX SDVVDJH GYXQ PRGgOH ORFD
ORFDOHV UDIILQpHV VKOWLWIMMYRODXUHD XBH UplOH[LRQ °
PRGgOHVY ORFDX[ HW PpWD PRGqOHV GH OLDLVRQ

,PSOpPHQWDW L RXQRPRQ WIDRXMN-HWP HQW

&HWWH VHFWLRQ GpWDLOOH OfYLPSOpPHQWDWLRQ Q>
IURWWHPHQW ORFDX[ GpFULWYVY GDQV OD VHFWLRQ SUpFpGF

/H FRQWDFW j OTLQWHUIDFH GH OLDLVRQ GH GHX[ FRU
HVW GpILQL DX[ SRLQWV GH *DXVV GH FKDTX¥$=H9WP@& QWQG&H
DILQ GH GpFULUH OD GLVWDQFH HQWUH GHX[ SRLQWV GH
FRPPH pWDQW OD GLIIpUHQFH HQWUH OHV GpSODFHPHQW)
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QRUBDWMX[ VXUIDFHVY PDLWUHV HW HVFODYHV HQ) LRIKX¥HHPHQ

maitre

esclave

J)LIJIXUH ORGgOH GH FDOFXO GH JDS HQ pOpPHQ

/IHJDS V{pFULW DORUYV

<=L MQOBEé@OUgé_'E G =
DYHFOH YHFWHXU GHV OBSWHEQW/IHXIUDEHWWEBSODFHPHQWY GF

/IH PRGQOHSHXW V{pFULUH VRXV IRUPH PDWULFLHOOH
C-DXQpSRLQWV GH *DXVV HW CGHK\VHRWBEXUGHGY FRUUHVSRC
SDU OfH[SUHVVLRQ VXLYDQWH

Caims L 2o eetine Mons F Gins
R9%eeHVW DSSHOpPH XQH P DW UQsRIHH GIIRE/DHFHYAHIVR GHERRBG W

GHV GpSODFHPHQWY QRGDX[ SDU OD UHODWLRQ

QoL I a:#au
2
Rexg:#; HVW OD IRQFWLRQ GH IRUPH GDIQ Y LV JADSHPW HIDDASSSFRRVU WA
DX[ Q°XGV (QQsRYHQWRQ UHWURXYH XQH GHV FRPSRVDQ
GTREVHUYDWLRQ

/HV IRUFHV JpQpUpHV SDU XQH ORL JDS SUHVVLRQ QRX
OD VXUIDFH VRXV IRUPH LQWpJUDOH
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DYHEDH YHFWHXU GHy O'H WIHFPMMXHK@VGHV | RURHYDGSU AR ¥ WD
GH FRQWDPW SRLGV SRQGpUp DVVRFL?|jOHD MUpPREL B QL QW
OD WUDQVIRUPDWIERIHE s ®IDQ VRW BH QW pJUDWLRA /HHVSHF
PRGQOHSHXW DORUV V{pFULUH VRXV IRUPH PDWULFLHOOH

BTm L Yed o (577 PKROLTAM g
/ITHITRUW WDQJHQWLHO HVW OXL GpSHQGDQW GH OD YLWH\
YLWHVVH HVW GpILQLH HQ IRQFWLRQ GHV YLWHVVHV GH JO
R=L @Q@wéﬁgé@él]gé_@

R, UHSWHW KAV GLUHFWLRQV GX JOLVVHPHQW RUWKRJRQD¢
VH EDVDQW VXU OHAWMWp T XOWLYR®WHVVH GH JOLVVHPHQW DX]|
rWUH pFULWH HQ IRQFWLRQ GHV YLWHVVHV DX[ Q°XGV VRX\

Regs L oc g ic Meis

R*%c UHSUpVHQWH OD PDWULFH GYREVHUYDWLRQ GHV GpS
D[HV GX SODQ $LQVL OD IRUFH WDQJHQWLHOOH GH IURWW
IURWWBHPRRWOD IRUPH

Bom L Moo ? g [S77 KRB LT

SUHPLHU H[HPSOH OLDLVRQ DPRUWLH SRQFWX

2EMHFWLIV HW SUpVHQWDWLRQ GX SUREOQqPH

2Q SUPVHR®/ HH[HPLSOH VLPSOH GH VWUXFWXUH PpFDQL
FDSDFLWp GHV OLDLVRQV j GLYNLSHH HWW YWWHPNHPEQW WG
SRXWUHV DUWLFXOpHV SDU XQH OLDLVRQ SLYRW DYHF XQ
PWXGH RQ DERUGH OHV FRPSRUWHPHQWY YLVFRpODVWLTX
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GH IURWWHPHQW 2Q LOOXVWUH OTH[LVWHQFH GH FRQIL.
SUREOQPHYV

J)LIXUH 6WUXFWXUH GH SRXWUHV DUWLFXO

/ID VWUXFWXUH HQFDVWUpH OLEUH HVW FRPSBMpH GH
ORQJXHXU HW GH VHFWLR®@FLURXDIXHH SRXK VEU ID PHWW HG LY
POPPHQWY j GHX[ QRHXGV /H PRXYHPHQW HWWSNVXBWRN YW
UHSUpVHQAMRR WD BXYa®WHIGpY GH OLEHUW@ WHU WFBQNWQ\W WH RG
SRXWUHV /HV GHJUpV GH OLEHUWRRGH QIRWMWNWIR Q NVRORW B |

/H PRGQOH GIpWDW GH FH V\VWgPH V{pFULW VRXV OD |
><:QXMQ=L >2QQ=
U Q=L 22MQ=
R<>?@Q=HVW OH FKDUJHPHQW DSSCTP0pU IR W gD WBNQUX FONDX O
VSDWLRQQE FDWDFWpULVDQW OHV UpSRQVHY=WH P S RUBHOWD H V
VRUWLH GXMVBHWIPHOH YHFWHXU GRM?L//GHE B\ WHRMW OD

ULJLGLWp G\QDPLTXH GHWWIBWIPY HDYWHQW OD PDWULFH PCLC
HW ULJLGLWp UHVSHFWLYHPHQW

/H UHVVRUW DYHF DPRUWLVVHPHQW YLVTXHX[ FRUUHYV
9RLJW FDUDFWpPULVp SOU HXWQ KK QU MPGRHMNIL 2.V HHOU UYL TSR
G\QDPLTXH HVW GRQQpH SDU

GQL GE?20

2Q SHXW FKHUFKHU XQ DPRUWLVVHPHQWS RWIUXW WXQH QU Ly
G\QDPLTXH GH OD IRUPH
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GL G:sEEfR

3RXU UHSURGXLUH XQ PrPH QLYHDX GH OQLSROQRG SYHEWDW
VXSSRVHU OfpJDOLWpPp GHV GHX[ ULJLGLWpV G\QDPLTXHV j F

GOL GE?20L G:SEER
QRXQH UHODWLRQ HQWUH OH WDX[ GH SHUWH HW OfDPRUW

%fiv L GR

&DSDFLWp GH GLVVLSDWIVER SODVVQAH XOHLDLVRQ

$ILQ GIpWXGLHU OD FDSDFLVH W BGYVESDWRRQUE T X
GHV SURSULpWpV GH OLDLVRQ HVW PHQpH LFL

'H PDQLQUH JpQpUDOH XQH pWXGH SDUDPpWULTXH IDL
SRXU FDOFXOHU OfpYROKWLRQHGIKIQHWPXY DWW WEMMWWH pW X G
WHPSV j PHWWUH HQ pYLGHQFH OHV SDUDPQWUHV LQIOXF
GHX[LqPHjWBWSWPLVHU OH FRPSRUWHPHQW 'DQV QRWUH FI
YDULHU OD YDOHXUHWOH ODF WBHIX®HEH FOROPAXBDQW OfDPRL
YLVTXRHYPHOOHPHQW XWLOLVp GDQV OH PRGHE®® SBUWODGUW
PWDQW OfREMHFWLI SULQFLSDO RQ BFO®KNO B HXH Y\DDOH X®&!
IDFWH X U RGIHSISB USWHUHSUpPVHQWDWLIV GH SRO\PqQUHV HW GH

3RXU XQ IDFWRXU R@® BBHUMKOH OHV PRGHV FRPSOH[HV
HQ YDULDQVGE GD QM IOTHRWVESIU?0 D0 @) WUDFH OH OLHX GHV
GIpYDOXHU OfpYROXWLRQ GH OfDPRUWLVVHPHQW /D WHF
GT(YDQWKRZHV UDFLQHY HQURRWOOR¥XWVW XWLOLVpH TXDQ
VIVWgPH GpSHQG GIXQ SDUDPgWUH /HV S{OHV DVVRFLpV [
XQ SODQ FRPSOH[H GRQW OfD[H GHV DEVFLVVHV HVW OfD]
HW OYD[H GHV SDUWLHV LPDJLQDHXH®H \3 RSX 0 HA\Q B XML 8 WX
DPRUWL DYHF XQ VHXO GHJUp GH OLEHUWpP HVW XQ GHPL F
QRPEUHV FRPSOH[HV FRQMXJXpV 'DQV OH FDW B OX\Q UP\N @A |
/JTXQ WHQG YHUV ]JpUR HW OYDXWUH YHUV GILQ|DBIV GHXY O
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solutions sont confonduesDQV OH FBéme § Kigsieur s HJUpV GH OLEHUWpP O

des modes est plus complexe, car il peut y awwéinteraction entre différents modes réels.

La Figure 2.11 PRQWUH OH OLHX GHV S{OHV GH QRWUH V\
augmentant la valeur d€g un seul modelevientsuramorti. Ce mode est caractérisé par la
phase de vibration (so@snorti), puis la phasde relaxation (comportement s@morti). Tous

les autres modes restent sous-amortis dans la gamnietiediée.
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Figure 2.11 : (a) Poles des dix premiers modes, (b) Zoom sur les pdles des deux premiers
modes

La Figure 2.12présente une vue plus classique pour les vibragonsUp TXHQFHaux =~ HW

GTDPRUW LV \EHR Haay | le pdle On peut y lireles taux GTDPRUWLVVHPH

maximaux, soitl8% pour le premier mode et 50% pour le deuxieme mOderemarque
DXVVL TXH SRXU XQH UDLGHXU W Utgnd \dPd ZE10.H paSsd ewsmtX [ G § D

par un optimum avant de régresser pour des raideurs importantes.

C[%]
8

f [hz]

Figure 2.12 : Evolutiodes fréquences éV D X[ G { D P RdéS\edk\piemiet Qivddes
propres pour une raideur de liaison variable dass’ ‘&1’ ? 0 |

La Figure2.13permet de miewx® QDO\VHU OfpYROXWLRQ SRXU OHV J
gamme GO >Sr& r°? La figure confirme queOH WDX[ GIDPRUWLVVHPHQW UL
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SRXU OH SUHPLHU PRGH HW VXELW XQH ELIXUFDWLRQ ¢
GIpYROXWLRQ PRQWUH TXfLO H[LVWH XQH LQWHUDFWLRQ [
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J)LIXUH D eYROXWLRQ GMIMXIUBTRARBWV\RMHPHRRGENYV GH X
SURSUHV SRXU XQH UDLGBERW GH°WLDLERQ O BUHDESHOHV G
SUHPLHUV PRGHYV

8Q WDX[ GIDPRUWLVVHPHQW TXL WHQG YHUV ]pUR QF
OLDLVRQ SDUIDLWH VDQV WUDYDLO GH OJDUWLFXODWLRGC
PYLGHQFH FH IDLW RQ JXWV HWWH CRIRBR®DOHY SRXU OH
SUHPLHUV PRGHV SURS U HY SIRXWH QWERQW YOOH/HXD O HXH V P L Q
PD[LPDOH GH OfLQWR WD Qi H HRWY GA.i# GD P HIFDLISBIXW G pSHQ C
REMHFWLIV j DWWHLQGUH 1RWUH REMHFWLI LFL HVW GTY
DVVHPEOpPHV 3RXG XQHM @D NRUWDEK|[ G 7D BUEWSRYHPHDW C
SUHPLQUH SXOVDWLRQ SIURSUHVDXSRRQWNVNQBQRHIHFOp HQ UF
JLIXUH

JLIXUH 'pIRUPpHV PRGDOHVHXY \SRIHPIHWVUDXFRGHYV SUF
KDXGL srrY FHQWUSI® EDVGL sr°
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8Q WDX[ GHRIHIQNHVEOH REWHQX TXH SRXU GHV PDWpUL
XQH OLDLVRQ PpWDOOLTXHSsXQVHILANMX S OGH IIHDODWHVWH /
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3RXU PLHX[ DQDO\WWHU OHV pYROXWLRQV GX WDX[ G
IRQFWIGRRWBBRIQ SHXW WUDFHU OD FDUWH QHXUWRRDOHXU\
SUpVHQWH SDU H[HPSOH OHV LVRYDOHXUV GYDPRUWLVVH
HVSDFH GBLGUIHHAHAWYWRQ IDFWHXU GH SHUWH

/ 50
ik
N e

/

JLIXUH ,VRYDOHXUV GX WDGK GIHHRYMH PRISHHWR S U H
HVSDFH GH UDLGHXU GH OLDLVRQ IDFWHXU GH S

'DQV XQH FRQFHSWLRQ FODVVLTXH RX OH WDX[ GH SHL
SHUWH pOHYp HVW QpFHVVDLUH SRXU REWHQLODGWMVOBVWRU
SRO\PqQUHV GLVVLSDWLIV VRQW JpQpUDOHPHQW SHX UDLGI
REWHQXV HQ FRPELQDQW PpWDX[ HW SRO\PqUHV GLVVLSDW
OLDLVRQV VSpFLILTXHYV

(IHIHWV GH QRQ OLQpDULWp

/D VHFWLRQ SUpFpGHQWH D\DQW WUDLWpP XQ FDV OLC
OLQpDULWpP 2Q SUHQ®SERXWUEWBLGHQHIRWQYHPHQW GH W\
JLIXUB FIHVW @G DPRUWLVVHXU YLVTXHX[ TXL VDWXUH DX
JTpTXDWIPRXYGHXPHQW GH FH V\VWgPH HVW X8HRROIXRW GRIG!I G
VIpFULW

| NTP, E 9%\6P, E - M P, E (4 kMPoOL r

ITLQWpPpIJUDWLRQ WHPSRUHOOH HVW UpDOLVpH DYHF X
PRGgQOH HVW SULV GDQV OHV FRQGLWLRQYWDG@HXIMWHY GDC
IDFWHXUGIHssHA@WHr *>VZFRUUHVSRQGDQW j] XQ DPRYWLVVHPF
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REWHQX SDU OD QBRBODMAX®RIH OHV YLEUDWLRQV OLEUHV j ¢
FRUUHVSRQGDQW | OD GplRUPpH GX GHX[LgPH PRGH SUF
GIDSSURSULDWLRQ LQWHUURPSXH

/ID)LIXUH PRQWUH OH GpSODFHPHQW GH OfH[WUpPLWpP
GRPDLQHV WHPSRUHO HW IUpTXHQWLHO /D QRQ OLQpDULYV
GHV KDUPRQLTXHV PXOWLSOHV HQWLHUV GH OD GHX[LgPH
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'‘DQV OD EDVH PRGDOH RQ SHXW pFULUH
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Figure 2.21: EF ROXW LR Q W HRBIR tdddadique taate dd $ystempen échelle
logarithmique, b) en échelle linéaire

La Figure 2.21 montre IfpYROXWLRQ WHPSRUHOOH, @#atinpQHUJL
(244)HW GH OYpQHUJLH PpFDQLTXH GRQQpHASRWeOdBUY RPPH G

courbes sont presque confondues a chaque instaetghs. On remarque aussi, daeourbe
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GH OTpQHUJLH PpFDQLTXH HQIXEKBDI SEMW BB RPWRKWPHUXHQ T
]JRQHV /D SUHPLQUH JRQH GpFULW OD QRQ OLQpDULWp GH
IDLEOH /D GHX[LgPH ]JRQH HVW OH FRPSRUWHPHQW OLQpD
WURLVLgPH JRQH FRUUHVSRQG j GHV QLYHDX[ pTXLYDOHQ\
TXDWULQPH JRQH GpFULW OD UpSRQVH GX V\VWQ@PH j OD IU
H[LVWH XQH FRH[LVWHQFH GHV GHX[ SUHPLHUV PRGHV TXL

$ILQ GH PHWWUH HQ pYLGHQFH OH FRPSRUWHPHQW QF
YDOHXU GH OD YLWH}Y VHIGDORMR® OHH SR FBOBGKOGH OD VR
PRGDIOKY 2Q UHPDUYTXHUHQXH SOXV OD YLWHVVH DXJPHQW

QRQLQpDULWP VIpODUIJLW DYDQW GIDWWHLQGUH OH UpJLP
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&HW H[HPSOH GH QRQ OLQpDULWpP LOOXVWUH OH IDLW TXI
OLQpDLUHV XQ U{OH VLPLODLUH DX[ YDULDWLRQV SDUD
YLVFRpODVWLTXHV

/ILDLVRQV GLVWULEXpHYV

/IHV PpFDQLVPHV GLVVLSDWLIV YLVFRpODVWLFLWp RX
VXU GHV VXUIDFHVY RX GHV YROXPHV 2Q DERUGH GRQF LFL
GH OLDLVRQ GLVWULEXpHV

'‘DQV OD VHFWIQRQ@GUpVHQWH OD PRGpOLVDWLRQ GHV V’
pWXGHY SDUDPpWULTXHYV HQ IRQFWLRQ GHV SURSULpWpV
SHUPHW GH IDFLOLWHU OHV FDOFXOV GH PRGqOHV SDUD
PPWKRGHYV GH UpGXFWLRQ HPSOR\pHVY GDQV FH FDGUH DL
OLWWpUDWXUH HW FRXUDPPHQW XWLOLVfiVQWVWYWRGSIXB PMHRQV
LQGLFDWHXU GH FDSDFLWp GH FHV OLDLVRQV j GLVVLSHU F

ORGqOHV SDUDPpWULTXHYVY GTLQWHUIDFH

&RPPH PRQWUp HQODHFRQQARHBEWLRQ GH OD GLVVLSDWLR(
IDPLOOHY SDUDPpWULTXHVY GH PRGgOHV 3RXU OH FDV G
G\QDPLTXH VRXV OD IRUPH

><:L&?L X3/ E-zE-4L;?

DYHEOD PDWULFHGEBH/ ¥UIDBEHWRHWWH UDLGHXU SHXW UHSU
FLVDLOOHPHQW GTXQ PDWpULDX YLVEFRpPODVWLTXH RX OD C
HQ QRQ OLQpDLUH &HWWH UDLTGHX W HPSHH®R WEHHQ \SD OB F
SRVMNHRQH GH FRQWDFW FKRL[ GH PDWpULDX HW GfpSDLV

(Q VXSSRVDQW OYH[LVWHQFH GY{XQH UHODWLRQ SUHVV
*DX¥NVW GRQQp SDU OD GpULYDWLRQ GH OD SUHVVLRQ GH
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(Q VH EDVDQW GRQF VXU OHW UHOXDW prRQWUH OD PDWU]I
QRUPDGRPPH VXLW > @

>I2e L Med coo” BV “Tacd%elac

S3RXU GplLQLU XQ pWDW WDQJHQW GH IURWWHPHQW RC
3RXU XQ UpJLPH JOLVVDRWaE D QEAHLWHXQRKXFROKIFEDIH HQWU
QRUPDX[ HW HIIRUWY WDQJHQWLHOV DVVRFLpH j XQH PDWU
GDQV OHV pWXGHVY GH FULVVHPHQW > @

3RXU XQ UpJLPH DGKpPUHQW RQ SHXW GplILQLU XQH GHQV
UDLGHXU WDQJHQWLHOOH SDU

>PTic L Mg ? cico™ @Y 7 Bease %ec Bcac

DYHEOD GHQVLWp VXUIDFLTXH GH UDLGHXU GTDGKpVLRQ

OpWKRGHYV GH UpGXFWLRQ SRXU OHV pWXGHYV GH VHQVL

I TREMHFWLI GH OYfpWXGH pWDQW GH FRQVLGpUHU GH
XWLOLVHU GHV PRGQgOHV j JUDQG QRPEUH GH "'/ /HV pWXC
FRQFHSWLRQ VRQW GRQF FREWHXVHV GIXQ SRLQW GH YXH
QpFHVVDLUH DILQ GH UpGXLUH OHV FREWY GH FDOFXO WRX
VWUXFWXUH DYHF XQH SUpFLVLRQ VDWLVIDLVDQWH

/H SULQFLSH WUQV JpQpUDO GHV PpWKRGHV GH 5D\OHL
PRXYHPHQWY SULQFLSDX[ (Q GIDXWUHV WHUPHV LO GplLC
6: SHUPHWWDQW GH ®pSDUUKQH FRPELQDLVRQJOLQpDLUH

JpQpUB®+VpV
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/IHV "'/ UpGXLWV QH UHSUpVHQWHQW SOXV OHV "'/ SK\VLT?
OIDPSOLWXGH GTXQH GplIRUPpH SULQFLSDOH VXU OD UpSF
DSSOIDIXPRGqOWUIpFULW VRXV OD IRUPH

> QL ?L >06:6/ 6: E6:6-46: E6: - L;6:?

/D UpGXFWLRQ OD SOXV Up SDRRPSHR ¥R \GLH/ G | R Q P pEV\
GH OD VWUXFWXUH WURQTXpHV j XQ QRPEUH UHVWUHLQW ¢
DX EHVRLQ GH FDOFXO GH FHV PRGHYV SRXU XQ HQVHPEOH (¢

'DQV OD SKDVH GH FRQFHSWLRQ SOXVLHXUV pWXGH
HITHFWXpHYVY 8Q QRPEUH QRQ QpJOLJHDEOH GH FDOFXOV D\
DX[ PPWKRGHY GH UpGXFWLRQ FODVVLTXHV EDVpHV VXU OH
WHQLU FRPSWH GHV SDUDPqQWUHV GH FRQFHSWLRQ OD |
SDUDPpWULTXHV HVW FRQVLGpUpH LFL 'DQV OH FDV GH
UpGXFWLRQ GLWH PXOWL PRGgqOH GpYHORSSp GDQV > @

/H SULQFLSH GH OTDSSURFKH PXOWL PRGQGOH HVW
WUDGLWLRQQHOOH FRQVWUXLWH SDU GHV YHFWHXUV Q)
FODVVLTXH SUpFLVH SDU OD FRQVHUYDWLRQ GHV EDV
FRQFHEWIRRQ FKHUFKH GBQFEXXQORXEDAIMHSDFH HQJHQGUpPH S
UpGXFWLRQ GH FKDTXH SRLQW GH FRQFHSWLRQ

%6:7L 6:U; & 6:U ;?

/IHV SRLQWYV GH FRQFHSWLRQV UHWHQXV GDQV FHWWH EDV
OD SUpGLFWLRQ GH UpSRQVH SRXU GHV SDUDPgQWUHV GH FI
UplpUHQFH 3RXU XQ EDOD\DJH GH SDUDPgWUH OYDSSURFK
HIWUpPXPV GTXQ LQWHUYDOOH

8QH GHX[LgPH GLIILFXOWp VHUD GYfLQVpUHU GHV PRC
JOREDOH GH JUDQGH WDLOOH &H EHVRLQ HVW DERUGpP GH
PPWKRGHVY GH VRXV VWUXFWXUDWLRQ > @ > @ DSSHC
&RPSRVDQWVYTY &RPSRQHQW ORGH 6\QWKHVLV &06 HQ DQJC



&KDSLWDIBDFLWpPp GHV OLDLVRQ®

&HV PpWKRGHV RQW pWp GpYHORSSpHV DILQ GH IDF
FRPSOH[HV HW FRQWRXUQHU OHV OLPLWDWLRQV GHV VR
VXEGLYLVHU OD VWUXFWXUH HQ SOXVLHXUV VRXV VWUXFW]
i QRXYHDX SDU GHV WHUPHV GH FRXSODJH SRXU OD UpVR«

/JHV PpWKRGHV GH &06 SHXYHQW VH FODVVLOHNUPKHQ KGRHX VS
LQWHUIDFHV IL[HV HW FHOOHV j LQWHUIDFHVY OLEUHV 30)
SRXU UpSRQGUH j FHUWDLQV FDV GYDQDO\VH G\QDPLTXH W

@ HW FHOOH j LQWHUIDEHV FKDUJpHV > @ &RQFHUQDOQ\
XWLOLVpH SDUWLFXOLqUHPHQW HQ LQGXVWULH DpURQDX\
&HWWH DSSURFKH SHUPHW GH GpFULUH OD G\QDPLTXH G
SURSUHV DVVRFLpV HQ FRPELQDQW OHV '/ GILQWHUIDFHV
FHWWH DSSURFKH V{DSHUORLW WUQV UDSLGHPHQW GDQV
LPSRUWDQW GH OLDLVRQV j FRQVLGpPUHU/RARPPHWRRBSRV |
LQWHUIDFHVY OLEUHV TXDQW j HOOHV VH GLIIpUHQFLHQW
QRUPDX[ GRQW OHV "'/ G NRQWH DI DEWNVD VN RBYpEpYHORSSHI
SDU ODF 1HDO > @

'‘DQY OH FDGUH GH FHWWH WKgVH OH FDOFXO GHV P
FRPPH SUREOpPDWLTXH 2Q FKHUFKH FHSHQGDQW j DQDO\V
PoPWKRGH &07 &RPSRQHQW ORGH 7XQLQJ Gp YHIOIRSSHYHHH Q

/IH SULQFLSH GH FHWWH PpWKRGH HVW GH VpOHBWLRQQ'
VRQW GLVMRLQWY HW GH FRQVWUXLUH XQH EDVH SDU FRP

B5? T Nk
Meps L B haMzsLer ° r iP-Q
ror &2 Na

HQ FRQVHUYDQW SRXU FKDTXH FRPRYGBW PRRBHW \GKV VNV R
JOREDO FDOFXOpV SRXU XQ pWDW Q&RB4&HPO G LW EFRPSRW P\D \

HodL D oPruodgsEL sa

3RXU QRWUH pWXGH RQ VXSSRVHUD TXH OD WUDFH G
GDQV OHV ]JRQHV GH OLDLVRQ FRUUHVSRQGDQW j XQH SH
SRVVLEOH GH UpDOLVHU GHV pWXGHV UDSLGHV GTpYROXW
FRPSOHW /IDMXVWHPHQW 37XQLQJ" SRUWH DLQVL VXU OH



&KDSLWDIBDFLWpPp GHV OLDLVRQ®

&RXSODIGIH PHVXUH GH OYLQIOXHQFH GH OD MRQFWLRQ

,QGpSHQGDPPHQW GX PpFDQLVPH PLV HQ MHX]| IURW
LOOXVWUp HODXHHEWOLARRUWLVVHPHQW QH SHXW H[LVWHU TXt
HVW FODLUHPHQW VRXV WHQGXH SDU OfDSSUR[LPDWLRAQ

TXL GLOHWOKWHXU GH RHKWDWN XQREBD®UXFWXUH SHXW rW
VRPPH SRQGpUpH GHV pQHUJLHY GH GpIRUFPRW\VL RO GRIVPGIL ||

DL Aoy,
(e}
DYHE OfpQHUJLH GH GplIRUPDWLR G H VD\DR ¥ WRHOBPAW DBLRW SIRW D@

SHUWH DVVRFLp j VRQ PDWpULDX /D IUDFWLRQ GYfpQHUJ
LQIRUPDWLRQ VXU OD FDSDFLWp GH GLVVLSDWLRQ

'‘DQV XQH SKDVH GH FRQFHSWLRQ GH OTDPRUWLVVHE
GIDVVXUHU TXIXQH TXDQWLWp GTpQHUJLH VXIILVDQWH HV
VLPLODLUH j OD QRWLRQ GH FRXSODJH GDQV OH GRPDLQH
V\VWgPHV DFWLIV 2Q LQWURGXLW GRQF GDQV FH WUDYDL
OfLQIOXHQFH GYXQH OLDLVRQ VXU OD G\QDPLTXH GYHQVHP

&RPPH SRXU OHV V\VWgPHV DFWLIV RQ SHXW OLHU OH
OLDLVRQ j OD VHQVLELOLWpP GHV IUpTXHQFHY SURSUHYV | C
YDULDWLRQ GH IUpTXHQFH LQGLTXH XQ WUDYDLO GH OD C
GRQF XQH SRVVLELOLWp GIDPRUWLVVHPHQW

$ILQ GH PHWWUH HQ pYLGHQFH OfYXWLOLWpP GH FULW:
SUHPLHU FDV HVW XQH VWUXFWXUH GH GHX[ SRXWUHV DV
PRQWUYpPIJMHQH &HWWH VWUXFWXUH RX GHV YDULDQWHV HV
OD OLWWpUDWXUH SRXU OYfpWXGH GH OYDPRUWLVVHPHQW
FRQVLGqUH SRXU FH PRGqOH OD YDUHMNNVWRQ BHMWWU B D@&HIX/U



&KDSLVEDISDFLWp GHV OLDLVRQ

Zone de liaison Zones de contact
étudiée

JLIXUH /DS MRLQW

/ID)LIXUH LOOXVWUH OHV pYROXWLRQV GH IUpTXHQFH
QRUPDOHV HRRWWD GEKDIWHWPRGH SURSUH OH PRXYHPHQW S
OD VHQVLELOLWpP GH OD IUpTXHQFH HVW SOXV RX PRLQV IR
FKDTXH PRGH HW OD OLDLVRQ SHXW rWUH GLVVLSDWLYH ¢
GIDXWUHV 'DQV OH FDV SUpPVHQW OHV GHX[ SUHPLHUV P
OfHVW EHDXFRXBHPXLGM FRXSODJH YDULDWLRQ GH IUpTXH
UpDOLVpV SDU 6830(&$ > @ FRQILUPHQW FODLUHPHQW FH
GIDPRUWLYVVHPHO W RWWHRP B QW

1 02 LapJoint_coupling-Mode 1
Mode 1 at 47.01 Hz
g
010 -
< Qf/f %]
10 :
-2 0 2
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Chapitre 2 : Capacité des liaisons a dissiper

2 LapJoint_coupling-Mode 3

~

0.5

Mode 3 at 250.4 Hz
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2
10 K;I1(-Jcoef 10

Figure 2.25 : Déformées modales et isovaleurs de la variation de la fréquence associée
dans un plan raideur normale/raideur tangentiel

/IH GHX[LgPH FDV GYTpWXGH DSSHOIp], kst &e RvttHedup W X G L
les liaisons, distribuées dans le plan, sont réparties sur un contour cylindrique. Cette structure
représente les jonctions dans les roulements [ pWXGH GX QLYHDX GH FRXSOL
variation de fréquence relative trop faibdéf=0.0026 pour le premier mode. Ce faible
couplage montrant que la structure doit étre faiblement dissipative a été vérifié par les essais.
Dans ces derniers, on a trouvé dans le cadre du projet MAIAS, que le montage hublot est

faiblement amorti (0.08%).

Figure 2.26 : Hublot

IMpWXGH GX FRXSODJH SUpVHQWH GRQF XQ RXWLO VLPSOH
OLQpDLUHYV pODVWLTXHV SRXU PHVXUHU OD FDSDFLWp GTC
suite, on reprendralamPH LGpH HQ pWXGLDQW OHV IUDFWLRQV Gfp
GTXQH OLDLVRQ
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&EKDSLWROYFHSWLRQ GTXQH OLDLVF

&KDSLWBRQFHSWLRQ GIXQF
GLVVLSDWLYH




&EKDSLWROYFHSWLRQ GTXQH OLDLVF

L LOQWURGXFWLRQ

/I TREMHEWLI JpQpUDO GH OD WKqVH HVW GH SURSRVH!
OLDLVRQV DPRUWLVVDQWHY TXDQG FHOOHV FL VRQW LQW
FDGUH GX SURMHW 0$,$6 RQ D GRQF GpYHORSSp XQH PDT
IXVHODJHV SRXU SHUPHWWUH GHV DQDO\WHVY GH OLDLVRQV
SUpVHQWH OD GHVFULSWLRQ GpWDLOOpH GH FHWWH PDTX*F
GH W\SH pTXHUUH ERXORQQpH HW VHV SURSULpWpPV PRGDO
GDQV OHV MRQFWLRQV pWDQW GLUHFWHPHQW OLpH DX QLY
HQILQ HQ pYLGHQFH TXH OD PDTXHWWH SUpVHQWH HIIHFWL

2Q VILQWPUHVVH HQVXLWH j OTLQWURGXFWLRQ GYDPR
PDWpULDX[ YLVFRpODVWLTXHV PDLV FKHUFKH j SUpVHUYF
GDQV OHTXHO OH ERXORQ VHUW j FUpBBRUBGH]GREFFRKYVR
GH OLDLVRQV ERXORQQpPHV GH OD OLWWpUDWXUH HW IDLW
OHV pYROXWLRQV VSDWLDOHV GH SUHVVLRQ GH FRQWDFW

/D VHFWISRKVHQWH HQILQ XQH VWUXFWXUDWLRQ GH OC
XQFRPSURPLVY HQWUH SUpVHUYDWLRQ GX FRQWDFW VWDW
QXPpULTXH GHV SURSULpWpV DVVRFLpHV DOODQW MXVT
YLVFRpODVWLTXH HVW HQVXLWH GpWDLOOpH

&RQFHSWLRQ GITXQH PDTXHWWH SRXU OfpWXGH
OLDLVRQV

'"HVFULSWLRQ GX PRGQgOH

2Q pWXGLH GDQV FH FKDSLWUH OD GLVVLSDWLRQ GDC
FRQVWUXFWLRQ GHV IXVHODJHV FKH] (XURFRSWHU > @ /D
DLQVL GH UHSURGXLUH OD SKLORVRSKLH GH FRQFHSWLRQ ¢

/D PDTXHWWH pWXGLpHO BIVM USHU p® €& B WHOMHN GIPRQQO XH | S
SOXVLHXUVDVWREKGWHWBBU GLYHUV W\SHV GH OLDLVRQV |
FROOHNV VWUXFWXUHY DpURQDXWLTXHVY VRQW JpQpUDOHP!
HX[ /H SULQFLSH HVW SUpVHUYp GDQV OD PDTXHWBVH FRPS



&EKDSLWROYFHSWLRQ GTXQH OLDLVF

GHX[ FDLVVRQV FRXUWV HW GH GHX[ OLDLVRQV GDQV
OIDPRUWLVVHPHQW

'"HX[ W\SHV GH MRQFWLRQV DpURQDXWLTXHV VRQW F
MRQFWLRQ j SODW DVVH] FRXUDQWH FKH] $SLUEXV HW MROQI
SRXU OH SURMHWHS9HDGIHOW GDQV FH PpPRLUH VHXOHV C
FRQVLGpPUpHV /HV MRQFWLRQV (& VRQW ERXORQQpPHV HW
I HQVHUUDQW XQ YRLOH VWUXFWXpSDGHUVSIADTXHVPEREW
FRPPH GHV VHJPHQWYV GH IXVHODJH W\SLTXH FRPSRVpV G
SDUDOOGOH HW DVVHPEOpPV | GHYXORQ3QMUROMDIEDBHVR XC
GIpSDLVVHXU HQYHORSSH OTJHQVHPEOH HW HVW VRXGpH V>

3RXU FHWWH PDTXHWWH OYREMHFWLI GH OD VRXGXUH
GDQV OHV FDLVVRQV SRXU TXH OD FDUDFWpULVDWLRQ GH
OLDLVRQ 7RXMRXUV GDQV OH FDGUH GH PLQLPLVDWLRQ Gt}
VRQW OLpHV DX[ MRQFWLRQV SDU ULYHWDJH HW FROODJH
&HWWH FROOH SUPpVHQWH GHV sWbHXVBYDPHRWWUWPHRHQ P RAC
SRXWUH

Caisson court Caisson long Caisson court

Coté Airbus Coté Eurocopter

Liaison Eurocopter

JLIXUH ORGqgOH GH PDTXHWWH FRPSOHW FRQFHSW

TRXWHVSIOHFHYVY GX PRGqOH VRQW HQ DOXPLQLXP Q
GI<RXQJ2=&H PDWpULDX QTHVW SDV OH PrPH PDWpULDX X\
FRUURGH VRXV FRQWUDLQWH 'L[ ERXORQV HQ DFLHU VRQ
YLV pFURX HVW FRPSRVpxQTRYPHFYKQ PHURXDPYWBHUHLQDQ\



&EKDSLWROYFHSWLRQ GTXQH OLDLVF

8QH URQGHOOH HVW LQVAHM HI EYWW VW Y\R B WG H Q' IDIOXPLQLXP
URGH

&HWWH PDTXHWWH D pWp IDEULTXpH HW OfpWXGH H[Sp
VXLYDQW /D UpDOLVDWLRQ GTXQH PDTXHWWH F\OLQGULTX
GDQV OD PDVVH FRPSOqWH HW UHQGX GLIILFLOH OYDVVHPE
D pWp GRQF SUplpUpH (Q SOXV OH GpVLU GIpWXGLHU SOX
FREW D GRQQp OTJLGpH GIXWLOLVHU OH PrPH FDLVVRQ ORC(
(XURFRSWHU 2Q D GRQF SRXU OD FRQILIJXUDWLRQ pWXGL
OD OLDLVRQ $LUEXV HW GX FDLVVRQ FRXUW DVVRFLp

Equerres

JLIXUH D&ERPSRVDQWYV GHV FDLVVRQV E YXH pFODWpH GX
YXH pFODWpH GH OD MRQFWLRQ (&

3RXU SHUPHWWUH OD FRQFHSWLRQ QXPpULTXH GHV V|
ILQL GH FHWWH PDTXHWWH D HQVXLWH pWp UpDOLVp HQ X!
0$7/$% > @ 'DQV FH PRGOHUHROWORWMHY HW OHV FDGUH
SDU GHV pOpPHQWY YROXPLTXHV 7DQGLV TXH OHV SHDX]|
pOpPHQWY GH SODTXHV GH .LUFKKRII /HVY FRTXHV HW OHYV



&EKDSLWROYFHSWLRQ GTXQH OLDLVF

GpILQLY HQWUH FKDTXH HQVHPEOH GH GHX[ Q°XGV HQ YLV
SRVLWLRQ UpHOOH GHV ILEUHV QHXWUHV /HV ERXORQV VF
GpWDLO GDQV OM \PHRRAMIORQHVW V\PpWULTXH SDU UDSSRUW
SHWLW F{Wp HW GHV RUGRQQpPHV < JUDQG F{Wp

EC Junction

3 3 '\\\

1 k Peau N .. .
Vb f ~Liens rigides
b o Equerre

S ¥
. /
2 e o Voile

J)LIXUH ORGgOH HQ pOpPHQWY ILQLV GH OD PDTX

3URSULpWpPV GHV PRGHV

$SUqV PRGpOLVDWLRQ GH OD PDTXHWWH XQH DQDO\
GpWHUPLQHU OH FRPSRUWHPHQW G\QDPLTXH GX PRGQgOH H
wWuDYDLOOHU OD MRQFWLRQ 'DQV FHWWH VHFWLRQ RQ G
TXHVWLRQ

/ID FRQFHSWLRQ LQLWLDOH GH OD PDTXHWWH FKHUFKDL
JOREDX[ DYDQW TXH GHV PRGHV ORFDX[ QH VH SURGXLVHI
VROOLFLWHU IRUWHPHQW OD MRQFWLRQ HQ FRQILIJXUDWLEF
FRXUW 4XDQW DX FDLVVRQ ORQJ VHV GLPHQVLRQV GHY
GplILQLHY GDQV XQH GPWVWIHRUSBBXESQEHGHHGWH SOXVLHXUV
DEVHQFH GH ORQJHURQV GDQV OD EDQGH GH IUpTXHQFH Gy
PLQLPXP GITHVSDFHPHQW HVW DORUV HIITHFWXp SRXU PLQLF
HQWUH OHV ORQJHURQV HW RSWLPLVHU OHXUV SRVLWLRQ
SULVH UHODWLYHPHQW IDLEOH DILQ GYDEDLVVHU HQ IUpTX
UDLGHXU FRPELQpH GH OD SHDX HW GHV ORQJHURQV /D PCLC
DXVVL j FRQWU{OHU OHV IUpTXHQFHVY GHV PRGHV JOREDX]



&EKDSLWROYFHSWLRQ GTXQH OLDLVF

HW GH IOH[LRQ 3RXU FHOD XQH RSWLPLVDWLRQ D pWp PH
OHXUV HPSODFHPHQWYV > @

&RPPH FRQGLWLRQV DX[ OLPLWHV OH PRGQOH HVW HC
IDYRULVDQW OfDSSXL VXU OHV SHWJLMWXUFHRMPND \B\R UQPW G D
PRGqQOH /D FRQFHSWLRQ LQLWLDOH VXSSRVDLW XQ FRQW
PDLV XQ WHO DSSXL QTpWDLW SDV UpDOLVp H[SPULPHQ
GLPHQVLRQV LQpJDOHV XQH pWXGH D PRQWUpP XQH pYROX
HQ FKDQJHDQW GH GLUHFWLRQ GY)DS$$XHDHMVO DFERIQVL BHX B
VPSDUHU OHV PRGHV &HWWH FRQILIJIXUDWLRQ HVW FRQVLC
XQH pWDSH VXLYDQWH GpFULWH GDQV OH FKDSLWUH VXLYD

JLIXUH /HV TXDWUH DSSXLV GDQV OD PDTXH\

/H PRGQOH SUPpVHQWH GHV PRGHV JOREDX[ GH H®WH[LRQ
GH WRUVLRQ /HV PRGHV GH IOH[LRQ VRQW FDUDFWpULVpV
TXL VHURQW GpFULWYV SOXV HQ GpWDLO GDQV OD VHFWLR
SDQQHDX[ VXSPULHXUV VRQW SUpVHQWYV j OTH[WUpPLWp OL



Chapitre 3: 8RQFHSWLRQ G{XQH OLDLYV

Mode 1 at 52.08 Hz Mode 2 at 133.2 Hz Mode 3 at 256.6 Hz Mode 10 at 396.3 Hz Mode 11 at 406.5 Hz
w L D A h \ ‘~
L
e
y4 Yy i
(a) (b) (©) (d) (e)
Figure 3.5 : Modes globaux et locaux du modele, a) Flexion X, b) Flexion Y, ¢) Mode de
panneaux supérieurs, d) Deuxieme flexion X, e) Torsion

La présence des modes locaux des panneaux supérieurs, a basses fréquences entre les
PRGHYV JOR Etas[cor@ifi@tiddd_|a conception initiale optimisée car ces panneaux
QTIpWDLHQW SDV GplLQLYVY /D IDEULFDWLRQ GYXQH PDTXHW)

et EurocopterKigurel.5) a commandé la présence de ces panneaux libres.

3.2.3 Couplage dans la jonction et capacité de dissipation

On présente a travers cette section la conception de la dissipation par ajout du matériau
YLVFRpODVWLTXH GDQV OD OL bnn&m@sénie® shReclRi. 1IGYneT XHUUH
GHV UDUHV pWXGHV VLPLODLUHV HVW OYLQFRUSRUDWLRQ
spatiales types satellites q IDLW O RE M8].MCo@riXe mMbtive 4 CHapitre 2, on

commence ici par détailler une étude du niveau de couplage.

3RXU OD FRQFHSWLRQ LQLWLDOH GfXQH MRQFWLRQ R
les calculs, car il est suffisant de cIOHU OHV IUDFWLRQV GYpQHUJLH DY
(Chapitre 2. Pour cela, on effectue une étude paramétrique du comportement dynamique de
la maquette en foRWLRQ GX PRGXOH GY<RXQJ GX PDWpULDX YLVF
donc des couches de matériau viscoélastiquslde GIfpSDLVVHXU GDQV OHV LQW
PTXHUUHV HW OH YRLOH 2Q IDLW YDULHYrVRE? /RR&EXOH G
RQ FDOFXOH OD |UDxutheRkdd ntaepa Mstddladtiqte Mes dix boulons et du
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&EKDSLWROYFHSWLRQ GTXQH OLDLVF

UHVWH GH OD VWUXFWXUH /D ULJLGLWp G\QDPLTXH IDLVE
VIpFULW
><:Uge; 2L 30/ E- 523 - 33C0E Uy o'y ?

Re-g2¢0aWE2RIHSUPVHQWHQW OH\p PDWALLTFXHY [B\HV RE 1 b6 VWX [
HW DX UHVWH GH OD VWUXFWXUH OD VWUXFWXUH VDQV

UHVSHFWLYHVOMDQWDWULFH GH ULJLGLWp G%L%ﬁwymmm YL

SDUDPGWUBITpWXGH G pBRIGGDHVE I@RXQJ GX PDWpULDX YL
,Lyt)2=

2Q UpVRXW OH SUREO(qP & DX gioD Q HiX U XBFROEFENOH O TpQHL
GH GpIRUPDWLRQ DVVRFLpH j FKDTXH YDOHXU GX PRGXOH C

&RPPH LO VIDJLW GITXQH pWXGH SDUDPpWULTXH XQt
HPSORBK®HYH UpGXLUH OD WDLOOH GX SUREOgPH 8QH EDVH R

6:?L 051 Osgils; OsgiUrd

R« OMRXV HVSDFH Y HREWRIHMH GG FIRRUPHWHY PRGDOHYV GIX PRG(q
SDUDPUsWY.H 2&r7°&r*8 =UHSUpORR@NHPEOH GG pFROLM\FDE YWQE
PRGYOGH Up FODHWQIFH GLWp G\QDPLTXH GX PRGQOH UpGXLW V

< Ugei 7L 506 °f G E 6 %ol E Upe o1 416 ?

/ID)LIXUHSUPpVHQWH OfpYROXWLRQ GH OD 'WG®BFYN.FOHG ||
GLIIpUHQWY FRPSRVDQWY HQ I'RGKWLIRQp G XK DR GLX\OR B B R W/



&EKDSLWROYFHSWLRQ GTXQH OLDLVF

J)LIXUH eQHUJLH GH GpIRUPDWLRQ GDQV OD PDTXHWWH HC
PDWpULDX YLVFRpODVWLTXH

/ID FRQILIXUDWLRQ OD SOXV FRXUDQWH GDQV GHV D\
FRQWDFW PRWPBOBM@=TXBRXU FHV YDOHXUV GX PRGXOH G <
YLVFRpODVWLTXH OD IUDFWLRQ GH O pQHUJLH GIFOGplIRUP
r&~ /HWEORQV QH VRQW SDV VROOLFLWpV HW OD GplRUPD
GRDWpULDX YLVFRpODVWLTXH

3RXU XQH YDOHXU GX P RIGXOHNME xR X@I HHQWUH XQH YDOHX
GX PRGXOHu&ifR2= SRXU OBMOXHOJDFWLRQ GH O pQHUJLH
YLVFRpODVWLTXH HVW G HQYLRAQ®r/2= 3R} GIHY Q¥ B MX BT X
OHV FRXFKHV YL\GERPODKWVOLPDHY HOOH HVW SOXV LPSRL
ERXORQV /HV ERXORQV VRQW GDQV OD VWUXFWXUH SRX
GLIIpUHQWHYV SLgFHV OH ORQJ G XQH ]JRQH GH FRQWDFW
QRWDEOHPHQW 3RXU XQ PDWpULDX UDLGH LOV VH GpIRUP
GpVLUp GH OD OLDLVRQ SDUIDLWH



&EKDSLWROYFHSWLRQ GTXQH OLDLVF
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JLIXUH'pIRUPpHY PRGDOHYV DVVRFLpHVY DX SUHPLHU PF
YDOHXUV GH PRGXOH Gf<RXQJ GRIPPIWRY IEIRA SITYFRpODVWL

ID)LIXUHSUpVHQWH OHV GplIRUPpHV GHV pTXHUUHV SR
SRXU GHX[ YDOHXUV GX PRGXOHYDOWPRPOFRYVLEHUpPpHYV V
QLYHDX GH FKDTXH H[WUpPLWp GH OD 'ROPRH2GHHWRY DOHXU p
srr)2= 2Q UHPDUTXH TXH OH PDWpULDX  WYXWHREBREXWWLTXH

yt-2= / LQWHUIDFH FRUUHVSRQGDQWH IRQFWLRQQH HQ IOH
QpJOLJHDEOH GDQV OHV ERXOR QVJXIREK UOXQFRRKGW D FM HP\OWY

ULJLGH

6WDWLTXH GHV OLDLVRQV ERXORQQpHV HW VXU

,QWURGXFWLRQ

JHWOLDLVRQV ERXORQQpPHV VH WURXYHQW GDQV OD SO
LQGXVWULHV DpURQDXWRARKELOWKDWLDIXLDLVRQ ERKORQQp
OfTHQVHPEOH ERXORQ pWUWR X XHFW K@H VGIQMBUH QOWDH WrWH HW
ERXORQXUH 'HV LQWHUIDFHVY GH FRQWDFW SUHQQHQW SO
'DQV OH FDV GH QRWUH pWXGH RQ VJLQWpPUHVVH DX FRQ\
GDQV)LORUH 2Q SUpVHQWH GDQV OMHVHFWLRRLSDOHV FDUL
IRQFWLRQQHOOHYV GJXQH OLDLVRQ ERXORQQpH OD SUpFI
PRGYOpOpPHQWYV ILQLV GH ERXORQ FRXUDPPHQW XWLOLVp

(QILQ GDQV OXFBMFWARWXGH HVW WUDLWp DILQ GTDQ]
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Téte

Contact S S
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™~ Composant1

menney || pusson

Ecrou

J)LIXUH ORGgqOH GH OLDLVRQ ERXORQQpH

3UpFKDUJH HW JRQH GH FRQWDFW

'DQV XQH OLDLVRQ ERXORQQPH XQH J]RQH GHV SLqgF
FRPSUHVVLRQ VRXVEGRORQVIS RXURPDIGCQWHQLU OD FRQQHJ[LE
SHUPHW GIDVVHPEOHU OHV GLIIpPUHQWY FRPSRVDQWYV HV
FRKpVLYH DSUQV VHUUDJH &BMWWHH BB 8U BWh Y WO WEHH G RQ WA
D SDV GH JOLVVHPHQW $LOOHXUV OH JOLVVHPHQW SHXW \

S — ) Section équivalente

Pas de glissement
@de glissement

J)LIXUH=RQH FRMH&6HBNVPPLqFHY DVVHPEOpPHYV HW VHFWL

l || Zone comprimeée
ety —

—

/IH ERXORQ QH GRIWWQWNVUWIFWLIRIOHARPIXMHVVLRQ@ GDQV
UpVLVWDQFH HQ FLVDLOOHPHQW HVW LQIpULHXUH GYHQY
FRPSULPpH VRXV GDEWRWXWRQ@FRMHRXPKW GffpYLWHU OH WUDY
FLVDLOOHPHQW GX ERXORQ 3O0OXVLHXUV WUDYDX[ RQW |
FRPSUHVVER® >3 @%VLHXUV pWXGHV H[SPpPULPHQWDOHYVY HW V
GpFRGHU OH SUREOgPH GH GLVWULEXWLRQ GHV FRQWUDLC
F{IQHV GH GpIRUPDWLRQV SURSRVpH SDU 5RWVFKHU > @
GpYHORSSHU FHWWH LGpH SRXU XQH WKpRULH SOXV UpDO
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]JRQH FRPSULPpH GDQV FKDTXH VWUXFWXUH | XQ F{QH GYC
FRQWUDLQWH HVW XQLIRUPH 'DQV GIDXWUHV WUDYDX[ > ¢
GIDYRLU GHV YDOHXUV SOXV SUXGHQWHY ODLV HQVXLWF
OYDQJOH GIDXWUHV WUDYDX[ > @+> @ RQW SHUPLV GH C
FDUDFWpPULVWLTXHV JpRPpWULTXHV GH OD MRQFWLRQ HW
FRQLTXH j XQ FIAOLQGUH GHIXHAWLRGHTRDYBREEAW ND UDLG

8QH OLDLVRQ ERXORQQpPH QTHVW IRQFWLRQQHOOH TXT
DX ERXORQ /H IDLW GH VHUUHU OH ERXORQ GRQQH QDI
SUPFRQWUDLQWH /fLQWHQVLWpP GH FHWWH JUDQGHXU LQI
DLQVL TXH OD GLVWULEXWLRQ GHVY FRQWUDLQWHY j OTLQW
FDUDFWpULVWLTXH /D SUpFKDUJH VH WUDGXLW SDU XQ HI
WRUVLRQ DSSHOp FRXSOH SDUDVLWH GDQV OfDUEUH GX
UpVLVWDQFH j OD IDWLJXH VXLWH j OD UpGXFWLRQ GH OD Y

J)LIXUH &RXSOH GH VHUUDJH HW SUpFKDUJH

/JH FRXSOH GH VHUUDJH DSSOLTXp VH GpRRPSRY HO B Q
IRQFWLRQ j pWHXEOLU FKDFXQ

%L % E % oE %

R%4a%H%W, UHSUPVHQWHQW UHVSHFWLYHPHQW OH FRXSOH X
ILOHWV HW OH FRXSOH GH IURWWHBHQW VRGM \B KMV N LpHF LOFDX
PLVH VRXV( @M @WIDRVEUH GX ERXORQ HW GRQF OH VHUUDJH
WUDGXLW SDU OfDOORQJHPHQW pOD%WWLTXH G3t OVIIDW\EUH G
YDLQFUH OH IURWWHPHQW GHV ILOHWV GH OfpFURX VXU C
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FDUDFWpULVpH SDU XQH FRQW@IDLQWH GH WHRWW LIRQD L/ FRR
IURWWHPHQW HQWUH OD VXUIDFH GYDSSXL GH OD SLqFH V
$LQVL ORUV GX VHUUDJH GX ERXORQ OYDUEUH GX ERXORC
XQ PRPHQW GH WRUVLRQ TXL SUPVHQWH HQYLURQ GX FR
PYLGHQFH VD WRUVLRQ &H FRXSOH GH WRUVLRQ HVW HVWI

L
%L (:t—éEr&vz@U;

ID SOXSDUW GHV FKHUFKHXUV HW GHV LQGXVWULHOV QpJ(
FRPPH SDUDVLWH GYfRe VRQ DSSHOODWLRQ $ILQ GH FRQIL
HQ pYLGHQFH OTLPSRUWDQFH GH FRQVLGpUHU RX QRQ FH F
GH WKgVH HW HVW SUpVHQWpPH HQ VHFWLRQ

&RQFHUQDQW OfHIIRUW GH WHQVLRQ ELHQ TXH VD YD
GH OTLQIOXHQFH GX IURWWHPHQW SOXVLHXUV IRUPXODW
SRXU OfHVWLPHU 8QH IRUPXOH FRXUDPPHQW X&/RQQWHH H\
SDU

L ) &
(L%:ﬁEravz@UE—taQ;

DYHPIfHIIRUW GH WHIQWDRIQFEBRQUHOG HY VHO HDSIHVDGES OILD M pV |
@OH GLDPgWUH j 108QH GRHIULOHWOIQMIMW GH IURWWBPRHQW C
GLDPgWUH PR\HKQOWRPRHWELWHHQW GH IURWWHPHQW VRXV Wr

/D SUPFKDUJH SHXW rWUH DSSOLTBPBOULRIXW SRRV IGRILA
ERXORDXUH VRLW HQ XWLOLVDQW XQH PpWKRGH GH PRGpC
WURLV PpWKRGHV GH PRGHRWLDWY RIQVGAR ODD S B pEXD G D QV
SHXW FLWHU O@ V>W@DYDX]

/ID PpWKRGH GH GpIRUPDWLRQ WKHUPLTXH DWWULEXH
DX ERXORQ HW DX[ VWUXFWXUHV DVVHPEOpHV SDU OH E
BWDOOLQJV > @ D SURSRVp HQ GH UHOLHU OD GLIIpl
SUpFKDSDH OD UHODWLRQ
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S
6L — — E—:
CEU® G
ReG H®& VRQW OHV UDLGHXUV D[LDOHV GHV VWUXFWXUHV D
UOH FRHIILFLHQW GH GLOODDVIDWIQREHWKHER LT XHQNWPE OH
DVVHPE@pHV .,0 > @ D SURSRVp XQH UHODWLR® jSOKNVQV MP
HW HQ QpJOLJHGIVOMO OMX KW DLGHXU

v

6 L—
< e@l

Re OH PRGXOH pODVWAROHK H IGIXP g RXIGIRFRHWQ GX ERXORQ

/D PPWKRGH GIpTXDWLRQ GH FRQWUDLQWH UHSUpPVHQV
PTXDWLRQ GH FRQWUDLQWH SHUPHW GJDVVRFLHU GHV GpS
SUpFKD Gpi HYGDEPVRIUG BI'W L R/GIV S URIEXE RKQ R/Q

/ID PPWKRGH GH GplIRUPDWLRQ LQLWLDOH TXL UHSUpV
UDSSRUW DX[ GHX[ DXWUHV &HWWH PpWKRGH FRRXLVWH
ERXGRQBRDWPOD UHODWLRQ

v

Yy L—r
4 é@l

ORGMPBPPHQWY ILQLV GH OLDLVRQV ERXORQQpHYV

/I fDSSURFKH OD SOXV JpQpULTXH SRXU pWXGLHU OH FF
HVvW OD UHSUpVHQWDWLRQ YROXPLTXH FRPSOqWH GH OfH
PRGgOH MRGHIIDH GROAGHGE HVW OH SOXV FRPSOHW HW GRQI
UHSUpVHQWDWLRQ GX FRPSRUWHPHQW /H FRQWDFW HQWU
XQ FRQWDFW GH W\SH VXUIDFH VXUIDFH /HV TXHVWLRQV |
VRQW OLpHVY DX FRQWDFW HW DX I URWWHPHQW GDQV OHV
IRUFpPHQW SDUIDLWHPHQW SODQHV HW DX QLYHDX GHV IL
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Précharge

D ORGqgO R XDRYY

Elémentvolumique

Elément poutre

F ORGQqOH K\EL G ORGQgOH VROI

J)LIXUH ORGQOHV pOpPHQWYV ILQLV GH ERXOR

/TIDYDQWDJH GH FH PRGqOH FRQVLVWH G HWO [H RQU D Q
GDQV OD VWUXFWXUH HW GDQV OD SRVVLELOLW PWS®HRD O F X
SDUWLHV GX ERXORQ (Q SOXV XQH PRGpPOLVDWLRQ GX FRC
HVW SRVVLEOH 'HV pWXGHV DVVH] FRPSOqQWHV > @ SHXYt
pPODVWR SCDQWLDXNVGLIIpUHQWY FRPSRVDQWY GH OD OL
YRVLQDJH GX ERXORQ HW OH FRQWDFW IURWWHPHQW HQWL

3RXU OHV VWUXFWXUHV FRPSOH[HV GH JUDQGH WDLOC
SOXVLHXUV ERXORQV GH OLDLVRQV XQ PRGgOH FRPSOHW
> @ 'LYHUV QLYHDX[ GH VLPSOLILFDWLRQ RQW GRQF pWp
JDUGD®OMWMWIOARYWUHY LQGLVSHQVDEOHY DX FDV GTpWXGH
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/IH PRGQOH OH SOXV VLP PRI q D @ DSRMOERIXKDR\EO/H
OHTXHO DXFXQ pOpPHQW QYHVW LQWURGXLW SRXU PRGpO
SUHVVLRQ DX QLYHDX GH OD VXUIDFH GH FRQWDFW HQW
FRUUHVSRQGDQWH DX FRXSOH GH VHUUDJH FRQVWDQW DSS
OH WHPSV GH FDOFXO &HSHQGDQW RQ QpJOLJH OHV YDUL
GH VD ULJLGLWp VXU OD VLPXODWLRQ YLVLEOH HQ SDUWL
I fMXWLOLVDWLRQ GH FH PRGqOH VH IDLWRSREKHIV GHYHWS/SQHF
SDV LPSRUWDQWYV

/JHPRGqOH PRXSOWE GX ERXORQ XWLOLVH OfpOpPHQW S
GH OfD[H GX ERXORQ j ULJLGLWp pTXLYDOHQWH SRXU PRG
HW OfpFURX VRQW PRGpPOLVpPV SDU GHV Q°XGV FRXSOpV
OTpFURX WrWH VRQW FRXSOpV DYHF FHX[ GH OD VWUXFWX!|
XWLOLVHU XQH FRXURQQH GH OLHQV ULJLGHV 5%( /HV C
PRXYHPHQW ULJLGH j OD VXUIDFH FRQQHFWpH GH OD VWU,
ULJLGLILHU OD VWUXFWXUH 8QH DOWHUQDWLYH FODVVLTX
SRXWUH HVW XQH IRQFWLRQ OLQpDLUH GHY GpSODFHPHQW
XQH SRQGPUDWLRQ DXWRPDWLTXH HVW REWHQXH VDQV FR
DIIHFWDQW GHV VHFWLRQV GH SRXWUH ILFWLYHV j EKDTXH
SUPFKDUJH SHXW rWUH SULV HQ FRPSWH HQ DSSOLTXDQW
WKHUPLTXH VXU OD SRXWUH

(QILQPRGIgOH KYEWUXGHF HVW OH PRGqOH OH SOXV UpDOL
6ROLGH /fpFURX MW \VPRGPOERXGRQ GHV pOpPHQWYVY YROXPL
WHQLU FRPSWH GHV FRQWDFWV UpHOV /YDUEUH GX ERX(
SHUPHWWDQW OH WUDQVIHUW GHV HIIRUWY GH WUDFWLRQ
Q°XGV FRXSOpV GDQV VD GLUHFWLRQ D[LDOH FRPPH GDQ\
PRGgOH WRXV OHV HH\®DWG/LVWQWEYWWDRY AN FRQWUDLQW
rWUH FDOFXOpH IDFLOHPHQW 6HXOH OD GLVWULEXWLRQ Gl

$SSOLFDWLRQ j XQ FDV GTpWXGH

(Q PHWWDQW HQ °XYUH OHV PRGQqOHV HQ pOpPHQWV IL
RQ FKHUFKH GDQV FHWWH VHFWLRQ j pWXGLHU HQ VWDWL
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GH FROQWWRWYHUV FHWWH pWXGH RQ FKHUFKH DXVVL j Y
ERXORQ 5%( XWLOLVp GDQV OH PRGgOH GH OD PDTXHWWFL
6ROLGH GHIKREIPWRqgqVH GH F{QH GH GpIRUPDWLRQV HVW H
SUqV OD GLVWULHGWDFQOG plSIBR § MEPBUWV@IW VHPEOpPHYV  /{pW X
VXU OD VWUXFWXUXUBX ODS MRLQW

8QH FRPSDUDLVRQ HQWUH OHV PRGgOHV GH ERXORQ 5
PHWWUH HQ pYLGHQFH OYLQIOXHQFH GX PRGgOH FKRLVL V:
3RXU FHOD XQH DSSOLFDW(LRQ{{EIX® GVIPRYWUEN HVE R VHRRXO
SUpFKDUJH HVW HIIHFWXpH &HW HIITRUWWLSFB & U XQSRRGS P M Q
ShDUDyIL VM a IHVW DORUV GpGXLW

3RXU SRXYRLU FRQWU{OHU OD SUpFKDUJH RQ FKRLVL
GDQV OYDUEUH GX ERXORQ &RQWUDLUHPHQW j OD GplIRU
GRQQH XQ HIIRUW LQGXLW TXYfRQ QH PDLWULVH SDV HQ
FKDXIIpH UHIURLGLH /YDSSOLFDWLRQ GHV HIIRUWV GH OTI
GpFULWV SUpFpGHPPHQW GLIIQUH GTXQ PRGgqOH XWLOLVDQ
POPPHQWY SRXWUHV 'DQV OH SUHPLHU FDV XQH FRXFKH
ERXORQ GRLW r)WUKUWRSSUWLPHIHWH GHX[ FRXURQQHV GH C
FUpPHU VXU OHV VXUIDFHVY GHYHQXHV OLEUHV /YHIIRUW GH
FHQWUDX[ PDVWUHV HQ YLV j YLV HQ VHQV RSSRVp &RQI
PPWKRGHV SRXU DSSOLTXHU OfHIIRUW GH WHQVLRQ GDQV
FRQILJ GIAWHED VH EDVH VXU OH PrPH SULQFLSH GpFUL\
TXTRQ QYD SDV EHVRLQ GIDMRXWHU GHV OLHQV ULJLGHV (
DSSOLTXH OfHIIRUW GDQV FKDTXH Q°XG GHV GHX[ FRWp\
POPWKRGH FRQ)LIXUFHBQWQDQH VXSSULPH DXFXQ pOpPHQW
HQ VHQV RSSRVp OfHIIRUW GH WHQVLRQ GDQV XQ Q°XG F
SDUW HW GIDXWUHV GH OD WrWH pFURX
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J)LIXUH ORGpPOLVDWLRQ GH OfHIIRUW GH WHQVLRQ GDQV O}
YROXPLTXHV DEHP ROPR M YWMNV

2Q SUpVHQWHXADHODDDpSDUWLWLRQ GH OD UpVXOWDAOQ\
VWDWLTXHYV DX[ SRLQWV GH *DXVV j OfLQWHUIDFH GH FRQYV
GX FRXSOH GH WRUVLRQ SDUDVLWH &} YWFGRHQXQp GGHDW FARD \A
?55 ?56 ?57 r ?57
&y L 2%8;=L e%5 6 S7i]ral |Sva
€5 €6 €7 s €77
Re8,=UHSUpVHQWH OD QRUPDOH j OD VXUIBFAH ;WH GI\QNXUWH C
FRQWUDLQWHYV

ScrewlLoad

Radwash10.5 mm
solid bolt
Lap-joint

ScrewlLoad

40

30

Lap-joint 20
bolt RBE3
Radwash10.5 mm 10

D E

JLIXUH 5pSDUWLWLRQ GHV FRQWUDLQWHY QRUPDOHV \
OD OLDLVRQ D DYHF OH PRGgOH 6ROLGH E DYHF
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/D SUHPLQUH UHPDUTXH FRQFHUQH OYH[LVWHQFH GH C
YDOHXUV LPSRUWDQWHY GH FRQWUDLQWHY QRUPDOHV DX
OHV GHX[ PRGQOHV 8QH GLPLQXWLRQ SURJUHVVLYH GHYV
REVHUYpH HQ VIpORLJQDQW GX WURX GH SDVVDJH PRQWUD
OH ODS MRLQW /D GHX[LgqPH UHPDUTXH FRQFHUQH OD IRL
FRQWUDLQWHY GDQV OHV GHX[ PRGOHV &HSHQGDQW ¢
QRUPDOHV VEBRW XBQIHXY /H PRGGOH 5%( SUpPVHQWH OHV
LPSRUWDQWHY &HFL SHXW rWUH H[SOLTXp SDU OH IDLW T
VWWXEH GJRs GHV FRQWUDLQWHYV SOXV LPSRUWDQWHYV

$ILQ GH PHWWUH HQ pYLGHQFH OD GLIIpUHQFH GYDP:
BROIRGHSUpPVHQWBHXGBQ@WpYROXWLRQ GH OD FRQWUDLQWH Q
GXDSMRLQWWURX GH SDVVBUHWIIXEWPYWHY QGLTXp SDU GH)
GLVFRQWLQNV QREWKAMHMAABXGLDPqgWUH GH OD WrWH pFURX
LQGLTPWHBGHX[ WUDLWYV GLVFRQWLQXV EOHXV

T CulX-RBE2 |
- 40 Lap-joint 7 E—— CutX-RBE3
CutX-3models | /i i | +CutX-SOLID,
@ 30
Q g i %!
= 0 { | \‘
_mz : |
i .'f
10 fi s
0 facrcan o o “‘“‘--o-o";';'. é \.”.04_,...-;-4. RIPREY
-20 -1065-35 0 3565 10 20

X [mm]

JLIXUH eYROXWLRQ GH OD FRQWUDLQWH (MSURDQW j Of
SROWY PRGgOHYY%(HSERMWREROLGH

2Q UHPDUTXH TXH OHV DPSOLW XROQWGGEIL FIR Q WQW HY WDHXV
GX ERUG GX WURX GH SDWAMPREH (@ HVHKERXVEGH FHRQW WL
ULJLGLILEDWLRQ GH OD VWUXEWXUH HVW SOXV LPSRUWDDQ
ULJLGHV SXLV DYHF OH PRGgOH BROLGH XWLOLVDQW GH
WrWH pFURX GX ERXORQ
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$ILQ GIpWXGLHU OfLQIOXHQFH GH OD SULVH HQ FRPSW
PRGpOLVDWLRQ GH OD SUpFKDUJH RQ D FDOFXOp OHV FF
FLVDLOOHPHQW GDQV OD FRXFKH GILQWHUIDFH% BQVHQDG
SOXV GH OD IRUFH GH WHQVLRQ 3RXU OHV FRQWUDLQWH"
YDOHXUV FDOFXOpHV VDQV OD FRQVLGPUDWLRQ GX FRXSOF}
TXH OHV FRQWUDLQWHY GH FLVDLOOHPHQW VRQW QpJOLJ
'DQV )ODXUH OHV FRQWUDLQWHY GH FLVDLOOHPHQW j OYLC
PD[LPDOH GH FHV FRPSRVDQWHV WREGJHRGWIWD & DD HIAW SGil
FRQVLGpUpH FRPPH QpJOLWHREGHpYBQ WDSWROW YDOHXU
FRQWUDLQWHY QRUPDOHV SRXU OH PRGgOH 5%( $LQVL O
VDQV LQIOXHQFH VLJQLILFDWLYH SRXU OH FDV GH OLDLVR
WLHORBR®WH TXH GH OTHIIRUW GH WHQVLRQ SRXU GpILQLU «

only torque

Radwash10.5 mm 0.6
bolt RBE2 E
Lap-joint 04f
02
0

JLIXUH 5pSDUWLWLRQ GHV FRQWUDLQWHY GHDRLVDLOO
MRLQW

/D JRQH VRXV FRPSUHVVHR® RBEQMRQDQW pWXGLpH
FRQW WL LGDMY OTpSDLVVHXU GH OD SRXWUH VXSpULHXUH |
GDQYLO®UH /HV D[HV VRQW QRUPpPV SDU UDSSRUW j OD KD
OYDOpPVDJIH HRANW WH HROMYPHG BERKBRGqOHY GH ERXORQ 5%( F
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JLIXUH 'LVWULEXWLR Q&GGINQRRQ NSDILYWHXU GH OD SRXWU
MRLQW D PRGQgOH GH ERXORQ 5%( E PRGQqOH GH

/D SUHPLQUH UHPDUTXH HVW TXYXQH JUDQGH FRQFHQW
OD WrWH GX ERXORQx@#H HR\BQWKHPOLHU SUgqV GHV OLPL
UBKROERXXRQ /RLQ GH FHWWH JRQH OD FRQWUDLQWH Gl
UpSDUWLWLRQ GH OD FRQWUDLQWH GLIIgUH XQ SHX GDQV
PRLQV FRQFHQWUpPH SUqV GX WURX&ES 8 QWMDHY\WD U UG \W RISG
FRQWUDXSEHOHVGHY OLPLWHV GH OD WrWH GX ERXORQ VHP
PSDLVVHXUV FRQVLGpUpHY RQ UHPDUTXH TXH OD UpSDUW
SUHQG SDV OD IRUPH GTXQ F{QH GYDQJOH f

/D WHQXH VWDWLTXH GIXQH OLDLVRQ ERXORQQpH HVW
FRPSULPpH DSUqV DSSOLFDWLRQ GH SUpFKDUJH SRXU IRUI
/TPWXGH GH OD UpSDUWLWLRQ GH FRQWUDLQWH D SHUPLV
PrPH VL OTJK\SRWKqVH GIXQ F{QH | [ GPHFUWWSDBWDQRUGP
DGDSWpH

SURSRVLWLRQ GH OLDLVRQ GLVVLSDWLYH HW R

I1RXYHOOH DSSURFKH GH FRQFHSWLRQ GH OLDLVRQ GL\

JTpPWXGH HITHFWXpH VXU OH QLY HIDX RRD WRYSXO®HH HQV
LPSRUWDQWH j OD UDLGHXU GIfLQWHUIDFH FRUUHVSRQGD
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GpIRUPDWLRQ GDQV OD OLDLVRQ 8Q VHFRQG UpVXOWDW p)
GDQV OHV ERXORQV DWWULEXp j OD QRWLRQ GH JRQH FRK
VXUIDFH GH FRQWDFW SRXU SHUPHWWUH XQ FRPSURPLV H
OTLQWURGXFWLRQ GTXQ PDWpULDX YLVFRpODVWLTXH

/H SULQFLSH SURSRVp HVW GH SODFHU XQH URQGHOOH
ERXORQ HW UHPSOLU OH UHVWH GH OJLQMWHKUKFH SDU O
URQGHOOH GH VXUIDFH SURFKH GH OD VXUIDFH GH OD ]RQ
OLDLVRQ j VHF SHUPHW GH PDLQWHQLU OH FRQWDFW PpW
SUPFKDUJH DSSOLTXpH /HV WKpRULHV GH FDOFXO GH ULJL
GH URQGHOOH j FRQVWUXLUH j SDUWLU GX FDOFXO GH
O DVVHPEODJHLERMBRQQPMLOLVDQW O H[SUHVRQRRE W HHEDV
XQ UDVRQYDQHIWs &K HD G

Washer
Viscoelastic
layer

JLIXUH 6WUXFWXUDWLRQ GHHOQR QP PDWFHO®H PROWWHWRQH Y

/IH PDWpULDX YLVFRpODVWLTXH WUDYDLOOH VXU OD S
DSSRUWHU GH OYDPRUWLVVHPHQW DGGLWLRQQHO j OD OL
FRQILIXUDWLRQ HVW HIIHFWXpH HQ SUHQDQW XQH FRXFKH
GH FRQWDFW HW DMXVWDQW OHV SURSULpWpV PpFDQLTXHYV

$I1LQ GH YpULILHU OD YDOLGLWp GH FHWWH DSSURFKH
GH FRQWUDLQWHY QRUPDOHV j OJLQWHUIDFH GH XR{WDF)
FRXFKH YLVFRpODVWLTXH DYHF URQGHOOH PpWDOOLTXH
J)LJKU SUpVHQWH OD GLVWULEXWLRQ GHV FRQWUDLQWHV
GHX[ FRQILIXUDWLRQV /HV WUDFpV PRQWUHQW TXH OD YD
LGHQWLTXH GDQV OHV GHX[ FRQILIXUDWLRQV &HFL SHXW |
SDU OH ERXORQ VYDSSOLTXH SULQFLSDOHPHQW VXU OD
FRUUHVSRQG j FHOXL GX F{QH GIDFWLRQ GX ERXORQ - C
FKDQJH (Q HIIHW SRXU XQ PRBXQH/B4<RX QD WDV DRWEG H
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GH FRQWUDLQWH OHV FRQWUDLQWHY GDQV OH PDWpULDX
IOgFKHV FRUHMRSWQGH @WRUGUH GH SRLQWYV VXU OH WUDF
GHV PRGXOHV Gf<RXQJ TXL HVW WUQV LPSRUWDQW GDQ\
YLVFRpODVWLTXH WUQV VRXSOH TXL QYRSSRVH SDV GH L
GpIRUPH XQLIRUPpPHQW VRXV OfDFWLRQ GH OD IRUFH GH
QRUPDOHV HVW GRQF pJDOHPHQW XQLIRUPH 3RXU XQH FR.
URQGHOOH OH PLOLHX HVW KRPRJQQH 3DU FRQWXI XHQW
FHQWUH YHUV OH ERUG HVW FRQWLQXH LO Qf\ D GRQF SO
GH OD URQGHOOH FRQVLGpUpH HVW SOXV IDLEOH TXH OD
&HFL HVW FRKpUHQW DYHF OD QRWLRQ GH VHFWLRQ pTXLYL

30. 30!
20 J 20, |
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)LIKU 'LVWULEXWLRQ GHVY FRQWUDLQWHY QRUPDOHYV j Of
SRXU XQ PRGXBHWYIZRXRURSWHKU XQ PRGXPHYGJEZRXQJ

eWXGH SDUDPpWULTXH GH OD GLVVLSDWLRQ PRGDOH

$SUqV OfpWXGH VWDWLTXH GH OD ]JRQH GH FRQWI
FDUDFWpPULVWLTXHV GH OD JRQH YLVEFRPODVWLTXH SRXU P
WHPSV SRXU pYDOXHU OH SRWHQWLHO GIDPRRWEVHWHPHQYV
IDLW YDULHU OH PRGXOH»Gif2RX0Q2CODYVODHEPMGWHH G TXQ
SDUDPpWULTXH GplLQLH SBV DPRBRGY®HPHQWYV PRGDX]

SUpV HEOWINJ X UH
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E

JLIXUH eYROXWLRQ GX WDX[ GIDPRUWLVVHPHQW GHV PRG
IRQFWLRQ GX PRGXOH GT<RXQJ GX PDWpULDY&a¥IUVARpPODVW
5D\RQ GH UR&GHOOH

$X YRLVL@DPYHOHWDX[ GIDPRUWLVVHPHQW GX SUHPLH
GpSDVVWU SRKW FHUWDLQHV YDOHXUV GX PRGXOH GY<RXQ
IOH[LRQ < DX ¥REFVLQBIMDXH GTDPRUWLX'V HRHWAYW GG DV V H
GLVWLQJXH XQH VpULH GH PRGHV SUHVTXH SDV DPRUWLYV
VXSpULHXWA*V(QHMMHY SOXVLHXUV PRGHV IRUWHPHQW DPRU
PRGHV GH YRLOH TXL IRQW EHDXFRXS WUDYDLOOHU OH F
DYDL@WY HW OD GHX[LgPH IOHVLRY ;S UDXWYW HOMD QDXVVL X
DPRUWLVVHPHQW PDLV PRLQV LPSRUWDQW

3DU DLOOHXUV XQH pWXGH VXU OH UD\RQ GH OD VXUI
SRXYDLW V{\ DWWHQGUH XQH DXJPHQWDWLRQ GH OfDPRU\
GH OD URQGHOXLH XMW IBMPADK p
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Maquette-Ev=70MPa-dimensions rondelle

Amortissement [%]

45 5 55 6' 65 7
Rayon [mm]

J)LIXUH (YROXWLRQ GH Of{DPRUWLVVHPHQW HQ IRQFVW
PpWDOOLRXIH IISRXU

&HV UpVXOWDWVY PRQWUHQW FODLUHPHQW XQ DPRUWL
PDWpULDX ILFWLI ,0 FRQYLHQW GRQF GH UDIILQHU OD FR
TXL VHUD IDLW GDQV OD VHFWLRQ VXLYDQWH HW GH YDOLCG
TXL BWPOHQWpPH DX FKDSLWUH VXLYDQW

&KRL[ PDWpULDX UpHO HW UREXVWHVVH GX FRPSRUWHF

/IHV UpVXOWDWY GH OD VHFWLRQ SUpFpGHQWH PRQWUF
PRGXOH GT<RXQJ GX PDWpULDX HW OTH[LVWHQFH GfXQ RSV
OLEUHPBIRW.HXUV IDFWHXUV DIIHFWBW W OB X[ F*OLWEP RW® D VW
OD SUDWLTXH RQ GRLW FKRLVLU XQ PDWpULDX GRQW OH
FRQGXLVDQW j GHV UpSRQVHV VRXV RSWLPDOH HW RQ PR«
SHUPHW GY{DMXVWHU OD UREXVWHVVH j OD WHPSpUDWXUH

/IH FRPSRUWHPHQW YLVFRpODVWLTXH GpSHQG GH OD
PRGXOH HW VRQ IDFWHXU GRHSHDWWRYUHFSKIRQ GX WDX[ G
IRQFWLRQ GH FHV FDUDFWpPULVWLTXHV SXLV XQH DQDO\VFE
UpHO SHXW DORUYV rWUH XWLOH SRXU FKRLVLU OH PDWpULL

/ID)LIXUH SUpVHQWH OD FDUWH GYDPRUWLVVHPHQW GX
OTHVSDFH PRGXOH GY<RXQJ IDFWHXU GH SHUWH 2Q VXSHLI
GH PRGXOH HW IDFWHXU GH SHUWH SRXU OHV PDWpULDX][ 6
WHPSpUDWXUH FRXUEHV HQ WUDLWV LQWHUURPSXV GRQQ
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WHPSpUDWXUH LQGLTXpH SDU GHV ODEHOV FRORUpV &l
SHUIRUPDQFH TXH OTRQ SRXUUDLW DWWHQGUH SRXU XQH p

J)LIXUH & DUWH GIDPRUWLVVHPHQW GX SUHPLHU PRGH GH

GI<RXQDX[ GH BHEWHROXWLRQ GH Y IFW NWDLEINKp 6 P B AW DXQHHY ¢

sll HWatl GYpSDLNWHXKW 6PDFWID @M pSBWYHRQFWLRQ GH O
WHPSpUDWXUH

,O HVW FODLUHPHQW YLVLEOH TXH OD UDLGHXU GX PD
obLvY LO HVW DXVVL FODLU TXH FTHVW OD UDLGHXU GH FR
WUDFWLRQ OD GHQVLWp VXUIDFLTXH GH UDLGHXU GH FRXF

GLIR
D

HQ FLVDLHO®MP MW GRQQpH SDU
)
GLY

DYHF * OH PRGXOH GH FLVDLOOHPHQW GX PDWpULDX
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'DQV OHV GHX[ FDV RQ YRLW TXH OD UDLGHXU HVW LQ
8Q PrPH PDWpULDX HQ pSDLVVHXU SOXV IDLEOH DSSDUDLYV
PRGXOH WD X RAHHYMU WHON MW UK H5D SV pYBIQWDQW OHV FDUL
6PDFWDQH SRXU XQH pSDLV¥HXU 2Q FIRQSWOWHDDPRWYV T)
GIDPRUWLVVHPHQW VRQW DWWHLQW SRXU XQH WHPSpUD
QRPLQDOH LO IDOODLW XQH WHPSpUDWXUH IURLGH GH
GIRSWLPLVDWLRQ HW OH EHVRLQ GIpWXGHV GH UREXVWHYV
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&SKDSLWUOUBOLGDWLRQ H[SpUI




Chapitre 4 : Validation expérimentale

4.1 Introduction

Afin de démontrerOD YDOLGLWp GH OD VWUDappachéeidecH PRG
conception de jonction boulonnée dissipative, considdees le chapitrgorécédent une
étude expérimentalet une corrélation calcul/essai est présentée dans ce chapitre. Le

déroulement géndrde cette étude est schématisé en Figure 4.1.

Maquettle fabriquée
A\

Applicationdes conditions aux

limites : encastrédibre

!

Définition des capteurs et
GIDFWLRQOHX

]

Excitation du systeme

]

Acquisition et échantillonnage de:

Dispositif expérimental

signaux

!l

Traitement numérique des donnée

]

Identification des parametres

modaux
Recalage du s .
9 Corrélation calcukssai
modéle
/]\ Modes non correélés l Modes corrélés

‘ Analyse des résultats ‘

Figure4.1 G6FKpPD IRQFWLRQQHO GH OYfpWXGH H[SpU

La section4.2 SUpVHQWH O 7D expéorenthleR &R GayeHe, la chaine
GIDFTXLVLWLRQ HW OH WUDLWHPHQW GHV VLJQDX[ VRQW
estimées, une identification dgzaramétres modaux est nécessaire pour permettre la

corrélation avec le calcul. Les méthodes associées sont décrites dans la section 4.3.

83



&KDSLWODH GDWLRQ H[SpULPE

/D IDEULFDWLRQ GH OD PDJXIXKWWB SXUP MWW pHH HED QWL C
SUREOgqPH RPQLSUpVHQW GDQVOJHYVLVWMWYPH G HP pGril Q XTI Y
RX PRLQV LPSRUWDQWYV /YLPSDFW GH FHV GpIDXWV VH PD
UpDOLVpV HW XQ UHFDODJH PDQXHO GHWHWVRHW KW ®R pFaRLG:
QRWDEOH GH OD FRUUpODWLRQ FDOFXO HVVDL /1DQDO\VH
FRQFHSW GH OLDLVRQ DPRUWLH LQWURGXLW DX FKDSLWUH
FRQWDFW SOXV IDLEOH REWHQXH HQ UpDOLWp HVW DVVRFL

Big box
smallkox bracket web .

JLIXUH &RPSRVDQWY SULQFLSDX[ GH OD PDTXH\

eWXGH H[SpULPHQWDOH
ODTXHWWH

/D PDTXHWWH GRQW OD FRQFHSWLRQ D pWp DQDO\VpH
WHVWpPH &HWIWK P AXMWRMRP SRVpH GTXQ FDLVVRQ FRXUW |
ORQUHOLpPY SDU XQH OLDLVRQ W\SH GH OD FRQVWUXFWLF
FKDSLWUH SUpPFpGHQW
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Marteau d’excitation

Carte d’acquisition

Accélérometre

(______________

Traitementnumérique des

Rondelle pour Cale d’appui données

chevillage

Vis+Ecrou

JLIXUHLVSRVLWLI H[BPUXKPAMWQWHD O

/D FRQILIXUDWLRQ GfHV YIDILX USIBIpAYW G\R QN WELDADX KD 05 H V
VXLYDQWYV

X /DPDTXHWWH HVW HQFDVWUpH j VD EDVH j XQ SODQF|
VI\VWgPH GH FKHYLOODJH HQ DFLHU j H[SDQVLRQ HW X
FRQILJIXUDWLRQ SHUPHW GYpYLWHU WRXW FRXSODJH
FRQILIJXUDWLRQ OD IL[DWLRQ VXU XQ PDUEUH JpQpuUD
HQWUH OD PDTXHWWH HW OH SODQFKHU HQ EpWRQ HVYV
ERXW GHV OLVVHV GX SHWLW F{Wp GH OD PDTXHWWH
FDOHV HQ DOXPLGIXPDEMVHXU (Q HIIHW XQ FDOFXO D
QRWDEOH GHV PRGHV DX[ VXUIDFHV HQ DS®%lL /HV E
PHVXUp SDU XQ G\QDPRPgWUH

X 8Q DFFpPOpURPQWUH FROOpP VXU OD SHDX GX FDLVVRQ O

X 8Q PDUWHDX GJH[FLWDWLRQ SHUPHWWDQW GH JpQpUH!I
IUpTXHQFH SDU OfLQWHUPpPGLDLUH GYLPSDFWV PHVXUp
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x 8Q V\VWqgPH 1, ] TXDWUH YRLHV SRXU OYDFTXLVLWLI
WKHUPREFRXSG@®HVXUHU OD WHPSpUDWXUH DX YRLVLQDJ

x 8Q RUGLQDWHXU SRXU OH WUDLWHPHQW GHV GRQQpH'
6'7

JHV LPSDFWV RQW pWp HIIHFWXpV VXU TXDWUH YLQJIW
GHX[ GLUHFWLRQV GLIVRUKQKW HHW PRRAWWPHY QM ULHXUV GH
FKRLVLV VXU OHV SRLQWYV GXUNWDH\ DQWWHHW FEFDVQLMRIQA TCKHHV
ERUGY RQW pWp FKRLVLV SOXV DUELWUDLUHPHQW

/I TREMHFWLI GH OfHVVDL pWDQW GILOOXVWUHU OfHIIL
PRGDOH HVW UpDOLVpH SRXU GLIITpUHQWHYV FRQILIXUDWLF
&HV FRQILIXUDWLRQV VRMOOEOGDPEFODYWHVOGDRRQIQBXUDWLR
FRUUHVSRQGDQW DX FRQWDFW PpWDOOLTXH GLUHFW

&RQILJIXUT ODWpULD
$YHF FRXH 6PDFWDOQH
9LVFRpOD 6PDFWDOQF

6 (& $OXPLQLX

TDEOHDXRQILIXUDWLRQV GHV HVVDLV

/IH FKRL[ GH FHV FRQILJXUDWLRQV VH EDVH VXU OHV
UpDOLVpRKDBQWDH RXUBHIBHHDPRQWUpP TXH OD IUDFWLRQ
GpIRUPDWLRQ SRXU OH SUHPLHU PRGH SURSUH HVW RSWLP
GX PDWpULDX YLVFRIREDVWLTXH '

$ILQ GH FKRLVLU OH PDWpULDX YLVFRpODVWLTXH RSWL
PWXGLH OHV FDUDFWpPULVWLTXHV G BLIXUH WBHYWFRRD &V
GpFULYHQW OTpYROXWRRI@® GRQIPW IMRHX G G P RSGHIGH G fpO DV V
W\SHV GH PDWpULDX[ YLVFRpODVWLTXHV H[LVWDQWV VXU
IUpTXB®FBEU vig8Y JRQH FRORUpH GHV FRXUE HW& HHWFX@H[W HF
GH FHWWH JDPPH GH IUpTXHQFH SHUPHW GYLQFOXUH OH
RSWLPDOH GpWHBWYHD GOQX VMLV IlyQ/RFEHR GKHHWQH IUpTXHQFH
HOQWUHTrgVHW XQH pSBILVVHXU GH
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—+— Courbhane_60R
==&=- Courbhane_65B
- -#-- Smactane 50_E
—#— Smactane 50_G
==&=- Smactane 70

Soundcoat-DYAD601
—%— Soundcoat-DYADE06

{97 35138 Hz
25deg

Loss factor
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JLIXUH&RXGBGEKHWD X[ GIDPRUWLVVHPHQW HQGHWFWLRQ
PDWpULDX[ YLWBRXIOOHKW L BFpHQBsEFVHW XQH WHPSpUDW X
tw%

/JHV PDWpULDX[ OHV SOXV DSSURSULpPV j QRWUH FDV GY
GHQVLWp GH PRGXOH G<RXQDO pDWMPREHRIQGIRQW OH PDWpU
OH SOXV RSWLPDO HVW O8KBPIDW®H® QSHXW DIDWWEH QG UH S
GIDPRUWLVVHPHQW SRXU OHV GHX[ SUHPLHUYrPRGHV SUR
&HSHQGDQW GDQV OH FDV UpHO OH 6MRDF W@ H HXOWD SDW
DWWHLQGUH XQH WHOOH YDOHXU GYDPRUWLVVHPHQW VDF}
OYDPRUWLVVHPHQW HVW IDLEOH /HV GHX[ PDWpULDX[ TXL

VRQW GplLQ@D¥ GHIQV OH

ODWpUl eSDLVVIHY 'R D¥2= [I 2 R
6PDFWD > @ | >
6PDFWD > @ | >

7TDEOHDXDUDFWpPULVWLTXHV GHVXRDMOLWIpYXE IYQ V FRH D BN

/H FKRL[ GIXQH ri¥DLWRLDW GIRLV SOXV ILQ SHRIPHWH 6
GIDXJPHQWHU OD UDLGHXU YXH SDU OD OLDLVRQ SRXU X
PXOWLSOLp SDU

(Q SUDWLTXH OfTLOQWURGXFWLRQ GX PDWpU)LIDIXXUVYHVFRp
2Q GpFRXSH GHV IHXLOOHV HQ PDWpULDX YLVFRpODVW
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URQGHOOHY PpWDOOLTXHV &HV IHXLOOHV VRQW HQVXLWH
ORUV GX PRQWDJH 2Q LQVQUH HQILQ OHV URQGHOOHV HQ
/HV URQGHOOHY VRQW GH W\SH SHODEOH DILQ GH SHUPHW!
PDWpULDX YLVFRpODVWLTXH

Smactane70

Rondelle en
aluminium

JLIXUH &RQILJIXGIMHNMWBHEF 6PDFWDQH

$FTXLVLWLRQ HW WUDLWHPHQW GHV VLJQDX]

JHV PHVXUHV VRQW HIITHFWXpHV SRXU OHV TXDWUH YL«
GHX[ IDFHV GH QYD XRCHT XHWWHRASDFWV VRQW UpDOLVpV DX P
GRQQDQW XQ FRQWHQX IUpTXHQWLHO DGDSWp j QRWUH pW
SHUPHWWUH XQ PR\HQQDJH GHV IRQFWLRQV GH WUDQVIHUV

/JH SULQFLSH GTXQH FKDLQH G YDIFKUH V LYDLFRE@ OW\R Plg@W
VXELW XQ PRXYHPHQW PpFDQLTXH VXLWH j OTH[FLWDWLR
XQH FKDUJH $SUgV FRQGLWLRQQHPHQW GHV VLJQDX[ X
FRUUHVSRQGDQW j XQ ILOWUH SDVVH EDV SHUPHW GDQV
DQDORJLTXH UHVSHFWDQW OH SULQFLSH GH 6KDQQRQ (QV
&$1SHUPHW GH FRQYHUWLU OH VLJQDO DQDORJLTXH HQ VL
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JLIXUH&KDVQH GIDFTXLVLWIVRQQDW[WUDLWHPHQW

~ SDUWLU GTXQ EXIIHU GH GRQQpHV OH VLIQDO SHXW
HISRQHQWLHO HW OD WUDQVIRUPDWLRQ GH )RXULHU HIIF
IRQFWLRQV GH WUDQVIHUW VRQW HVWLPpPHYV j OTDLGH GH ¢
HITHW OD IRQFWLRQ GH WUDQVIBUBMW G LOLIW:BIG RRY AW LR C
>*:B;?LU:—B;
QB
SRXU XQHOPHVYKUBYN OJHVWLPDWLRQ GLUHFWH SDU PR\HQC
>*-B-?LS|'Q IU:B;IO
Oa@ QB4
(Q SUDWLTXH GHV DSSURFKHVY DOWHUQDWLYHYV EDVpHV V.
FURLVpVY SRXU ODSSUR[LPDWLRQ GH OD IRQFWLRQ GH WUL
HVW OfHVWLPDWHXU + GRQQpH SDU
XC rAA R
S ol SIS S
Ag@BQ:B;AQd:B;
&HW HVWLPDWHXU SUpVHQWH ODYDQWDJH GH PLQLPLVHU

,GHQWLILFDWLRQ GHV SDUDPqQWUHV PRGDX]|

OpWKRGHV XVXHOOHYV

/D YDOLGDWLRQ GHV PRGQgOHV GH VWUXFWXUHV ER
G\QDPLTXHV SDU FRQIURQWDWLRQ j GHV UpVXOWDWYV GYTD
G LQOWHQVHY UHFKHUFKHV GHSXLV OHV DQQpHV $XMRXU
POWKRGHV GH PRGFARQVDWKRQGPYHQWSSHPHQW FRQVLGpU
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GHUQLqQUHV GpFHQQLHV OD FRQIURQWDWLRQ DYHF OfHIS
FRPSUHQGUH OHV OLPLWDWLRQV GHV PRGqQOHV G\QDPLTXH
HQ SOXV FRPSOH[HV WHOOHYV TXH OHV VWUXFWXUHY DpURQ

/I YfYLGHQWLILFDWLRQ GHV SDUDPgWUHV PRGDX[ DPRUW
PRGDOHY > @ > @ HVW OH SURFHVVXV FODVVLTXH SRXU
UpHO GTXQH VWUXFWXUH HW SHUPHWWUH XQH FRUUpODW
UHQGHQW GLIILFLOHVY OD FRPSDUDLVRQ GLUHFWH GHV WUD
GHV DSSURFKHV GILGHQWLILFDWLRQ FRXUDPPHQW XWLOL\
SOXVLHXUV DSSOLFDWLRQV

/JHV PpWKRGHV GILGHQWLILFDWLRQ H[LVWDQWHV VH
FULWQUHV 2Q FLWH GDQV XQ SUHPLHU WHPSV OH QF
+LVWRULTXHPHQW OYLGHQWLILFDWLRQ D pWp GpVLJIQpH S
GHV FDV G{DSSOLFDWLRQV DFDGpPPLTXHV /D PpWKRGH C
SUpVHQWH OH PRGqOH EDVLTXH SRXU FH W\SH GH V\VWqP
SRXU OHV VV\WWgPHV j SOXVLHXUV "'/ /H QRPEUH GH VRU\
GpILQLY SUpVHQWHQW OH GHX[LJPH FULWQUH ,QLWLDOHP
XQH VHXOH VRUWLH VLQJOH LQSXW VLQJOH RXWSXW 6,62
pWp JpQpUDOLVpPHY SRXU OH FDV GHV PXOWL HQWUpH HW
6,02 RX PXOWL LQSXW PXOWL RXWSXW 0,02 HQ VLPXOWD
VIVWgPH TXfJLO VRLW IUpTXHQWLHO RX WHPSRUHO HVW
IUpTXHQWLHO RQ SHXW FLWHU OD PpWKRGH GJLGHQWLILF
POWKRGH ®WHGKRY OHDVW VTXDUHV IUHTXHQF\ GRPDLQ 1
WHPSRUHO RQ SHXW FLWHU OHV PpWKRGHV GH 3/HDVW VT
S6WRFKDVWLF VXEVSDFH ,GHQWLILEDWLRQ " 66, > @ 3,EU
> @« /HV PpWKRGHV WHPSRUHOOHV SUpVHQWHQW OfDYDC
7RXWHIRLY OH EUXLW DFFRPSDJQDQW OD UpSRQVH GX
&RQFHUQDQW OHV PpWKRGHV IUpTXHQWLHOOHY OH QLYHLE
GILQIRUPDWLRQ HVW SOXV FRPSDFW HW OD SUpFLVLRQ G
DMRXWDQW OHV WHUPHYV UpVLGXHOV

'‘DQV OD SOXSDUW GHV DSSOLFDWLRQV OYDPRUWLVYV
ORFDOLVpY HQ HVSDFH ,0 QYHVW GRQF SDV SRVVLEOH GH
GLOJROLVpH HQ PrPH WHPSVY TXH OHV PDWULFHYVY GH PDVVH
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GLWYV FRPSOH[HV Re WRXV OHV SRLQWV QH VRQW SDV HQ
SXUHPHQW pODVWLTXH &RPPH XQH JUDQGH SDUWLH GHYV
OTK\SRWKqVH GYpODVWLFLWp GH QRPEUHX[ WUDYDX[ RQW
SDUWLU GH PRGHV FRPSOH[HV PHVXUpV 3OXVLHXUV PpWKI
GDQV FHW REMHFWLI TXL GHPHXUWVH x@Q VXMHW GILQWpUrw \

/I fHITHW GH QRQ OLQpDULWpPV VXU OHV WUDQVIHUWYV P
SRK SHUPHWWUH OYfXWLOLVDWLRQ SHUWLQHQWH GfXQ V\\
PPWKRGHV GITLGHQWLILFDWLRQ OLQpDLUHY SRXU HVWLPHU
REWHQXV GDQV GH WHOOHV FRQILIXUDWLRQV HVW XQ DXW!

OpWKRGH GILGHRQWPIREQWURY FDUUpV IUpTXHQWLHO

8QH IRLV OHV IRQFWLRQV GH WUDQVIHUW PHVRQpHV FI
SURFQGH j OJLGHQWLILFDWLRQ PRGDOH &H SURFHVVXV F
SHUPHW GYfHVWLPHU OHV SDUDPqQWUHV PRGDX[ GX V\VWqPH
GpWHUPLQHU OH FRPSRUWHPHQW G\QDPLTXH GX V\VWQPH |
$LQVL GDQV FHWWH VHFWLRQ RQ SUpVHQWH OD WKpRULH

3RXU FKRLVLU OD IRUPH GH PRGQOH j LGHQWLILHU RQ
FDOFXO 2Q FRQVLGQUH OHV VA\VWgPHV OLQpDLUHYV UHSUpVI

QMO L ¥ OE%E- 2cMATi L 2. QAT o
UO=is L #ZicMQA=s

/ID IRQFWLRQ GH WUDQVIHUW FRUUHVSRQGDQWH j FH PF
GI{REVHUYDELOLWp HW GH FRPPDQGH HQ pFULYDQW OYH[SL

U Q=L *:Q2Q Q=L 2AMQ=L @2?2<:Q75>%QQ=

$X YRLVLQDJH GH& FIODTXARQFWIHRQ DQDWWOTPIXH GH V
22<:Q?°>? SHXW rWUH DSSURFKpH SDU XQH GpFRPSRVLWLR(
DXVVL PRGgOH S{OH UpVLGX VRXV OD IRUPH VXLYDQWH

£ ohg oy X ?
>:Q?L 1 F E GE > ?E—

w OF & OF &b &
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GpMj H[SOLFLWp SRXU GHV EHVRLQV%EBHSENAHCD WMOLFFAXG \
UpVLGX HVWc@pU[RILHISDOL ? HW? VRQW OHV WHUPHYV UpVLGXF
OD FRQWULEXWLRQ GHV PRGHV j EDVVHV HW KDXWHV IUpT
QpFHVVDLUH GX IDLW GH OD WURQFDWXUH GH OD VpULH Gt
XQH EDQGH GH IUpOXH\QEHX QD LRQFWLRQ QLHWDEHWY WHV PY

UpVLGXHOV HW HVW XQH IRGFWQLER RXQWOGEG R QRF LWIH BUHMW B{©

> :Q?L =k&&Dy8= 8 L :4d & ;

/ITILGHQWLILFDWLRQ VH IDLW WRXMRXUV SDU PLQLPLVD
PRGgOH SDUDPpPWULTXH HW OHV GRQQpPpHV PHVXUpV 4XDW
WUDYDLO /D EDQGH GH IUpTXHQBHI EDD DXPHQRPEQW DR//RIY
GH UpVRQDQFHV HVW GpWHFWp 3RXU OH WUDLWHPHQW G
VH UDPgqQH DX SUREOQqPH GHV PRLQGUHYV FDUUpPV GH OD IRL

<T=L =N C | BJ#?<T=F <=6
3DUWDQW GH OfpFUSRXW IO HY QPWDOFHWXUHY DPRUWLHYV
WHUPHV UpVLGXHOV OD PpWKRGH GH UpVROXWLRQ XWLOL
PRLQGUHV FDUUpV OLQpDLUH

¢
&: L =NCIEJk20=edf . p«Uxoaclgos
8 v@s
&H SUREOQPH SHUPHW GH WURXYHU OHV UpVLGXV SRXU GH

GTRSWLPLVDWLRQ QB&Q OLQpDLUH GHV S{OHV

'‘DQV OTLPSOpPHQWDWLRQ GH FH SULQFLSH UpDOLVpH
RQ FRPPHQFH SDU LPSRUWHU WRXWHYV OHV PHVXUHV FRUL
DYHF RX VDQV PDWpULDX YLVFRpODVWLTXH /TLQLWLDOLYV

YRLVLQDJH GﬂXQ%ﬁI—FT(XH SHVYRQW GTHIIHFWXHU XQH SUHP

HVWLPDWLRQ VH IDLW HQ VH EDVDQW VXU OH SULQFLSH Gl
VIpWHQG VXU WRXV OHV WUDQVIHUWY VLPXOWDQpPHQW H'
FKRLVLW GRQF XQH EDQGH pWURLWH GH IUpTXHQFHV HW
GHV S{OHV UHYLHQW j FRQVWUXLUH XQH VpVX8QFGH BRGGH
SHDN SLFNLQJ 2 8QH IRLV TXH OD IUpTXHQFH HW OfYDPRL
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RSWLPLVDWLRQ HVW HQYLVDJpH VL RQ VIDSHUORLW SDU 1
SDV RSWLPDOH /YRSWLPLVDWLRQ HVW EDVpH VXU XQ UpJ
utilisé est appelé IDR u,GHQWLILFDWLRQ 'HV 5pVLGXV &RPSOH[HVT
[4] et [11] Cet algorithme permet de recalculer la fonction d@l®) a minimiser afin

GIRSWLPLVHU OYLGHQWLILFDWLRQ &HSHQGDRW fanfRSWLPL

tres rapidement augmenter le nombre de parametres a optimiser, mais sur le& pales
minimisation de la fonction co(f4.9) en fonction des péles inconnu& correspond a

résoudre le modéle (4.7) avec la méthode des moindres carrées linéaires.

La Figure 4.7, présente un schéma fonctionnel décrivant les principales étapes de
I TLGHQWLILFDWLRQ UpDOLVpH

Estimation initiale dpélej

Enlever’l\ \l/Aiouter
&RQILUPDWLRQ GPpOI@j‘HIhVWLPDWLRC

\’

Sélection de bande fréquence

Réglage du modete ~ x
glag Mavalaoe?

moindres carrées ¢
non linéaires . o
Estimation du résidu et des termes
résiduels

Estimation de la fonction de transfer"

Optimisation \L
Pélede calcu

R Inspection visuelle
Pdle manquant

Figure4.7 6FKpPD IRQFWLRQQHO GH OYDOJRULWKPH ,'5& GIL
paramétres modaux
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ID)LIXUHPRQWUH XQH IRQFWLRQ GH WUDQVIHUW PHVXU
6PDFWDQH OH WUDQVIHUW LGHQWLILp DLQVL TXH OD T
/IH VLIQDO PHVXUp HW OH VLJQDO LGHQWLILp VRQW WUQqV
I[UpTXHQFH pWXGLpH /YLQGLFDWHXU GH TXDOLWp HVW FD
I\TXLVW VXU WRXV OHV WUDQVIHUWY DXWRXU GH FKDTXH
LQIPULHXWRQW ELHQ LGHQWLILpYV VXU OfHQVHPEOH GHYV YI

smac50_ep02_130109_115108_T=17.1C Test9.01 1

|[Amplitude|

! | | | L i i I i ]
04 100 " 200 300 400 '500 600" 700  BOO  090Q, |
5 %0 Frequency [HZz] o
= B o 3
w 0.2 o e 2o 0, 0@ L
e o I ) o, _o P T 0 e _ '
00‘00‘6‘ 29 0o° é‘o.o“qu, 09°° "e‘o,o\o‘e‘o’?-op°"o‘o-°°'o-o ° ° 0‘0‘0“01 IdQuiality Leyel?
10 20 30 40 50 60

Pole number

JLIXUH 7UDQVIHUW LGHQWLILp HW TXDOLWpPp GILGHC

ORGHV LGHQWLILpVY GDQV OHV GLIIpUHQWHYV FRQILJXUD

/JHV IRQFWLRQV GH WUDQVIHUW PHVXUpHV UHSUpVHQW
OHV FRQILJXUDWLRQV DYHF HW VDQV PDWpULDX YLVERpPOD
SRXU OD FRQILJXUDWLRQ j VHF pWDLW SOXV GLIILFLOH SDL
VLIQDX[ GH OD FRQILIJXUDWLRQ HVW GpWHFWp &HSHQGDQ\
OfLGHQWLILFDWLRQ D SHUPLV OJREWHQWLRQ GIXQH ERC
GLDJUDPPHV GH 1\TXLVW DXWRXU GIXQH IUpTXHQFH GH Up
GH OD VWUXFWXUH SRXU OHV GHX[ FRQILIXUDWLRQV j VHF
QRQ OLQpDULWpP D pWp GpWHFWp GDQV OD SUHPLQqUH FRQI



&KDSLWDBLGDWLRQ H[SpPULP

PDWpULDX YLYERPOWM(WLMAW OH GLDJUDPPH GH 1\TXLVW
VHF SUpVHQWH XQH GLVWRUVLRQ DV\P&K WL KHGBIXGYLBLYIDP!
PWp pWXGLp GDQV OH WUDYDLO GH > @ PRQWUDQW DLC
VWUXFIXUGLPLQXDQW OD QRQ OLQpDULWp DYHF OYDMR
OYLGHQWLILFDWLRQ HVW SOXV SURSUH DYHF XQH ERQQH F
FDOFXOpHV

D
Testbed-tests-Dry-at 216HZ-0.3% Testbed-tests-Smac70-at 208HZ-0.9%
Dry-pt28 —" e
0.8 0.14
0127
06 0.1} ¢
o
© o
& 0.08
04 E -
0.06} &
0.2 0.04
0.02 ‘ Smac70-pt28
02 0 005 0 0.05
Real
E F

JLIXUH'LPLQXWLRQ GH QRQ OLQpDULWpP HQ DMRXWDQW OH F

DYBPDFWD@H BJUDPPH GBVIMRXLYW X PRGH HQFDGUp SRXU ¢

VHF F GLDJUDPPW\GRFLPTXXWRGH HQFDGUp SRXU OD FR
6PDFWDQH

JHV UpVXOWDWY HQ WHUPHV GH IUpTXHQFHV HW DPRU)
JOH[LRQ ; )OH[LRQ < )OH[LRQ : HW 7RUVLRQ GHV GLIIf



&KDSLWDBLGDWLRQ H[SpPULP

7TDEOHDXrPH VL OHV PRGHV JOREDX[ pWDLHQW UHFKHUFKpV
PRQWUp OD SUpVHQFH GH PRGHV GH SDQQHDX[ VXSpULHXL
GRQW OD SUpVHQFH D HQVXLWH pWp FRQILUPpH SDU OD PL®
OH FKDSLWUH SUPREXAHQWpVBQWI@W OD IRQFWLRQ GH WUL

GH OD JULOOHIGHHHRWXUHWURXYH XQ SUHPLHU SLF GITDF
DX SUHPLHU PRGH GH IOHNVRAD WOURKRB PXVVL OHV PRGHYV
SDQQHDX[ VXSpgnH¥&yV HQWUH

6(& 6PDF P6PDF 6PDF P6PDF

b6(& P6(&

ORGH AV b> 2?2 A >V? b3 ? A >V p> 7

JOH[LRQ

JOH[LRQ

36 )OH|

36 )OH[L

36 T7RU

JOH[LRQ

7TRUVLR

3DQQHD
YOH[LRQ

TDEOHDpVXOWDWY GHV HVVDLYV

IHTDEOHDRKRQWUH WUqV FODLUHPHQW OD SHUWLQHQFF
HITHW OYDPRUWLVVHPHQW PRGDO HVW PXOWLSOLp SDU S
OHV PRGHVY ORFDX[ GH SDQQHDX[ GRQW OYDPRUWLVVHPHQ
OH 6PDFWDQH OTDPRUWLVVHPHQW HVW PXOWLSOLp SDU
FITHVW j GLUH SOXV TXH IRLY TXH GDQV OD FRQILIJXUDW
SDQQHDX[ VXM HWOUNXJJPHQWp DXVVL GH SRRAW GRWQ WX W L
PRGHV GH SDQQHDX[ GH OD PrPH FRQILJXUDWLRQ

$I1LQ GH PLHX[ YLVXDOLVHU OfHIIHW GLVVLSDWLI GH O
PRGHV JOREDX[ IDLVDQW WUDYDLOOHU OD MRQFWLRQ GD
DPRUWLVVHPHQWY SRXU OHV WUR)ILV XARQ WO QDWGE R Q Q@ pp WX
IUpTXHQFHV DVVRFLpPHV j FHV FRQILIJXUDWLRBRMVYRQW WUq
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O TpY R O Xé&wdrtern(fréguene? forrespondant aux essais avec matériau viscoélastique pa
UDSSRUW j OfHVVDL j VHF

Figure 410 eYROXWLRQ GH OfDPRUWLVVHPHQW GHV PRGHV HC
(avec et sans matériau viscoélastique)

Maguette-essais

—e— Smac50/Sec

—8—Smac70/Sec

o N &~
o7 T

df/f [%]
2R

6

IE?exX FlexY PS_FX PS_FY PS_Tor Flex2X Torsion P_FX
Modes

Figure 4.11 e Y R O X W L ROfr&tkenoddes Madi®e en ajoutant du matériau
viscoélastique

&RPPH SUpYX GDQV OH FKDSLWUH SUpFpGHQW OfXWLO
ici @ une augmentation de thssipationPar aillairs, IHV 11U p T X H Qp&sHv/eridds RaGow
QRWDEOH 2Q D GRQF DXJPHQWp OYDPRUWLVVHPHQW HQ

fonctionnement de liaison.

En comparaison du Smactane 70 par rapport au Smactane 50, on remarque que
OYDPRUWLVVHPHQW DVVRFLp DX GHX[LgPH PRGH GH IOHJ[LF
IDORQ DXVVL QRWDEOH TXH SRXU OHV SUHPLqUHV )OH[LRQ
TXH OD )OH[LRQ ; FHUWHV IDLW WUDYDLOOHU OD MRQFWI

facon significative les panneaux de la maquette.
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&KDSLVWDBLGBMVSPRQPHQWDO|

$ILQ GIDIILFKHU OHV GplIRUPpHVY PRGDOHYVY DVVRFLpHYV
PDLOODJH FRUUHVSRQGDQW DX[ SRLQWYV PHVXUpV VXU OH
FRPPH OH PRQWWH /AHY GplRUPpV PRGDOHV DVVRFLpHV j OD

6PDFWDQH VRQW S UlpIHIHW RIQV GAN QN QQIXH ELHQ OHV GL
JOREDX[ HW OHV PRGHYV ORFDX[ GH SDQQHDX[ VXSpULHXUV

-

-+ %
LR
-

h
*
4
{
b
*

J)LIXUH ODLOODJH GHV SRLQWV GYH[FLWDWLRQV GHV HVVD
PDLOODJH GX PRGgOH QXPpULTXH

34.38 Hz 0.93 % 73.53 Hz 1.53 % 180.1 Hz 0.10 % 198.3 Hz
sp4-test6- Smac50E -ep0.2mm sp4-test6- Smach0E- ep0.2mm sp4-test6- SmacSOE -ep0.2mm sp4-testt- C/%OE -ep0.2mm
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202.1 Hz 0.06 % sp4-test6-smac50E-ep0.2mm sp4 -test6-Smac50E-ep0.2mm 398.8 Hz
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sp4-test6- SmacSOE -ep0.2mm /‘ sp4-test6- SmacSOE -ep0.2mm
[ \ ) -
( 40.
™ 4
} 30
} 20/
i ) 10'

JLIXUH 'pIRUPpHVY PRGDOHV PHVXUpHY GDQV OD FRQILJXU
LGHQWLILpHV
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&RUUPODWLRQ FDOFXO HVVDL

/JRUV GH OD PRGpOLVDWLRQ GH OD PDTXHWWH GDQV C
VXUIDFH GH FRQWDFW GDQV OD MRQFWLRQ TXL VIpWHQG \
K\SRWKgqVH QYHVW SDV IRUFpPHQW UpDOLVWH (Q HIIHW
PPEDQLTXHV SUPpVHQWH WRXMRXUV GHV LPSHUIHFWLRQV
LPSDFWHU OD ]JRQH GH FRQWDFW 2Q PRQWUH GDQV FHWWHF
PDTXHWWH

3ULVH HQ FRPSWH GHV GpIDXWV GH IRUPH

/JRUV GX PRQWDJH GH OD PDTXHWWH DSUqV OD IDEULF
MRQFWLRQ (& RQ VIHVW DSHUoX TXH OD PDTXHWWH SUpV
&HV GpIDXWV VH VRQW SURGXLWV ORUV GX SOLDJH GH FHL
DERXWL j XQ PRQWDJH IRUFp GHV GLIIpUHQWY FRPSRVDQW
GDQV OHV SDQQHDX[ GHV FDLVVRQV DYHF XQ DQJOH GYLQ
VHPEODQW rWUH WUQV IDLEOH D LQGXLW XQH GLPLQXWLRGC
OH YRLOH (Q HIIHW HQ GpPRQWDQW OHV EDLVVRQV SRX|I
FRPSUHVVLRQ VRQW DSSDUXHV VXU OHV FRXFKHV GH PDWp
SHUPHW SDV GH PDLQWHQLU OHV URQGHOOHY PpWDOOLTXH
FHOD OWRXWW VDLV RODQ Y \WH V plDFOQ & B0 O H V

/JHV JRQHV VRPEUWHXUGBE®W @MHYV JRQHV FODLUBXUHQWD

F UHSUPpVHQWHQW OHV JRQHV GH FRQWDEFWYVY UpHOOHYV

YLVLEOHV DSUQV GHVVHUUDJH GHV ERXORQV HW OH GpPRQ

OD VXUIDPHUMUDYBDRBOQW GDQV OD OLDLVRQ /D PRGpPOLV
SUPpVHQWPHIGDB\GORLWH

&H W\SH GH GpIDXW GH IRUPH HVW FHUWHV G€ DX SUF
FHUWDLQHY SLqFHV PDLV XQ VHUUDJH WURS IRUW SHXW L
FRQWDFW &HFL PRQWUH TXH OHV DVVHPEODJHV ERXORQQ|
GH GpIDXWV GH IRUPH HQ WHUPHYV GH JUDQGHXU GH JRQH G

8QH GLPLQXWLRQ GH FHWWH JRQH SHXW VIDYpUHU WU
8QH UpJUHVVLRQ HVW GRQF DWWHQGXH 3RXU FHOD XOQH
DYHF XQH ]JRQH GH FRQWDFW WRWDOH HW OHV GRQQpPHV P
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QpFHVVDLUH SRXU pYDOXHU OfYLPSDFW GHV GpIDXWV GH |
VXLYDQWH

899 10 11 12 13 14 150108
il i

E F
JLIXUH 'pIDXWV GH IRUPH GDRQV @OV KYHIKGVHUHY E ]JRQ
FRQWDFW GDQV OH 6PDFWDOQH F JRQHV GH FRQW

$ILQ GH VIDSSURFKHU GH OD UpDOLWp GX FRQWDFW S|
GLPLQXWLRQ GH OD JRQH GH FRQWDFW D pWp UpDOLVpH HW
GDQYLO®OUH /HV SDUDPQWUHV GYDMXVWHPHQW pWDQW OD
GIpOpPHQWY R OH FRQWDFW H[LVWH /D YHUVLR® GH PRG«
GDQV OH UHVWH GX PDQXVFULW /D YHUVLRQ LQLWLDOH
OYLQWHUIDFH GH FROQWDOWUpPVBDRW SSSHOBHDUDPqWUHV G
VIDSSURFKHU GHV IUpTXHQFHV SURSUHV GHV PRGHV JORE!
FRQWDFW \@H WIDUKXGX ERUG H[WpULHXU GH OD MRQFWLR(
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VO:contact total V2: contact partiel
e e SRR
G I <
o 8 3 ¢
R e R

Vue de dessus de la liaison EC

JLIXUH *DXFKARGpPpOLVDWLWRRVEXOPPRBRDPAMDWLRQ GX FR!
SDUWYHOVLRQ 9

&RUUpODWLRQ FDOFXO HVVDL

- SDUWLU GHV PRGHV H[SpULPHQWDXOQRHWWDXN CGD QD
GHV GHX[ PRGgOHV GH OD VHFWLRQ SUpFpGHQWH SDU FR
HITHFWXpH HQ XWLOLVDQW OH 0%$& R G/MHO0$EVEKWW QOFHH RRUHLI
GH FRUUpODWLRQ HQWUH GHX[ YHFWHXUV OH SOXV XWLOL
VXLYDQWH

<7 £<g="5
<J£<J= |=<B=
8QH FRUUpODWLRQ SDUIDLWH HQWUH GHX[ YHFWHXUV HVW

1#%:.78; L

'DQV XQH SUHPLQUH HVWLPDWLRQ OD FRUUpODWLRQ
GYHVVDLV QTpWDLW SDV WUQV ERQQH j FDXVH GH FHUWDLQ
OD TXDOLWp GH OD FRUUpPODWLRQ XQ WUL HVW HIITHFWX|
UHSUPVHQWHQW GHV PHVXUHV QHWWHY SRXU GHV IRQFW
PHVXUHV VXU FHV GHUQLQUHV VRQW H[SORLWpPHV > @
SUPVHQWENYHQ
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Testbed-SEC-TEST Testbed-SEC-TEST Testbed-SEC-TEST Testbed-SEC-TEST
34.22Hz0.31% 68.89Hz0.46% 179.9Hz0.06 % 192.8 Hz 0.09 %

N N

N N

J)LIXUH 'pIRUPpPHV PRGDOHV LGHQWLILpHV GH OD FRQILJXL
JOH[LRQ ; )OH[LRQ < PRGH ORFDO GH SDQQHDX[ VXSpUL!
SDQQHDX[ VXSpULHXUV HQ IOH[LRQ < HW WRU

/IHV GHX[ YHUVLRQV GX PRGQqOH 9 FRQWDFW WRWDO |
VHFWLRQ'RQW FRUUpOpHY DYHF OHV PHVXJUHYXWBRNKW OD FR¢
FRQJXUDWLRQ DYHF )ARBRBWDIQHD EOHOX\QWKpWLVH SDU DLO
UpVXOWDWY DYHF IUpTXHQFH 7PRGL OVTDER @EHXN RWKWWRYH ©
UpVXOWDWY SRXU OH 6PDFWDQH

2Q UHPDUTXH TXH OHV IUpTXHQFHVY FDOFXOpHV GDQV
UDSSRUW j FHOOHYV PHVXUpHVY HW FHFL SRXU OHV GHX[ FR
‘DQV OH FDV GH FRQWDFW SDUWLHO 9 OHV ITUpTXHQFI
PHVXUpHV 2Q UHPDUTXH GDQV OHKQ@BVD&BPBD WR YILR @ UDWI
HW SRXU OHV GHX[ SUHPLHUV PRGHV GH IOH[LRQ ; HW <
IOH[LRQ ; HW OD WRUVLRQ UHVSHFWLYHPHQW /D PRGpOl
SUpGLFWLRQ GHV IUpTXHQFHYV
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(VVD &DOBMNO
6HF 9 9

ORGH
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3D Q QWDS
IOH[LR

3DQQHD
IOH[LR(

3DQQHD)
7RUVLF

JOH[LRQ

7TRUVLH

3DQQHD
IOH[LR

7TDEOHDXpVXOWDWY GHV IKBRXDLY HAWRXLBEROBWQRQ |

(VvDlL &DOBRDF
6PDF 9 9

ORGH

JUHTB(U[ 08&[ . ] (UUH 0s&
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IDEHO i>V? | A >*V7 > @ > @ > @ > @

JOH[LRQ

YOH[IkRQ

3DQQHDX
IOH[LRQ

3DQQHDX
IOH[LRQ

3DQQHDX
7RUVLR

JOHILRQ

7TRUVLR

3DQQHDX
IOH[LRQ

TDEOHDXpVXOWDWY GHV IBRKXDLY HWRXLEROBWQRQ DY
YLVFRpODVWLTXH
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/IH SDVVDJH j OD 9 DPpOLRUH QRWDEOHPHQW OHYV IUp"-
HVW XQ SHX GpWpULRUpH SRXU OHV PRGHV GH IOH[LRQ ; F
GTHVVDL GH HW HQ 9 | HW HQ 9 SRXU OD FRQIL

JLIXUH 0$& FRUUpODWLRQ FDOFXO9HVVRIMEX 6HF *DXF

JLIXUH 0$& FRUUpODWLRQ FDOFXO HVVDL GXR&WHFW®D QH

2QUHPDUTXH DXVVL TXH OD FRUUpODWLRQ GX GHXJ[Lc
FRQILJIXUDWLRQ j VHF QYHVW SDV WUqV ERQQH &HFL S
FRQILIXUDWLRQ D SUpVHQWp EHDXFRXS SOXV GH QRQ OL
PHVXUpV HQ SOXV OYDFFpOpURPgQWUH HVW SODFp GDQV OBD



&KDSLWDBLGDWLRQ H[SpULP

PRGH. JXUH /D GLIILFXOWpP GILGHQWLILFDWLRQ SRXU OfHVV
i XQH GpWpULRUDWLRQ DVVH] VIVWpPDWLTXH GH OD FRUUDp!

3buPL OHV DXWUHV HUUHXUV SODXVLEOHV GX PRGQqOH
OD |1RQH GH FRQWDFW OHV DXWUHV HUUHXUV VXU OD JpRI
VRXGXUH OH IDLW GYDYRLU GHV FRQGLWLRQV DX[ OLPLWH

,QIOXHQFH GHV GpIDXWV GH IRUPH VXU OH FDOFXO GH

'‘DQV OD PHVXUH Re OTLQIOXHQFH GX FRQWDFW SDUW
FRQYLHQW GH UppYDOXHU OHV FDOFXOV &EGRFRIPRPFRSWLROQ
JLIXUH RQ SUpVHQWHHHQHVY DPRUWLVVHPHQWY SRXU XQ
HQWWat/2sr)2=HW XQ WDXB IGH 3RKWWKQH YDOHXU RSWLPDC
GI<RXQJ OYDPRUWLVVHPH@WjIP BLEEEHREH 68 XS/UBALHU |
SURSUH HW XGH] PCAMEBIBRXU OH GHX[LgPH PRGH &HWWLE
REVHUYpH SRXU WRXV OHV DXWUHV PRGHV JOREDX[ HW ORF

JLIXUH eYROXWLRQ GX WDX[ GIDPRUWLVVHPHQW PRGD
IRQFWLRQ GX PRGXOH GJ<RXQJ GX PDWpULDX YLVFRpODVW
GHRRQWDFW

8QH H[SOLFDWLRQ VLPSOH HVW TXH OD GLPLQXWLRQ G|
SHUWH GH UDLGHXU SRWHQWLHOOH HW GRQF OLPLWH OD |
FRXFKH YLVERpODVWLTXH ,0 SDUDLW GRQF MXVWLILp TXH
IDLEOHV TXH FHX[ SUPGLWYV LQLWLDOHPHQW $ SOXV ORQJ
GRQF rWUH UpDQDO\Vp HQ WHQDQW FRPSWH GHV SURFpGXL
TXL VRQW IRUFpPHQW DWWHQGXV
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&KDSLWPWD PRGqOHV GH OL

&KDSLWOPWD PRGQOHV GH C




&KDSLWPWD PRGqOHV GH OL

 QWURGXFWLRQ

'DQV OHV VWUXFWXUHV UpHOQIKWHFRPHPH O@UD LOKR GV
QRPEUHXVHV DYHF VRXYHQW SOXVLHXUV FHQWDLQHV GH
PRGqQOHV GpWDLOOpY ORFDOHPHQW QpFHVVLWHQW JpQpUD
/JHXU LQWpJUDWLRQ GDQV XQH VWUXFWXUH JOREDOH HVW
SHXW rWUH DERUGpH DYHF GHV VWUDWpPJLHY DGDSWpHV >
VRQW TXH WUQV SHX UpSDQGXYV

JLIXUH D -RQFWLRQ 666 DYHF SHDX[ UDLGLV > @ E YXH

/TDSSURFKH FODVVLTXH FRQVLVWH )8 OXWH{WH $ WH © S0Q DL
FODVVLILFDWLRQ SURSRVpH HQ > @ 3RXU XQH MRQFWLR(
DYHF FRQIRUPLWpP JpRPPWULTXH JpQpUDOH HQWUH GHX[ pO

8Q QLYHDX GH PRGpPOLVDWLRQ FRQVLGQUH XQH OLDL"
FRWQFLGHQWY VRQWQKXYHBRQpYH 'PREpOQVDWLRQ OHV Q°)
FRWQFLGHQWY PDLV GLVWLQFWV HW RQ $XWU RIEXY/DV VI HJ I
QLYHDX DYHF GHV UDLGHXUV VX& YD:QWXWWHRL \U B R '@ RGIHL HO\
FRPSOBMHWLYHDX HVW GplLQL HQ PRGpPOLVDQW OfLQWHU
SODTXHV Re OHV Q°XGV VRQW DXVVL FRWQFLGHQWV PDLV G
LQWHUIDFHVY HW SHUPHW GJLQWURGXLUH OD WHQVLRQ GH
VLPLODLUHYV j FHX[ WURXYpV SRXU OHV PRGpOLVDWLRQV Gl



&KDSLWPWD PRGqOHV GH OL

Niveau O Niveau 1-2 Niveau 3

JLIXUHL1ILYHDX[ GH PRGpOLVDWLRQ GH MRQFWLRQWV

'DQV OH FDGUH GX SURMHW 0$,$6 GHV WUDYDX[ RQW
> @ VXU OD)PIXIWKHHRKMH FKDQW j LGHQWLILHU GHV SDUDPq
PRGpOLVDWLRQ /H PRGqOH GH PDTXHWWH D pWp VLPSOLI
PDQLSXOHU XQH G\QDPLTXH SOXV VLPSOH &HWWH VLPSC
IXVLRQQpP OHV Q°XGV GX YRLOH DYHF OHV Q°XGV GiXQH G
FDLVVRQ FRXUW /H YRLOH GRLW rWUH JDUGpP DILQ GH QH
ITLGHQWLILFDWLRQ GHV UDLGHXUV pTXLYDOHQWHY SRXU C
FDOFXO VWDWLTXH VXU OD JpRPpWULH FRPSOQWH GH O
PTXLYDOHQWH HVW GpILQLH HQ GLYLVDQW OD IRUFH LPSR)
PRGHY SURSUHV DYHF OHV MRQFWLRQV VLPSOLILpV D PRQ!
JpQpUDO DYHF OH PRGQgOH )LQXWH IF®R Q&FHH LO®D © VT OHHW WPHR G
JOREDX]
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Global MAC

Corrélation modeéle

référence/simplifié
_ >

simplified model

2 3 4 5 68 7 8 9 10 11 12

reference model

Calcul statique des jonctions boulonnées

JLIXUH&RUUpODWLRQ PpWD PRGqQOH pTXLYDOHQW PR

&HWWH DSSURFKH D SURXYp VRQ HIILFDFLWp j UHSURC
V\VWgPHVY HW HOOH HVW VRXYHQW XWLOLVpH SRXU OHV V
OHVTXHOOHV LO HVW GLIILFLOHPHQW HQYLVDJHDEOH GH P
HW SDUWLFXOLqQUHPHQW ORUVTXYLO VI{DJLW G{XQ FDOFXO
SUpGLUH OD GLVVLSDWLRQ QYfHVW SDV pWDEOLH /HV OLPL
JpRPpWULH GHV OLDLVRQV HW OHV UHVVRUWY pTXLYDOHQ
OLDLVRQV WUDYDLOODQW VRXV GHV FKDUJHPHQWYV FRPEL
SRXU GHV VWUXFWXUHY DPRUWLHYV

3RXU OJYHVWLPDWLRQ GHV DPRUWLVVHPHQWYV OfDS
JpQpPUDOLVDWLRQ GH OD QRWLRQ GH WDX[ GH SHUWH HQ
&HSHQGDQW LO HVW ELHQ FRQQX TXTHQ QRQ OLQpDLUH
VIDSSOLTXH SDV > @ 8QH SUPpGLFWLRQ GYDPRUWLVVHPH(
GRQF QH SDV rWUH SUpFLVH SRXU XQ FKDUJHPHQW SOXV F



&KDSLWPWD PRGqOHV GH OL

LOOXVWUp GDQV > @ &HFL HVW XQH PRWLYDWLRQ KDELW
OLDLVRQ

'DQV OHV FKDSLWUHV SUpFpGHQWY RQ D XWLOLVp G
UHSURGXLVDQW OH GpWDLO JpRPpWULTXH HW OHV ORLV Gl
FHVY PRGqQOHV SHUPHWWDLHQW GH SUpGLUH OH FRPSRUWHP
DXWHXUV >@ > @ > @+> @ RQW GH PDQLQqUH VLPLODLU
OHV GPSHQGDQFHV j OTDPSOLWXGH HW DX VHUUDJH SDU Gt

. [ Modéle rhéologique W
Echelle locale

Représentation de la loi
F de comportement a
l I'interface : o=f(¢)

[ ] __,_,_____,.,.. ,,,E,

[ Modele physique ]

Déplacement physique

Echelle macroscopique
Représentation simple de la
physique du modele:FR=f(gR)

[ Méta-modele J

FR, qf

—

Macro-déplacement

J)LIXUH (FKHOOHYV ORFDOHVY HW pFKHOOH PDFURVFRSLTXH

&RPPH LOOXVWWH RHR SHXW GDQV OD UHSUpVHQWDWLR
OLDLVRQ FRQVLGpUHU GHX[ pFKHOOHV GH UHSUpVHQWDWL
GpwDLOOpH GH OD JpRPpWULH GH OYLQWHUIDFH DYHF C
FRPSRUWHPHQW pODVWLTXH QRQ GLVVLSDWLI UHOLpV HQW
RX IURWWDQWHY /H FRPSRUWHPHQW ORFDO GH OTLQWHUIL



&KDSLWPWD PRGqOHV GH OL

ob UHODWLRQ HQWUH pWDW GHV VROLGHV HW HIIRUWYV HC
GpFULW OHV PRXYHPHQWY VRXV IRUPH GH PDFUR GpSODFH
DVVRFLpV 2Q SDUOHUD DORUV LFL GH PpWD PRGQqOHYV

/ID UHSUpVHQWDWLRQ GHV HIIRUWYVY GH OLDLVRQ GH ID
pWXGLpH SDU GH QRPEUHX[ DXWHXUV SRXU OD PRGpOLVD!'
> @+> @ *DX0O > @ GLVWLQJXH GHV PRGQgQOHV GH IULFW
/IXJUH > @ HW 9DODQLV > @« /HVY WUDYDX[ GH > @ GDQV
FHVY pOpPHQWY SRXU OD FRQVWUXFWLRQ GHV PpWD PRGQqOF

/IHV UHSUpVHQWDWLRQV GH PpWD PRGQOHV VRXV IRUPH
DPRUWLVVHXUV« VRQW VRXYHQW LGHQWLTXHV DX[ UHSU|
ORFDOHYV 3DU FRQWUH XQ ITURWWHPHQW GH &RXORPE ORFI
j GHV VXUIDFHV GH FRQWDFW HW GHV YDULDWLRQV GH
PDFURVFRSLTXHV TXL QH SHXYHQW r'WUH UHSUpVHQWpPV SC
TXIXQ PpWD PRGqOH GRLYH XWLOLVHU XQH UKpRORJLH SOX

3RXU OH SDVVDJH GY1XQH ORL ORFDOH j XQ PpWD PRGq!
GplLQLWLRQ GHV PDFUR GpSODFHPHQWY XWLOLVpV FRPPH
FRQVWUXFWLRQ GTXQH ORL UHOLDQW PDFUR GpSODFHPHQYV

'DQV OD SOXSDUW GHV WUDYDX[ GH UHFKHUFKH SRUWI
RQ FRQVLGqUH GHV DVVHPEODJHV VLPSOHV GH SRXWUHV
H[HPSOH DFDGpPLTXH HVW FHUWHV SHUWLQHQW SRXU SUF
PDLV OH SDVVDJH YHUV OYDSSOLFDWLRQ GHV VWUXFWXUH
GplL

&H FKDSLWUH SURSRVH GRQF XQH VWUDWpJLH GH FRQ
ERXORQQpH HW pWXGLH OD FDSDFLWp GIpWHQGUH VRQ D¢
UpDOLVWHYV SGISWIPNXOW QAW O L&@H DALLDALPAR @\R AIEGIHOWV L T X H V
FRXUDQW SRXU OHV DSSOLFDWLRQV DpURQDXWLTXHV

/TpPWXGH GHV LQWHUIDFHV GH FRQWDFW GDQV OHV
UHSUpVHQWDWLRQ SK\WLTXH GHV PpFDQLVPHV JpQpUDQW
GHX[LqQPH FKDSLWUH VHEWLRQ OD UpGXFWLRQ GX PR



&KDSLWPWD PRGqOHV GH OL

SRXU UHQGUH DERUGDEOHV OHV pWXGHV GH FRQFHSWLRC
PRGgOH SHUPHWWHQW OH FDOFXO GHV PRGqOHV DYHF GH)\
PDLV WURS FR€WHX[ ELHQ TXYfHOOHV SHUPHWWHQW OD
FRQFHUQDQW OD SDUWLH OLQpDLUH / LQWURGXFWLRQ GH
QRQ OLQpDULWpPYVY ORFDOLVpPpY GDQV OHV OLDLVRQV ERXORQ

$SUQV LQWURGXFWLRQ GIXQ SUBRKXWULBQHPSOWHKHQOWN I
GH OLDLVRQ O®URBRWHRXQQH SURFpGXUH GH GpILQLWLRQ
LQWURGXLVDQW XQ SUREOQPH DX[ YDOHXUV SURSUHV SHUF
GH OLDLVRQ SXLV GH PpWD HIIRUWV DVVRFLpPV 30XVLHXL
SRXU OD UHSUpVHQWDWLRQ GHV HIIRUWV GH OLDLVRQ |
GLIILFLOH RQ VJHVW LFL IRFDOLVp VXU OD FDSDFLWp GH"
DPRUWLVVHPHQWY SRXU XQ FRPSRUWHPHQW YLVFRpODVW]
DQDO\VH OD YDOLGLWp GHV PpWD PRGgOHV SURSRVpV

'‘DQV OHV XWLOLVDWLRQV UpHOOHV RQ FKHUFKH j XW
QRPEUH VLIJQLILFDWLI GH OLDLVRQV UpSpWpHV /D FDSDFL)
FRQILIXUDWLRQV HVW DERUGpH HQ VHFWLRQ

SUHPLHU H[HPSOH FDV VLPSOLILp j GHX[ OLDLYV

(Q DGRSWDQW XQH DSSURFKH GH PRGpOLVDWLRQ GH
UHVVRUWYVY OLQpDLUHV HW GHX[ PRGQOHV GH OLDLVRQ G|
DSSURFKHU SDU GHV PpWD PRGQqOHV RQ SURVNQWH GDQ\
UHSUpVHQWDQW XQH YHUVLRQ VLPSOLILpH GH OD PDTXHW
PWDSH VXLYDQWH GH FRQVWUXLUH XQ VXSSRUW GIpWXGF
TXHVWLRQ GDQV FH FKDSLWUH

&H PRGgOH SUpVHQWH XQ FDV VLPSOH GH VWUXFWXUF
W\SHV GH VROOLFLWDWLRQV HW SHUPHWWDQW GITpWXGLF
FRQWDFW



&KDSLWPWD PRGqOHV GH OL

Mass mG

Rigid links
|
MG ‘H" \\\
Clamping
\}\

\\

Springs Kg

J)LIXUH ORGgOH pTXLYDOHQW GH OD PDTXHWW!

/H FDLVVRQ ORQJ HVW PRGVOWXp I D XRQ FAQMUH G H
DYHF OH PRGqQOH FRPSOHW &HWWH PDVVH HVW DWWDFKpkF
FHQWUH GX UHSqUH JOREDO 2 +XLW OLDLVRQV ERXO
UHPSODFpHV SDU GHV UHVVRUWY OLQpPDLUHYV LGHQWLTXHYV
OD G\QDPLTXH GH OD PDTXHWWH /HV VRPPHWV GHV UHVVR
ULJLGHV HW OHV H[WUpPLWpPV LQIPULHXUHVY VRQW HQFDV\
PRGGQOH VRQW UHPSODFpV SDU GHV PRGqOHYXGHEHXHUUHYV
PTXHUUHV VRQW FRQQHFWpHV HQWUH HOOHV SDRW®HV pO
GIXQH pTXHUUH QRWPXUHVBHD RGDMWD@W GH YpULILHU OD
GDQV TXH OHV "'/ GH EXIDIDUH |RRHHQWQGLVWLQFEWYV .
HQFDVWUpPVY DX QLYHDX GHV GHX[ VXUIDFHV OLEU3RXGBHV St
UHOLHU OH KDXW GHV pTXHUUHV DX PRXYHPHQW ULJLGH G
FRXURQQH GH OLHQV ULJLGHV VRQW XWLOLVpV

&H PRGgOH SHUPHW GH PHWWUH HQ pYLGHQFH OHV HIII
OLDLVRQV ERXORQQpHV LGHQWLTXHYV VDQV VIRFFXSHU SR
SDVVpH GH TXHOTXHV FHQWDLQHVY GH PLOOLHUV GH "'/ GI
GLIDLQHV GH "'/ LFL



&KDSLWPWD PRGqOHV GH OL

Rigid links
Extra

Screw-rad

JLIXUH ORGQgOHV GpTXHUUHV XWLOLVpVY GDQV OH PRGAq¢

2Q VILQWpPUHVVH j OD GLVVLSDWLRQ JpQpUpH SDU OH
PRGHVY VRQW OD IOH[LRQ VXLYDQW ; OD IOH[LRQ VXLYDQW
< SUpVHQWPpPN.JEDEV/HW/D GpIRUPDWLRQV SULQFLSDOHV YXH\
HVVHQWLHOOHPHQW OfRXYHUWXUH HW OD IHUPHWXUH GH
pPTXHUUHV GDQV OH FDV GH OD IOH[LRQ VXLYDQW ;

Mag2eq?2
Mode 1 at 39.5 Hz

D £ - o

JLIXUH ORGHV JOREDX[ GX PRGgOH pTXLYDOHQW GH OD
VXLYDQW ; E SUHPLqQUH IOH[LRQ VXLYDQW < F WRUVLF



&KDSLWPWD PRGqOHV GH OL

2Q SUPpVHQWHUD GDQXWQ ®XWHRWDRSBRUW GIpWXGH ED
F\OLQGULTXHV PXOWL MRQFWLRQV W\SHV GHV FRQVWUXFW
UpDOLVWHV

OpWD PRGqQOHV GH OLDLVRQV ERXORQQpPHV W\SF

1RQ OLQpDULWpPY ORFDOHVY HW PRGqQOHYVY GH OLDLVRQ

/ID)LIXUHSUpPVHQWH XQ VFKpPD JpQpULTXH GH OD FRQ
FKDSLWUH 8Q PRGQOH SK\VLTXH JOREDO HVW GpFRPSRVp F
DPRUWLHY DVVRFLpPHV j GHV PRGqQOHV QRQ OLQpDLUHV SR:
OfDPRUWLVVHPHQW YLVEFRpPODVWLTXH SRXU OHVTXHOOHYV

+[ Modeéle physique multi-jonctions }

[ e e 1 , . . .
Partie linéaire ] | Analyse d'effort de chaque liaison J Simulation globale

I [ ! L de la dissipation

| |

I . v !

Partie non linéaire: | Construire un méta-modéle de jonction
I jonctions 1
L e - - |
v

L Méta-modele J

Représentation fonctionnelle des efforts
de liaison Calcul Essai

Analyse du comportement de la liaison

—{ Déformations principales I

y Caractérisation des efforts de liaison

Choix numérique

Caractérisation &
partir de simulation
locale ou globale

Base de donnée
expérimentale

|
|
1
|
|
|
»  Meéta-forces de liaison J\ 1
L |
I

-
|
; I
Conception de maquetteI }
]
|
I
|
|
1
1

A4

p
Identification des méta- Représentation paramétrigue ou non
forces paramétrique

Amélioration de la conception

J)LIXUH 6 FKpPD IRQFWLRQQHO GH OD FRQWULEXW|



&KDSLWPWD PRGqOHV GH OL

/D VWUDWpPJILH GH FRQVWUXFWLRQ GH PpWD PRGQqOH
GPYORSSpHV HQ > @ /D SUHPLQUHPR WD [PQRES@OW p DVW\R FG ff )
OLDLY®RQW{W TXIDX[ PRGHV HW GDQV QRWUH FDV GIXWLOL
OLDLVRQV LGHQWLTXHV /JREMHEWLI GYXQ PpWD PRGQqOH
IRQFWLRQQHOOH GHV HIIRUWY GH OLDLVRQ /D SUHPLQUH |
GHV GpIRUPDWLRQV GH OLDLVRQ DX WUDYHUV GH GplIRUPpt
OD SRVVLELOLWp GH FRQVWUXLUH XQ PpWD PRGqOH FDUDF
GDQV OD OLDLVRQ HW FHV GpIRUPpHYVY SULQFLSDOHYV

JTREMHEWLI HVW HQVXLWH GYfDQDO\WHU OD FDSDFLWp
OLDLVRQV pOpPHQWDLUHY SRXU GHV SUPGLEWLRQV VXU XQ
FRPPH LOOXVWUXHK HOQN DW U XFW X O DEWRGM WEKWWW LT XHV
XQ HIIRUW G\QDPLTXH H[WpULHXU

JLIXUH ORGgQOH PXOWL MRQFWLRQV VXEGLYLVp HQ SDUW

/TpTXDWLRQ GH PRXYHPHQW GH FRHWPWMH VWUXFWXUH V1
4 o MP s E > P MP s F (A EMR &L 305 L (2 R 3w

Re/ HW? VRQW OHV PDWULFHVY GH PDVVH HW GMUH B UL LW pi
OH YHFWOHXGHXHY GH OLEHWWMpVBXORRGHBEWHXU GHV IRUF
DSSOLJTRPHYW (PREB WXWHHVHQWH OH YHFWHXU GHV IRUFHV GH

%LHQ TXH OD UpIOH[LRQ SXLVVH VH JpQpUDOLVHU DX]
GpWDLOOHUD OHV YDULDQWHY SRVVLEOHV GH OD SURFpG>
(8BUHSUpVHQWDQW OHV HIIRUWV DVVRFLpPHV j XQ PDWpULD]



&KDSLWPWD PRGqOHV GH OL

OLDLVRQV HW GRQW OHV SURSULpWpPV GpSHQGHQW GH OD
GpFULUH OH PRGgqOH GDQV OH GRPDLQH ITUpTXHQWLHO SR
OTpWXGH GH FRQFHSWLRQ HW UHSUpVHQWHU OHV HIIRUWYV

{2EMQA;Ths L > €L 2ucMQps
DYHEOD PDWULFH GH ULJLGLWp YLVFRpODVWLTXH

'DQV XQ SUHPLHU WHPSV RQ VXEGLYLVHXQRWSIDHU WWH
OLQpILHW XQH SDUWBHE )JQRRQUBLApMWH GHUQLqQUH SDUWLE
OLDLEREBYsaCPFULWHY /SPKDFXQH WBQGRWUIWH "'$DU

FRPSRUWH WRXW OH UHVWH GB RO W.{GRHYDOUN FQR FSSURDUNM

GHJUpV GH QLEMIDAUPHMRGH OJLQWHUIDFH GH FRQWDFW SO
UHVWH XQH TXHVWLRQ RXYSXARB WAHNHY W pOIHYL W/L RRPS D g RIQ®

2Q FKHUFKH j FRQVWUXLUH XQ PpW B-BRGHDH \§ RRW RXKH
OTK\SRWKgqVH TXH OD JpRPpWULH GHV OLDLVRQV HVW LG
UpXWLOLVHU XQ VHXO PpWD PRGgOH SRXU OfHQVHPEOH
FRQVWUXFWLRQ GH FHFROWEI PREWDRIQHEWX @ D/RXBHHVSDF
GLPHQVLRQ WH\VUWHSHIPYWOWDQW OHV PDFUR GHB)QDFHRHQW

LOOXVWUH XQ FDV SDUWLFXOLHU GH WHOV GpSODFHPHQ
/HVPRXYHPHQWY GH OD SDUWLH QRQ VR@WDGYH QAIVQ 8 DOI
GpIRUPDWLRQV>S@L.QFLSDOHV

Mag2eq2-SubSpaceT Mag2eq2-SubSpaceT Mag2eq2-SubSpaceT Mag2eq2-SubSpaceT
Mode 7 at 39.5 Hz Mode 8 at 63.71 Hz Mode 9 at 244 Hz Mode 10 at 372.6 Hz

J)LIXUH 'pIRUPDWLRQV SULQFLSDOHY GX PRGQqOH pTXL"



&KDSLWPWD PRGqOHV GH OL

$\DQW GplLQL OHV PDFUR GpSODFHPHQWY GH OLDLVRQ
GH GHVFULSWLRQ GX PRXYHPHQW HQ GpFULYDQW OH YHFW
GLPHQWLRKAO=EO0> sVRXV IRUPH GTXQH FRPELQDLVRQ OLQpDL

Ms  BToce T r r N5 s
- r ° r r -
i = e =
Mrps L P,\'\%AQL fo B ock po A'\gkwms,..\L B THa M T a5
r r r > .9 .

H 3 Mg O

ReM OH YHFWHXU GHV GpSODFHPHQWNL JpQpBEDOLV/NV GH G
PRGQOH HVW UplGXHMV Ot /D UpGXFWLRQ SRVVLE®HHEMW OD S
GpFULWH SDlY ®PQMD WD LFRQVWUXFWLRQ VHADU ODRER V @ plHR FHOX
SRXU OJLQVWDQW j OD GHVFULSWLRQ GHV OLDLVRQV /D \
DYHF OH QRPEUH GH OLDLVRQV PDLV UHVWH DVVH] IDLEO
PRGGQOH QRQ UpGXLW

(Q XWLOLVDQW OHV GHJUpV GH OVEPRWWIBRYEDPDYYYV

o> ?E > PHYM=E 6 F( 4 MQA,;=L 62?8

DYHF
8 8 & 8 ;o8B 8" %06 op
5 p?L 6B 262L 1, o ' N
e?l % 18" oagB8 & 8" o8 8% 6AcoN
6" 668 & o 008 & 06060

HW

8" &8 & & &os & &oop
> 2?2 6:F> 926:2L |, o . p N Ki
e?l % PPl 2 4 8 88 & Zacon
6" 8ot & o 8o& o 8060

8Q PpWD PRGqOH GHYDQW UHSUpPVHQWHU OTLQWPpPJUL
GPSHQGUH TXH GH OfpWDW GH OD OLDLVRQ 2Q VXSSRVH G
FKDTXH OLDLVRQ GH IDoRQ j FH TXH FHWWH SURSULpWp VR
OLDLVRQV VRQW GHV UDLEBBAXWXSSRBYBPGRQMHH\WQISDUDLGHXU
IRUPH



&KDSLWPWD PRGqOHV GH OL

< A, & <040 <56:Q
- D B ° ) i i
66:Q & <900 <6:Q

3RXU REWHQLU XQH ULJLGLWp G\QDPLTXH GH OD SDUW
DYHF OHV OLDLVRQV QH IDLVDQW SDV L QiWHUN#QdssGTHIIR
QH GPSHQGDIQWOSIMXIGMW GH VPpOHFWtRBEQIHWWRMHY FH GMTI
QILQWHUYLHQQHQW SDV GDQV OH FDOFXO GHE®XHPIRG§OMH Gt
FRPSOHW 3RXU OHV FRX%S&D H D HH QIVLWH GOMLDQWRRIGW OHV HI
HVW XQH DSSUR[LPDW HRW UDD® \GLOOEW HEPH) AHA[HPSOH OD ER
YLVFRpODVWLTXH QfHVW SDV LQWHUURPSXH HW,CR® VEHY U
FHSHQGDQW WRXMRXUV SRVVLEOH GYDMXVWHU OH PDLOOD
QpJOLJpV

/IH WUDYDLO GH FRQVWUXFWLRQ GXQ PpWD PRGQqOH F
FKRLVLU OH & BXVFRWWOWDFUXFWLRQ GHV PDFUR GpSODFHPHC
SKDVHV GH VLPXODWLRQ RX H[SPULPHQWDOHPHQW SRXU
FDUDFWpULVDWLRQ GH OLDLVRQV 3XLV | JpQpUHU XQH
DPSOLWXGHV GH FHV PDFUR GpSODFHPHQWY HW OHV HIIRU
OLDLVRQ SHXYHQW rWUH UHSUpVHQWPpPHV SDU GHV GpSH(
GpSODFHPHQWY RQ SRXUUD SDUOHU GIBHRWWGEpWDI Q BOLPS-
VHFWLR®HYVY DSSUR[LPDWLRQV GHV PpWD HIIRUWY HQ VHFW

6RXV HYG&SMFEpIRUPDWLRQV SULQFLSDOHYVY GH OLDLVRQ

2Q SURSRVH GDQV FHWWH VHFWLRQ XQH VWUDSNpJLH J)
SHUPHWWDQW GH GpILQLU OHV PDFUR GpSODFHPHQWV GH
SULQFLBRYHOH PRGqOH HIBFW HVWHHIDRIRM\H FRUUHVSRQGHQW
GILQHUWLH GH UDLGHXU pODVWLTXH HW GYHIIRUW GH OLI

{oFL aF 6 FE > FE > §uL; TN 5L =90, XM 5



&KDSLWPWD PRGqOHV GH OL

DYHRyOD PDWULEHOPDNIYWULFH GH ULJJLGOW pP p VLV H TGKHH BN
YLVFRpODVWLTXH (Q SRVDQW ODH UKDDMWY DWE RQWHIDND F W
OD OL3BL\VSRIXW rWUH H[SULPpH HQ IR@KFVIRY ®BVIRUBHQpUD

55L BFoFL BFOH o FE > §FE > §uL; Y8 ™M o

&RPPH SURSRVp GDQV > @ LO HVWRPBRYVDIQWHE GKX PXI
HITRUW QH GpSHOOER PSRV B & WHD G 00 B FCSID GW MRAHP DWLRQ S
[§ 3RXU REWHQLU FH UpVXOWDW RQ GpILQLW XQ pWDW GH

201 "
c560L > 8FE > §uls;?

DVVRFLp j GPEHQ FIRAREQ QDQW OD PDWULFH GH ULJLGLWp pC
YLVFRpODVWLTXH SRXU XQ pWDW GH UP QW IF ADE pGLQ E RXD
IURWWHPHQW QRQ OLQpDLUHV RQ FRQVLGQqUHUDLW OD PD

GIXQ pWDW.AYRS EPE cig DYHEOD PDWULFH MDFRELHQQH

(QUXLWH RQ FRQVWBRRWPBHHVBRVHHMODHAQGUpP SDU OHV Y
SUREOQPH DX[ YDOHXUV SURSUHV

F ofii L EcEOths, L =
/JHV YHFWHXUV SURSUHV UHWHQXV YpULILHQW GHX[ FRQGLV
BFc22482L ¢ Al °g
BEY 5387L >
(Q LQWURGXLVDQW OHV UHO BIW/LR QD Q YRUM RRIRDIHHO L V
YHFWHXU GHV HITRUWSN BWWXRF LW\ H GIDS]RIGPH FRPPH

ErLB ¢ 7PEC Ml °gEB &L F-Eily; 28 M 5

Re LO DSSDUDLW FODLUHPHQW TXH OHV PDFUR IRUFHV \
QRPLQDRQH /D FRQVWUXFWLRQ SURSRVpH YpULILH GRQF D
GpFRXSODJH SURSRVpPH HQ > @ PDLV HQ XQ VHXO SRLQW



&KDSLWPWD PRGqOHV GH OL

/I THVWLPDWLRQ GHV DPSOLWXGHYV JpQpUDOLVpHV j SDU
HVW VRXYHQW XWLOH - SDYWQYHGKN LR BGSOIXRARBYEDBEH \
OD IRUPH

B7° LB 573

/IH YHFWHXU GHV 'NMyDMVRFXPVY j3@D HRYHGpWHUPLQp j S
FKDQJHPHQW GROWDRQ S @XWJ H DADWDLLRI

M5L BN 5

(Q FRPELQDQW OHV HHWUHVOYHR@OWPSOLWXGHYV JpQpUDOLVpPpH
rWUH FDOFXOpV H[SOLFLWHPHQW SDU

NGl B o fMN &

6LO HVW SRVVLEOH GH FDOFXOHU WRNUDOWY RMREIQW
FRPSWH GH OD VROOLFLWDWLRQ UpHOOH GH OD OLDLVRQ S
LFL XQH VWUDWpPJLH SOXV DGDSWpH 2Q FDOFXOH OHV PRC
GH UplpUHQFH HW FRQVWUXLW XQH FROOHFWLRQ GH YHFW
OLDDVsRQ¢yoDYHF OD GWRREHV JCRERGEK V\VWRHKDTXH

OLDBYR£DILQ GH EDOD\HU WRXWHV OHV GpIRUPDWLRQV SR

/JHV PRGHV GX FRUSV ULJLGHV SHUPHWWHQW GH GpFUL
FDV GH QRQ WUDQVPLVVLRQ GTHIIRUWV /D SUPpVHQFH GHV
HVW XQH GHPDQGH UpFXUUHQWH SRXU OHV PRGQqOHV pOpP
FKRL[ GH PRGHV JOREWXPD WUDFH HVW UHWHQXH HVW XQH
'DQV OH FDV GYLQWpUrW Re GHV OLDLVRQV LGHQWLTXHV \
FRQVHUYpH SRXU FKDFXQH GHV OLDLVRQV PR\HQQDQW XOQ
SRXU GHV OLDLVRQV UpRULHQWpPHV 3RXU OHV PRGHV GH |
OHV OLDLVRQV HW QH GRLYHQW GRQF SDV rWUH UpSpWpV

>67?L >0_5pgegb0_55 a O_SRQ a 0_P5 a O_PRQ?

8QH IRLY OHV YHFWHXR®Y FPRAXOH BREPWWHEHDRIGWERQEOqPH DX
YDOHXU SUBPQOYNW OTHQVHPEBEOH GH YHFWHXUV



&KDSLWPWD PRGqOHV GH OL

ODFURUFHY GX PpWD PRGgOH

ITREMHFWLI GT1XQ PpWD PRGgOH HW GYREWHQLU XQH U
GHV HIIRUWYV GH OLDLVRQ /D FRQVWUXFWLRQ GHV GplRUPI
SHUWLQHQWH GH OD FLQpPDWLTXH GH OD OLDLVRQ /D
UHSUpVHQWDWLRQ GH PDFUR HIITRUWY DVVRFLpPpV

2Q SDUOH GTXQ PpWD PRGgOH GHEORMWIKG DWHY RRGm @t
HVW UpGXLW SDU XQ \WBRXWL HH/GDLIFRIQ YU HF VAR UHHWI QRXHR Q S H X\
UHSUpVHOQWRBW DBV GHRUFBENVUR IRUFHVY GIfH[SUHVVLRQ SOXYV

/TH[SUHVVLRMLW DSSDUDLWUH TXTHQ GHKRUV GX SRLQ
GPpFULW SDU OD UDIZEHXBSSHUTRHWUBTREB SURSRVH GDQV
WUDYDLO GH GpYHORSSHU HW FRPSDUHU WURLV VWUDW
OLDLVRQ

X )9FX®0O OD SUHPLqQUH VWUDWpPJIJLH FRQVLVWHSD O @3 SUI
FRQVWUXFWLRQ GXDYRKVX@VQBRPHUH UHVWUHLQW GH
/I NDSSUR[LPDWLRQ HVW GRQF OLpH j OD WURQ&DWXUH G.:

X 9' IXO@@E&EDJRQDOL®MWGRIE[LGJPH VWUDWpPJLH UHSUHQG
)9 PDLV HQ GLDJRQDOLVDQ§ELHQ DIDQ VG A DY pPOIW UK BHO D
K\SRWKgqVH GH GpFRXSODJH GHV HIIRUWY QRQ OLQpDLU}

X 3/PULQALD®WD WURLVLgPH VWUDWPpPJLH TXL HVW XQH
GH WKqVH HIIHFWXH XQH DSSUFLLPDXWLRR\HGH GORQR
GPpFRPSRVLWLRQ DX[ YDOHXUV VLQJXOLqQUHV 69' PHWW
GDQV OD OLDLVRQ /DESDWVYWFBRQFpMIBUKHKpH SDU

AL LASE <,

DYHEH& FRUUHVSRQGHQW j XQH WURQFDWXUH GH GpFRPSR)
GH OD UDGYYIWRIQ-L L¥2>27FR7?20D PDWULFH XQLWDLUH
VLQJIJXOLHUV &HW? OD PDWULFH GLDJRQDOH G@G&HVWGHYDOHX
GLPHQULRQN ¥?2UHSUpVHQWH OTHQVHPEOH GHV GplIRUPpHYV
<Zo=HVW DVVRFLpH& XRXUUDQ GHISUED <A.REKW USIUpVHQWH OH



&KDSLWPWD PRGqOHV GH OL

FKDPS GYHIIRUWY JpQpUp SDU OD UDLGHXU GH OLDLVRQ
PYLGHQFGHIORMRPYQD QWY SDVVDQW GDQV OD OLDLVRQ

'DQV FH WUDYDLO FRPPH RQ VIHVW LQWPpPUHVVp j OTpW
RQ D HIIHFWXp XQH DSSUR[LPDWLBX; 3P DQARQGEHDWHGE HF RPSRL
GpILQLVVDQW OD UDLGHXU QRUPDOH HW WDQJH @WL® GB®IH F
PHWWUH HQ pYLGHQFH OHV HIIRUWV SULQFLSDX[ HQ FRPSU

3RXU OHV WURLV VW U SW X W\ p PHLBRIGGROXN OD IRUPH
BSY ¢ 2E ¢ S2YE ¢ £5 L gOMEL 6. B P08

DYHE®L; L 56:%>2%6:70D PD®M IWHAHLGLWp QRQ OLQpDLUH UpGXL
DY HF®L >é:L;F-é:L4;?HW"-;‘E-®8L >6: 3> 4986.70D PDWULFH GH UpIpUHQ

6RLEQIN S Y 6fM5O0D MgPH FRP SR BBV GHs OD MqPH
FRPSRVD@%EY(EEIES& HWL s&/ /D SUHPLqUH VWW@ODWRBEW HWBAE
FRXSODJH GHV IRUFHV SULQFLSDOHY GH OD OLDLVRQ SHXW

Bl @EN S E[8 cdM8 A%E T [8_ c5E82y
b Y
/H GHX[LgPH WHUPH GH GHEUYEMELERQUHSUPVHQWH OH FR
GYfHIIRUW GplLQLW SDU OD FRQWULEXWLRQ GHV DXWUHV DF
SULQFL KBOWHUPH HVW QXO SRXU OfpWO MV WD RIHQW GERQ Up
VRQW GpFRXSOpV GDQV OH VRXV HVSDFH GH GpIRUPDWLF
UpIpUHQFH XQ FRXSODJH GHV HIIRUWV HVW DWWHQGX /D |
rWUH QpJOLJp HW GRQF TXH OHV HIIRUWYVY GH OLDLVRQV SH!

Bl @ EfE [& c8f8 A%y

$ILQ GILQWPpPJUHU OJEPSUHWOH RRRGGqOH JOREDO GH C

VXSSBMH§ ‘c24%[82yOD IRUFH QRQ OLQpDLUH WUDGXLVDQMW
OYLQWHUIDFH GH FRQWDXIWGRQVGEBDPRKFHPRQW GX V\VWq



&KDSLWPWD PRGqOHV GH OL

OHV GLIIpUHQWY PpWD PRGgOHV GH OLDLVRQV DVVRFLpHYV
VXLW

an
(‘)%a5x
A o
BSY -?Ec 228cMEE . S, L 6B %8s
E E &: ('.\)%Bm >6E <
A - A
R
Oyu
JHV HIIRUWV GH OLDLVRQ VRQW QXOV GDQV OD SDUWLH OL
JpQpUDOLVpPVY (Q VXEVWLWXDQW OD PDWULFH GH ULJLG
FRPSRVDQWY RQ SHXW VRXMIEBDOHRBRBAXLYDQWH
ok O F 8- &80y E B
5@ o F 8- §8ALy E BYY

B> 4?E ¢ JOMEE e 6. Oee

(e

ki © F 85 8 o E B
6@ 1 F 85 ORALE B
0 U U
$ILQ GH GPWHUPLQHU OHM KIQRIUMGH QRQ | ORIW DR QHWH V
OHV GpILQLVVHQW VIDYqUH GRQF QpFHVVDLUH

9DOLGLWpPp GHV PpWD PRGqOHV VXU XQ FDV VLPS

SHSUpVHQWDWLRQ SDUDPpWULTXH GHV PDFUR IRUFHYV

'‘DQV FHWWH VHFWLRQ RQ FKHUFKH j YDOLGHU OD FDSI
UDLGHXUV QRUPDOHYV HW WDQJHQWLHOOHYV GIXQH OLDLVR(
FRPSRUWHPHQW YLVFRpODVWLTXH /HV DSSURFKHV GH FRQ
VHFWLRQ SUpFpGHQWH VRQW PLVHV HQ °XXWDILM@DHM OLG
YDULDWLRQV GH IUpTXHQFH HW GI{DPRUWLVVHPHQW VRQW
YpULILHU OD FDSDFLWp j SUpGLUH OHV YDULDWLRQV GH IU
XWLOLVH OH PRGgOH SUpVHQWp GDQV OD VHFWLRQ



&KDSLWPWD PRGqOHV GH OL

/H PRGqQOH H[DFW ORQBPYLMWOVRXV IRUPH PDWULFLHOOH
BYY ?E > 429E > &:UF QaUF U; ML Sgez UAIDO>

R« RQ XWLOLVH FRPPH SDUDPQWUHV GHV FRHULHFEHQWYV |
FRUUHVSRQGDQW | X pMIPMs S B XU { WU FXQH HE®1:V/ B FP®X\OUH\F H
GH ULJLGLWp GHGRQFUHQFH VIpFULW

> 409 = PEU>J?EY>PA UL GLs
HW OD PDWULFH GH ULJLGLWp YLVFRpODVWLTXH
> € U4)?L U=J?EU=P?a U4A)D 9"

ReJ HWUHSUpVHQWHQW OHV PDWULFHV GH UDLGHXUV QRU
GpGXLWHY GHV HWDWLRQV

/H FKRL[ GH OfpWDW GH UpIpUHQFH HVW XQH TXHV\
FRQILJXUDWLRQV GH FRQFHSWLRQ LQL® LDWOM RX DDUGR QWL
FRQFHSWLRQ 2Q WUDFH GRQF OfpYROXWLRQ GH OD IUpT
IOH[LRQ &RPPH)IPRXQWUPDHEORXUEH REWHQXH SUpVHQWH G
XQH JRQH GH IRUWH YDULDWLRQ ERUQpH 3RXU VH SODFH
YDULDWLRQ RQ VPpOHFWLRQQH OD UDLGHXU SRXU ODTXH
DVIPSWRWLTXH KDXWH PRQWUpHJIXRIMP H HD EX@RH [ URKXIGIHGUDI)L
SOXV pOHYpH SRXUUDLW FRQGXLUH j XQH GpJUDGDWLRQ C
SDU DGGLWLRQ GH WHUPHV GIDPSOLWXGH WURSGPOHYp
FRQVLVWH j OH SUHQGUH GH PrPH RUGUH TXH OH PRGXOH
FRQWDFW /& GKIRHDRBXLWH OH SRU,QWHIH Qp IRDWQERH

J)LIXUH (YROXWLRQ GH OD SUHPLQUH IUpTXH@FH SURSUH



&KDSLWPWD PRGqOHV GH OL

,O HVW SRVVLEOH GH UpDOLVHU XQH pWXGH VLPLODLI

SUpVHQW RQG IBOWFPDBKBUY -0HW PDWUDLIFGNWXU WDQJHQWLHC

LFL pJDOH | IRLV OD UDLGHXU QRUPDOH (QVXLWH RQ FI
SRXU OfpWDW QRPLQDOUGH}UEpPpUHQFH GplLQL SDU

8QH LQIRUPDWLRQ DQRIHMUMIHWLVE @WH GRQW QDYHDX GH F
FHY MRQFWLRQV GX IDLW GH OD YDULDWLRQ GT1XQ IDFWH?>
SURSUH

/H FDOFXO GX PRGgOH H[DFW GHYHQDQW UDSLGHP
SDUDPpWULTXHV OD PpWKRGH GH Up@XP\S L RQHRDOXW LR &
LFL /H PRGJOH pWDQW SDUDPpWUp HQ UDLGHXU QRUPDOH
GH UplpUHQFH GpILQLY GDQV OH WDEOHDX VXLYDQW

PRG(/ |-92/-J|-P

&RH ul U

TDEOHDXRGqOHYV GH UplpUHQFH

2Q FDOFXOH HQVXLWH CHysWRIBBSRYYVFRREDQGHY PRG
UpIpUHQFH HW FR@Y®X XVRWX\K QI FDAHH HQJHQGUpP SDU OfH!
PRGDOHV j WUDYHUV XQH SURFpGXUH GJRUWKRJRQDOLVDW

6£?L Vs grd; Osgesd; Osg e£5&,7D

2Q WUDFHLGDQW OpYROXWLRQ GH OD SUHPLGWH IUpTX
HWYDULDEOH SRXU OHV PRGgOHV FRPSOHWY )XOO HW UpC
00 DYHF PRGHV FDOFXOpV &H QRPEUH GH PRGHV HVW
IDoRQ j LQFOXUH VXIILVDPPHQW GH PRGHV HRXUHDSSURFI
FRQILUPH TXH OHV UpVXOWDWY GH OD UpGXFWLRQ 00 VRQ
XOWpULHXUHV XWLOLVHURQW GRQF FHWWH DSSURFKH
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Maqg2eq2-Multi-Mod vleuII-Mode1 -Ktcoef=1

55 MM-NM30
Full

Frequency [Hz]

“ 107 10°
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JLIXUH (YROXWLRQ GH OD SUHPLqUH IUpTXHQFH SURS
QRUPDOH SRXU OHV PRGgQOHV H[DFW HW UpGXLW SDU D¢

&RQVWUXFWLRQ GHV GpIRUPDWLRQV SULQFLSDOHYV

2Q VILQWpUHVVH GDQV FHWWH VHFWLRQ j SUpVHQWH L
HYDBISHUPHWWDQW GH PLHX[ GpFULUH OH FRPSRUWHPHQW

&RPPH GpFULW GDQVOMDPRGMHRETXLYDOHQW GH OD PI
HQ SDUWLH QRQ OLQpDLUH BHEWHW XWWH BRUWHK[ GIXpHLLU
WRXW OH UHVWH GX PRGqOH 3DU FB®VMW XGH®W U HQYRXY b
OH SUREOQPH DX[ YDOBRMV SQRSEHRMOHFWLRQ GH GplRUPp
DX[ GHX[ pTXHWV§gp™MULW

6?L 0 spgeghOsc £ Osac £05?

2Q SHXW SURSRVHU GIfHQULFKLU OHS8VIRIXY HK\HS DIF B DXQMWLL
UHSURGXFWLRQ GX FRPSRUWHPHQW GH OD OLDLVRQ HQ J
PPWKRGH PXOWL PRGgOH GRQW RQ D YX TXYfHOOH pWDLW
REWHQLU FH UpVXOWDW RQ FRQWLGQWH DXRN HQN HWAHRBEXO/M HA/S
OHTXHO8YB EDVRQVWUXLWH

6?L & spgegnl:fdics O:s@; s 0:s& e O:rd; o 0:s@;e 0:5&; ceg

R«OD WUDFH VXU FKBFE&HEBHY RWGIBDM ¥RQ¥YVRQW FRQVHUY
SRXU FKDFXQ GHV PRGAOBHOUHIDXUpIpUHQFH GX



&KDSLWPWD PRGqOHV GH OL

&HW HQULFKLVVHPHQW DVVXUH GH GpFULUH OD WUDQ"
GH FRPSRUWHPHQW GHV LQWHUIDFHVY GH FRQWDFW GDQV
YDOLGH HW OH VRXV HVSDFH HQJHQGUp SDUH® JFHRBULKE pOH
PrPH VRXV HVSDFH

JYDEVHQFH GH FRXSODJH HQWUH OHV GLIIpUHQWHV OL
HVW WHQXH HQ FRPSWH GDQV QRWUH FDV GIpWXGH (Q H
IURWWHPHQW GDQV OD JRQH LIWHEPp (MDD 1§ BIDWY BB OHV
HW HQ FKRLVLVVDQW3QKMLVMRHWY SBVWLH. QWHUYHQDQW
GHJHW /fpWDW QRPLQDO GH UpIpUHQFH HVW GpILQL VRXV

¢ APYL = &7E > J s ?E > Ry?
/H PRGGOHVYpFULW VRXV OD IRUPH UpGXLWH
X5 ¢ ?E ¢ S2HE = £:UF sdUF s; 7M=L 63 2¢¢
DYHF
8°-&:UdL8 8%-&ps:UdN8 1

>£:UAL 7L e8%-§ins: UL 8  85-&:UAL8 i
r r r

> EuUdl?L U= JgJE U= R 3

,O UpVXOWH GH OYDE V- QRH;AHEERN SR D HHWT-EXE -Su b
r /DLIXUH LOOXVWUH OD WRSRORJLH GH OD PDWULFH GH
pOpPHQW ILQL FRPSOHWYV HW UpGXLWYV



&KDSLWPWD PRGqOHV GH OL

J)LIXUH ODWULFH GH UDLGHXU QRUPDOH *DXFKH QR

9DOLGLWp GH OD VWUDWGH. B LB H@ROAQHYV\DWHHLQWH

- WUDYHUV FHWWH VHFWLRQ RQ FKHUFKH j YpULILHU
GIDSSUR[LPDWLRQ GX PRGqOH GH OLDLVRQ )9 $YHF XQ (
GDQV OH VRXV HVRIF HKHAKRULBESSURFKHU DX PLHX[ OH P
OLDLVRQ /TpWXGH HVW UpDOLVpH VXU OHV OLDLVRQV ERXC

3RXU LQLWLDOLVHU OH VRXV HVSDFH GH GpIRUPDWLRQ
PRGQOH 2Q FKRLVLW GH FLEOHU GDQV FH FD\8RX P WX\GHE DHHU
OHV VROOLFLWDWLRQV RULHQWpPHY GDQV GLIIpUHQWHYV GL!I

OD VWUXFWXUH HW SOXV \3S EfdsHdd XTHAHVQWL RGH V$ OH B LRI
FLEOHV GHX[ OLDLVRQV HW WURLV FRQILIJXUDWLRQV GH
FRUSV ULJLGH GH OLDLVRQV RQ REWLHQW XQ HQVHPEOH
RUWKRJRQDOLVDWLRQ RQ QYD SDV GpWHFWp OfH[LVWHQF]
REWLHQW DORUV XQ VRXV HVY $DFHRWRKUMEUp SDU XQH EDV

3RXU GHX[ pTXHUUHV LGHQWLTXHVY HW RULHQWpPHV VH
DYRLU XQH GLPLQXWLRQ LPSRUWD @GBW B HSHQ\G DOIWQ RFAE Q | H
FDV &HFL SHXW rWUH H[SOLTXp SDU OH IDLW TXH OHV GHX
PDQLqUH FDU HOOHV VRQW V\PpWULTXHV SDU UDSSRUW | O
© VHORQ OD GLUHFWLRQ GX SHWLW F{Wp GH OD VWUXFW XU
GDQV XQH OLDLVRQ HOOHV VH IHUPHQW GDQV OfDXWUH
GHX[ pTXHUUHV QH VH FRUUHVSRQGHQW SDV /HV H[WUpPL



&KDSLWPWD PRGqOHV GH OL

VRQW GLIIPUHWHW LWp JDXFKH GH OfpTXHUUH GURLWH H\
OfH[WUpPLWp JDXFKH GH OfpTXHUUH JDXFKH HVW OLEUH

/ID)LIXUHSUpVHQWH GHVY WUDFHV GH GplRUPpHV JOR
OH VRXV HVSDFH GHV GplRUPpHV SULQFLSDOHV GH Ol
UplpUBQRHLHWLULsSs /HV PRGHV GH FRUSV SUPpYIHIHVp\WQH

/IHV SULQFLSDOHYV GpIRUPDWLRQV GDQV OD OLDLVRQ V
WHUPHV GIRXYHUWXUH D[LDOH HW GH URWDWLRQ UHODWL
6SDU GHV PRGgOHV ORFDX[ TXL VH GLIIpUHQFLHQW SDU
WDQJHQWLHOOHYV HVW FODUWLUKUGDOQVHWHE GIQRMIRPRAMWVG A IR
IHUPHWXUH GHV pTXHUUHYV

Mag2eq2-SubSpaceT

Mag2eq2-SubSpaceT Maqg2eq2-SubSpaceT Mag2eq2-SubSpaceT
Mode 8 at 63.71 Hz Mode 9 at 244 Hz Mode 10 at 372.6 Hz

Maqg2eq2-SubSpaceT Mag2eq2-SubSpaceT Maqg2eq2-SubSpaceT Mag2eq2-SubSpaceT
Mode 15 at 64.9 Hz Mode 16 at 68.68 Hz Mode 17 at 251.1 Hz Mode 18 at 493.8 Hz

JLIXUH 7UDFH GHV GpIRGXpARGCFRGDPHIVLYDOHQW GH OD P
SUHPLQUH MRQWWURQr ED SBXXIUL s

JHV TXDWUH SUHPLQUHV GpIRUPpHV SULQFLSDOHV DS
GpILQLHV GDQV 8OMR ¥ RXYUKV S DEHXWWH GBQ \P ROHW U DHIAK LV H Q W
OHV PRXYHPHQWY GH IHUPHWXUH HW GIRXYHUWXUH GHV p
GH PRXYHPHQWY GH URWDWLRQ UHODWLYH



&KDSLWPWD PRGqOHV GH OL

Maqg2eq2-SubSpaceV Mag2eq2-SubSpaceV Maq2eq2-SubSpaceV Maqg2eq2-SubSpaceV
Mode 7 at 156.1 Hz Mode 8 at 851 Hz Mode 9 at 955.7 Hz Mode 10 at 1900 Hz

JLIXUH 'pIRUPpHV SULQFLSDOHV @3 RMXYYD H PRI M HAW RYIL
PDTXHWWH

/H SUHPLHU PpWD PRGgOH SURSRVp HVW OH )9 QRQ V
UHSURGXLUH OHV YDULDWLRQV)SDUDHPIH QY WLH ¥HR\P SSHU DUPWY XE
PRGQOH 00 2Q UHPDUTXH TXH OH PRGQgOH )9 HVW WUqgV SU
SUHPLHUV PRGHV EHQG; EHQG< 7RUVLRQ EHQG < TXL VR

2Q UHPDUTXH DXVVL TXH WRXWHY OHV FRXUEHV FRwQF
OHV FRHIULESHQWY¥/H SRLQW HQFHUFO®L JXY HRRUH H/BRWY G DO
FH SRLQW HW SRXU OHTXHEG D THIHWXH VRIEY 8 UYHDUWWL RoQ RR U
OTK\SRWKgqVH GH FRQVWEXFMLRPD G WRRIVWH R DI 5 UR E
GLDJRQDOLVHU OHV PDFUR IRUFHV DX SRLQW QRPLQDO

Mag2eq2-FV-MetaModel validity-Kn-coef=1

Freq. shift [%]

0

107 10
Kt-coef

JLIXUH (YROXWLRQ GH OD YDULDWIGRY G'B UUP WXHR@NH
UDLGGIRKWRDOH JDXFKH HW WDQJHQWLARQ AWV URLRTAYHG BERW |
GX PRGqQOH pTXLYDOHQW GH OD PDTXHWWH

/ID YDOLGLWp GH OYDSSURFKH )9 HVW LFL SURXYpH SRX
GX FKRL[ GHV PRGqOHV GH UplpUHQFH HQ UL RKWW B QWD @LHS



&KDSLWPWD PRGqOHV GH OL

SHXW VH JpQpUDOLVHU VXU SOXMVXHXURG K@ 8\ YSDHNWMYRIQE H
OTRUWKRJRQDOLVDWLRQ GH OfJHQVHPEOH GH YHFWHXUV VX

B?L D:irdi; s O:rd@d; s 0:5&, 5 O0:ird; o O:rd@; o 0:58; 67

2Q UHPDUTXH HQFRUH XQH WUQV ERQQH SUpPFLVLRQ GH OTC
FRQFHSWLRQ

JLIXUH (YROXWLRQ GH OD YDULDWLRQ GH IUpTXHQFH
UDLGOIRWRDOH JDXFKH HW WDQJHQWLGAR® KV URIRILP HS RORX
DXWUH FRQILIXUDWLRQ GDQV OH FDV GX PRGQqOH pT

/D WDLOOH GX8 DRXQHVRYDEMHQFH GLUHFWHXVNU OD S
LOXVWUH TXH SRXU OH SUHPLHU PRGH OfHUUHXU VXU OD
PRQRWRQH HQ F®R QV4+GpRIAGHW GHQ QRWH SRXU OD UDLGHXU
SRXU XQ VHXO YHFWHXU OfHUUHXU GH SUpGLFWLRQ GH

'H PrPH SRXU OD UDLGHXU WDQSHOMAMW ON HEQH XSWD G HJ [DS
VKLIW TXL HVWIGH OfRUGUH GH



&KDSLWPWD PRGqOHV GH OL

JLIXUH (UUHXU VXU OHV IUpTXHGQ@RH VBORXQWOXQYDVRIX YD HO/IS HE
QRPEEUHHPRGHY UHWHQXYVY GDQV OYDSSURFKH GH PpW

2Q FKHUFKH PDLQWHQDQW j pWXGLHU OfL®IBRHQFH
FRQVLGpPUDQW XQH WURQFDWXUH HW SDV HQ UHVWUHLJQD
FRPPH SUpPFPGHPPHQW 2QLSYWPNHQ I HY BWLIDW DRQ SDUDPpW
IUpTXHQFH GX SUHPLHU PRGH HQ IRQF WURQ Tt ®X[W DL OlDV
SUHPLHUV YHFWHXUV

J)LIXUH 9DULDWLRQ GH OD IUpTXHQFH GX SUHPLHU PR
UDLGHXUV QRUPDOHV JDXFKH HW WD @MWQRQHOOGED QWY oL
VWUDWDPJILH )9

2Q UHPDUTXH TXH SOXV OH QRPEUH GH YBFWO®XW\OIKLF
UpVXOWDW HVW PDXYDLV 3RXU XQ VRXV HVSDFH FRPSRVp
SHXW rWUH H[SOLTXp SDU OH IDLW TXH OHV Q@pPRWHPpHV PR



&KDSLWPWD PRGqOHV GH OL

QH SHUPHWWHQW SDV GH UHSUpVHQWHU O TREKW iU WEKWWHHGE H
2Q UHWURXYH FHV GplIRUPpHV SRXU XQ VRXV HVSDFH GH WI

3RXU GpPRQWUHU OJXWLOLWp GH OTJDSSUR&KDWPXOWL

RQ FRPSDQRUXUMQ@HY YDOHXUV GH IUpTXHQFHV PRGDOH
HQULFKL HW FHOXL QRQ HQULFKL &H GHUQLHU :HMW GplLC
saULs/H VRXV BIQROFMQULFKL QH UHSUpVHQWH SDV ELHQ
IUpTXHQFH HVW WURS LPSRUWDQWH

JLIXUH (YROXWLRQ GH OD YDULDWLRQ GH IUpTXHQFH GHYV
00 HW )9 QRQ HQULFKLYV

8QH DXWUH UHPDUTXH FRQFHUQDQW OfDSSURFKH P
H[WUDSRODWLRQ 2Q)IFR@WH.GHUSUPEONWLHR® GIXQH pYROX\
VXU XQH JDPPH DX GHQJ IGX/SRLRWXYRROQB@FWH HVW XQH
LOOXVMWUXUHQ 3RXU OH PRGQGOH UpGXLW RQ QRWH XQH D
IUpTXHQFH SRXU GHV UDLGHXUV URIWWHNW &H) I RPFRS/R IUVDHPLHR
SRXU OH FKRL[ GTXQ SRLQW GH UpIpUHQFH VXU OD IURQW]
UDLGHXU
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JLIXUH &RXUEH GIpYROXWLRQ GH OD IUpTXHQFH HQ IRQFW
OD QRQ FRQYHUJHQFH GXH j OfH[WUDSRODW

9DOLGLWpP GH OD G/R¥FBRXWODUH BSHY IRUFHV GDQV OHV O]

'DQV FHWWH VHFWLRQ RQ FKHUFKH j pWXGLHU OD GH.
9' GpILQLH GDQV ODDVMHWFWHRRGJOH RQ VXSSRVH SRXYRLU
SULQFLSDX[ HQ LIJQRUDQW OHV FRXSODJHV HQWUH GplIRU
K\SRWKgqVH SHUPHWWUDLW XQH LGHQWLILEDWLRQ SOXV DL
GITHVVDL D\DQW GHV PRGHV VH GpIRUPDQW VXLYDQW OHYV
GRQF LFL j FRPSUHQGUH OH GRPDLQH GH YDOLGLWp GH FH\

6RXV OfK\SRWKQVH 9' OH PRGpPUHL B/DWURRY \WDpIR U P H
o5 26 ¢ f2HE @ E=OF 5,2 J2E :UF s;> P?; gMEL 6 B( P88

R RQ GLDJRQDOEXH 0D PPWHQBPW OHV GHX[ SUHPLHUV PF
HW EHQG< SRXU Gpl8QRQ WH VRHKIXBIGSDEIQLYHDX GH FRX!
VXU OHV VL[ SUHPLHUV PRGHV QRQ ULJLGHV GHV PpWD PR
WHUPHSHDYHF OD PR\HQQH JpRPpWULTXH GHV WHUPHV Gl
ILJXUH LOOXVWUH TXH OH PRGQOH 9' QpJOLJH GHV FRXSOTL
9 9 9 9 RX 9 O



&KDSLWPWD PRGqOHV GH OL

JLIXUH 1LYHDX GH FRXSODJH GHV HIIRUWY SULQFLSE
DSSURFKHV )W DBDXERED@®Y OH PRGqOH pTXLYDOHQW GH

&RPPH SRXU OD VWUDWDpPJLH )9 GpFULWH GDQYVXOB VHF

OHV SUPGLFWLRQV GH IUpTXHQFH SRXU GHV pWXGHV SD
TXDVL QXOOH DX SRLQW GH UplpUHQFH /D BWDUR QDLIW/D \
UplpUH@EHVW GRQF ELHQ HIIHFWXpH GDQV OD GpIBQLWLRQ
/D GHX[LqPH REVHUYDWLRQ HVW OH IRUW QLYHDX GYHUUH;
ITK\SRWKgqVH GH GpFRXSODJH QYHVW GRQF SDV YDOLGH
PRGH FRPSHQVHU OfHUUHXU VXU OH FRXSODJH SDU XQH
VHPEOH SHX SODXVLEOH TXfXQH WHOOH DSSURFKH SXLVVH

JLIXUH (YROXWLRQ GH YDULDWLRQ GH IUpTXHQFH HQ IRQF
HW WDQJHQWLHOOH GURLWH SFRXQV OH YRIDROGA. 3KV p T&XHL YAOIX
PDTXHWWH



&KDSLWPWD PRGqOHV GH OL

IDOLGIOMpVGRWHUDWEIRHWY SULQFLSDX[ GDQV OD OLDLVR(

/D VWUDWPpPJILH GH GpFRXSODJH )9 D\DQW PRQWUp GH
LQWURGXLUH XQH DXWUH FDUDFWpPULVDWLRQ GH GLPHQVLF
FHWWH VHFWLRQ 'DQV OfDSSU&FRKW GHVOBIIRRGMW SXEWNE
QRWDEOHPHQW GLIIpUHQWH

'DQV OH VREVRVSPHHLW OHV SULQFLSDOHV VROOLFLW
XQH SUHPLQUH DSSUR[LPDWLRQ GX PpWD PRGQqOH 'DQV O
UpDOLVH XQH DSSUR[LPDWLRQ GHV PDWULFHV GH UDLGHXL
OHV HIIRUWV GRPLQDQWY GDQV OD OLDLVRQ 2Q VILQWpU
LPSRUWDQWH DPSOLWXGH DILQ GHR PHWQWH H3D PYLGHQ FOH. [

2Q VILQWPUHVVH j QRXYHDX j OD UHSURGXFWLRQ GH
SUHPLHUV PRGHV 2Q FRPPHQFH SB$FR @DWWRWLRIGIX WQ R/@ X\

HQ FLEODQW OHV GHX[ SUHPLHUW tPRGMKVV GWbip DML WHV
GpFRPSRVLWLRQ HQ YDOHXUV VLQJXOLHYVBHG AR QRDWHU IOFHHA
GpIRUPpHV STYDWYWNRIDLEHYV j OD PDWULF4HX BW WD HEIRXIW @ RAURPF
DVVRFLpPV j GH JWBDQRGW BDVGHXYVLGHQFH 2Q UHWURXYH
HIIRUW D[LDRQ OBMODRWLFW SHUSHQGLFXODLUHPHQW j OD S
URWDWLRQ UHODWLYH SDUDOOQGOHPHQW j OD SHDX PRPHC
ORFDOH FRPSOH[H /HV HIIRUWE NOQ YDRMAN WRSMX PR Q @V GRI
rWUH QpJOLJpV

Mag2eq2-PL-NM1:2-v1:4  Maq2eq2-PL-NM1:2-v1:4  Mag2eq2-PL-NM1:2-v1:4  Maq2eq2-PL-NM1:2-v1:4

J)LIXUH 4XDWUH SUHPLqQUHV GpIRUPpHY DVVRFLpHV LC
FRPSUHVVLRQ D 2XYHUWXUH D[LDOH E URWDWLRQ UHO
URWDWLRQ UHODWLYH SDUDOOQOHPHQW j OD SHDX



&KDSLWPWD PRGqOHV GH OL

ID)LJIXUHPRQWUH OHV GplRUPPHUWREULRBV¥LiSODH\DWULFH
WDQJHOQXYEHWWHIIRUWY GRPLQDQWYV DVVRFLpV VRQW PLV HC
PRXYHPHQWY GH URWDWLRQ UHODWLYH SHUSHQGLFXODLU}
URWDWLRQ UHODWLYH GDQV OH SODQ HW GH OfRXYHUWXL
UDGHV GIXQ dDFWHSH)XGHHQW GRQF rWUH QpJOLJpV

Maq2eq2-PL-NM1:2-V1:4-kt Maq2eq2-PL-NM1:2-V1:4-kt Mag2eq2-PL-NM1:2-V1:4-kt Maq2eq2-PL-NM1:2-V1:4-kt
Mode 1 at 2.099e+12 N/m Mode 2 at 1.641e+12 N/m Mode 3 at 1.373e+12 N/m Mode 4 at 1.175e+12 N/m

JLIXUH 4XDWUH SUHPLqQUHV GpIRUPpHYVY DVVRFLpHV C
FLVDLOOHPHQW D URWDWLRQ UHODWLYH < SHUSHQGLFXO
F URWDWLRQ UHODWLYH GDQV OH SODQ G URWDWLRQ

(QDSSURFKDQW OHV PDWULFHV GH UDLGHXUV QRUPD
SUHPLHUV FRPSRVDDRWWIUR@FDDAA\VH OHV HUUHXUV VXL
I[UpTXHQRERIXUWHR/HV UpVXOWDWY VRQW SOXW{W VDWLVIDLVD

J)LIXUH 9DULDWLRQ GH IUpTXHQFH HQ IRQFWLRQ GHV YDUL
WDQJHQWH GURLWH SRXU OHV GHX[ SUHPLHUV PRGHV GH
GDQV OH FDV GX PRGqOH pTXLYDOHQW GH PDT



&KDSLWPWD PRGqOHV GH OL

2Q FKHUFKH PDLQWHQDQW j YpULILHU OD SRVVLELOLW,
VHXO HIIRUW SULQFLSDO DVM\.RERUM HMQKUWHH X(@QHF & RINRLUGPHUHD C
TXH OH SUHPLHU PR®HLEH®®, GYHROSRVLWLRQ HQ YDOH)
JpQgUH TXH GH GHX[ YD ORSERIWWDIQON M3 XADHIVR QDD IILFKH OL
YDULDWLRQ GH OD IUpTXHQFH GX SUHPLHU PRGH SRXU SO
SULQFLGIDSE DYHF XQLTXHPHQW OH SUHPGIHY MW RDYHFSUIL
XQLTXHPHQW OH GHX[LqFHGHLIIRUMQ B UQRK¥LSER] GHUQLHU
SUPGLFWLRQV VRQW GH PDXYDL®H &XDIOHWIPR QD @\H D K ISXI[H
OHXUV V\PpWULHV SDU UDSSRUW j OfD[H 2 < SUpVHQWH
SDV XQH WUDQVODWLRQ GH GpIRUPDWLRQV PDLV XQH V\
GLIIpUHQWY GX VRXV HVSDFH GIDSSUR[LPDWLRQ

J)LIXUH 9DULDWLRQ GH IUpTXHQFH GX SUHPLHU PRGH SU
QRUPDDXMFKH HW WDQJHQWLHOOH GURLWH SRXU OD VW
SULQFLSDX[ FRQVLGpUpV

OpWD PRGQOHV UpSpWpV GDQV XQH VWUXF

'"HVFULSWLRQ GX SUREOQqPH

/IH PRGQOH j GHX[ pTXHUUHYVY D SHUPLV GYLQWURGXLUH
OHXUV OLPLWDWLRQV &H FDV HVW FHSHQGDQW G\QDPLTXH
LOQWURGXLW GRQF LFL XQ FDV SOXV UHSUpVHQWDWLI EDVp



&KDSLWPWD PRGqOHV GH OL

GH ERXORQV SOXV pOHYp /H PRGgOH UHSUHQG DDXSWKH ORV |

VDXl TXYHOOH HVW GpVRUPDLV F\OLQGULTXH HW SDUW
JLIXUH 'L[ OLDLVRQV ERXORQQpPHY LGHQWLTXHV VRQW UpSI
OD VWUXFWXUH /H FDLVVRQ ORQJ VH FRPSRVH GYXQH SC
PRQWURMXHUH /D SDUWLH FRQLTXH SHUPHW GIfREWHQLU GH
DVVH] IDLEOHV /H PRGQgOH HVW VXE G B¥ E\: BRQW HID § VU @,

GL[ OLDLVRQV ERXORQ Qp3+¥ RHW KQB G\W UMRDHWOR B pDHWWH G )

JLIXUH *DXFKH PRGQOH GH PDTXHWWH F\OLQGULTXH PXOV
GH OLDLVRQ ERXORQQpH

/H PRGGQOH SUpVHQWH GHV PRGHV JORERMKWEH IOH[LR

WUDFWLRQ PRGH HW WRUVLRQ PRGH ,O0 SUpVHQWH
QLYHDX GHV SDQQHDX[ VXSpULHXUV GXV | QU WH pPWWp Ol
DX QLYHDX GH OD MRQFWLRQ PRGH /D VWUXFWXUH p\

D[LDX[ VRQW GRXEOHV DYHF OD PrPH IRUPH j XQH URWDWL



&KDSLWPWD PRGqOHV GH OL

Mode 1 at 116.4 HzMode 3 at 203.2 HzMode 5 at 495.4 HzMode 12 at 779.4 HzMode 14 at 897.4 Hzpode 15 at 987.2 H;

o

‘ ‘ w "4
)LJXUH 'pIRUPpHY PRGDOHY GH PRGHYV JOREDXC-[U—IWLCMRJFHDX[

IOH[LRQ PRGH GH SDQQHDX[ VXSpULHXUV WUDFWLRQ GH.
MRQFWLRQ

'DQV OD VHFWRRQVJLQWpPUHVVH j pWXGLHU OD FDSDFL
GDQV FHWWH VWUXFWXUH DYDQW GH SDVVHU DX[ FDOFXO
FRPPH GDQV OD VHFWLRQ SUpFpEBRIDIRUWBD SBLUWQHIODRQED
"/ XQH UpGXFWLRQ GH FHWWH JRQH HVW [DORDWY LGLAL B!
DSSURFKHV GH FRQVWUXFWLRQ GH PpWD PRGQqOHH®W OLD
YpULILpH SRXU FHWWH PDTXHWWH F\OL Q/§REMHF \GDIQVFDHM
YpULILHU OD YDOLGLWp GH OD PpWD PRGpPOLVDWLRQ HQ IR
ERXORQQpH

&DSDFLWp GLVVLSDWLYH GH OD MRQFWLRQ

(Q UHSUHQDQW OD QRWLRQ GH F R X&SKITBIHARGM FOKCH MIRIQH |
i pPWDEOLU OD FDSDFLWp j GLVVLSHU GH OD MRQFWLRQ GDQ

/ID)LIXUH SUpVHQWH OffpYROXWLRQ GH OD IUpTXHQFH P
QRUPDOHV HW WDQJHQWHV VRXV IRUPHV GH FRXUEHV GH C
XQH UDLGHXU QRUPDOH pOHYpH OD YDULDWLRQ GH IUpTXH
FRXUEH UHSUpVHQWH GRQF XQH FRXSH GH OD SUHPLqUH /I
UDLGHXU QRUPDOH HW SHX j OD UDLGHXU WDQJHQWH 8Q F
OD IULFWLRQ VHUDLW GRQF SUREDEOHPHQW SHX HIILFDFH
PpFDQLVPHVY VRQW DVVH] VHQVLEOHYV
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JLIXUH (WXGH GHGIRX s ODJADTXHWWH F\OLQGULTXH pYRO>
HW SRXU GHV YDULDWLRQV GH UDLGHXU QRU

3RXU OHV PRGHV ORFDX[ RQ D WURXYp XQH YDULDWIL
LQGLTXDQW XQ IDLEOH FRXSODJH HW GRQF XQ IDLEOH
FRPSOpPHQWDLUHV RQW SHUPLV GH SURXYHU TXH OfYDM
GLVVLSDWLRQ GDQV OH PRGgOH PDLV SDV GTXQH IDoRQ VL.

5pGXFWLRQ GH OD JRQH OLQpDLUH

2Q VILQWpPUHVVH GDQV FHWWH VHFWLRQ j OD GplILQLW
OLQpPHEREW GDQV OfpT/ODMORIQOLQpDLUH GHYUDLW rWUH Up
GHV V\VWQPHV FRPSOH[HV GH JUDQGH WDLOOH DILQ GH UpC

IV SULQFLSDOHV PpWKRGHV GH OD OLWWpUBDW XM RC
SOXSbuw VHUDLHQW DGDSWpHV LFL 2Q LOOXVWUH LFL G
PPWKRGH GH &UDLJ %DPSWRQ > @ FRXUDPPHQW XWLOLVpE

> @



&KDSLWPWD PRGqOHV GH OL

$ILQ GH VLPSOLILHU OfpFULWXUH PDWULFLHOOH GX SU
FRQVLGQUH LFL XQH3RQHXQRIQ] A8 pOHWHORQYHHPH QW GH '/
VIpFULW

%EL‘E |\g
/D PPWKRGH GH &07 XWLOLVH

M_ 8 r N
QeEL & 50,0 220K
DORUV TXH OD PpWKRGH GH &UDLJ %DPSVMRJQQH/\RLQ—VIG)[H{VH]N\QF

D HW E DYHF OD FRQGHQVDWLRQ MWDWLOXH VXH OHWY PR
LOQWHUIDFH IL[H

N 8 r r N
IMKL er F .75 .. < 0yuisPM®
MﬁU r + r o)

DYH&s HMOHY YHFWHXUV GHV "'/ LQWPULHXUV HW>GHV ''/
UHVSHFWAQLHPMISQWVHQWH OD EDVH GHV PRGHV BtQWHUIDFH

3RXU XQH VWUXFWXUH DYHF XQH UHSUpVHQWDWLRQ S|
My FRQVHUYpV SDU OD PpWKRGH GH &UDLJ %DPSWRQ DXJF
&07 SLORWH OD WDLODMHI GHH OPRPPWHIIGFHH PRGHY GTHQVHP
FRQVHUYpV HW HVW GRQF WUQqV DYDQWD B#XVRHXQNWDEROY
LOOXVWUHU FH IDLW RQ SUHQG OHRPKRISD 2 QG FXQIR FKOD T )
UpGXLUH OHV SDUWLHV VXSpULHXUH HW LQIpULHXUH GH O
VpSDSIpH UDSSRUW DX[ DXWUHV SDUWLHV SDU OHV LQWHUIL

JLIXUH 3ODTXH DYHF GHV LQWHUIDFHYV



&KDSLWPWD PRGqOHV GH OL

'‘DQV FH PRGqO3 FRP SWHWLH'/ HB>CFRBOWW IGH X[ IRLV
'/ 3RXU OHV GHX[ JRQHV VXSpULHXUHV HW LQIpULHXUHV
FDOFXO GHV PDWULFHV GH U®¥ QGHXBPRQWILGIQAWHWKHOD 'S/IDS
PPWKRGH &07 FRQWUH GHXJ[ IRLV "'/ SRXU &UDLJ %DPSWR
VRQM/SUpVHEMEmNP@@QWWDDUTXH DORUV TXH OD WDLOOH C
PPWKRGH GH &UDLIXBHPSWRW GHX[ IRLV SOX\VYOUDDGH T

D 'H SOXV OHV LQWHUIDFHVY GDQV OD PpWKRGH GH &U

EORFNV SOHLQ HW WURLYV IRLY SOXV GH WHUPHYV QRQ QXOV
QXPpULTXH GH OD PDWULFH UpGXLWH7 '"fRe OfXWLOLWp GH

D E

J)LJXUH ODWULFHV UpGXLWHV D SDU OD PpWKRGH &0
%DPSWRQ

9DOLGLWp GH OD VWUDWG@HLELPHQWRRW HNHSDNWFWHH L Q W H

2Q FKHUFKH PDLQWHQDQW j pYDOXHU OD VWUDWQPpPJLH C
OD VAFWLMQVWUXFWXUH F\OLQGULTXH SUpVHQWH GHV PRG
JOREDX[ 3RXU LQLWLDOLVHU OH VRXV HVSDFH GH GplIRUP
PXOWL PRGQqOH

%?L O 5pgegb0:ré;©5 O:sd; s 0:5&; ¢ éOZré{;(jﬁ‘l 0:sd; 54 02555;(3549

FRPPH SUpVHQWp |HERXHFWPR@HY FLEOHYV GL[ OLDLVRQV F
UplpUHQFH DX[TXHOV RQ DMRXWH PRGHV GH FRUSV ULJL




&KDSLWPWD PRGqOHV GH OL

YHFWHXUV GH GpSDUW FRPSWDQW $SUQV RUWKRJRQDO
PWp VXSSULPpV HW RQ BEWIHQ®UYQS B R XVQOHVEI\AEM UV

/ILIXUHL®OWUH GHV WUDFHV GH GplRUPpHV JOREDOF
VRXV HVSDFH GHV GpIRUPpHV SULQFLSDOHV GH OLDLVRQ ¢
ULULMHWLULS/HV PRGHVY GH FRUSV ULJLGHV QH VRQW SD
PRXYHPHQWY GDQV OD OLDLVRQ VRQW FHX[ GH OfRXYHUW)
PRXYHPHQWY GH URWDWLRQV UHODWLYHV

D E

JLIXUH 7UDFH VXU OD SUHPLqQUH MRQFWLRQ GHV GplIRUPy
F\OLQGULTXHL WL 8SRXSRXU ULULSs

/ID)LIXUH SUpVHQWH OHV GplIRUPpHV SUL@FHSDOMKNY Gp
GpFULYHQW OHV PrPHV PRXYHPHQWY FLWpV FL GHVVXYV

YLIXUH 'pIRUPPHY SULQFLSDOHV G8SRRKXVOHVSRGE §O¥HH & W FPDIL
F\OLQGULTXH

'DQV XQ SUHPLHU WHPSV RQ FRQILUPH OD YDOLGLWp C
OHV SUHPLHUV PRGHV JOREDX[ GH IOH[LROLEXWUW RMRQWRQ /




&KDSLWPWD PRGqOHV GH OL

WUQqV SURFKHV GX PRGQqOH 00 2Q FRQVWDWH FRPPH SUpFp
SRLQW GH UplpUHQFH

J)LIXUH 9DULDWLRQ GH OD IUpTXHQFH GHV PRGHV JOREDX]
JDXFKH HW WDQJHQWH GURLWH SRXU OYfpWXGH GH YDO
PDTXHWWH F\OLQGULTXH

3RXU OHV PRGHV ORFDX[ GfRYDOLVDWLRIQXAHY SDQQF
PRQWUH XQH HUUHXU WUqV IDLEOH PDLV DXVVL XQ QLYHLIL
FRQILUPH GRQF TXH FHV PRGHVY QH GHYUDLHQW SDV rWUH I

J)LIXUH 9DULDWLRQ GH OD IUpTXHQFH GHVY PRGHV ORFDX]
IRQFWLRQ GHV UDDXHXHYV KW WDO@QIHQWH GURLWH SRXU ¢
VWUDWPJLH )9 SRXU OH PRGqQOH GH PDTXHWWH |

/D YDOLGLWp GH OD VWUDWPJILH )9 $ Va2 FIKiHI F KHD QAR
PDLQWHQDQW j LOOXVWUIUJN B LFFROHY BUJSQWPALHD PRGH GH
YDULHU OH QRPEUH GH PRGHV UHWHKBQXV SOXQ/ HJHQYGIPHEC
VRXV H8/IXEHQIHVW SDV WURQTXp 2Q UHPDUTXH FRPP]




&KDSLWPWD PRGqOHV GH OL

PRQRWRQH TXDODBXQOPHQMHMK OBD&N PrPH DYHF XQ QRPEUH W
OfHUUHXU UHVWH DFFHSWDEOH

JLIXUH (YROXWLRQ GH OTHGX XU PIQH L PRGHIQRE IRQF
UDLGHXUV QRUPDOH JDXFK Hs HAMW\D CRRIGIGOMN GHY REILWIH U E
GLPHQVLRQV SRXU OD PDTXHWWH F\OLQGULT

30XV OH QRPEUH GH OLDLVRQV ERX®RQW pN Y @O IPIOQW
OH QRPEUH GH YHFWHX8MXGPA®VWH VRXV HVSDFH

SOXW{W TXH UHVWUHLQGUH OH QRPRE R GH R GHR\Q XMGE
XQH WURQFDWERUQ G QL HE FRPPH SBpfFfOHRWRHQGHXQ YHF
FRQVHUYQVLSRX2D WURQT&EHWHYVXLSMHPLHUYV YHFWHXUV /H

HQLJXUH HVW FODLUHPHQW PDXYDLV (@ DHuLn;M@N@HOHV
RQ YRLW FODLUHPHQW TXYLOV QH GRQQHQW SDV GH UH

GH URWDWLRQ UHODWLYH GHV pTXHUUHV &HFL LOOXVWUH

SUREOQPH DX[ Y

DOH

QU \BW RSOUWH B G D SW p8j X@H P\R Q RVQFHDND X T

OD PpWKRGH 3/ GRQQH GH PHLOOHXUV UpVXOWDWYV



&KDSLWPWD PRGqOHV GH OL

J)LIXUH 9DULDWLRQ GH OD IUpTXHQFH GX SUHPLHU PR
QRUPDDXFKH HW WDQJHQWH GURLWH SRX8jXfPMWXGH G}
GLPHQVLRQ SOXV UHVWUHLQWH

9DOLGLWp GH OD 'y WRIBOIIHH GHV IRUFHY GDQV OHV OL

2Q FKHUFKH LFL j FRQILUPHU TXH OD PpWKRGH 9' VXSS
OLDLVRQV QTHVW SDV YDOLGH 3RXU OLPLWHU OD GLIILFX
SUHPLqQUHV IOH[LRQ

&RPPH HQ

V H R

wW(

BQ XU H

LOOXVWUH OYDPSOLWXGH GFH

GLDJRQDX[ GDQV OHV PpWD PRGQgOHV )9 HW 9' 2Q UHPDUT)>
ULVTXHQW GRQF GY{rWUH FULWLTXHV GDQV XQH SUpGLFWLR

JLIXUH 1LYHDX GH FRXSODJH GHV HIIRUWYV SULQFLSD
DSSURFKHV )9 JDXFKH HW 9' GURLWH GDQV OD PD



&KDSLWPWD PRGqOHV GH OL

IDYLIXUH FRPSDUH OfpYROXWLRQ GH OD IUpTXHQFH GX
00 HW OH PpWD PRGgOH 9' &RPPH SUpFpGHPPHQW OH UpV>X
HW UDSLGHPHQW IDX[ TXDQG RQ VJHQ pORLJQH 6XU XQH
ODUJH OH GpFRXSODJH GHV HIIRUWV SULQFLSDX[ GH OD Ol

JLIXUH (YROXWLRQ GH YDULDWLRQ GH IUpTXHQFH GX SUHI
QRUPDOH JDXFKH HW WDQJHQWLHOOH GURLWH SRXU OD
F\OLQGULTXH

9DOLGLWpP GH OD(MRUWW pSILHQF/LSDX[ GDQV OD OLDLVR(

2Q FKHUFKH PDLQWHQDQW j YDOLGHU OD VWUDWDpJLH
PRGH GRXEOH GH SUHPLQUH IOH[LRQ RQ Q) WUIRDEYWX D ® W
69' GH OD PDWULFH GH UDLGHXU QRUPDOH RXYHUWXUH H
PRQWUPIM X UHD HW E &HV GHX[ GpIRUPpHVY RQW XQH UDLGFH
TXH OHV VXLYDQWYV %LHQ TXH OH QRPEUH GH OLDLVRQV
QRPEUH GYHIIRUWV SULQFLSDX[ HVW SOXV IDLEOH TXH SR>
VHFWLRQ@R+ TXDWUH HIIRUWYV SULQFLSDX[ pWDLHQW QpFHV\
PRGHV GH IOH[LRQ /HV SURSULpWpPV GH V\PpWULH GHV PRG




&KDSLWPWD PRGqOHV GH OL

D E F G

J)LIXUH 4XDWUH SUHPLQUHV GplIRUPpHY DVVRFLpHV D
PDWULFH GH UDLGHXU QRUPDOH GDQV OD PDTXHWWH F\O|
ORFDOH UHODWLYH F GHX[LgPH RXYHUWXUH D[LDOH G

'‘DQV)ODXUH RQ DIILFKH OHV TXDWUH SUHPLqQUHV GpIRI
SULQFLSDX[ GH OD PDWULFH GH UDLGHXU WDQJHQWH /[/HV
JUDQGH GYXQ TBAWBIXUSUHPLqUH /HV PRXYHPHQWYV SULQF
UHODWLYHYV GDQV OH SODQ HQ YXH GTRXYHUWXUH GHV pTX

JLIXUH 4XDWUH SUHPLqQUHV GpIRUPpHYVY DVVRFLpHV DX
PDWULFH GH UDLGHXU WDQJHQWH GDQV OD PDTX

JQYLIJXUH YDOLGH FODLUHPHQW OD SHUWLQHQFH GX F
SULQFLSDX[ &RPPH WRXMRXUV OH2HRERQN QR RMH DFCH SIN QG
FHUWDLQH GLIILEXOWpP j UHSURGXLUH OfDVVRXSOLVVHPHC

IDLEOH




&KDSLWPWD PRGqOHV GH OL

J)LIXUH 9DULDWLRQ GH IUpTXHQFH GHV GHX[ SUHPLHUV P
QRUPDOH JDXFKH HW WDQJHQWLHOOH GURLWH SRXU OD
F\OLQGULTXH

2Q FKHUFKH PDLQWHQDQW j DQDO\WHU OH SUHPLHU

SULQFLSDX[ PRQWUH GHX[ PRQWWH RAMHR QX TDNREWpXE@ MB X
\ D GL[ OLDLVRQV HW GRQF GLIIpUHQWYV HIIRUWV WUDQVLW
VWUXFWXUH &HUWDLQHY OLDLVRQV VRQW HQ PRXYHPHQW
GIDXWUHV SUpVHQWHQW GHV PRXYHPHQWY ORFDX[ GH URW

JLIXUH 'HX[ SUHPLQUHV GpIRUPpHVY SULQFLSDOHV DVVRFLp
HQ QH FLEODQW TXH OH SUHPLHU PRGH

3RXU FRQILUPHU TXH FHV GHX[ HIIRUWVY VRQW QpFHV
FRQVHUYDQW TXPHLOKUSJURRRQIHUPHDFRPPH WRXMRXUV OD Y
YRLVLQDJH GX SRLQW QRPLQDO HW OfLQFDSDFLWp j UHSUR

2Q FRQVWDWH GRQF TXTIXQ VHXO HIIRUW SULQFLSDO
UHPDUTXH TXYLO VIDJLW WRXMRXUV GHV GHX[ PRXYHPHQW
UHODWLYH GHV pTXHUUHV TXL GRPLQHQW OHV HIIRUWYV SU



&KDSLWPWD PRGqOHV GH OL

PRGHLIXUH /ID GLIILFXOWp GH FH SKpQRPgQH GH FRPELQ
GpWHFWpH LFL VH PDQLIHVWH DX QLYHDX H[SpULPHQWDO
DVVRFLpHV SRXU FDUDFWpULVHU OH PRGH FLEODP

J)LIXUH 9DULDWLRQ GH IUpTXHQFH GX SUHPLHU PRGH HQ
JDXFKH HW WDQJHQWLHOOH GURYWHD®RIUHXZTY GIXQW KDIDF
F\OLQGULTXH

2Q FKHUFKH PDLQWHQDQW j YDOLGHU OH FRPSRUWHPH
QRPEUH GH PRGHW L(@wStRB(QDm@HBQ FRQVWUXLW XQ PR
DYHF YHFMHX PR BQLGpUDQW WRXV OHV HIIRUWV SULQFL
HQ YDOHXUV VLQJXOLQUHV GHV PDWULFH\)GIXUBLBBA XUV G
WUDFH OfpYROXWLRQ GH OD IUpTXHQFH SRXU OD SUHPLQqU
HQ IRQFWLRQ GHV UDLGHXUV QRUPDOHV HW WDQJHQWLHOC
VRQW WUQV SURFKHV VXU XQH ODUJH JDPPH GH SRLQWYV
DVVRXSOLVVDQW OD UDLGHXU QRUPDOH &HV UpVXOWDWYV
GDQV FHWWH GLUHFWLRQ




&KDSLWPWD PRGqOHV GH OL

JLIXUH 9DULDWLRQ GH IUpTXHQFH GHV TXLQ]H SUHPL
UDLGHXUVJORBRBOHW WDQJHQWLHOOH GURLWH SRXU OD
PDTXHWWH F\OLQGULTXH

2Q FKHUFKH PDLQWHQDQW j YDOLGHU OYDSSURFKH 3/ F
SDU H[HPSOH XQ SRLQW SOXW\REIQH R WDH G 5K Q GDRUNP DX
HQFHUFOp HQ UDRIXIWHGDBRXODPpYLWHU OJH[WUDSRODWLRQ
FRQVWUXFWLRQ GH VRXV HVSDFH HQ LQFOXDQW XQ HQVHF
H[HPSOH HQ SUHQDQW

>67?
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QpLIJXUH SUpVHQWH OD FRPSDUDLVRQ GX PRGQgOH 3/ GplLQL

DYHF OH PRGqgOH 00

2Q UHPDUTXH TXH OD GLDJRQDOLVDWLRQ GHV PDWULFHYV
HITHFWXpH SRXU GplL8QL&H PIH HARX VG pIRBSQWH p SRXU XQH HL
QRPLQDO GH UpIpUHQFH 2Q DUULYH j IDLUH FRWQFLGHU Ot
FRQFHSWLRQ DX YRLVLQDJH GX SRLQW QRPLQDO $LOOF
LPSRUWDQWH



&KDSLWPWD PRGqOHV GH OL

JLIXUH 9DULDWLRQ GH IUpTXHQFH GHV TXLQ]H SUHPL
UDLGHXUV QRUPDOH JDXFKH HW WDQJHQWLHOOH GURLWI
DXWUH FRQILIJXUDWLRQ GH UpIpUHQFH

/TPWXGH GH OYDPRUWLVVHPHQW SHXW V{HIIHFWXHU ¢
IUpTXHQFH SUpPVHQWpPH GDQV OHV GLIIpPUHQWHY VHFWLRQ
GHV FRXFKHV YLVFRpODVWLTXHV [3RXUXPRHWVIWHX G H UBDLLYLIRHp!
GH OJDPRUWLVVHPHQW HVW UpDOLVpH HQ SUHQDQW XQ WCL
GLVVLSDWLRQ GDQV OD YLVFRpODVIXUFH]WRTp¥QO I WHLRHQ \
OfDPRUWLVVHPHQW HQ IRQFWLRQ GHV UDLGHXUV QRUPDO
00

JLIXUH eYROXWLRQ GH OYfDPRUWLVVHPHQWDXFKRQFWL
HW WDQJEHQRERHDOBGITIDSSURFKH 3/



&KDSLWPWD PRGqOHV GH OL

2Q UHPDUTXH TXH OHV PRGQOHV 3/ HW 00 FRWQFLGHQW
VXU XQ QRPEUH GH SRLQWVY GH FRQFHSWLRQ DX YRLVLQI
DLOOHXUYV



&KDSLWPWD PRGqOHV GH OL
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&KDSLWBRQFOXVLRQ JpQp!




&KDSLVEBRYFOXVLRQ JpQpl

/ﬁEMHFWLI JpQpUDO GH FH WUDYDLO pWDLW OD FK

DVVHPEODJHV PpFDQLTXHV $SUqV DYRLU LQWURGXLW OF
REWHQLU XQH UHSUpVHQWDWLRQ SK\VLTXH GHV PpFDQLVF
GDQV XQ SUHPLHU WHPSV GpYHORSSp OD QRWLRQ GH FI
MRQFWLRQV j GLVVLSHU &HWWH PHVXUH HVW LVVXH Gf
VHQVLELOLWpP GHV IUpTXHQFHV GH OD VWUXFWXUH SDU UD.
LOQWHUIDFHVY GH FRQWDFW 'HV H[HPSOHV GH FRPSOH[LWpP
FH FULWqUH VLPSOH SRXU pYDOXHU OD FDSDFLWp GILQWUF

3RXU OfpWXGH GH OTYDPRUWLVVHPHQW HQJHQGUp SDI
LQWpUHVVp j GHV PRGgOHV GH FRXFKHV YLVFRpODVWLTXH)\
SDU IULFWLRQ HQ FRQVLGpUDQW GHV UDLGHXUV QRUPDOHYV
UHSUpVHQWDWLRQ ILGqOH GH OD JpRPpWULH GH OD OLDLVI
JUDQGH 3DU DLOOHXUV OD FRQFHSWLRQ HVW UpDOLVpH D
GHV IDPLOOHYVY SDUDPpWULTXHVY GH PRGXOH HW GH WDX][ (
YDOLGLWpPp GH GLIIpUHQWHY VWUDWpPJLHYVY GH UpGXFWLRQ (
UpGXFWLRQ PXOWL PRGgOH SRXU SHUPHWWUH OffpWXGH G
PPWKRGH &07 &RPSRQHQW ORGH 7XQLQJ SRXU GLVVRFL
OLQpDLUH HW LQYDULDQW HW XQH PRGpOLVDWLRQ SDUDPp'

3RXU GpPRQWUHU OD YDOLGLWpPp GHV DSSURFKHV SURSE
WHFKQLTXHVY GH FRQVWUXFWLRQ DpURQDXWLTXH D pWp FI
SDUWLFXOLqQUHPHQW LQWpPpUHVVp DX[ MRQFWLRQV ERXORC(
GIfHIIRUW /fpWXGH GX FRXSODJH D PLV HQ pYLGHQFH XQH
FHY OLDLVRQV HW GRQF PRWLYp XQH FRQFHSWLRQ GLVV
LOQWHUIDFH SHXW SRVHU GHV ULVTXHV GH IDWLJXH GHV E
VWDWLTXH HW FRQILUPp QXPpULTXHPHQW OYH[LVWHQFH G
JRQH FRKpVLYH FRQGXLVDQW j GHV HIIRUWYV G\QDPLTXHYV
SUpVHUYHU OD WHQXH IRQFWLRQQHOOH WRXW HQ SHUPHW
SURSRVp XQH VWUXFWXUDWLRQ GH OD VXUIDFH GH FRQW
REWHQXH SDU OYDMRXW GfXQH URQGHOOH PpWDOOLTXH
RSWLPLVHU OH FKRL[ GH SURSULpWpV GH PDWpULDX[ YLVF



&KDSLVEBRYFOXVLRQ JpQpl

PDWpULDX ILEWLI HW GH YDOLGDWLRQ SRXU PDWpULDX Upl
LQWpPUHVVDQWHV

/ID FRQFHSWLRQ SURSRVpH D pWp YDOLGpH H[SpULP
GILQWHUIDFH RQWX QWR QWXBWpRPWDOOLTXH SHX GLVVL
YLVFRpODVWLTXHV OH 6PDFWDQH HW OH 6PDFWDQH G
FDOFXO /HV HVVDLV RQW PRQWUp XQH QHWWH DXJPHQW
PWXGLpH DVVRFLpH j GH IDLEOHV YDULDWLRQV GHV IUpTXF
GH SUpVHUYHU OH FRPSRUWHPHQW IRQFWLRQQHO GH OD C
/TPWXGH GH SOXVLHXUV FKRL[ GH PDWpULDX[ D FRQILUPp
GRQW OHV SDUDPqQWUHV VRQW OH FKRL[ GX PDWpULDX G
VXUIDFH WUDLWpH HW OfREMHFWLI GRLW rWUH OfDPRUWL

2Q D SDU DLOOHXUV FRQVWDWp TXH OHV FRQILJXU
FRPSRUWHPHQW QRWDEOHPHQW SOXV OLQpDLUH TXH OD F
FRPSRUWHPHQW OLQpDLUH HVW SOXW{W IDYRUDEOH LO FI
PYROXHU DYHF OIDPSOLWXGH GDQV OH FDV GH FRQWDFW |
DYHF OD WHPSpUDWXUH GDQV OH FDV YLVFRpODVWLTXH

'HV GpIDXWV GH IRUPH LPSRUWDQWYVY RQW pWp FRQV
LQGXLVHQW XQ FRQWDFW SDUWLHO DX[ LQWHUIDFHV (Q W
FDOFXO PRQWUH XQH GLPLQXWLRQ QRWDEOH GH OJDPRUW
FRQFHSWLRQ GH OLDLVRQV GRQW OD SHUIRUPDQFH HV\
RPQLSUpPVHQWY GDQV OHV VWUXFWXUHV UpHOOHV VHPEO
SUpPpVHQWp LFL

/JHV SUHPLHUV GpYHORSSHPHQWY RQW PRQWUp OD YD
PRGqOHV SK\VLTXHV GpWDLOOpPV ODLV OJLQFOXVLRQ GH
GYIHQVHPEOH GH VWUXFWXUH DpURQDXWLTXHV HVW XQ H
JpQPUDOHPHQW WUQV LPSRUWDQW 2Q D GRQF GDQV OH Gt
OLHQ HQWUH PRGQgOHV ORFDX[ GpWDLOOpV HW PHWD PRC
UHSURGXLUH OfLPSDFW GHV OLDLVRQV VXU OH FRPSRUWF
SRXU XQ H[HPSOH j GHX[ OLDLVRQV FRQWLJXsV LQVSLUp G
XQ FDV SOXV FRPSOH[H GH VWUXFWXUH F\OLQGULTXH j GL[



&KDSLVEBRFOXVLRQ JpQpl

6L UKpRORJLHVY ORFDOHV HW PpWD PRGgOHV VRQW UHS:S
RQ D IDLW DSSDUDLWUH TXH OHV PpWD PRGgOHY GRQQHQW
HITRUWYV GRQW OD GpILQLWLRQ HVW VRXYHQW VRXUFH G
SK\WLTXH GpWDLOOpH SRXU XQH FRQILIXUDWLRQ pODVW
PPWKRGRORJLH V\VWpPDWLTXH GH FKRL[ GH GplIRUPDWLRC
GTHITRUWY DVVRFLpV GpSHQGDQW FKDFXQ GTXQH VHXOH
GpIRUPDWLRQV SULQFLSDOHV HW GYHIIRUWY GpFRXSOpV
OfXWLOLVDWLRQ GYfHVVDLY pOpPHQWDLUH& SRXU OD FRQV)

‘LIlTPUHQWHY YDULDQWHYV GH OD SURFpGXUH JpQpUDOH
VWUDWpPJLH FRQVLVWH j UpGXLUH OD EDVH GH GplIRUPDWL
SDU VPOHFWLRQ GH PRGHV FLEOHV GH OD VWUXFWXUH JOR
WUDYHUV GHV pWXGHYV SDUDPpWULTXHV VXU OD UpSRQVH J
OH QRPEUH GH GpIRUPDWLRQV SULQFLSDOHV QpFHVVDLUH
GRQQH GH PDXYDLV UpVXOWDWY 2Q D HQVXLWH FNHUFKp
FURLVpHV GHV PpWD HIIRUWYV DX[ GpIRUPDWLRQV SULQFLSTEL
HQWUH GpIRUPDWLRQV SULQFLSDOHVY &HWWH VWUDWPJILH
EHVRLQ GH FRQVLGpUHU GHV FRXSODJHV

3RXU SHUPHWWUH XQH GHVFULSWLRQ UpGXLWH GHV
LQWURGXLWH SRXU UHSUPpVHQWHU OHV HIIRUWV SULQFLSD
UDLGHXUV REWHQXH SDU OD SUHPLqUH PpWKRGH VDQV V
DSSURFKH HVW GH PHWWUH HQ pYLGHQFH OHV HIIRUWV C
DVVRFLpV RQW XQ VHQV SK\VLTXH HW SHXYHQW rWUH LQW
EDVH SRXU OD FRQFHSWLRQ GH EDQF GYHVVDL GH OLDLYV
GRPLQDQWY 3RXU OfXWLOLVDWLRQ OGIVQ VY p &K WDMXG HAR (
VDWLVIDLVDQWY HW PRQWUHQW TXTXQ QRPEUH UHVWUHL
UpVXOWDWY DVVH] FRPSOH[HV

'H QRPEUHXVHV SHUVSHFWLYHV UHVWHQW RXYHUWHYV
GHV FDV QRQ OLQpDLUHY DYHF FRQWDFW IURWWHPHQW D
0$,$6 HW OYLQFOXVLRQ GITpWXGHYV SDUDPpWULTXHYV HQ DPS
FRQVLGpUpH FRPPH OHV pWXGHV HQ PRGXOH HW WDX[ GH
UpGXFWLRQ GH PRGgQOHV XWLOLVpHV LFL SRVHQW GHV TXH?



&KDSLVEBRYFOXVLRQ JpQpl

GHV IRQHV QRQ OLQpDLUHV VXU OH GRPDLQH GH YDOLGLW
GH FRQILIJXUDWLRQV j WUqV JUDQGY QRPEUHYV GH MRQFWLR

&RQFHUQDQW OfYLGpH GH VWUXFWXUDWLRQ GHV VXUIDI
pWDEOL PDLV GH QRPEUHX[ HIIRUWV VHURQW QpFHVVDLI
SHUPHWWDQW GIDERXWLU j GHV FRQILIJIXUDWLRQV SHUIF
WHPSpUDWXUH RX FKDUJHPHQW DLQVL TXYDX[ GpIDXWV GF
GHV SURFpGpV GH PLVH HQ °XYUH SDUDLW j FH WLWUH LC
GIpWDQFKpLWp XWLOLVpY DFWXHOOHPHQW RX GHV VWUD\
YLVFRpODVWLTXH GDQV OHV MRQFWLRQV SDUDLVVHQW LQW

ITLQWURGXFWLRQ GH PpWD PRGqOHV SDUDLW LQGLVS
MRODEQV GDQV OHV PRGqOHV GH FDOFXO XWLOLVpV GDQV
VWUXFWXUHV DpURQDXWLTXHV FRPSOH[HV /D UpIOH[LRCQ
OfH[LVWHQFH GIHIIRUWV SULQFLSDX[ HW GH GplIRUPDWL
GpYHORSSHPHQWY HQ SDUWLFXOLHU SRXU GHV FRQILIJXUD
XQH pWDSH QpFHVVDLUH



&KDSLVEBRYFOXVLRQ JpQpl
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@ 6 /( /IRFK 30RGpPOLVDWLRQ HW LGHQWLILFDWLRQ G}t
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@ 5 .HOOHUPDQQ DQG + & .OHLQ 32*8QWHUVXFKXQJHQ
9RUVSDQQXQJ XQG $Q]XJVPRPHQW YRQR®FNURRKWEHR Y
6SULQJHU YROODJ

@ - .LP - & <RRQ DQG % 6 .DQJ 3)LQLWH HOHPHQW
ZLWK EROWHEG M RDPMWRGHO QR Ss +
@ - 0 6WDOOLQJV DQG ' < +ZDQJ 30RGHOLQJ SUHW

&RPSXW BWRIXFW QR Ss +

@ < .DULP DQG & %ODQ]p 29LEUDWLRQ UHGXFWLRQ RI
EROWHGRRIOMHUYV B6YWRUIXFWXSBVX QG

@ $ &DLJQRW 3 /DGHYQ]H ' 1pURQ DQG - ) 'XUDQG

RI GDPSLQJ (QJNMRRRONYD QR Ss +

@ + -X & < )DQ DQG * + :X 37KUHH GLPHQVLRQDO IL
FRQQH F\WLIR QW UKE®V QR Ss +

@ - ORQWJRPHU\ 320HWKRGV IRU PRGHOLQJ EROWV LQ
$16<6 8VHUTV &RQIHUHQFH

@ : +H\OHQ 6 /DPPHQRGD®®@DBDMY 7KHRUYYBDQG W
.8/ 3UHVV

@ ' - (ARQWO 7HVWLQJ 7KHRU\ 3UDOWLHGLWQB BSHBOD
SHVHDUFK 6WXGLHV 3UHVV /7"

@ ( %DOPHV 3 QWHJUDWLRQ RI H[LVWLQJ PHWKRGYV
LGHQWLILFDWLRQ DOJRULWKP IRU VWUBS& XUH\BIZLWK ¥

+



V

\Y

\Y

V

@ ( %DOPHV 3)UHTXHQF\ GRPDLQ LGHQWLILFDWLRQ
SROH UHVLGXH SDUDPHWUL]DWLRQ ° SUHVHQWHG DW
&RQIHUHQFH SS +

@ ' | %URZQ 5 - $OOHPDQJ 5 =LPPHUPDQ DQG 0 OH
7HFKQLTXHV IRU ORGDO $QDO\VLV ~ 6$( ,QWHUQDWLRQTEC
3DSHU YHE

@ 3 YDQ 2YHUVFKHH DSXE VB DFHGIBHRRUILFDWLRQ IRU
7KHRU\ ,PSOHPHQWDWeRQWERSPRFBEWLRHBULQW RI Wi

HG %RVWRQ 0$ 6SULQJHU 9HUODJ 1HZ <RUN ,QF
@ 5 % 6SHQFHU 3$ WLPH GRPDLQ PRGBO6XKRENDWQ®
9LEUDWLRQRIOQJHV\W@R Ss  #

@ % 3HHWHUV + 9DQ GHU $XZHUDHU 3 *XLOODXPH

IUHTXHQF\ GRPDLQ PHWKRG D QHZ VWDQGD®IGRFRU PR

DQG 9LEUMRMLRQ QRS #

@ 6 5 ,EUDKLP 2&RPSXWDWLRQ RI 1RUPDO ORGHV IU

$,$% -RXUYQRDD QR+ SS

@ 4 =KDQJ DQG * /DOOHPHQW 3&RPSDULVRQ RI QRUPEL

EDVHG RQ LGHQWLILHG FRPSOMN] RIL ICSDFRIGHNYRY DQG 5

QR StS

@ 1 1LHGEDO 3$QDO\WLFDO GHWHUPLQDWLRQ RI UHDOC

UHVSRQVHWK B@UXFWXUHV B6WUXFWXUDO '\QDPLFV D

$PHULFDQ ,QVWLWXWH RI $HURQDXWLFV DQG $VWURQD »

@ ( )ROWrWH 3 GHQWLILFDWLRQ PRGDOH GH VWUXFWX

3+' WKHVLV 8QLYHUVLWp GH JUDQFKH &RPWp

@ ( %DOPHV 31HZ UHVXOWV RQ WKH LGHQWLILFDWLR

FRPSOH[ PRHFHKKWQLFDO 6\WWHPV DQGBRAJQD@RBURFI/ VL
0DU

@ - 3LYDQODVH: PRGDOH H[SPULPHQWDOH ~ YRO EDVH

@ 5 - $OOHPDQJ 37KH PRGDO DVVXUDQFH FULWHULRC
BRXQG ¥R QR SS  +

@ * ODUWLQ DQG ( %DOPHV 3 PSURYHG PRGDO DVVXUI
RI LGHQWLILFDWLRQ HUURWE SHHXPYRIGH BWHQVRTUXHLQ

@ * 9HUPRW 'HV 5RFKHV 3)UHTXHQF\ DQG WLPH VLP
$SSOLFDWLRQ WR WKH GHVLJQ RI LQGXVWULDO DXWRPR
@ * 9HUPRW 'HV 5RFKHV DQG ( %DOPHV 21XPHULFDO
PRGDO GDPSLQJ LQ EROWHG VWUXFWXUHV ~ 5DSSRUW
'DPSLQJ )HE

@ 3DULDQHVSDFH  ~ >2Q0LQH@ $YDLODEOH KWW S

VWRU\ KHUVFKHO SODQFN VI\OGD GHSOR\PHQW DV
@ $ B6HQHFKDO 3&RPSWH UHQGX ~ 5DSBERUWSLQWHUQH
$YULO



V

VvV V

\Y

@ 6 'RQGHUV 0 %UXJKPDQV / +HUPDQV & /LHIRRJKH
'"HVPHW 37KH UREXVWQHVV RI G\QDPLF YHKLFIOMH WHU IR L
(OHPHQWYV LQ $QDOYRIY DQG@RE V4 IJQOD\

@ , ($'6 323URMHW 0%$,%6 )8,

@ 7 *PWQ@DPLTXH GHV VWUXFWXUHV DQGB®3VSURRGBWVDH
SRO\WHFKQLTXHV

@ 5 5 &UDLJ 3$ UHYLHZ RI WLPH GRPDLQ DQG IUHTS
VIQWKHVLV,@WWKRGQDO 0 P®MEO (BN IYRWLY QR + SS






ILVWH GHV ILIXUHYV

JLIXUH SURFHVVXV GH FRQFHSWLRQ YLEUDWRLU

JLIXUH 3DUWHQDLUHY GX SURMHW 0%$,%6

JLIXUH &\FOH GH FRQFHSWLRQ HQ 9

JLIXUH )XVHODJH (XURFRSWHU > @

H FODV)\

JLIXUH 7\SHV GH OLDLVRQV pWXGLpVY GDQV OH SURNHW 08%,4

JLIXUH ODTXHWWH

JLIXUH &\FOH GH FRQWUDLQWH GplIRUPDWLRQ SRXU

XQ PDV

KDUPRQLTXH

JLIXUH 9DULDWLRQ GX PRGXOH GH VWRFNDJH HW

GX IDF

WHPSpUDWXUH

JLIXUH eYROXWLRQ GHV FDUDFWPpPULVWLTXHV YLVF

RpODVW

WHPSpUDWXUH IL[H D PRGXOH GH VWRFNDJH E 1D

FWHXU

YLIXUH ORGqQOHYV UKPRORJLDXH\D[XHOPRpEO DV W(

DYX B WR

$PRUWLVVHPHQW VWUXFWXUDO G =HQHU H OD[ZH

00 JpQr

J)LIXUH D 9RLJW IUDFWDO E NHOYLQ 9RLJW IUDFWLRQQDLI

J)LIJIXUH D ORGpOLVDWLRQ GX FRQWDFW HW IURWW

HPHQW

GplLQLVVDQW OH FRQWDFW HQWUH GHX[ VXUIDFHV

JLIXUH /RLY GH FRQWDFW > @

JLIXUH D &RXORPE UpJXODULVp E ORGQqOH UKpROR

JLTXH

JLIXUH ORGqQOH GH FDOFXO GH JDS HQ pOpPHQWYV ILIQLV

JLIXUH 6WUXFWXUH GH SRXWUHV DUWLFXOpHV

J)LIXUH D 3{OHV GHV GL[ SUHPLHUV PRGHYV E =RRP VXL

PRGHV
JLIXUH eYROXWLRQ GHV IUpTXHQFHV HW WDX[ GID
SURSUHV SRXU XQH UDLGHXUFGQGHEr @LDLVRQ YDULDEO

PRUWL\
H GDQV



JLIXUH D eYROXWLRQ GHV IUpTXHQFHV HW WDX[ GTIDPRU\

SURSUHV SRXU XQH UDLGH X4 FGudér@lL DL VR Q/ LY'rDXU GIHE/Q ${ G DD

SUHPLHUV PRGHYV

YLJXUH "PIRUPpPHY PRGDOHYV DVVRFLPHV DX[GGH X[ SUHI

srFu FHQ®RJBrt ED@R srw

JLIXUH eYROXWLRQ GHV IUpTXHQFHV HW WDX[| GIDPR!

SURSUHV SRXU XQH UDLGHXULSHF ©@LDLVRQ YDULDEQH SRXU

JLIXUH eYROXWLRQ GX WDX[ GIDPRUWLVVHPHQW GX S|

OLDLVRQ HW XQ IDFWHXU GH SHUWH YDULDEOH HW

JLIXUH ,VRYDOHXUV GX WDX[ GIDPRUWLVVHPHQW G|X GHX|L
UDLGHXU GH OLDLWROQU LDEWHXU GH SHUWH

YLIJXUH 5pSRQVHY WHPSRUHOOH HW IUpTXHQWLHOOH
OfYH[WUpPPLWp

YLJXUH EYROXWLRQ WHPSRUHOOH GH OD IRUFH QRQ O
WUQV IDLEOH

YLIXUH eYROXWLRQ WHPSRUHOOH GH OfpQHUJLH PRGD(
JLIXUH eYROXWLRQ WHPSRUHOOH GH OfpQHUJLH PpFD
ORJDULWKPLTXH E HQ pFKHOOH OLQpDLUH

YLIXUH EYROXWLRQ WHPSRUHOOH GH OfpQHUJLH PpFDQ
YLIJXUH EYROXWLRQ WHPSRUHOOH GX WDX[ GIDPRUWLV"
JLIXUH /DS MRLQW

JLIXUH 'pIRUPpHVY PRGDOHV HW LVRYDOHXUV GH OD YDULTEL
XQ SODQ UDLGHXU QRUPDOH UDLGHXU WDQJHQWLHO
JLIXUH +XEORW

J)LJIXUH ORGgOH GH PDTXHWWH FRPSOHW FRQFHSWL

RQ &DW

JLIJXUH D &RPSRVDQWY GHV FDLVVRQV E YXH pFO

DWpH G

YXH pFODWpH GH OD MRQFWLRQ (&

JLIXUH ORGQOH HQ pOpPHQWY ILQLVY GH OD PDTXHW

JLIXUH /HVY TXDWUH DSSXLV GDQV OD PDTXHWWH

J)LIXUH ORGHV JOREDX[ HW ORFDX[ GX PRGQqOH D
SDQQHDX[ VXSPULHXUV G 'HX[LgPH IOH[LRQ ;

W H

JOH[LRG

H 7RUVLRQ

JLIXUH eQHUJLH GH GplIRUPDWLRQ GDQV OD PDTXH

WWH HC(

PDWpULDX YLVFRpODVWLTXH




YLIJXUH

'‘pIRUPpHYVY PRGDOHYV DVVRFLpHVY DX SUHP

LHU PR

PRGXOH GY<RXQJ GX PDWp'RILD/X-2+ VERpOD VAW LTXH

D

JLIXUH ORGQqOH GH OLDLVRQ ERXORQQpPH

JLIXUH =RQH FRPSULPpH GHV SLqFHV DVVHPEOpPHV 1}

AW VHFEW

J)LIXUH &RXSOH GH NHUUDJH HW SUpFKDUJ

JLIXUH ORGqOHV pOpPHQWYV ILQLVY GH ERXORQ

JLIXUH ORGpOLVDWLRQ GH OYfHIIRUW GH WHQVLRQ

GDQV Ol

YROXPLTXHVY E PRGQqQOH DYHF pOpPHQWY SRXWUHYV

J)LIXUH 5pSDUWLWLRQ GHV FRQWUDLQWHY QRUPD

OHV VW

OLDLVRQ D DYHF OH PRGgOH 6ROLGH E DYHF OH

PRGQqOH

JLIXUH eYROXWLRQ GH OD FRQWUDLQWH QRUPDOH

i OTLQV

PRGQOHYV GH ERXORQ 5%( 5%( HW 6ROLGH

JLIXUH 5pSDUWLWLRQ GHV FRQWUDLQWHY GH FLVD

LOOHPH

JLIXUH 'LVWULEXWLRQEéGUHEZDRR/QWIHBIDQRWWNXU GH O

D SRXWI

MRLQW D PRGgOH GH ERXORQ 5%( E PRGgOH GH

ERXORQ

JLIXUH 6WUXFWXUDWLRQ GH OD VXUIDFH GH FRQW

DFW HQ

JLIXUH 'LVWULEXWLRQ GHV FRQWUDLQWHYV QRUPD

OHV j O

SRXU XQ PRGX'®H WIZRX®URISWNKU XQ PRGXRHYG JZR X

QJ

JLIXUH eYROXWLRQ GX WDX[ GfDPRUWLVVHPHQW G

HV PRG

IRQFWLRQ GX PRGXOH GY<RXQJ GX PDWpULDX&¥LIVFAH

RpODVW

5D\RQ GH URSSGHOOH

JLIXUH (YROXWLRQ GH OJDPRUWLVVHPHQW HQ IRQFWLRQ
SRXRIL yr/i2=

JLIXUH &DUWH GJDPRUWLVVHPHQW GX SUHPLHU P[RGH GH
GY<RXQJ WDX[ GH SHUWH DYHF pYROXWLRQ GHV FDUDFW
Sl HWatl GYpSDLVVHXU HW GH 6BBpSMIDYNHXGHHQ IRQFW
WHPSpPUDW XU H

JLIXUH 6FKpPD IRQFWLRQQHO GH OfpWXGH H[SpULPHQWDOF
JLIXUH &RPSRVDQWY SULQFLSDX[ GH OD PDTXHWWH

YLIJXUH LVSRVLW P DHSHRWMPHH QW D O

YLIJXUH &RXUEHY GX WDX[ GIDPRUWLVVHPHQW H|Q IRQF\
YLVFRPODVWLTXHV SRS o pIWK XQ HHW H P8%UD WX UH |
JLIXUH &RQILJXUDWLRQ GYHVVDL DYHF 6PDFWDOH




JLIXUH &KDVvQH GIDFTXLVLWLRQ HW WUDLWHPHQW (

bHV VLJ(

JLIXUH 6FKpPD IRQFWLRQQHO GH OYDOJRULWKPH
SDUDPgQWUHV PRGDX]|

'5& GTL

JLIXUH 7UDQVIHUW LGHQWLILp HW TXDOLWp GITLGH({

WLILFD)

JLIXUH LPLOXWLRQ GH QRQ OLQpPDULWpP HQ DMRXWO

QW OH

DYHF 6PDFWDQH

E GLDJUDPPH GH 1\TXLVW DVVR

FLp DX

VHF F GLDJUDPPH GH 1\TXLVW DVVRFLp DX PRGH HQFDC
6PDFWDQH
JLIXUH eYROXWLRQ GH OYDPRUWLVVHPHQW GHV PRGHV HQ

DYHF HW VDQV PDWpULDX YLVFRpODVWLTXH
JLIXUH eYROXWLRQ GH OfHUUHXU HQ
YLVFRpODVWLTXH

I[UpTXHQFH GHV F

J)LJXUH ODLOODJH GHV SRLQWV GJH[FLWDWLRQV GHV HVVD
PDLOODJH GX PRGQOH QXPpULTXH

JLIXUH 'pIRUPpHVY PRGDOHV PHVXUpPHYV GDQV OD FRQILJXL
LGHQWLILpHV

Y)LIXUH 'pIDXWV GH IRUPH GDQV OD PDTXHWWH Dl .QFOL
FRQWDFW GDQV OH 6PDFWDQH F JRQHV GH FRQWDFW GI
JLIXUH *DXFKHARGPOLVDWLRQ GX FRR®DFMW DWRMRIDO G & UFARIOM
YHUVLRQ 9

J)LIXUH 'pIRUPpHY PRGDOHYV LGHQWLILPHY GH OD FRQILJIXL
JOHILRQ ; )JOH[LRQ < PRGH ORFDO GH SDQQHDX[ |[VXSpUL
SDQQHDX[ VXSpPULHXUV HQ IOH[LRQ < HW WRUVLRQ

JLIXUH 0$& FRUUPODWLRQ FDOFXO9HVVURILMEX 6HF ADXFKH
JLIXUH 0%& FRUUPODWLRQ FDOFXO HVVDL GXR6RDHF WD QH
JLIXUH eYROXWLRQ GX WDX[ GIDPRUWLVVHPHQW PR|GDO HW
GX PRGXOH Gf<RXQJ GX PDWpPULDX YLVFRpODVWLTXH DYH
FRQWDFW

JLIXUH D -RQFWLRQ 666 DYHF SHDX[ UDLGLV > @ E YXH G
JLIXUH ILYHDX[ GH PRGPOLVDWLRQ GH MRQFWLRQV|ERXORC
JLIXUH &RUUPODWLRQ PpWD PRGQOH PpTXLYDOHQW HRGQOH
JLIXUH (FKHOOHY ORFDOHV HW pFKHOOH PDFURVFRBLTXH G
JLIXUHORGQOH pTXLYDOHQW GH OD PDTXHWWH

JLIXUH ORGQOHV GIpTXHUUHV XWLOLVpY GDQV OH PRGqOH |




JLIXUH ORGHV JOREDX[ GX PRGQOH pTXLYDOHQW GH

OD PDT

7 E SUHPLqUH IOH[LRQ VXLYDQW < F WRUVLRQ G

YJLOXUH 6FKpPD IRQFWLRQQHO GH OD FRQWULEXWLR

D

JLIXUH ORGgOH PXOWL MRQFWLRQV VXEGLYLVp HQ 9

JLIXUH 'pIRUPDWLRQV SULQFLSDOHVY GX PRGQqOH pT

JLIXUH (YROXWLRQ GH OD SUHPLqQUH IUpTXH@RH SU

GHX|[Lq

Q GH FH

DUWLH\
XLYDOH
RSUH D

YJLOXUH (YROXWLRQ GH OD SUHPLQUH IUPpTXHQFH S

URSUH

SRXU OHV PRGqOHV H[DFW HW UpGXLW SDU DSSURF

J)LIXUH ODWULFH GH UDLGHXU QRUPDOH *DXFKH ¢

KH GH U
DRQ UpG

JLIXUH 7UDFH GHV GpIRGRpRRGRIPGIDPHXLYDOHQW

GH OD

SUHPLgqUH MRQWWURQr ED SBRXXWL s

JLIXUH 'pIRUPpHV SULQFLSDOHV BXSRRXNVOHVEB®RGE g O)

FHH p WARLY

PDTXHWWH

JLIXUH (YROXWLRQ GH OD YDULDWLRQ GH IUpTXHC

DFH HQ

QRUPDOH JDXFKH HW WDQJHQWLHQR® WIIRRLWKp C

SRV OF

PRGqOH pTXLYDOHQW GH OD PDTXHWWH

J)LIXUH (YROXWLRQ GH OD YDULDWLRQ GH IUpT

XHQFH

Q

-

QRUPDOH JDXFKH HW WDQJHQWLHQR® WAIRRLWKH

SR XOQ

FRQILJXUDWLRQ GDQV OH FDV GX PRGQOH pTXLYDO

HQW GH

JLIXUH (UUHXU VXU OHV IUpTXHQ@BFGN WXOO(I-QWERU(L\{DEIOBIDI—FF‘

QRPEUH GH PRGHV UHWHQXV GDQV OYDSSURFKH GH

PpWD P

J)LIXUH 9DULDWLRQ GH OD IUpTXHQFH GX SUHPLHU

PRGH C

QRUPDOHV JDXFKH HW WDQJHQWIBHWORQ BGXURGWNAHV

SARDX W VXK

JLIXUH (YROXWLRQ GH OD YDULDWLRQ GH IUpTXHQ

FH GHV

00 HW )9 QRQ HQULFKLV

JLIXUH &RXUEH GTpYROXWLRQ GH OD IUpTXHQFH H

D IRQFYV

OD QRQ FRQYHUJHQFH GXH ] OfTH[ WUDSRODWLRQ

[«

JLIXUH 1LYHDX GH FRXSODJH GHV HIIRUWYV SULQFL

$DX[ GD

JDXFKH HW 9' GURLWH GDQV OH PRGQOH pTXLYDO

HQW GF

JLIXUH (YROXWLRQ GH YDULDWLRQ GH IUpTXHQFH |

HQ IRQF

GH OD

HW WDQJHQWLHOOH GURLWH SRXU OD YDOLGLWpP

PDTXHWWH




J)LIXUH 4XDWUH SUHPLqQUHV GplIRUPpHVY DVVRFLpHYV

DX[ HIIF

2XYHUWXUH D[LDOH E URWDWLRQ UHODWLYH SHJU

) SHQG L

SDUDOOQOHPHQW j OD SHDX G GplIRUPDWLRQ ORFL

OH

JLIXUH 4XDWUH SUHPLQUHV GpIRUPpHVY DVVRFLpHYV

DX[ HIII

URWDWLRQ UHODWLYH < SHUSHQGLFXODLUHPHQW

i OD SH

UHODWLYH GDQV OH SODQ G URWDWLRQ UHODWLY

H

;7 SHUSE

JLIXUH 9DULDWLRQ GH IUpTXHQFH HQ IRQFWLRQ GH

V YDUL

WDQJHQWH GURLWH SRXU OHV GHX[ SUHPLHUV PR

GHV GH

GDQV OH FDV GX PRGqOH pTXLYDOHQW GH PDTXHWV

vV H

JLIXUH O9DULDWLRQ GH IUpTXHQFH GX SUHPLHU P

RGH SL

QRUPDOH JDXFKH HW WDQJHQWLHOOH GURLWH

SRXU O

SULQFLSDX[ FRQVLGpUpV

YLJXUH

*DXFKH PRGqOH GH PDTXHWWH F\OLQXS(QJLVI'I-P(FF—NVH‘-I)EE((DJ\

GH OLDLVRQ ERXORQQpH

JLIXUH 'pIRUPpHV PRGDOHYV GH PRGHV JOREDXPB WNHF

DRFAD X [

IOH[LRQ PRGH GH SDQQHDX[ VXSpULHXUV WUDFWL

RQ GH

MRQFWLRQ

JLIXUH (WXGH GH FRXSODJH GDQV OD PDTXHWWH F

OLQGU

W SRXU GHV YDULDWLRQV GH UDLGHXU QRUPDO}

J)LIXUH 3O0DTXH DYHF GHV LQWHUIDFHYV

J)LIXUH ODWULFHV UpGXLWHYVY D SDU OD PpWKRGH

&07 E

1 HW WD

C

~

JLIXUH 7TUDFH VXU OD SUHPLgUH MRQFWLRQ GHYV

GplRUI

F\OLQGULTXHL DL SBRXBRXW L s

JLIXUH 'plIRUPpHV SULQFLSDOHV @GXSRRXVOHVBREIYO

YHH 6\W RRJ

F\OLQGULTXH

JLIXUH 9DULDWLRQ GH OD IUpTXHQFH GHV PRGHYV J

OREDX]

JDXFKH HW WDQJHQWH GURLWH SRXU OfpWXGH

GH YDO

PDTXHWWH F\OLQGULTXH

JLIXUH 9DULDWLRQ GH OD IUpTXHQFH GHV PRGHYV

ORFDX]

IRQFWLRQ GHV UDLGHXUV QRUPDOH JDXFKH HW V

VDQJHQ

VWUDWPJIJLH )9 SRXU OH PRGqQOH GH PDTXHWWH F\OlI

QGULTX

JLIXUH (YROXWLRQ GH OTHUUHXU HQ IUpTXHQFH C

b X SUHP

QRUPDOH JDXFKH HW WDQJHQWH GURLWH SRXU (

5HV PpV

OD PDTXHWWH F\OLQGULTXH




J)LIXUH 9DULDWLRQ GH OD IUpTXHQFH GX SUHPLHU

PRGH

JDXFKH HW WDQJHQWH GURLWH SRXBle(TQ)I-WEGIPIHCGfH/N‘RLQRQ

UHVWUHLQWH

J)LIXUH 1LYHDX GH FRXSODJH GHV HIIRUWYV SULQFL$DX[ GD
JDXFKH HW 9'° GURLWH GDQV OD PDTXHWWH F\OLQGULTXE
JLIXUH (YROXWLRQ GH YDULDWLRQ GH IUpTXHQFH |[6X SUH
QRUPDOH JDXFKH HW WDQJHQWLHOOH GURLWH SRXU OD
F\OLQGULTXH

JLIXUH 4XDWUH SUHPLqQUHV GpIRUPpPHYV DVVRFLpPHV|] DX[ HII
UDLGHXU QRUPDOH GDQV OD PDTXHWWH F\OLQGULTXH D |
F GHX[LqPH RXYHUWXUH D[LDOH G GHX[LGPH URWPWLRQ C
JLIXUH 4XDWUH SUHPLQUHV GpIRUPpPHY DVVRFLpPHV] DX[ HII
UDLGHXU W DO PQWXHGDVH F\OLQGULTXH

J)LUXUH ODULDWLRQ GH IUPTXHQFH GHV GHX[ SUHPLHUV |
QRUPDOH JDXFKH HW WDQJHQWLHOOH GURLWH S[RXU OD
F\OLQGULTXH

JLIXUH 'HX[ SUHPLqUHV GpIRUPpHYV SULQFLSDOHV D|VVRFLp
HQ QH FLEODQW TXH OH SUHPLHU PRGH

J)LIXUH O9DULDWLRQ GH IUpTXHQFH GX SUHPLHU PRGH HQ

JDXFKH HW WDQJHQWLHOOH GURL\XM\I—UDS/RDGU_I-}(Q/VG[ID(@VHCDID

F\OLQGULTXH

Y)LOXUH O9DULDWLRQ GH IUpTXHQFH GHV TXLQJH SUHPLHUYV
QRUPDOH JDXFKH HW WDQJHQWLHOOH GURLWH SRXU OD
F\OLQGULTXH

Y)LOXUH ODULDWLRQ GH IUPTXHQFH GHV TXLQJH SUHPLHUV
QRUPDOH JDXFKH HW WDQJHQWLHOOH GURLWH 9RXU OC
FRQILJXUDWLRQ GH UpIpUHQFH

JLOXUH eYROXWLRQ GH OJDPRUWLVVHPHQW HQ IRQRFWLRQ

WDQIJHQWLHOOH GURLWH SRXU OYDSSURFKH 3/




ILVWH GHV WDEOHDX]|

YLVFRpC

7TDEOHDX &RQILIXUDWLRQV GHV HVVDLYV
7TDEOHDX &DUDFWpULVWLTXHY GHV PDWpULDX]
7TDEOHDX SpVXOWDWY GHV HVVDLYV

7TDEOHDX SpVXOWDWY GHV HVVDLVY HW GX FDOF

XO SRXU

TDEOHDX 5pVXOWDWY GHV HVVDLV HW GX FDOFXQ SRXU

YLVFRpODVWLTXH

TDEOHDXRAHY GH UplpUHQFH




17e*5$7,21 '( 02'E/(6 '( -21&7,216 ',66,3$7,9(6 '$16 /$
&21&(37,21 9,%5$72,5( '( 6758&785(6 $0257,(6

5e680e /D GLVVLSDWLRQ GDQV OHV V\WWgPHV PpFDQLTXHV MRXH XQ
OLPLWDWLRQ GHV QLYHDX[ GH YLEUDWLRQV /HV WUDYDX[ SUPVHQWDpV
OYDPRUWLVVHPHQW LQGXLW GDQV OHV MRQFWLRQV 2Q FKHUFKH j WUL
VWUXFWXUH JOREDOH $SUQqV DYRLU LQWURGXLW OHV PRGQqOHV SK\VI
FRPSRUWHPHQWY YLVFRpODVWLTXHV XQ SUHPLHU H[HPSOH LQWURGXL'
FDOFXOV SUpDODEOHY GH VHQVLELOLWpP GHV IUpTXHQFHV SURSUHV pOI
OLDLVRQV FRQWULEXHQW VXIILVDPPHQW DX FRPSRUWHPHQW JOREDO ¢
OTpWXGH GX FRXSODJH HW OHV SUpPGLFWLRQV SOXV SUpPFLVHV GH Of]
FRPSOH[HV GHV PpWKRGHV GH UpGXFWLRQ GH PRGqOH DGDSWpHV j Gt
QpPFHVVDLUHV HW GLIIpUHQWHY VWUDWPpPJLHY VRQW GpWDLOOpPHV HW Y
GHV FRQVWUXFWLRQV DpURQDXWLTXHV DYHF MRQFWLRQV ERXORQQpH\
SURFHVVXV GH FRQFHSWLRQ GH OfYDPRUWLVVHPHQW SURSRVp /TpWHX
IRQFWLRQQHOOH GH OD ]JRQH FRKpVLYH VRXV OH ERXORQ HW OD SRVVL
GH OD OLDLVRQ SRXU LQWURGXLUH X QWD & R/XEF KR UYMARH YW LETOHHY § H L
FDPSDJQH GYHVVDLV UpDOLVpH FRQILUPH OD YDOLGLWp GH OD FRQF}
PDLV IDLW DXVVL DSSDUDLWUH OJLQIOXHQFH GHV GpIDXWV GH IDEULFI
LQGXLW /H PDQXVFULW DERUGH HQILQ OH EHVRLQ GH PRGQqOHV UHSU
PRGgOHV GIfHQVHPEOH %LHQ TXTXQH UpGXFWLRQ GH PRGQgOH VRLW
FRQVWUXFWLRQ GH PpWD PRGGOHV UHSUpVHQWDQW OHV HIIRUWV SUL
OLDLVRQV GpWDLOOpPHV HVW XWLOH HQ PRGpPOLVDWLRQ HW QpFHV
POPpPHQWDLUHV 'HV VWUDWPpPJLHYV JpQpUDOHV GH GpILQLWLRQ GHV GplF
LQWURGXLWHYV HW OHXU YDOLGLWp HVW LOOXVWUpH

ORWV FO®PRUWLVVHPHQW DVVHPEODJH PpFDQLTXH MRQFWLRQ ERXOR
YLVFRpODVWLTXH VLPXODWLRQ JOREDOH PpWD PRGGOH PXOWL MRQF!

,17(*5%$7,21 2) ',66,3%$7,9( -81&7,216 02'(/6 ,1 7+( 9,%5%$725<
(6,1 2) '$03(' 6758&785(6

$%675$& M VVLSDWLRQ LQ PHFKDQLFDO V\VWHPV SOD\V DQ LPSRUWDQ
OHYHOV 7KH SUHVHQW ZRUN GHDOV ZLWIE\RD{QF V}IQRRY VGDPBL QJ LQG.
MXQFWLRQV LQWHJUDWHG LQWR DQ RYHUDOO VWUXFWXUH $IWHU LQ
UHSUHVHQWLQJ YLVFRHODVWLF EHKDYLRU D ILUVW H[DPSOH LQWURGX
HVWLPDWHG E\ SUHOLPLQDU\ FDOFXODWLRQV RI HODVWLF QDWXUDO
MXQFWLRQV VXIILFLHQWO\ FRQWULEXWH WR MRKMWXOREW® LE/HRKRX S8 UQW |
DV ZHOO DV REWDLQ DFFXUDWH GDPSLQJ SUHGLFWLRQV E\ FRPSOH[ PR
PHWKRGVY DGDSWHG WR SDUDPHWHUL]HG SUREOHPV DUH QHHGHG DQC
DQG YDOLGDWHG $ VWUXFWXUH UHSUHVHQWLQJ DHURQDXWLF FRQVW
SURSRVHG GDPSLQJ GHWXIH Q/VBYRFHKYVKOLIKWY WKH IXQFWLRQDO LPS
FRKHVLYH JRQH XQGHU WKH EROW DQG WKH SRVVLELOLWWRRI XVLQJ W
LQWURGXFH D YLVFRHODVWLF OD\HU HQDEOLQJ KLJK GDPSLQJ ([SHU
YDOLGLW\ RI WKH GHVLJQ DQG WKH SUHGLFWHG WUHQGV EXW DOVR
GHIHFWV ZKLFK OLPLW WKH LQGXFHG GDPSLQJ 7KH PDQXVFULSW IL
UHSUHVHQWDWLYH PRGHOV RI GHWDLOHG MRLQWY LQ RYHUDOO PRGHO
DQG GHVLUDEOH WKH FRQVWUXFWLRQ RI PHWD PRGHOV UHSUHVHQWLG
MRLQWY LV XVHIXO LQ PRGHOLQJ DQG QHFHVVDU\ IRU WKH RSHUDWI
VWUDWHJILHV IRU GHILQLQJ BQBROLGY @ GHIRQYWDRERPDNG DQG WKHLU
LOOXVWUDWHG

.H\ZRUGWYPSLQJ PHFKDQLFDO DVVHPEO\ EROWHG MRLQW FRXSOLQ
RYHUDOO VLPXODWLRQ PHWD PRGHO PXOWLSOH MXQFWLRQV PRGDO L



