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$H"#1(#!,891:8&(,EB FIUNP23H53ImI%s 3! IEE

"B 0>'$%'#IN'#1+>VEI#!'>+>A#S; 8&+#I#; | (#!'>1(%+D#19D B 39&H1H+$8%+&+1%09!;8%+!1$8<:'#;B
! IGUSP5YI$EAUINP]O!1916

YB E9!(8%="#!">IF&;#, #!&9&;&>"#B!08<<#9;|F>+&#9;!'#!+>V89# '8 &R (¥ 161U GHAIU K

1B [%)#,; 86#! \%&! SH>9?#P!'8+,\%)89! #9F8&# 1S HB#P! %09#! F&;#, #! &9&;&>'H#! &(#9;&\%#P! <>&
S>+>" "HIS0%ISH><:1<>?9D;&\%8¢8; & F#IN

"H$06&'&$!():*1+$19.$8-%80%,.<$!3$!L,9$
788$&! #!, SHD<>1()%9!, :#$:+82+> HII (#I10E, #

5B W+D$&, #I!'>19>:%+#! (#,! (&GGD+#9;,! $89,;&;%p¢
(&,:8,&;&GHH::##11,891%;&'&t DB
2B j%0#"#! #,;1 '>1 9>:%+#] (%! <8%F#<#I;! (#! :>+;&$U
SH>+7D#,!(>9,1$H>$%9#! (#, | SH>K #+#,
"B S::'&$>;&89X
L#,!1&89,W +K!,89;!>$$D'D+D,!,8%,! %94#! ;:#9,&89
]33! 7B! 1E9! 9D?'&?#! '#! :8&(,! (#F>9;! '#,! >%]+
G8+$#,\%&!&9;#+F&#99#9;6B
>B LD;#+<&9#I!'#,1$>+>$;D+&,;&\%#,! L(&+#$;&8C. ... _,. .
98+<#6! (%! $H><:! <>?79D;&\%E \%&! (8&;!
+D?9#+!1(>9,I'>I$>F&; DIHD<&$V'&9(+&\%o#!:8%+\%0o#!'#,!1 &89, | F&#I#I; | G+>1:#+!'# (D;#$,#%
Y3I$<!(#1#9(+8&;!8il&',1:D9.;+#9;!(>9,!">I$H><E+#B 16!Ua]P2!<o0d
=B J;>="&, #! Y09 +#'>,&89! #9;+#1 '#1 +>V8! (#! > +>AHS;8&+#! (#,1 &89, #;'>] #9,88SHEHED'D
LD(%&, #HOI T\Vo# #1(&,;>9SMH S| #1;+8% F#I'#!' &#% (M&<:>$; | M&39$$D'D+D,!,8%,!">!
<K<#!:#9,&89B 1 1U5P5°$<b
E9!(899#X <>, #!()%9!&8YI+K'XI"YPaNDR!%

! ! <>, #1()%9!&89H+K ' XI"NPaN11%
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"#3%&'&$! () @'12'0-%F!3$!;'-$99F F\,‘i'tt;i sdee
EQ! &9;#+$>'#! #9,»H#BH><=+#! ()>$$D'D+>;&:—ﬁ_|-\v
126! #;1>1 $H><=+# (# (DF&>:8BE! (98! Dy @y >

CHE+82+> HEH (#1<>, #19%91G&';+#11>1:#' D! G«
(I F&;#, #18%! G&',+#! (1 W&HIB! :#'1\YottP! : 80
V:#1 ()&89,! (B99DP! %9&\%6#<#9:! '#,1 :>+;&$Y
>V>0;1 '>! <K<#! F&#,,#! :D9.;+#9;! (>9,! '>! (3)
$H><=+#11"6B!S!I'M&9; D+&#%+! (%! GI9H!
$H><:1<>29D:&\% 8! #1991 $H><: I D'#$; +&\Vo

' 1(89;!'#,! #GG#;,! $89A%?%D,! #! $8<:#9,¢ 4)
:8%0+! '#,1 :>+,&$%'#, | >V>9;! '>| F&y#] $BAB! A
\VotH! ' H %+ <BUFH<HO; 1#, ;| +#%5; &' & 29HI1;1%9& _ _

TL+>F#+,'#1G&' H#6B!

>$H>9:1 \%#! )&9:#9,&;D! (%! $H><:! <>?9D:R\%#! 5]3!<0P! (D;#+<&9#!! '#,! $>+>$:D+&,;&\%#,!
1(&+#$;&89P! #9,1#;198+<#6! (%! SH><:! D'#F+QEHE'| G>%;! ,%:#+:8,8+18%+!\%#! ;8%;#,! '#,!

>+ 85%'H#,1>++&F#9;1(>9,!">ISH><=+# 176 >F#S$!'> 1<K <#IF & #53Z] B2] x 1JIUOQRIgZ<d

!

I

"H#$%8&'&$!()I*1+$1& U&O8-%87
5B LD$+&F#I!=+&. F#<#O;I'#:+&9$& #! (#1GBI$;&899#<#9; | (%I$V$'S; +89B
2B @9!:+8;891:D9.;+#1(>9,1%9(@$VS'S; + B #$I00OH F & #, #1898 &> HIBHZ B

>B LD;#+<&9#I!'#,1$>+>8;D+&,;&\%#,! (%! SH><:1<>?9D; &\%#\%&! (8&;!+D?9#+!(>9,'#,1(D,:8%+
'#1:4+8;891#GG#$;%#!%9!<8% F#<#9;!$&+$%'> & +HH (M HAANSBIR, | (%! +#< &H#+ X B8%R 6B!

=B j06H"#1(88&: K +#1'>1:#9, &BOD?29>9: 1#0: +#1'#,1(D, P!, &89! F#06: \ Vot WU HABBBF #<#9;1 (%!
+8;89! ,8&;! >%7?<#9;D! (# ]! y! >%! =8%;! @4BL'$S%! 3$L¥8/% 12>+(#I! Y! $H&GG+#,!
&P9&GESIBRIC>!:#9,8891#0;+#'#,1(D, R4 EH; 8%ABY+ I'HI<K &P H 1% 8&\%#IIN!!
! 123X6UI53YI<d[129X& 1U125Y!d 76

"HEU%HE'| ) H+$&SHNO1123 230232501147 #+,& 8% #<=+#12323 >?7#1Q
!



"#$%&'&$NNS%8-879!3,79!&U&O08!$EBLC%S$!3$!-8/%9
D%$.N&<,O$!E/7!'1F)I'H

|

L>9,1%9! $V$'8;+89P!1 $8<:8,D! (#! (#%*! dBXB&I(+#,1#9! G8+<#! (#tly! >::#'D, Iq(D,\qP! #;! '>$D,

(>9,!%9! $H><:1<>?9D;&\%#! 1/U3Pa! 06! %9&G8+<#! :#+:#9(&S%'>&+#!>%! :'>9! (#!'>! GHWE"#P! (#,!
,89;!>$$D'D+D,! T!:>+;&+! (%! +#:8,B! C#,! (#%*! +D?&89,! <>?9D;&\%#,!,89;!,D:>ERSIIHE9H9#! +
"S\0o#"#! '# SH><:1 <>?9D;&\%#! O#! +.29#1 :> Bl C)><:'&;%(#! (#! '>! ;#9,&89! >::'&\%D#! >%*! =8+9#,! (#,
(H<&BV'&I(+#,1#,(#1 @!U10]d7BIC>1:8">+&; D!, ) &OF #+ #| SHYMHD G &$%0'H, |:>+$8%+1#9;1%69#!
(#<&4+DF8'%;&189B

|

S%!:8&9;!"PI1#9;+#!'#,1(D,P! #!;+8%F#1%9#!,8%+$#!(#!:+8;89,B

Demi-cylindre (D)

v/‘ - \9

Mfecrewr
5 & Source

|
|
|
|
|
|
|
|
I
| Oemi-cytindre ()
|

|

|

56!c89;+#+!\0o#! '#! <BY%F#<#9;! (#,!:+8;89,!(>9,!1%9! (D'#,;! :'">9P!%9&G8+<#! #;! $&+$%'>&+#B! J9! (DI
Vi, &891(%!+>V89! (#I'>A#S; 88K #B
I
26! LD;#+<&9#+!'#! #9,1(%! $H><:1<>?9D;&\%#! :8%+!\%o#! '#,!:+8;89,| (D$+&FHEBHHAT (K&,
H1HO N (#,1>&?%&"#,1()%9#1<89; +#11 F8 &+ GRE Mo B &
I
NGILD;#+<&9t+!")#*:+#, &891(%!+>V89! (#1'>1: +>AH#$;8& +11()%9! IS BIBHAIBB! <P I@ X!
>6!>:+.,1%9#! (#<48DF8'%;&89P
=6!>:+.,1%9#!: +#<&.+#1+DF8'%;&89!$8K:".;#P
$6!>:+.,!m!+DF8'%;&89,B
I
Y61J9!(D(%&+#!'#198<=+#!(#1+DF8'%;&89,I#GG#$;%D#,|:>+!'#1:+8:89!(>9,'#I1$V$'8; +89!()%9!+>V89!
13 !1$<B! ! ! ! ! ! ! ! ! ! ! Im!U!IN]B
[
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<"#86%77)*-,58>#1&.-8#-*#7,(%?%

=86%77)*-,58#('6)&%+,-8 #

!
[
"#3%&'&$! 251 T$998%-13$!9/9.$79'8B7
@9!+#,,8+;1(#!,%,:#9,&89! (#!F8&; Yo+#! (#! HNE&;(HYn&I+#,1989|A8&9; &F#, 1#,;| G&*D!>F#$!%9#1#*,+D<&;
,%+1%9!=>93! ()#,,>&B! @9!,8'&(#! P! (#I&P|BR*D! T!")>%;+#! #*;+D<&;D! (%! +#,,8+;! :#%:;! ?'&, #+!,>9
G+8;#<#9;! Yo+1%0#! ;& 2 +&?&(H HE+KBBE)SHI &, #! (Y% $HO; +#! () &O#t+: &I || (#11#,; 1 +#: DH-DH#1 >+
+>::8+;1T!'>1:8,&;&89! E! (#!1! >%! +#:8,B!E9! D$>+;#! "I (#!,>!:8,&;&89! () D\%&'&=+#!#;! 89! '#! 'z$H#P! >
F&:#, #&9&;&>#PIT!"&BJ3BI89!>= $&, #!#,;1>'8+,10 g B
>6 "#:+D,#9;#+! SHD<>;&\%#<#9;!I'#!,V,;.<#!D;%(&DB
=6 v>&+#I'#I=&'>0l(#,!G8+$#,!>::'&\% D& &X % B
$6 LD;#+<&9#+! Y\D\%>;&89! H8+>&+#! (%! <8%F#<#9;! (#! "P! , >N INA+R8 |U533d?! #;!

G U] 1$<B 1x(1)=0,05 - cos(6,32-1) 8
(6' 0>'$%'#+!'>1:D+&8B(#!:+8:+#!:8%+!'#,|<K<#,!(899D#,!9%<D+&\%#,B 184U3Paal6!

"#$%&'&$!1211S$73/0$!70,9-'MI$

@9! #9(%'H! D'>,;8\%#P! $89,;&;%D! ()%9! ,8'&(#! (#! <I7WH2BBO! +#,,8+;! (#! +>&(HUNZP!
HGGHS, Yol (#,! 8,$&">,&89,!'&=+#,] %+! %9! =>0$! T! $8%,,&9! ()>&+! H8+&I89;>'B! C)>*#! (#,! >=,$&
(&+#5;&89! (%! +#,,8+:BIC)8+&2&9H! (#,1>=,$&, #, 14, "> - CoERB (PRDH-+; &1 1! (%!, 8'&(#1'8+,\%%#!
SHUMBEIH#,;| >0 +#:8,BI C)8+&2&IH! (#,! (>1#,| $8++#,:89(15%!1 :>, >2#! (#1[1:>+1)8+&2&H! (#,!>=,$&, #
SEHS! 000#! F&:#, #! (#! F>'#%+! 3PN3!I <Z,1 (&+&?D#! (>9,!'#! #9,19D?>:&G! (#!")>*#B! LD;#+<&9#+!")D
H8+>&+#1\%6&! (D$+& VSRHBHO; | (#! 1 #;1 (D;#+<&O#+!'>1 (>4 (#1891 +#<&H+1 1>, >PH1 TI")>= $&, #!
UAI$<BI

! 1x(t)=0,12~cos(5t+% ) [#U3PNQS8!
|

"#$%&'&$!1 26 S$73/0$!70,9-'MI$

@9! HO(%'H#! D'>,;8\%#! H8+&189:>' #,;] GB+<D! (M%Q! +#, 8+: INLIZS&@Lo# (MOU6OH! <>, #! (#!

233211 TI'M&O,; HBN3P #1 $H#O: +#] (M&O#+,&H #,;'>SOSDI T!:>+;&+! (# ' IURIREBBHS! '>I F&;#, #!
89&:&>'H| (HR3Z,B

0>'$%'#+! '>1 F>'H0%+! (#] 'MDO#+28#! <D$>08\%#! ;8;>'#! (#! 'M8,$&">:#%+! T! 'M&9,;>9;! (%! '>O$#<;
(D(%&+H'M><:'&:%(#!(#,18,$&">;&89,1>89, &NV#I'SIF&;#, #(#1:>, >?#1:>+1'>1:8,&;&89! (MD\%& &=+#

! 1 spdUQ<s[!GIU2PQ%$<['Rs U2QP$<Z,6
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"#$%&' &P A¥1S$73/0$!70,9-'MI$

@9!,8'&(#! (#!<>, #I<:8%F>9;1?'&, #+!,>9,IG+8;;#<#9;!,%+!%9!,%::8+;|H8+&I89;>'1#,;|G&*DIT!%9! +#,
(#'+>&(#DINYQANMZ<B!'89!D'897>;&89!*I<#,%+D#! T!:>+;&+! (#!,>!:8,&;&89! () D\%&'&=+#!#,;! (899D#!
x=X,, -sin(8-1— 1) B! W8%+! G>&+#! 8,$&"#+! '>1 <> #! <P! 89! '%&! G8%+9&;! %9#! BB#+?&#! (#
LD;#+<&9#4# X!

>6 C>I<>, #81(%!,8'&(#B KKIUI3PO]!d?6

=6 C)><:'&;%(#!(%!<8%F#<#9;B i <IUB31$<d

$6 C>IF&;#, #HI<>*&<>'#I(#1)8,$&">;#%+B 7<1UQ3!I$<Z6

(6' C)D'897>;&89!(#1")8,$&">;#%+!:8%+ B \WBBH+2&#! $&ID;8&\%#!#,;| D?2>"#I TI'>1<8&;&D! (#!) DI#+724
:8:#9;&#"HB FIU|QP5N!$<6

#6 C#,1$8<:8,>9;#,|(#!'>IF&;#, ##;|(#!)>$$D'D+>;&89!#9!$#!:8& 9B IUI3PYN!<Z[>!UJ|P2/1<Z,2d
|

"#$%&'&$ AWKB0?&/0P!13PIL?-<,7$

L>9,I'>1<8(.'&,>;&8N#!'>1<8'D$% '#! (#!<D;H>9#! 1 N6 8%+!D; % (&#+! #,!<8(#,! (#F&=4P;&89
89! $89&(.+#)>;8<#! (HV(+8?.9##; ")>;8<#! (#! $>+=89#! $8<<#! <>, #,| +#'&D#,! :>+!1%9!
+#,,8+; 1 (#!+>&(#%+!dB! C) X, B +872.9#1 >1009#1 <>, #1=#>%038%:!:'%, | :#; & #!\Vo#| $#"#! (#!
> 8<#! (#! $>+=89#[! >&9,&!89!:8%++>! 9D ?' & ?#+! '#! <BYF#<#9;! (#!')>;8<#! (AER+=89#B
%;&BPB<<H#!I<>, #I(#!)>;8<#!()HV(+8?.9#!'>1<>, #1()99!:+8;89B

élongationx (-101%m)

tempst(-1035s) I
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>B@E&'&, #+!'#,1(B99DH, | (%!2+>:H&\Y6M: 8%+
! ! 1&6!1(D;#+<&O#+1')><:'&:%(#!(#,!18,$&">;&89, 1 1 LLUSPE353<6!
! ! 1&861$% ' #+!">IG+D\%#9S#! (#,18,$&'">;&89,!  1@IaRabfl6 !
! ! 18 &BBEY H+!" DO+ 2&HISRID; &\t <>*&<>'H#1()%9!>;8<#! ()HV(+87?.9#
! ! ! ! ! ! ! 1Js<>-UIOPIE332ISIUI3PY Y Ol< @RI
=610 >'$%'##9,%& #1+>&(#%+!(%!+#, B+;!d ! ! WIUNPAR3NMZ<b

IIIIISE! J$+&+#1)D\%>: &89 HB+>&+#1:8%-+!'#! (D:'>$H#<HO;! (#")>;8<#! (HV(+82.9#! 1!")D'897>:&89! (%!
+,,8+:161>FH#S$!'#,IF>'#%+,119%<D+8&\%#,B

T

| #6l 0+>$H#I! (>9,1'#! 2+> H&\VAHSRY, | '>I$8<:8,>0;#! (#! '>IF&;#, #! (#! (D:'>$#<#9;! ()%
>:8<# (JHV(+87.9#1#9! G8O$:&89! (%! :#<:,BI SABY:#+! T )BH5EB%0+!88<:8,>9:#! (#!
F&#, #1'#, IF>"H%+,19%<D+&\%#, 1>+ 11+ D<&:D, | (%!<8%F#<#9; B

composante de la vitesse
v, (-10%m)

tempst(-10135s)

MINGE>'$%'#+1")DI#+?&#!$&9D;&\%#! T1")&9,;>IEHBB 53!
|

12691218, $&">;#%+1>1%9#I <K <#!><:'&; % (#H3HI 0#9S#! (8%="#B!
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=& -8#451@5-88%2-8{6)8%+,-8  #

I
"#3%&' &P AF[73%!.%80%$99"$
S6!C)D\%>;&89! (%! <8%F#<#9;!()%9#! ,8%+$#!#,;! (#'IC3+=Hsin( @ 1 + ¢ )BIC>1:D+&8(#! (%!
<8%F#<#9;! #,;! D?>H! QB! C>H>A#$;8&+#! #,;! %9! #?2<#9;! (#! (+8&;#K B2 '897%#%+B! S!
N8+&?2&9#! (#,! #<:! '>18%+F#H! > #! >+ > :8,&;&89! ()D\%&'&=+#! #;! #! (D:'>$#! F#+,! '#! => B!
LD;#+<&9%%
>6 '#,IF>'#%+,|(#,:+8&,1:>+><.. Gk |[! ISAUNS<![@U( ZY!" u( e
=6 "\D'897>;&80P!'>IF&;#, ¥#1#;1)>3$$D'D+>; &30%!">! 8% +F#!>:+.,17[!
! 1 U4 P2YI$H$ U4 PAIS<Z[12/ U2PN2!$<A
$6 '#!:#<:,1>%!=8%:;! (%\%#''>! ,8%+F#! #!;+8%F#!:8%+!'>! :+#<&.+#! GBEYH, |98 FH 94
:8,&;&89!()D\%&'&++#B! HU'YPNE
!

/6! E9! ,%::8,#! \%o#! '‘#! <8%F#<#9;! F&=+>;8&+#H8B?#! >9,1 ><8+,;&, #<#9;! (>9,! '#! <& &#%!
#IF&+899>9;PI'>1:D+&8(#!(>9,!)#,:>$#!18i!'892%#%+!()89(#6!D;>9;ID?>#I TI"231¥<BI10>'$% #+
>6 ">1$D'D+&IH9,!'#1<&'&#%!$89,&(PHD 1QUI3PY!<Z,6

=6 ")D'89?>;&8UPIT!"N&9,:>GUIN!,P1()%9!:8&9;!c!(%!<& &HYITE2BB<! (#!'>!,8%+$#B |
1c'UNP]YI$<b
|

"#$%&'&$! AT

C)#*:+D<&; D) %9# $8+(#1#, ;1 +# &DH T %9 F&=+#%+H>+<89&\%#!; +>9, F#+ SR BEH B #9$#!

0><:'&;%(#12! $<B!'E9!,%::8,#!\%)&"1 9)V! >!:> | (#! +DG'#*&89! T!")>%; +#! #*,+D<&;D! (#! '>! $8+(#B! 0#;

$8+(#PI(#1<>, #!'&OD>AHAP33I2Z<PI#,:1:#9(%#!:>+1%9!:8&(,!(#!123!mB!

1E9!(DG&I&;1 %I 3kt >" "I TI'>I$8+(#P18+&#9; D! (>9,I'#! #9, | (#!:+8:>2>;&89! (#,189(#, I ##1#'1\%

>IUBB6

>6 c89;+#+1\00o#!'#1:8&9;!1¢)>=,$&,,#! c \USPK!#,;1#9!:H> #! >SF#3$!'>! 8%+ 0+8%F#+!%9!:8&9;!
(#'>1$8+(#\%&#,;1#9!18::8,&;&89HH #I>F#S!CI#; | B

=6 C)8+&?2&9#! (#,! ;#<:,! $8+89(! T! %9! :>, >2#! (#! '>! ,8%+$#!:>+! >!:8,&;&89! ()D'89?>;&89!
<S>*ES'HBILD #+<&9#+1)D\%>;&89! ()89 (#B!

! 1>, H#U!3P32x,&01Z 3P32M Z3P26(d2+6

$6 LD;#+<&9#+1")D'897>;&89%!:8&9;!d>8&9,&!\%#! "> F&;#, #! (#! (D:'>$#<#9(%! :8&9;!d T!

N&9,;>94AU3P352! B! 1 c!U) 5PN2!$<R}IUNPNal<Z,6
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"#$%E&' &P A 73$9!.%80%$99';$9!3,79!/7$!&8%3$!

@9H! $8+(#! HO(V6#! ;+.,1'89296#1#,; 1 #+$&; DH T1) %0 (#! #,1#*+D<&D,! :>+1%9! <BUF#<#I;! :+>0, F#
()><:'&;%(#5U1531$<I#;1()D\%>; &89

$= #!#$%€f'—!!

>6 J;>='8&+1"\D\%>;&89! (#")8O(#!: +82+#, &F#] #1:+8:>2#>0;1(>9,I'>1$8+(#BIJ*:' &\Yo#+1$#1\06)891#9;#9
>+1(8%="#!:D+&8(&S& DUHN)P3X8 BBV

=6 JO! >(<#;;>9;1 \06#! '>! $8+(#! >&;1 %9 <>, # (#IBBBY+! 53! (#! '89?%6#%6+P! #1 \%6)#"#! 8&;!
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