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FHEEHE ARG ZCEMMRZIEGEREANEL. REBRGHNEINH, wGHNEAE
WHRBEF RS R E,. B8 LEE B0 BT 4088 S0 R b R e ).
B—HE, ERMRE TR, W EE RS, B RBRE B ATEA. A g
AFEXEER, NREMMERFRSREMEGHHEATLR. FREHEH THE R
i AR A JE T RS T A B AR AT PRI AS S pR AR AR R JE gl AR TE AN £R LA SR RS B
Wiy , 70 4 JUART f58 s ¢y 7 =X R R g AR ) 26 U it RS — B

1 HABE P 05 7

EEHERMBMTREBRAMMUBRNBEEEGEBMR. BT UV MW AR
HFLBR(X,Y,Z) B8, Kb X, YA Z 2510 #h AR o e, 8 e 8k @ (e N 18 1)
HIE) MiT . AFREABEMR R EAA . R M
X HHIARER, c AMRKE, b FHRIKELRE,
mE B . BE B AR S B LR R, %
A mEBRAGEMBTEILERAER . B
WX (X,Y)® W(X,Y) 2 B3R #4559 4h JL AT 5R B4
FOMIASEREE, LA F(X,Y) BRI IEE,BIE N, =
F N, = F RN, =-F , KigSRmuiis
KT,

T2 58 Donnell 7 & (B A% BB Y%
ERIEW ), RA Karman M B-M B X R, it RR-Ed
R, AT LA S8 DLk BB W (A W 4R LA SR BA
W*) MBS R F KRBT X Kérmén-Donnell # 3F £

TR 1 GESERAEEHE
Zn(ﬁ/) + Lp(F) - Zw(fv”) - Ly(M") - RS MERR
+F = LW+ W F), (1)
Lu(F) - Ln(W) - In(N*) + W . = - 7 L(W 420", F), @)

HAPUHET L) MIERERETF L) XMmSIFAH.
ERAPER - M REE LN

NP NT NE
[MP] = [MT] + [ME] . (3)
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K
[N: M B,
NE ME|= Zj { } —(1,2)dz, (5b)
_ — k=
LN ML i
He
[ AT [Qu Qn 016—( c? s
-~ - — an
A |=-|0n Qun Qx| ¢’ [ ], (6a)
-~ - an
_Azyd 016 926 066- 2cs —2CS_J
[ B, ] rQn On 016 [ ¢? st ] d
= 31
B =] 0n 0x 0uf & o |[)] (6b)
_BnJ L QIG 026 @664 L2¢s - 2cs 2

HA ay M ap HE kRERND B AR ERL dy T dy H5E k ERERBERMNERE. 0
FEE BB R, BB R4 (L ShenD).

W5 SRR E A PR R, B R A A R A AR R B GA A E A AT A
AR, o, FRER

X =0,a:
W = V = 0 (73)
= *F PF . PF
M B21 7X2 B“ 3Y2 + B61 XY ~
PW I*w . PW O p
D“ ax2 D12 ay2 2016 dX3Y + Mx = Ov (7b)
b
J N dY + o,2b = 0. (7c)
0
Y =0,b
W =0, (7d)
Nx? =0, (73)
- . 3*F *F PF
My By, aYz BZZ aX') + B62 Ixay "~
* aZW 32W 32W —p
Dy, X - Dy 7 - 2Dy 577 xay * +M, =0
EZ W,x = O, (7{)
deX=0(mmmg)ﬁvzo<@mmmgx (7g)

Hef o, HWPYERN S, M, MM, BELKESE . X TXHREERESBEdRR() &) M,
= 0, % FIEXFRERZ & WA MAR S THAEN - TRASBLM, = 0 WRGTEEHRE R, B
MAW, =0 M, = 0MEH. BEARTBEHEV =0 Y =0,b BR)TAXHER

B, 6
J Jb Hdex = 0, (8a)
9

afb *F PF a*w Iw
LL[(A” axt A aY2) (B“ ox2 * B2 ayz)
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ab.”[(A”aY”A“axz) (B“ X2+B‘29Y2)

~ (44N + A5 N2 ] dxdy.

2(9){) T 9x 9ax

LKA (451, [BFIAIDG I, j = 1,2, 6) A A" RIFEER, EXAH AT

=~A"'B,D* =D -BA'B,HE}P A, BHD HEMFELH.
2 AT W R |
X—WRNGEGRRFH ) RKBAERDMEQ). 4

[ar =3[ [4] araz
K ]Av_-“”[ | faz

%%liﬁ%ﬁ%?ﬁ‘ﬁ
x =nX/a, y = n¥/b, 8 = a/b,
Z = a¥/Ri, ¢ = (x*R/a*)[ D{i Dy Ay Ay 14,
(W, W*) = e(W,W")/[DiDyAL AR ]V F = € F/[D( D],
Yio = (Dfy +2D&)/Diy, Yo = Af + T4 )74z,
Yie = [DR/DR 1, 70 = [AN/7AR ]2, 75 = - Ajy/An,
(7300 Y325 Y345 Y3 Ya2) = (Bai, By + By - 2Bess

B>, B\, By )/[ DDy A Ap 1Y%,
(Y15 Y125 P15 Y2) = (AI,AfvvaBf)R[AﬁAz*z/Dﬁ Dy 14,
(M, M2) = X(M,,M2)(a®/x)/ D[ D)\ D3 ALy A% 1YY,
ax/(z/Rt)[Dl*] Dz*z/Ax*lAzz]lM,
15, = (A,/a)/(2/R)L D}y D3y Ay A 172

BAEEFR(DMQAIERIWNTREHNEA
2Ly (W) + e¥yuLp(F) = YuF . = YuFPL(W + Wi ,F)

>
I}

1 *
Ly (F) —5724L22(W) + YuW, . =——2‘7’24BZL(W+2WT,W),

Hbw, =W + Wi,m Wi YVENAATBELRAR CEN DGR MEE .

HAEBHAUTBHERL Wi = 0. KOO FHFEEFMXES]HH

(8b)

(9)

= A_l, B’

(10a)

(10b)

(11)

(12)
(13)
Xt FHE

HFRERFHEBESHH [(DIDAALARIY = (0.2 ~ 0.3):, IR(11),H Z =
(a®/Ret) > 2968, Bii1BE e < 1. BIEMTHEAREEENMR, RIMNE ¢ = 22/Z2,4(121
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V)]V EH 2, (= 6%/ Re) TERSLAIRAE IR 47 AR K T 11.95(2 | Vol midd V), 2
HHMELT, e < 1HIRHFEEHRE, BRIEL <0.5. He < 18, FRO)MUI)IHLR
ERIR. MI7 T LR 6 I8 i AR R G AT | JE A5 BE AR 4R JL A ik B a4 B
i .

BR MK (DIH
x =0, m:
v o (14a)
. (14b)
T 2
J{LBZ ZTFZ‘dy + 22, = 0. oo
y =0, m:
ol (144d)
F ., =0, (149
S, (14f)
R (8) RIEH W N F & MHEH
L (2 5 ) ;
LJO[ ( ;*I; dd 2715) B 6724( V30 %g + YmfB aF;VEZ/) +

Ly (2Y) - 20 Vi
YuW - 2 Yul ( Iyl Yul Jy ay
E()'Tz - 75771)AT+ 5(7,,2 - 757p1)AV]dydx = 0. (15)

LA o B 4 K AR

_ 1 _1J'T‘( 2 2 PF ﬂ)
O = 2rr2724€ oo[ YuP 3y* [y

( .4 ﬂ) 1 (ﬂ’)z aw Wy
€724\ 73n 3.2 + YufB ay? - 2724 ax) ~T» ax 9x T

e(Yhrn - VsY)AT + e(¥5 7, - ¥s7,2)AV]dydx. (16)
FEIAX)M(B)ERX L SEMNKEEBEEHRZVIHATRAOEANVFERL . BT AT
Ay 5REER,H - EEBESBMMAR(12) f(13) FEK BR(1S) f(16) PIHEHE AT
Mmav,

KER(12) ~ (16) , RAFRBI TR IHETENEZTE, SERESIHELHRES
Bk ERATRERTHEEGITN. REFBO)MO3)HIRN
{W = w(x,y,e) + ﬁ'/(:c,f,y,e) + W(x,t,y,e),

F = f(x,y,¢€) tF(x,E,y,e) + F(x,t,y,€),
Kb e WBHMEBR(RT Z > 2.96). wlx,y,e),f(x,y,e) FRAMARA“SME" 3IE N,

W(x,&,y,6),F(x,&,y,e) MW(x,8,y,6),F(x,¢,y,e) #FHx = 0F x = n IRWARE
B HNRBER ML ELXRA

¢=x/Ve, £ = (n-2)/e (18)
(XE®REXN F&EHRAEBEHE ARERENY VR BR). BRXOQ7)FHEMBMHRE
fi JR Jy 0 T o SR A X

(17)
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w(x,y,e) = Zeiw,-(x,y),f(x,y,ti) = dej(x,y), (19a)
W(xveyy,e) = ZEHIﬁ/j”(x,E;y),F(x,Ey)’,E) = Zeljdi‘"j,,z(x,e,y), (lgb)

W(x,loy.e) = D& W (x,8,y), Fa, L y,e) = D 6% F, (%, L,7).
j=0 j=0

(19¢)
AR P 0 R RS R E A
wyx,y) = AP sinmxsinny, (20)
B AL 3R LT kA R 2 R A MR R E X, B
W*(x,y,e) = ea sinmasinny. (21)

¥BRA7) ~QORAFBOD)MO3),ATBEMNBMAREREANBEN=ZHRZH
B, MARQOMQNZBE KM X LT HBA, FEMK « = 0 » = ~ B4 LA E U #
NARER USSR KBENLR

W = E[A&;) _ A%’(Zos‘ﬁj—; - ;T;ssimﬁj—sr)exp(— GJ?)_

A((xl,)(coss*s R«/_E - %4 ¢sm¢ 7r—«/:E;—'E)exp( -a RJ;_ x)] +

e[ AP sinmxasinny + A (cos2ny - 1) -

A§YP (cos2ny - 1)(005‘#@ 5 ¢sm¢[)exp( -a «7_5) -

A$P (cos2ny - 1)(cos¢ Jt - 50 ¢sm¢ KJ_ x)exp( o KJ_E— x) ] .
€
[ AP sinmasinny + A (cos2ny - 1)] + *[AQ + AR cos2ma +

AP (cos2ny — 1) + AP sinmasin3ny + AS (cosdny - 1)1 + 0(’), (22)

F =~ BY ‘% + s[- B&%) ‘L] + 62[— B % + B¥sinmasinny +

x

A&l))( b(2)cos¢Jg + b? 10 SIH¢JE)GXP(_ a£)+

A“)(bmcossﬂn— X + b2 sm¢n_x) (—au)]+
o’ | %ol s 10 «/E exp

2
53[ - Bég) 12— + Bég)cos2ny +

x (3) x x
A(()%)(cos2ny _ 1)(b cos¢~/g + by 3 51n¢£)exp(— a«/e_)+

(3) T - (3) x ToXx
A(%)(cos2ny-l)(bo?005¢ s z 4 b3 sing = JE )exp(-a s )]+

2 2
e*[ - B % _ b % 5+ B{’ sinmasinny + Biy cos2mx +

B cos2ny + B{¥sinmxsin3ny] + 0(e’). (23)
EEHH W TERBRATATENERRC)P b =0. ITHEEy =0, HEKU
R ow, = 0 W&, HBX(22) F A ¥y y 18 B AR Fourier 4%, BP
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—;‘;‘A&}). z *)lrsinjy, (24)
A x @RI HE. h(22) AT, B T30 U # B9 BTRR, il AR AT JE i 22T R AR R,
KQOMO)PEREMEHR, EAERI A WEE, vABEEL, RERZXTHS
1 ey, o F OB TERRF L.
#— B R (22) F(23) AL R FK M (14) KA (15) M (16) , WATAT L R85 /i i F 8

g

A, = A - AP (AR ) + A (A ) 4 e, (25)
0 8, = 80 _ 8P L oD (AP ) 4 5 (AP 4 oo, (26)
R25)M(26)F, (AP ) TRA KBNS, HASHREATERNEEAR L, B

AYe = W, - O3 W2, + -, (27a)
Hew, AtiREXTBAEE , BREBRE(x,y) = (o/2m,n/2n) K, B

w -l i V. e,l. (27b)

" T GLIDIDAAN AR b
K25 ~QDHHERERSERTHHED.

RS ~QDUTHATEERENSEXSHRZABHMIRER S MEMER T 8EJE T
B-mmEmt M- EHLTE. HTREME W /e = 0(H p = 0), W W/t =
O(EB W, = 0), RMNNEHRKEA A7, HAHNAWEMEEN(m,n), 2RI X &M Y [
BB, FTEER N TELKDATART BN, 765 3 V488 L RS IR E S
i #K.

3 BUEFF MV

HTHRB-EBRRENBREESREEMARGEMAOEE AN AETENETE, 38
BREZINEEHESNREXHREZEREEMBRMBESR. EXERREERERA R/
REREGHE MEERESRBAY: E, = 150 GPa,E, = 9.0 GPa, G, = 7.1 GPa, v, = 0.3,
ay = 1.1 x 1078/(C),apn = 25.2 x 10°8/(°C) ; F L J2 3% Fl [ oy I B8 (PZT-5A) , M BHEBE S 4L
BAN:E, = Fy = 63 GPa, G, = 24.2 GPa,vy; = 0.3,a;, = ayp = 0.9 x 10°%/(C) M dyy =
dy = 2.54 x 107 m/V. ZEFMABEFAF(GRER LR, FHEEERN 0.1 mm, 4 RE & H
MEREEAN1.0mm, B&ZERGHFEE.

F1 {0/90/0)MREXHIE RSB HEMB/BMETE NV, /(E,°) BB
(EW/Eyp =25.G3/Ep = G3/Ep = 0.5,G53/Ep = 0.2,v, = 0.25,a/b = 1.0,b/¢ = 100)
Xkl 12] Ax
a/R CLT FSDT N T CLT HSDT®
5 788.7(3,6)7 772.1(3,6) 788.69(3,6) 766.593(3,6)
2 324.2(2,4) 320.9(2,4) 5 324.23(2,4) 319.721(2,4)
1 165.2(1,2) 164.9(1,2) f 165.14(1,2) 164.857(1,2)

O #ESEMEFRTEEES (m,n),
@ RRXE16]18I.
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%2 BEHMBREXHERAEEHEEHRTE( N/ ExR) x 10° L3
(E\\/Ey = 40,63/ Ey = 0.6,y, = 0.25,a/R = 1.0)
= a/R b/t X#k[13] A&
(0/90) ¢ 1.0 100 0.1829(3,3)?@ 0.1805(3,3)
1.25 80 0.176(3,2) 0.176 9(3,2)
(0/90),r 1.0 100 0.265(2,2) 0.265 1(2,2)
1.25 80 0.294(3,2) 0.293 0(3,2)
© dxE(13Imek L iRGAE
QO HESENERRBEMBES (m,n)
%3 RAEAEEHBEEANHEA TR P (KN) ER
(b/t = 200,a/b = 1.0,a/R = 0.2)
AT = 0T
(P/(0/90),) 5 (07 P/90/0/90) 5 (P/{0/90)4/ P) ¢ (0/P(90/0);/ P/90)
Vu = Vi = - 100V 7.761 6(2,2)@ 7.428 0(2,2) 7.687 3(2,2) 7.282 4(2,2)
Vy=V, =0V 7.760 2 7.4272 7.686 1 7.2819
Vy = Vy = 100V 7.734 6 7.401 6 7.661 2 7.2578
AT = 200C
(P/(0/90),) 5 (0/P/90/0/90) ¢ (P/(0/90)./P)r (0/P(90/0),/P/90) ¢
Vy = V, = - 100V 6.707 9(2,2)? 6.408 4(2,2) 6.613 6(2,2) 6.214 7(2,2)
Vo= V=0V 6.533 4 6.249 3 6.427 2 6.028 6
Vy = V= 100V 6.3537 6.089 1 6.232 1 5.837
O ESBENERRBHES (m.n)
£4 BABAAEHEEHEATRIEATHNRMERE A~ kR
(b/t = 200,a/b = 1.0,a/R = 0.2)
W2 Vo/Vo= Vi/VIW /e = 00"/t =0.0W /e = 0.1[W" /e = 0.4 W*/1 = 0.2[|W*/t = 0.3
(P/(0/90)2) s - 100 1.0 0.788 9 0.6859 0.610 5 0.5512
0 1.0 0.789 1 0.686 0 0.6106 6.5513
+ 100 1.0 0.791 7 0.688 3 0.6126 0.5513
(0/P/90/0/90) 5 - 100 1.0 0.784 5 0.680 5 0.605 7
0 1.0 0.784 6 0.680 6 0.605 8
+ 100 1.0 0.7873 0.6829 0.607 9
(P/(0/90),/P) ¢ - 100 1.0 0.789 9 0.686 9 0.610 8 0.550 2 0.458 5
0 1.0 0.790 1 0.687 0 0.6109 0.550 3 0.458 6
+100 1.0 0.7926 0.689 2 0.6128 0.552 1 0.460 0
0/ P(90/0),/ P/90) - 100 1.0 0.786 6 0.682 1 0.605 1 0.543 9 0.4513
0 1.0 0.786 6 0.682 2 0.605 2 0.544 0 0.451 4
+100 1.0 0.789 2 0.684 4 0.607 2 Los‘tss 0.4529

EREAIIUE, K 1 231 (0/90/0) X FRE G REMREMEEATHERFTHEIS Car-
ral PRI LL S, B M R ERE S RIRA : Ey/Ey = 25,61/ Ep = 0.5,v, = 0.25. F248H
R FRIE 45 1R2 A A s AR 75 B E AR T 0Bt A7 337 5 Turvey S A HL AR, B P A RHE
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12
2P (0900205 (P7(0/90));
b/t=200 a/b=1.0 a/R=0.2 b/t=200 a/b=1.0 a/R 0.2
(m,n)=(2,2) /1 (m,n)=(2,2) 71
3>
= -4
< <
a 1.AT=0%C <
s I:AT=200C
— ¥ =00 HoL 00
—Wr/i=0.1 mEEAT £=0
0 o [1]% L — o
-0.5 0.0 0.5 1.0 0.0 0.5 1.0 1.5 2.0 2.5
Ay/mm ¥ /mm

LVy=Vy=-100V 2:Vy=U, =0V 3:Vy=Vy= +100V |,y =V, = 100V 2:Vy=U,=0V 3:Vy=V,= + 100V

(a) for 8R-o5 30 45 48 Hh 2% (b) farER-HE B £k
2 WM-EBRMEI (P/(0/90),); BEE&EHMIEGR MR ME
1237 =300C RAT=700T
b/t=200 a/b=1.0 a/R=0.2 , b/t =200 a/b=1.0 a/R=0.2 )
(m,n)=(2,2) P (m, n)=(2,2) S H
8y 8+ I
=z
< &
4}- e I :(P(0/90),)5 AT : 1 :(P(0/90),)
"I ((0/80),/(90/0)2/ P ) 7 11 : ((0/90),/(90/0),/P);
— W /1=0.0 —W"/1=0.0
0 ; - Wr/1=0.1 0‘ ------ W*/1=0.1
-0.4 -0.2 0.0 0.2 04 06 08 0.0 0.5 1.0 1.5 2.0
Ax/mm W /mm

LVy=Vi==-100V 2:Vy=Up=0V 3:Vy=Vi= +100V 1.V = V= - 100V 2:Vy=U, =0V 3:Vy=V,= + 100V

(a) FrE-MEFE LR (b) FFE-PaE £k
B3 (P/(0/90),)s ¥ (0/90),/(90/0),/ P), BRAE BB HRRE

EAHMEERATEREHILE

2 I FNRATB 2
AT =200°C B EmBEaAH AT =200C 5/1=200 .
b/1=200 a/b=1. a/b=1.0 a/R=0.2, ‘,]]
e/R=0.2 (m.n)=(2,2) 7 ;
8l(m,n)=(2,2) 8t
< < A
< <
4t 4t X
T W/i=0.0 1 Emsaag W /=00
N We/e=0.1 o] T:AEMBAFAE  oon W*/t=0.1
-0.5 0.0 0.5 1.0 0.0 0.5 1.0 1.5 2.0 2.5

Ay/mm W /mm
L:Vy=V,= =100V 2:Vy=U,=0V 3:Vy=V, = +100V 1:V;=V,= =100V 2:Vy=U; =0V 3:Vy=V,= +100V

(a) WR-HPHEA LR b) ir 8k B 1 4%
B4 MEAHREARLRES, (0/P/(0/9) /P/90)TIEAE B a1
EEAREBERATREHLER

BEM BN : E/Eyp = 40,6/ Eyp = 0.6,vy, = 0.25. FTEER, B THEN-THEE BN
X F RS BRIEACH R B S B AL AR SCRR 14 A I AR X S8, X5 EREERA, {Esn‘
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BB i AR 55 B0 dl AT RN TSR AB U2 ] RS AT BT R AR R

RIME2~4 ASPAMNFELER. FEERS W /¢ Rk X BRRAT B ILTEE .
AR L 2 EBUE a/b = 1.0,b/t = 200 M a/R = 0.2. HLARNEATH,RIEFKES
Y. NEHER, (0/90),s X FREHIRF(0/90),, R HEHIRE S B MR SR EER
;A E S E S o B aC fE (P/(0/90),)s, (0/P/90/0/90)s, (P/(0/90),/P)y
(0/P/(90/0)3/P/90) 7, (0/90),s MR ZE A MBANETREFARKEZ EalEsh
#HIE 0 ((0/90),/(90/0),/ P) y.

RIAUZERSEABR MR EESWREATRE SR ILE. RIFFCEIL 1
SHRLAT = 0°C, [[ SR AT = 200C. BUEEH B E ETHE, 4560k vy f v, ZEB=M5
M ERSE, Vy = V= - 100V,0V, + 100V, Fi vy = vV, = OV IR EE#ORES. THHE R,
FE AR (7] 18 BE A& T 42 i e E X B i AT 8RR R A /i R

B2 41 (P/(0/90),) s BERA BEHMARTER & B8 fE A T & /5 JE ol 187 2R o S0 48 4
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Thermo-Piezoelectric Effects on the Postbuckling of
Axially-Loaded Hybrid Laminated Cylindrical Panels

SHEN Hui-shen
( School of Civil Engineering and Mechanics , Shanghai Jiaotong University ,
Shanghai 200030, P. R. China)

Abstract: A compressive postbuckling analysis is presented for a laminated cylinderical panel with
piezoelectric actuators subjected to the combined action of mechanical, electrical and thermal loads.
The temperature field considered is assumed to be a uniform distribution over the panel surface and
through the panel thickness and the electric field is assumed to be the transverse component £, only.
The material properties are assumed to be independent of the temperature and the electric field. The
governing equations are based on the classical shell theory with von Karman- Donnell-type of kinematic
nonlinearity . The nonlinear prebuckling deformations and initial geometric imperfections of the panel
are both taken into account. A boundary layer theory of shell buckling, which includes the effects of
nonlinear prebuckling deformations, large deflections in the postbuckling range. and initial geometric
imperfections of the shell, is extended to the case of hybrid laminated cylindrical panels of finite
length. A singular perturbation technique is employed to determine the buckling loads and postbuckling
equilibrium paths. The numerical illustrations concern the compressive postbuckling behavior of perfect
and imperfect, cross-ply laminated cylindrical thin panels with fully covered or embedded piezoelectric
actuators under different sets of thermal and electrical loading conditions. The effects played by tem-
perature rise, applied voltage, stacking sequence, the character of in-plane boundary conditions, as well

as initial geometric imperfections are studied.

Key words: postbuckling; hybrid laminated cylindrical panel; thermo-piezoelectric effect; boundary
layer theory of shell buckling; singular perturbation technique



