Tap chi Khoa hoc va Coéng nghé Giao théng Tap 6 Sé 7, 17-39

oLl

Tap chi dién tk

Khoa hoc va Céng nghé Giao théng
Trang website: https://jstt.vn/index.php/vn

Article info
Type of article:
Original research paper

DOI:
https://doi.org/10.58845/|stt.utt.2

Free Vibration Analysis of Doubly-Curved
Sandwich Shallow Shells with Piezoelectric
Face Sheets and a Porous FGM Core

Nguyen Van Long, Tran Huu Quoc’
Faculty of Civil and Industrial Construction, Hanoi University of Civil
Engineering, No. 55 Giai Phong Street, Bach Mai Ward, Hanoi

026.vn.6.7.17-39

"Corresponding author:
Email address:
quocth@huce.edu.vn

Received: 11/07/2026
Received in Revised Form:
10/08/2026

Accepted: 21/09/2026

Abstract: This paper presents a free vibration analysis of doubly-curved
sandwich shallow shells consisting of a functionally graded material (FGM)
core made of two phases—ceramic and metal—with internal porosities,
sandwiched between two piezoelectric (PZT-4) face sheets. The effective
properties of the core vary through the thickness according to a power-law
distribution, combined with three porosity distribution patterns (even, uneven,
and porosity-free). The displacement field is described using first-order shear
deformation theory (FSDT), while the electric potential is assumed to vary
linearly through the thickness of each piezoelectric layer. The governing
equations are derived from Hamilton's principle and solved using the pb2-Ritz
method with polynomial shape functions that automatically satisfy general
mechanical boundary conditions. Two electrical circuit conditions—closed-
circuit and open-circuit—are considered simultaneously. The reliability of the
proposed model is verified through convergence studies and comparisons with
previously published results for FGM piezoelectric plates, doubly-curved FGM
shells, and porous plates, showing good agreement. The effects of the porosity
coefficient, porosity distribution pattern, volume fraction index, curvature (shell
type), boundary conditions, and piezoelectric-layer-to-total-thickness ratio on
the natural frequencies, as well as the piezoelectric stiffening effect, are
investigated and discussed in detail.

Keywords: Doubly-curved shallow shell; Piezoelectric material; Porous FGM,;
Free vibration; First-order shear deformation theory (FSDT); pb2-Ritz method.
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Toém tat: Bai bao trinh bay phan tich dao déng tw do ctia vé thoai hai dd cong
dang sandwich gébm |&p 18i bang vat liéu co tinh bién thién (FGM) hai pha: gém
va kim loai, cé vi bot réng va hai I&p bé mat bang vat liéu ap dién (PZT-4). Tinh
chét hiéu dung cla 16i bién thién qua chiéu day theo quy luat Idy thira két hop
v&i ba kiéu phan bé 16 réng (déu, khong déu va khong réng). Truweng chuyén
vi dwg'c mo ta theo |y thuyét bién dang cét bac nhat (FSDT), thé dién dwoc gia
thiét bién thién tuyén tinh qua chiéu day méi I¢p ap dién; hé phwong trinh chd
dao dwoc thiét 1ap tr nguyén ly Hamilton va phwong phap pb2-Ritz véi ham
dang da thirc ty dong thda man diéu kién bién co hoc tdng quat. Hai ché do
mach dién: mach dong va mach mé&, duwoc xét déng thoi. Do tin cay clia mo
hinh dwoc kiém chirng qua khao sat hdi tu va so sanh véi cac két qua da cong
bd cho tAm ap dién FGM, vé FGM hai dd cong va tAm xbp, vé&i sai sé nhd. Anh
hwéng cltia hé sb d6 rdng, kiéu phan b 16 réng, chi sé ti phan thé tich, d6 cong
(loai vd), diéu kién bién va ti s6 chiéu day I&p ap dién dén tan sb dao dong
ciing nhw hiéu &ng clrng hda ap dién dwoc khéo sat va thdo luan chi tiét.

T khoa: V6 thodi hai d6 cong; Vat liéu ap dién; FGM co vi bot réng; Dao dong
tw do; Ly thuyét bién dang cét bac nhat (FSDT); Phwong phap pb2-Ritz.

1. M& dau

Vat liéu co tinh bién thién (functionally
graded material - FGM) la nhém vat liéu composite
thé hé mai, trong d6 thanh phan va do dé céc tinh
chét co - ly bién dbi tron tru, lién tuc theo mét hodc
nhiéu phuong, cho phép loai bé hién twong tap
trung (rng suét va bong tach 16p thwong gap &
composite nhiéu I&p truyén théng [1, 2]. Nho két
hop déng thoi tinh chiu nhiét cia gém va do déo
dai cua kim loai, FGM da dwoc (rng dung rong rai
trong hang khéng - vi tru, nang lwong, co khi chinh
xac va xay dwng [3, 4]. Khi dwoc tich hop thém cac
I&p vat liéu ap dién (piezoelectric) déng vai trd cam
bién va co ciu chap hanh, két cdu FGM tré thanh

két cu “théng minh” c6 kha nang tw giam sat va
diéu khién dao dong, bién dang ciing nhw hinh
dang [5, 6]. Trong sb cac dang két cau, v thoai hai
dd cong (doubly curved shallow shell) dwoc st
dung phé bién lam mai che, than vé thiét bi bay va
panel cong nh& kha nang chiu lwc va d6 crng vurot
trdi so véi tm phéng cung khéi lwong [7, 8]. Vi vay,
viéc phén tich chinh xac dac trwng dao déng tw do
cua vo thoai hai d6 cong sandwich ap dién - FGM
c6 y nghia quan trong ca vé khoa hoc va thuc tién
k§ thuat.

Dé mé ta (rng xr co hoc clia tAm va vé FGM,
nhiéu ly thuyét bién dang da dwoc phat trién. Ly
thuyét cb dién (classical plate/shell theory - CPT)
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bd qua bién dang cét ngang nén chi phu hop véi
két cAu radt méng va thudng danh gia cao do cing
cta két céu [2]. Ly thuyét bién dang cat bac nhat
(first-order shear deformation theory - FSDT) ké t6i
bién dang cat ngang théng qua moét hé sb hiéu
chinh cét, cho két qua du chinh xac dbi v&i tam -
vé méng dén trung binh v&i chi phi tinh toan thap
va sb bac tw do vira phai [4, 9]. Cac ly thuyét bac
cao (higher-order shear deformation theory -
HSDT) va twa ba chiéu (quasi-3D) mé ta& trwdng
chuyén vi theo ham phi tuyén cla toa do chiéu day,
thda man diéu kién (rng suat cét triét tiéu trén mat
bién ma khéng can hé sb hiéu chinh, nhung lam
tang dang ké khéi lwong tinh toan [8, 10, 11]. Ddi
v&i vo thodi, noi d cong nho so véi kich thwéc mat
bang, FSDT két hop gia thiét vé thoai
Donnell/Sanders duwgc xem la sw dung hoa hop ly
gilba do chinh xac va hiéu qua tinh toan, va dwoc
lwa chon trong nghién ctvu nay. Cu thé, FSDT duoc
lwa chon cho bai toan nay vi bén Iy do. Thi nhét,
dbi twong khéo séat la vé thoai méng dén trung binh
(h:10) va co do cong nhd (R;:),5
dung ma sai léch ctia FSDT so v&i cac ly thuyét
bac cao la nhd; cac két qua kiém chirng & Muc 4.1
cho sai Iéch khéng qua 0,4% so v&i nghiém FSDT
cua Kiani va cong sy [9] va khéng qua 3,9% so voi
nghiém bac cao cua Demirhan va Taskin [12]. The
hai, FSDT chi can ndm bién suy réng, trong khi
HSDT va quasi-3D can tir bay dén chin bién; v&i
cung bac da thire Ritz, kich thude bai toan tri riéng
tang khoang 1,4—1,8 1an va chi phi giai tri riéng tang
khoang 3-6 lan, diéu nay rat dang ké khi phai quét
ddng théi nhiéu tham sb cho ca hai ché d6 mach
dién. Thi ba, trwdng dién thé trong bai toan nay
dwoc gia thiét bién thién tuyén tinh qua chiéu day
méi l&p &p dién, twong thich vé bac véi trweng bién
dang tuyén tinh ctia FSDT; viéc nang bac riéng
trwdng co hoc ma gilr nguyén bac trwdng dién sé
khong lam tng do chinh xac mot cach nhéat quan.
Thé tw, anh huwédng cla (ng suat cat ngang van
duwoc ké dén thédng qua hé sé hiéu chinh cat (Muc
3.5), vén da dwoc kiém chirng rong réi cho két cau
FGM va sandwich. Viéc mé& réng md hinh sang

) — ddng mién ap
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HSDT/quasi-3D dwgc néu nhw mét huwdng phat
trién & Muc 5.

Dao ddong va 6n dinh ctia két cu tdm - vo
FGM da thu hut nhidu nghién cru. Loy va cong sw
[4] khao sat dao dong cla vé tru FGM; Matsunaga
[8] phan tich dao déng tw do va 6n dinh clia vd
thodi FGM bang ly thuyét bac cao hai chiéu; Chorfi
va Houmat [13] cung Alijani va cdng sw [14] nghién
ctu dao dong phi tuyén cla vé thodi hai dd cong
FGM; Tornabene va cong sy [15] str dung phuwong
phap cau phwong vi phan téng quat (GDQ) cho vd
tron xoay FGM; Kiani va cong sv [9] dwa ra I&i gidi
gidi tich cho vé thoai hai d6 cong FGM trén nén dan
hdi; cac két qua tdng quan vé dao déng cla vd
dwoc hé théng trong [16]. Gan day, anh hwéng cla
vi bot réng (porosity) - khuyét tat sinh ra trong qua
trinh ché tao FGM, dwoc quan tam dac biét vi lam
giam do cing va thay ddi tan s6 dao dong clia két
céu. Wattanasakulpong va Ungbhakorn [17], cling
Chen va cong sw [18] khao sat dao dong ctia dam
FGM xbp; Demirhan va Taskin [12], va Ebrahimi va
Habibi [19] nghién ctru tAm xdp; Wang va Wu [20]
khao sat vé tru FGM xbp. Vé két ciu ap dién,
Askari Farsangi va Saidi [5] dwa ra |&i giai kiéu
Levy cho tAm FGM mang hai &p ap dién véi ca hai
ché d6 mach dién dé6ng/mé; Barati va cong sw [21]
phan tich dao ddng dién - co ctia tAm ap dién FGM
x6p; Phung-Van va cdng sv [6] dung phwong phap
dang hinh hoc (IGA) cho tdm ap dién FGM. Vé
phwong phap giai, bén canh nghiém giai tich
Navier/Levy [5], phwong phap phan t& hitu han va
dai htru han [7], GDQ [15] va IGA [6], phwong phap
Ritz, d&c biét Ia pb-2 Ritz do Liew va Wang [22] dé&
xuéat ndi bat nhe tw dong thda man diéu kién bién
hinh hoc téng quat va téc dd hdi tu nhanh; phwong
phap nay da dwoc ap dung thanh céng cho dam
FGM xbp [18] va thm ap dién FGM xdp co gia
cuwong graphene [23].

Ma&c du vay, theo hiéu biét ciia nhom tac gia,
dao dong ty do cua vo thodi hai d6 cong dang
sandwich gém I6i FGM cé vi bot réng va hai l&6p bé
mat ap dién, dwoc gidi bang phwong phap pb-2
Ritz cho diéu kién bién co hoc tdng quat (tw do -
twa don - ngam) va xét dong thoi ca hai ché do
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mach dién déng (closed circuit) va mé& (open
circuit), van chwa dwoc nghién clru day dd. Phan
I&n cac cong trinh hién cé tap trung vao tAm phang,
hodc chi xét mot ché dd mach dién, hodc bé qua
ddng thdi anh hwéng clia d cong, d6 réng va hiéu
(ng clng héa ap dién. Day chinh 1a khoang tréng
nghién ctru ma bai bao huwéng téi.

Xuét phat tir khoang tréng trén, bai bao cé
cac dong gop chinh sau: (i) xdy dwng moé hinh
FSDT két hop phwong phap pb-2 Ritz cho phan
tich dao dong tw do cua vé sandwich thoai hai d6
cong ap dién - FGM co vi bot réng (PFG/Pie-SW);
(i) xét ddng thoi hai kiéu phan bd 16 réng va hai
ché dd mach dién (d6ng va mé), qua d6 lam rd hiéu
&ng clrng hoa ap dién; (iii) kiém chirng do tin cay
ctia md hinh v6&i cac két qua da cong bd va khao
sat mot cach hé thdng anh hwéng ciia cac tham sb
vat lidu, hinh hoc, diéu kién bién va dién tdi tAn sb
dao déng. Phan con lai ctia bai bao dwoc td chire
nhw sau: Muc 2 trinh bay md hinh két ciu va vat
liéu; Muc 3 thiét 1ap ly thuyét va hé phwong trinh

Bé mit glau gém
¥y a
.
Bé mit giau
kim loai
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cht dao; Muc 4 trinh bay két qua sb va thao luan;
Muc 5 néu céac két luan chinh.
2. M6 hinh két cau va vat liéu
2.1. C4u hinh két cau va hé toa do

Hinh 1 minh hoa cau hinh két céu, cu tao
I&'p, hé toa d6 va quy wéc dd cong clia vo sandwich
thoadi hai d0 cong PFG/Pie-SW dwoc khao sat
trong bai bao. V4 thoai hai dd cong c6 hinh chiéu
bang chi¥ nhat kich thwéc axb, tdng chiéu day h,
cAu tao sandwich ba 1&p: I8i bang vat liéu co tinh
bién thién (FGM) c6 vi bot réng day h, & gitra va
hai I&p mat ap dién day h, & phia trén (tp) va phia
dudi (bp), h=h+2h,. Két cau dwoc quy chiéu trong
hé toa d6 cong trwc giao (x,y,z) v&i mat z=0 |a mat
gilra cta toan bé vo; Ry,Ry la ban kinh cong chinh
theo phwong x,y (bang « v&i tAm phang). Pham vi

tich phan qua ba I6p: 16i z€ [“3“3] lop ap dién

trén ze [E %+hp], l6p &p dién duwoi ze [ (“3 +hp) -

hc]
> |

2 ’

Hinh 1. M6 hinh vé sandwich hai d0 cong PFG/Pie-SW

2.2. M6 hinh vat liéu I&p 16i FGM c6 vi bot réng

L6i gitra 1a vat liéu co tinh bién thién (FGM)
hai pha gébm gébm & mat trén va kim loai & mat
dwéi, trong dé c6 cha vi bot réng sinh ra tr qua
trinh ché tao. Cac tinh chat hiéu dung (md dun dan
hdi kéo (nén) E, khdi lwong riéng p, hé sb Poisson
v) clia I&i bién thién tron qua chiéu day theo ti phan

thé tich cta hai pha va theo mirc do, kiéu phan bd
cua 16 réng:
P@=(P,-P) (2+1) +P-2(P,+P) (1)
he 2 2
Trong d6 P, va P, Ian Iwot la tinh chét cia
pha gébm & mét trén 16i (z=%) va pha kim loai &

mét dudi I6i (z=-5); n Ia chi s6 ti phan thé tich
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(n=0: gébm thuan tay; n — «: kim loai thuan tay); e
la hé sb dd réng va ¢(z) la ham phan bb 16 réng
qua chiéu day. Ba kiéu phan b6 16 réng dwoc xét:
kiéu déu (Kiéu A), kiéu khong déu (Kiéu B, 16 réng
tap trung tai mat gitra 16i va triét tiéu tai hai mat 16i)
va trwong hop vat liéu hoan hao khong rdng (Kiéu
C):

€o, Kiéu A
2|z| .2
cp(z)={eo<1- - ) KeuB ()
lo. Kiéu C

2.3. M6 hinh vat liéu I&p ap dién
Hai I&p mat phia trén va phia dwéi dwoc lam
bang vat lieu ap dién PZT-4 [5], phan cuc theo
phuwong chiéu day. 'ng xt cta méi I&p ap dién
dwoc dac trweng bdi ma tran d6 cing dan héi, cac
hang sb ap dién, cac hang sbé dién mdi va khoi
lwong riéng. Quan hé dién - co day da cla I6p ap
dién cuing cac hang sé rut gon theo diéu kién trng
suéat phang dworc trinh bay & Muc 3.4.
3. Ly thuyét va hé phwong trinh cha dao
Trén co sé& cau hinh két cAu va méd hinh vat
liéu da trinh bay & Muc 2, muc nay thiét 1ap trudong
chuyén vi, trwdng bién dang, trwong dién thé,
phiém ham nang lwgng va hé phuong trinh chi
dao cho bai toan dao dong tw do theo ly thuyét
FSDT, va phwong phap pb2-Ritz.
3.1. Trreong chuyén vi
Theo FSDT [24], trwdng chuyén vi ciia mot
diém bét ky dwoc biéu di&n qua ndm thanh phan
suy rdng tai mat gitba gdbm ba chuyén vi ug,vo,Wg
va hai goc xoay BX,By:
u(x,y,z,t)=uo(X,y,t)+zB, (x,y,t);
v(xy,z)=vo(x,y,t)+ZB, (x.y.1);  (3)
w(x,y,z,)=wp (X, 1)
3.2. Quan hé bién dang — chuyén vj
V6i gia thiét vd thoai, bién dang dwoc tach
thanh bién dang mang {¢°}, d& cong uén {x} va
bién dang cét ngang {y°}:

g0-%o Wo o Vo Wo
“oax R 9y Ry )
yo = 2o Vo

XY gy ox

Nguyen & Tran

d B
(=P Py
ox Yoy 5)
_an_l_aBy
=Gy T ax
YO :B +%_E;
x2 PxTox R, 6
0 6W0 Vo ( )
e
2Py 9y R,

P X W W, - X N N u
Céc sd hang =2, =2 (bién dang mang) va -=> -
R’ Ry R

X

;’{—0 (bién dang cét) la déng gop dac trwng cta dd
y

cong Vo, triét tieu khi Ry,Ry—.
Bién dang tai vj tri cao d6 z:
{en)={e"}+z{k}i{v }={v°} (7)
3.3. Trwong dién the
Dién thé dwoc gia thiét bién thién tuyén tinh

h\ o'

qua chiéu day mdi I6p ap dien ®P=(z-2)%L va
p

bp
POP=- (z+2) i_; dién trwong theo phwong phap
p

tuyén la hang sb trong mdi 1&p, quy vé mot bién
suy rong ¢* ¢ dién thé tai mat tw do coa Iop
trén/dwéi):
p_ 07 cop_ 07

Ezp_'h_ps Ezp_‘h_p (8)
3.4. Quan hé (rng suat — bién dang

V6&i cac déc trung vat liéu cha 16i FGM x6p
(Muc 2.2) va I&p ap dién PZT-4 (Muc 2.3), quan hé
(ng suat - bién dang - dién cla tirng I&p dwoc thiét
lap nhuv sau:
a. Lop 16i FGM ¢6 vi bot réng:

{Gx\ [Q11 Q12 0 0 0 'l(sx\
Oy Qp Q 0 0 0%
Oxy p = 0 0 Qeg 0 0 ny (9)
lOXZJ 0 0 0 Qg O lYXZJ
o lo 0 0 0 Qully
trong do:
E(z)
Qq1(2)= T2 =Q2(2);  Qq2(2)=vQ11(2)=Q21(2);
Qi) o2 =Qs5(2)=Q
44(2)-m- 55(2)=Qes(2)-

b. Lép ap dién
Vat liéu ap dién str dung la PZT-4, phan cwc
theo z, chi gitv dién trwdong E,. Quan hé trng suét
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— bién dang — dién rut gon theo diéu kién rng suét
phang:
0x=C118x+C12€,-631E;
0,=C12€,+C11€,-€31E; (10)
D,=€31(extey)+P3,E;
V@i cac hang so rut gon:

- Ch - Cis
C11=Cy1-=; C12=C12-—C ;
33
- 3 Ci3
Css=055?e31=e31'c—e33i (11)
33
2
. €33
= 29
P33=P33 Cas

3.5. No6i lwc va cac diac trwng dé cieng, khoi
lwong
Tich phan &ng suét qua ba I&p cho ndi lwc
mang {N}, mé men uén {M} va lwc cat {Q}:
IN}=[AI{e°}+ [BIK}-{N®};
{M}=[B){e°}+[D]{x}-{M"}; (12)
Q=A%
Cac phan t& ma tran dd cing co - co (I6i dung
Qji(2), hai l6p ap dién dung Cy):

he/2
A;,Bj,D;)= f (1.2.2%)Qj(2)dz

C/2+hp )
+j (1,22%)Cy(z)dz  (13)
he/2

-hol2 .
+ 1,z, Ci' d
j(hc/2+hp)( z,2%)Cj(z)dz

he/2
(14)

(2] &)

Af}:KS[ Qij(z)dz+2hpc';55]; K=
-hel2

Trong cdng thirc (14), K, 1a hé sé hiéu chinh
cat (shear correction factor) cla ly thuyét FSDT. Do
FSDT gia thiét mat cat phang van phang sau bién
dang, bién dang cat ngang 1a hdng sé theo chiéu
day nén tng suét cat ngang cling nhan gia tri hang
trong méi I&p. Diéu nay mau thudn voi loi gidi dan
héi ba chiéu, trong dé (rng suét cat ngang cé dang
parabol theo chiéu day va triét tiéu tai hai mat bién
tw do. Hé sb Ky dwoc dwa vao nham hiéu chinh
nang lwong bién dang cat cia mé hinh FSDT vé
ding bang nang lwong bién dang cét cda loi giai
ba chiéu. V&i tAm/vé ddng nhat dang hwéng, viéc

Nguyen & Tran

can bang hai nang lwong nay gitra phan bé parabol
va phan bd hang sb cho gia tri K = 5/6 (Reissner
— Mindlin) [24]. Bay cling la gia tri dwgc st dung
phd bién cho két cdu FGM va sandwich cé ti s6
canh trén chiéu day tlr trung binh dén I6n, va la gia
tri ma cac tai liéu dung dé kiém chirng trong bai
bao [5, 9, 12] da &p dung; vi vay Kg = 5/6 dwoc
dung théng nhét cho toan bd tinh toan nham bao
dam diéu kién so sanh nhw nhau.

Hé sb dd clrng dién - co va hé sb dién moi
cua tirng 16p ap dién:

= he/2+h 5
f _631 ¢ P = . t _p33_
Ap?e_ h. dz=&34; HB%_ h.’
p Jhe/2 p 15
841 (Ne/2*hp he+h (15)
gte =31 Oz =G —C P
pie™ h hef2 ZaZ =e31
&0 (N2
AR =1 dz=é31; H®= Pss.
N ) (hej2+ny) hp’
(16)
&3¢ (N2 hs+h
bp _ ©31 _ = c''lp
Bpie_ -— zdz =-€31
h 2
p J-(he/2+hy)
Lwc mang va mé men do dién gay ra:
1
bp , b .
)= () i
0 (17)

1
(MP)= (85, *P+Bzr;¢b"){1}
0

Céac moé men quan tinh khéi lwong (tich phan
qua cd ba I6p, bao gém khdi lwong hai 16p ap
dién):

he/2+h,
(IO’I1’I2)=J.(h ] (1,2,22)p(2)dz (18)
-(he + P

3.6. Phiém ham nang lwong va nguyén ly
Hamilton

Thé nang bién dang (bao gébm ca thanh phan
dién - co va dién méi):

U%L[{€°}T[AJ{8°}+2{80}T[BJ{K}
+(9T DI+ [A°](¥°}] oA
| [ 07} on

3 | [HE#) sHEe)] on

(19)
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boéng nang:
1
=5 f [1o (U5 +VG+W5)
A (20)
e .2 .2
+214 (o, +0oB, ) +12 (B, +6, )| dA
Nguyén ly Hamilton (dao dong tw do, khdng
tai ngoai):
ta

5| (T-U)dt=0 (21)
tq

3.7. Phwong phap pb2-Ritz va toan tir bién
dang

Bua vé toa do khang thir nguyén {=2-1,
r]:%y-1 (¢, n€[-1,1]), v&i Jacobian J,=2/a, J,=2/b.
Mbi trwdng suy rong dwoc xap xi bang chudi ham
dang pb2:

up=N.dy, Vvo=NId,, wy=Nid,
_NT _NT

Bx=Npxdpx: B,=Npydgy. (22)

Trong d6 mdi vector ham dang [mx1] cé
phan t& dang tach bién:

@,(GN)=g N (N+1)4(3-1)*2

(n-1)e(g+1)"
V&i (ny,ny) sinh theo b da thirc hai chiéu

(23)

day da bac N (g=0..N, r=0..q: n,=qg-r, n,=r, téng
m=(N+1)(N+2)/2 ham) va cac sd mi bién
kq..ks€{0,1,2} (rng v&i bdn canh Tw do (F), Twa
don (S), Ngam (C) - tw dong théa man diéu kién
bién hinh hoc ma khéng can rang buéc phu.

Thay (22) vao (4)—(6), bién dang tai mét diém
duoc biéu dién qua cac toan tlr bién dang suy rong
tdc dong lén tirng vector ham dang. Ky hiéu
U,V,W,BX,[Sy la cac vector ham dang va ('),(’('),n la

dao ham theo ¢,n. Toan t& bién dang mang [3xm]:

[J, U o'
.
B=| oT B@=1dyVal,
J.ut J V7
Yo " (24)
WTR,
BY=|WT/R,|.Bf=B)=0
OT

Toan tir d6 cong udn [3xm]:

Nguyen & Tran

[Pl 1,5 ]
B= | BY=|yByn

0 :
T T (25)
lJyBx,nJ lJXBy,(J
B{V=B?=B®=0
Toan t& bién dang cét ngang [2 x m]:
T T
- 0
s=|"U R« g@-
Lo T VIR,
JWF T
BO)=|" ¢l BW= [BX], (26)
JyWi o
o
BY)= T]
By

Luu y: s6 hang -U'/R, trong BS" va -VT/R,
trong BS(Z) la déng gop d6 cong vé vao bién dang
cat ngang - khéng ton tai trong mé hinh tAm phang.
3.8. Cac khdi ma tran dé cirng va khéi lwong

Khdi do cing co — co: Véi i,j=1..5 (ndm
trwdng co hoc), khdi Kqg, kich thuwdc [mxm]:

ab (T a0 5 0TrE1R0
Kao= 7 f [Bm [AIBm+Bry [B]Bb]
1 J4
+B{"[B1BY+8{" (DB
+BYT[AIB1dgdn
Vi BP=B®=0 va B{’=BP=B=0, cong
thire (27) tw dong triét tiéu cac sd hang khéng tén
tai; toan bo K, [5mx5m] dwoc 1ap rap trong mot
vong 1&p Gauss duy nhét. Khai trién twéng minh
theo tirng cap (i,j), cac khéi khac khang ctia K, la:
k=22 ] BN T[AIBS
"4 |g+BT[AIBS")]

[ BY'[AIBY
| &+B{VT[A1BY)

G
&+B{"T[A 1B

[ BYT[AIBY
8:+B.”"[A]B,”]
[ BYVTDIBYY ]
&+BMT[A B ]
_ab [ By”'[D]By”
K45_T.ﬂ- @»T (5) dcdr]
8+BPT[A1BL

(Cac khoi Kya, Kys, Koz, Koz, Kos, Kas, Kag,

(27)

dZdn

ab
K13=Tﬂ dddn

b
K= Jf didn
(28)

b
K33=ajff dddn

ab
K44=Tff dddn
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Kss, Kss €6 cAu tric twong tw; Ky, va Kss chi cé sb
hang [As] do B,(TP va B(4) khéng ghép véi nhau qua
[A] hay [D]). '

Khoi ghép co — dién: Vi i=1..5, khoi [mxm,]
tng voi o

Ky 4= f f (B {' Age+By T{'Blelo™ dZ dn

(29)
Khoi K, g0 NG VO ®° c6 dang tuong tu,
thay A..Bf. bing AR BX. Hai 16p ap dién

trén/dwdi khong ghép truc tiép véi nhau (K¢tp¢bp=0)

vi md hinh tuyén tinh dién thé theo chiéu day x& ly
tieng 1&p déce lap.
Khéi dién - dién (dién moi).

o [ (1

a

Kyogo =7 f f 1 HE; ©P®®T dgdn,
-1

1
ab 1 (30)
Kyoogoo=- f f 1 H55 ®™ T gz dn,
1
K¢tp¢bp:O.
Cac khbi ma tran khéi lwong: Ma tran M,
[5mx5m] chi gébm bay khéi khac khong:
Mg, q,=ab/4 [f 1,UU" dZdn,
Ma,q,=ab/4 f[ 1oV dZdn, (31)
Mag,q,=ab/4 ff 1o WWddn
Mg,a,=ab/4 ] 18,85 dzdn,
Magq,=ab/4 ] 18,8, dZdn
Mg,a,=Md,q,=ab/4J 1,UB, dgdn,
Ma,05=Maga,=ab/4 [ 1 VB dZdn
Cac khél con |a| (VII dU Md1d25 Md1d3! Md3d4!
...) béng 0; khéi lwong gan véi bac tw do dién bang
0 (My=0) vi dién thé khéong mang quan tinh co
hoc.
CAu tric ma tran toan cuc: Ghép bay khéi

bac tw do theo the tu [uo,vo,wo,sx,sy,¢tp,¢bp]:

Kuu Ku
K=k kM= 0] @0

Nguyen & Tran

Cach td chirc khéi cho phép tach riéng Ky,
Kup, Kgo bANg phép trich chi s6 trong MATLAB dé
Xt ly hai diéu kién bién dién.
3.9. Hé phwong trinh chu dao va bai toan tri
riéng

Thay x4p xi Ritz vao phiém ham Hamilton va
ap dung diéu kién dirng aM/8d;=0, ta thu dwoc hé
phwong trinh dao déng tw do:

([Kl-w?[M]){a}={0} (35)

Viét tach theo khéi co hoc g, va dién Uy’

K K q q
[ IR ARG e
trong do Ky (dién moi) am xac dinh do sb
hang -Hs3; M,,, dwong xac dinh; khéi lwong gén voi
bac tw do dién bang 0. Hai diéu kién mach dién
dwoc x&r ly nhw sau.
Mach déng (closed circuit): dién cwc nbi dét,
$P=¢""=0, loai bd hoan toan bac tw do dién:
(Kuu'szuu){qu}={O} (37)
Mach mé& (open circuit): dién tich tw do D,=0;

tr hang dién khdong c6 quan tinh K¢uqu+K¢¢q¢=O

suy ra q¢=-K[1,1¢K¢uqu; thwc hién khtr tinh (static
condensation):
(Kef-w?Muy){q, }={03},
Kett=Kuu-KuoKsopKgu
Ma tran K luén I&n hon hoac bang K, theo
nghia xac dinh dwong bo sung (vi -Kyg dwong xac

(38)

dinh), nén tan s mach mé& ludn = tdn sé mach
dong — hiéu rng cirng hoda ap dién (piezoelectric
stiffening). Giai bai toan tri riéng tébng quat (37)
hodc (38) thu dwoc cac tdn sb riéng w, va
f=w,/21T.
4. Két qua soé va thao luan

Trong muc nay, dé tin cay cda moé hinh va
chwong trinh pb2-Ritz dwoc kiém chirng théng qua
khéo sat hoi tu theo bac da thirc Ritz va so sanh
v&i ba bo két qua da coéng bd: tAm ap dién FGM
cua Askari Farsangi va Saidi [5], vd FGM hai do
cong cua Kiani va cdng su [9], va tAm FGM xdp
cua Demirhan va Taskin [12]. Trtr khi c6 ghi chua
khac, tat ca cac bai toan dwoc giai voi diéu kién
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mach dién déng (closed circuit) va hé sé hiéu chinh
cat Ks=5/6.
4.1. Hoi tu va kiém chirng

Trong toan boé Muc 4, diéu kién bién co hoc
ctia vé dwoc ky hiéu bang bén chiv cai (rng véi bdn
canh, 1an lvottheo thtv tw y =0, x=a, y =bva x =
0, trong d6 F (free) chi canh tw do, S (simply
supported) chi canh twa don va C (clamped) chi
canh ngam. N&m cau hinh bién dwoc st dung
trong bai bao, sép xép theo mirc dd rang budc tang
dan, gébm: CFFF (cong-xdn: mdt canh ngam, ba
canh ty do), CCCF (ba canh ngam, mét canh ty
do), SSSS (bdn canh twa don), SCSC (hai canh
ngam xen ké& hai canh twa don) va CCCC (bén
canh ngam). Trong phwong phap pb2-Ritz, cac
diéu kién bién nay dwoc thda man tw déng théng
qua bd s6 mii bién ky,ks,k3,ks€{0,1,2}ctia ham bién
trong cong thire (23), twong ng: gia tri 0 cho canh
tw do (F), 1 cho canh twa don (S) va 2 cho canh
ngam (C).

Nguyen & Tran

4.1.1. Khao sat hdi tu

DPé chon bac da thirc Ritz phu hop, tan sb
dao ddng co ban cta két cAu duoc tinh véi bac da
thirc N tang dan tir 3 dén 12, cho hai diéu kién bién
tiéu biéu SSSS va CCCC va ca hai ché d6 mach
dién. Két qua (Bang 1) cho thay tan sb hoi tu don
diéu khi N tang. V&i bién SSSS, nghiém 6n dinh rat
nhanh: tr N = 7 tr& di, d6 léch twong déi gitra hai
bac lién tiép nhd hon 0,001%. V&i bién CCCC, do
rang budc bién chat hon nén tbc do hoi tu cham
hon rd rét: do léch gilra hai bac lién tiép giam
xubng dwdi 0,4% ké tv N = 8 va dudi 0,06% tai N
= 12, trong khi d6 léch gitra N = 8 va N = 12 chi
khoang 0,66%. Do sb ham dang tang theo (N +
1)(N + 2)/2 nén chi phi tinh toan tang nhanh theo
bac da thirc; can nhac gitra do chinh xac va chi
phi, bac N = 8 dwoc stir dung cho toan b cac khao
sat tham sé & Muc 4.2, con cac bai toan kiém
chirng @ Muc 4.1.2 -4.1.4 dung N=10 - 12 dé so
sanh v&i nghiém gidi tich & mic chinh xac cao
nhat.

Bang 1. Hoi tu cla tan sb co ban f; (Hz) theo bac da thirc Ritz N

N SSSS SSSS CCcCC CCcCcC
(mach dong) (mach mé&) (mach dong) (mach mé)
3 160,2488 161,1768 245,9971 248,0194
4 160,2488 161,2138 236,3639 239,0693
5 160,1810 161,1447 234,8112 237,4997
6 160,1810 161,1449 234,5803 237,4794
7 160,1809 161,1448 233,6860 236,5682
8 160,1809 161,1448 233,4359 236,3221
9 160,1809 161,1448 232,9493 235,8234
10 160,1809 161,1448 232,8463 235,7229
11 160,1809 161,1448 232,0419 234,9039
12 160,1809 161,1448 231,9137 234,7712

4.1.2. Kiém chirng tAm ap dién FGM

Xét tdm vuéng FGM (AL/AL,O3) mang hai
I&p &p dién PZT-4, canh a=1 m, dwoc kiém chung
Vi 10i gidi giai tich kiéu Levy theo nghién ctu [5].

Tan s6 riéng dau tién dwoc tinh cho cac chi sb ti
phan thé tich n, cac ti sé chiéu day va ca hai ché
dd mach dién (déng va mé&). Bang 2 trinh bay tan
sb co ban f; (Hz) cho diéu kién bién SSSS ve&i ti sb
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chiéu day 2h/a=0,1 va ti sé chiéu day I6p ap dién
h,/2h=0,1. Két qua cta chuwong trinh phu hop tét

Nguyen & Tran

v&i [5] cho ca hai ché d6 mach dién khang dinh tinh
ding dan cia phan moé hinh ap dién.

Bang 2. So sanh tan s6 co ban f; (Hz) cia tim FGM-PZT-4 (2h/a=0,1, h,/2h=0,1).

bidu kién Mach déng ClréliEh Mach mo Chénh lch
bién " Askari [5] Bai bao (-% ) Askari [5] Bai bao (%)
0 426,662 426,642 0,00 433,747 433,728 0,00
0,5 369,015 368,993 0,01 377,934 377,912 0,01
5988 1 339,859 339,832 0,01 350,092 350,065 0,01
2 317,135 317,104 0,01 328,724 328,694 0,01
0 616,446 626,699 1,64 626,403 636,678 1,61
0,5 533,568 542,448 1,64 546,205 555,035 1,59
Sese 1 491,442 499,611 1,64 505,921 514,052 1,58
2 458,149 465,744 1,63 474,484 482,047 1,57

4.1.3. Kiém chirng vé FGM hai dé cong

Xét vé thoai hai d6 cong FGM (AL/AL2Os3)
khéng nén dan hdi, b/a=1, a/h=10, dwoc kiém
chirng v&i 1&i gidi giai tich clia Kiani va cong sy [9]
(FSDT két hop ly thuyét vé thoai Sanders cai tién).
Tan sd co ban khdong thé  nguyén
Q=w(a?h),/p/E; dwoc tinh cho bdn cau hinh
(tAm, vd tru, vo hai d6 cong va vé cau) irng vé&i cac
ti s6 d6 cong (a/Ry,a/Ry) va nhiéu gia tri chi sb ti
phan thé tich k (trwong hop k=~ &ng vé&i vé kim
loai thuan). Vat liéu: E,=70 GPa, Pm=2707 kg/m3
(kim loai) va E,=380 GPa, p,=3800 kg/m? (gdm),
v=0,3. Bang 3 cho thay két qua clia bai béo rat sat
Vi [9] trén toan bd dai do cong va chi sb k (sai sb
I&n nhat khodng 0,4%), phu hop véi viéc ca hai
déu dya trén gia thiét vo thoai. Bo sb liéu vat liéu
trong muc nay dworc lay dang theo [9] dé bdo dam
diéu kién so sanh gibng nhau.

4.1.4. Kiém chirng tAm FGM xép

Dé kiém chirng mé hinh vi bot réng cua 16i
FGM, xét tAm vudng FGM x6p lam bang nhém Al
va gébm Al,O; véi hai kiéu phan bd 16 réng déu

(even) va khéng déu (uneven), cung dang v&i mé
hinh da trinh bay & Muc 2.2 dwoc so sanh voi |
gidi Levy kiéu khong gian trang thai (State-Space)
dwa trén ly thuyét tdm bén bién tinh chinh cla
Demirhan va Taskin [12].

Vat liéu (14y dung theo [12] & bao dam diéu
kién so sanh giébng nhau): E, = 70 GPa, pm = 2707
kg/m® (Al) va E. = 380 GPa, p. = 3800 kg/m?
(Al,03), v =0,3. Tan sb co ban khdng th&» nguyén

w=w h\/gz dwoc tinh cho hai diéu kién bién SSSS

va SCSC, v6i cac ti sb canh trén bé day a/h = 20
va 10, hé sd xb6p e = 0, 0,2 va 0,4, va chi sé ti phan
thé tich k=0, 0,5 va 1.

Bang 4 cho thay két qua FSDT cua bai bao
phu hop tét véi Demirhan va Taskin [12]: sai sb 16n
nhat khoang 3,9% va c6 xu huéng tang khi tm
day hon (a/h gidm), hé sb xbp va chi sb k tang, do
bai bao dung ly thuyét bién dang cat bac nhat
(FSDT) trong khi [12] dung ly thuyét bac cao, chinh
cac tac gia [12] cling Iwu y nghiém cta ho thién
cao.
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Nguyen & Tran

Bang 3. So sanh tan sb khong thir nguyén Q=w(a?/h),/p,/E. clia vé FGM (AL/AL,Os), b/a=1, a/h=10.

£ (a/R,, .\
Cau hinh Ngudn k=0 k=0,5 k=1 k=2 k=5 k=10
a/Ry)
Kiani[9] 5,769 4,898 4,417 4,012 3,785 3,655
T4m (0, 0)
Baibao 5,769 4,898 4,417 4,012 3,785 3,655
Kiani[9] 5,833 4,955 4,469 4,055 3,815 3,680
Vatry (0,2, 0)
Baibao 5,835 4,956 4,470 4,056 3,816 3,681
o Kiani[9] 5,940 5,052 4,560 4,135 3,878 3,735
Vo hai dé (0.2, 0.1)
cong Baibao 5,941 5,053 4,560 4,135 3,878 3,735
Kiani[9] 6,076 5,178 4,677 4,239 3,959 3,805
Vaciu (0,2, 0,2)
Baibao 6,076 5,178 4,677 4,239 3,959 3,805

Bang 4. So sanh tan sb khéng thir nguyén w=w h\/:;1 ctia tAm FGM xbp (Al/Al,O5) véi phan bd 16 réng

déu va khong déu, theo Demirhan va Taskin [12].

Didu kié , :
ah  od e Phanbé Nguén k=0 k=05 k=1
bién

~ Demirhan & Taskin ) ;1,905 0,02475 0,02230

0  Khéng x6p [12]
Bai bo 0,02910 0,02466 0,02223
. Demirhan & Taskin ) 2544 0,02463 0,02110

béu [12]
0 Bai bao 0,03002 0,02455 0,02103

’ Demirhan & Taskin

‘ 0,03013 0,02542 0,02271

SSSS Khéng déu [12]
Bai bao 0,02997 0,02522 0,02246
20 . Demirhan & Taskin ) 21 4g 0,02429 0,01821

Déy [12]
o Bai béo 0,03135 0,02422 001817
_ Demirhan &Taskin 15 0q 0,02606 0,02288

Khoéng déu [12]
Bai bao 0,03098 0,02588 0,02268

Demirhan & Taski

0 ~ Demirhan & Taskin ) ;1064 0,03614 0,03256

Khéng xop [12]
SCSC Bai bao 0,04265 0,03619 0,03264

‘ Demirhan & Taski

02  Déu emirhan & Taskin g 14190 0,03598 0,03082

[12]
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Bang 4. (Tiép)

Nguyen & Tran

D.x kia - -
ah e Phanbé Ngudn k=0 k=0,5 k=1
bién
Bai bao 004399 0.03604 0.03092
Demirhan & Taskin
‘ 004395  0,03692 0,03298
Khong déu [12] ’ ’ ’
Bai bao 004390  0,03700 0,03297
Demirhan & Taski
. emirhan & Taskin 1594 0,03550 0,02663
béu [12]
04 Bai bao 004595  0,03559 0,02678
. Demirhan & Taski
Khong aéu 12';"" an & 1askin 4 ha564 0,03793 0,03372
Bai bao 004536 003795  0,03329
~ Demirhan & Taskin o ., 0,09763 0,08796
0 Khoéng xop [12]
Bai bao 0.11345 0,09633 0,08687
Demirhan & Taski
. emirhan & Taskin 4 g5 0,09719 0,08324
béu [12]
0 Bai bao 0.11701 009595  0,08231
’ Demirhan & Taskin
‘ 0.11862 0.10013 0,08859
Ssss Khong ddu [12]
Bai bao 0.11674 0,09844 0,08772
Demirhan & Taski
. emirhan & Taskin 15405 0,09592 0,07194
béu [12]
o4 Bai bao 012223  0,09478 0,07134
~ Demirhan & Taskin 4, 0.10216 0,08991
10 Khéng déu [12]
Bai bao 012057  0,10091 0,08851
~ Demirhan & Taskin  , +o0- 0.14069 0.12698
0 Khéng xop [12]
Bai bao 016055 013695  0,12376
. Demirhan & Taskin ) 097 0.14031 0.12034
béu [12]
0 Bai bao 016559  0,13662 011772
’ Demirhan & Taskin
‘ 017063  0,14272 0.12743
SCSC Khong déu [12]
Bai bao 016498  0,13979 0.12487
Demirhan & Taski
. emirhan & Taskin 1060 0.13869 0.10434
Péu [12]
o Bai bao 017297  0,13533 0.10291
~ Demirhan & Taskin o .-, 0.14609 0.12984
Khéng déu [12]
Bai bao 017015  0,14309 012589
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Qua ba bai toan kiém chirng trén, cé thé két
luan rang mé hinh FSDT + pb2-Ritz cung chwong
trinh tinh dwoc xay dwng cho két qua tin cay, phu
hop tbt véi cac I gidi da cong bd cho ca bai toan
tdm ap dién, vé FGM hai dé cong va tdm xdp.

4.2. Khao sat anh hwéng cta cac tham sé

Sau khi d6 tin cay cia mé hinh da dwoc
khang dinh & Muc 4.1, muc nay khao sat mét cach
hé théng anh hwéng clia cac tham sb vat liéu, hinh
hoc, diéu kién bién va dién dén tan sb dao dong tw
do clia vo thodi hai d0 cong sandwich ap dién —
FGM c6 vi bot réng. Néu khéng néi gi thém, két cau
khéo sat 1a vé cau (R, = R, = 5a) voi 16i FGM hai
pha Al,Os (mat trén) / Al (mat dwéi) day h, = 10 mm
va hai lop mat PZT-4 day h, = 1 mm méi I&p, canh
a=b =1 m, bién twa don bdn canh (SSSS), bac
da thirc Ritz N = 8 va hé sb hiéu chinh cét K = 5/6.
Tinh chat hai pha gém gdém Al,O; (E. =380
GPa, p, = 3960 kg/m?®) va kim loai Al (E, =70
GPa, p,, = 2702 kg/m?), hé s6 Poisson 0,3; cac dac
trwng clia PZT-4 gdm c4,=132 GPa, c¢1,=71 GPa,
c33=115 GPa, ¢43=73 GPa, c55=26 GPa, e3;=-4,1
C m?2, e33=14,1 C m? e5=10,5 C m?, E; =
7,124 nFm'!, £53=5,841 nFm'!, va p=7500kgm™.
Tan sb co ban dwoc biéu dién dwdi dang khong
thr nguyén Q = w-a%h-,/p /E.. V&i mbi khao sat,
két qua duoc trinh bay ddng théi cho ca hai ché do
mach dién: mach déng (closed circuit) va mach mé
(open circuit). Can lwu y rang bd sb liéu vat liéu
ding & Muc 4.2 (gdbm AlLOs: E.=380 GPa,
p.=3960kg/m?; kim loai Al: E,=70 GPa, p,,=2702
kg/m?) 1a bo sb liéu tiéu chuan cta cap Al/Al,O;
dwoc dung thdng nhat cho toan bo cac khao sat
tham sd. Trong khi d6, cac muc kiém ching 4.1.3
va 4.1.4 s dung ding bd sb liéu do tai liéu tham
chiéu [9] va [12] cbéng bdé (p,=3800kg/m?,
p,,=2707kg/m?) nham bdo dam diéu kién so sanh
hoan toan giéng nhau. Khac biét gitra hai bd sb liéu
chi nam & khéi lwgng riéng (khoang 4,2% véi pha
gdm va 0,2% v&i pha kim loai), khong lién quan téi
md dun dan hoi va hé sb Poisson, nén chi lam dich
chuyén déng déu thang tan s khong thir nguyén
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ma khong anh hwéng téi cac quy luat va két luan
dinh tinh rut ra & Muc 4.2.
4.2.1. Anh hwéng caa doé réng

Anh hwéng clia hé sb do réng e, va cua kiéu
phan b 16 réng dén tAn sb co ban khong thi
nguyén Q dwgc khao sat khi e tang twr 0 (vat liéu
d&c) dén 0,175, vai chi sb ti phan thé tich cb dinh
n = 1. Ba kiéu phan bé 16 réng duoc xét: kiéu déu
(Kidu A, @=¢ey), kiéu khdong déu (Kiéu B,
@ = ep(1 - 2|z|/h,), 16 rbng tap trung tai mét gitra 16i
va triét tiéu tai hai mat 16i) va trwdng hop vat liéu
hoan hao khong réng (Kiéu C, ¢ = 0). V&i mé hinh
do réng dang trir, dé mo-dun dan hoi tai méat kim
loai luén dwong can e < 2E.,,/(E. + E;,) = 0,31 dbi
véi cap AlzOs, nén ey dwgc khao sat trong khoang
[0, 0,25]. Két qua dwoc cho trong Bang 5 va biéu
dién trén Hinh 2 cho ca hai ché dd mach dién. Tt
Bang 5 va Hinh 2 c6 thé thay tan sb co ban cla
kiéu A va kiéu B gidm don diéu khi e, tang, trong
khi kiéu C (khong réng) cho Q khéng déi theo e, va
dong vai trd dwong tham chiéu. Khi eq ting, d6
réng lam gidm mé-dun dan héi hiéu dung cua 16i
nén do cirng tbng thé gidm; mac du khéi lwong
cling gidm, mirc suy gidm do cing chiém wu thé
nén tan s gidm. V&i mach dong, khi eg tang tr 0
dén 0,15, Q cua kiéu A gidm t» 12,539 xudng
12,271 (gidm = 2,14%), con kidu B chi giam ter
12,539 xubng 12,433 (gidm = 0,85%); tai
eo=0,175, m&c gidm cua kiéu A dat khoang
2,56% (Q = 12,219) so v&i khodng 1,00% cuia kiéu
B. So sanh ba kiéu phan bd, kiéu déu (Kiéu A) lam
gidm tan sb manh nhét, kiéu khong déu (Kiéu B)
gidm cham hon dang ké, con kiéu hoan hao (Kiéu
C) khéng dbi. Nguyén nhan la & kiéu A, do réng
phan bé déu lam gidm mé-dun trén toan bd chiéu
day 16i, ké ca cac thd xa truc trung hoa vén doéng
gép nhiéu nhét vao dod cing udn; trong khi & kiéu
B, 16 rdng tap trung tai lan can mat gitra 16i (gan
truc trung hoa) va triét tiéu tai hai mat 16i, nén anh
hwéng t&i d6 cng udn nhé hon nhiéu. Do do, &
cung mot hé s do réng, két cau véi 16 réng phan
bd khéng déu (Kiéu B) gitr dworc dd clrng va tan sb
cao hon so véi kiéu déu (Kiéu A).
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Bang 5. Anh huwéng cliia hé s dd réng e, dén tan sb co ban khoéng thir nguyén Q clia vé cau sandwich
ap dién — FGM hai pha (Al/Al203) c6 vi bot réng (R,=R, = 5a, SSSS, n = 1), cho ba kiéu phan bb A/B/C
va hai ché d6 mach dién (Q = w-a?h-/p /E;).

€o A (déng) B (déng) C (déng) A (mo) B (m&) C (mo)
0,000 12,5392 12,5392 12,5392 12,5893 12,5893 12,5893
0,050 12,4572 12,5051 12,5392 12,5089 12,5560 12,5893
0,100 12,3680 12,4696 12,5392 12,4214 12,5212 12,5893
0,150 12,2708 12,4325 12,5392 12,3260 12,4850 12,5893
0,175 12,2188 12,4134 12,5392 12,2750 12,4663 12,5893
0,200 12,1644 12,3939 12,5392 12,2215 12,4472 12,5893
0,225 12,1072 12,3739 12,5392 12,1654 12,4277 12,5893
0,250 12,0472 12,3536 12,5392 12,1065 12,4077 12,5893

=

=

122k —_—— A, Péng
T |- AME
——{}— B, Bing
| |— -#— - B Ma
—A—c, béng
— o - M

Tin s6 khong thir nguyén,
)

s
[
—

0 0,05 0.1

He s6 rong, e

0,15 0,2 0,25

0

Hinh 2. Anh hwéng ctia hé s6 do réng e, dén tan sb co ban khong thir nguyén Q clia vé cau sandwich
ap dién — FGM hai pha (Al/Al203) ¢6 vi bot réng (R, = Ry = 5a, SSSS, n = 1) tng v&i ba kiéu phan bd 16
réng A/B/C va hai ché d6 mach dién (déng/m&)

Vé anh hwéng cia ché dd mach dién, tan sb
& mach m& luén cao hon tan sbé & mach déng déi
v&i ca ba kiéu phan bd va trén toan dai e, (Hinh 2),
thé hién hiéu trng cirng hda ap dién: & mach mé,
diéu kién dién tich tw do bang khong sinh ra trwdng
dién phan khang lam tang dé cirng hiéu dung
thong qua sb hang khir tinh Ky, Ky Koy, cON &
mach dong dién cuc ndi dat khir hoan toan thé
dién. Tai eg = 0, 22 tang tr 12,539 (mach dong) 1én
12,589 (mach mé&), chénh khoang 0,40%. Do

chénh nay tang nhe khi dé réng tang (vi du v&i kiéu
A, chénh khoang 0,45% tai eg = 0,15), cho thay
hiéu (rng cirng hoa ap dién cang ndi bat khi 16i cang
mém di do do réng.

Tém lai, d6 rdng lam gidm tan sb dao dong
clia két céu, trong d6 kiéu phan bd déu (Kiéu A)
gay suy gidam manh nhét, kiéu khéng déu (Kiéu B)
it &anh hwéng hon nhé 16 rdng nadm gan truc trung
hoa, con kiéu hoan hao (Kiéu C) la giéi han khéng
réng; déng thdi ché d& mach mé luén cho tan sb
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cao hon mach déng do hiéu (rng ctrng héa ap dién.
Diéu nay cho thay c6 thé diéu chinh dic trwng dong
lwc hoc ctia két cu thdng qua viéc kiém soat mirc
dod va kiéu phan bé 16 réng ciing nhw ché do néi
mach cla |&p ap dién.
4.2.2. Anh hwéng cua chi sé ti phan thé tich n
Anh hwéng cla chi sé ti phan thé tich n cua
I6i FGM dén tan sb co ban khéng th& nguyén Q
dwoc khao sat khi n ting to 0 (16i gbm thuan) dén
10 (15i thién v& kim loai), v&i hé sé d6 réng cé dinh
eo =0,1 cho ca ba kiéu phan bd A/B/C. Két qua
dwoc cho trong Bang 6 va biéu dién trén Hinh 3

Nguyen & Tran

cho ca hai ché dd mach dién. T Bang 6 va Hinh 3
c6 thé thay tan sb co ban giam don diéu va kha
manh khi n tédng, & ca ba kiéu phan bd va ca hai
ché d6 mach dién. Khi n téng, ti phan kim loai (mé-
dun thap) trong I8i tng 1&n nén do6 ctrng udn hiéu
dung cta két cu gidm, kéo theo tan sé gidam. Marc
gidm nhanh & vung n nhd va thoai dan khi n 1én:
v&i kiéu B & mach dong, Q giam tir 15,191 (n = 0)
xubng 12,470 (n =1, gidm = 17,9%) va tiép tuc
xudng 9,057 (n = 10, gidm téng céng = 40,4% so
véi n = 0). Day 1a tham sbé vat liéu c6 anh hwéng
manh nhét trong cac tham sé dwoc khao sat.

Bang 6. Anh huwéng clia chi s6 ti phan thé tich n dén tan s co ban khong thir nguyén Q clia vé cau
sandwich &p dién — FGM c¢6 vi bot réng (R,= R, = 5a, SSSS, ¢; = 0,1), cho ba kiéu phan bd A/B/C va hai
ché d6 mach dién.

n A (dong) B (dong) C (déng) A (mé) B (mé&) C (mé)
0 15,2016 15,1908 15,1635 15,2489 15,2367 15,2081
0,5 13,4527 13,5047 13,5318 13,5035 13,5538 13,5795
1 12,3680 12,4696 12,5392 12,4214 12,5212 12,5893
2 11,0971 11,2683 11,3966 11,1554 11,3246 11,4511
5 9,5668 9,8383 10,0488 9,6366 9,9054 10,1134
10 8,7225 9,0566 9,3169 8,8051 9,1351 9,3920
16 T . T r
—0— A, Pong
15 - = A Me |
=—{J— B, Ding
14 = 4l = B Md |
—_— C, Bong
3k - - C M

=
T

Tan s0 khong thir nguyén, €2
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=
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3] 8 10

Chi s6 ty phan thé tich, n
Hinh 3. Anh hwéng cua chi sé ti phan thé tich n dén tan sé co ban khéng thir nguyén 2 clia vd cau
sandwich ap dién — FGM co vi bot réng (Ry= R, = 5a; SSSS; g, = 0,1) (rng v&i ba kiéu phan bé 16 réng
A/B/C va hai ché do mach dién (dong/mé).
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M6t diém dang chu y la tht tw dnh hwéng
cta kiéu phan bé 16 réng thay ddi theo n. &’ viing
I6i giau gébm (n nhd, n < 0,2), 6 réng lam tang nhe
tan sb va trat tw 1a A = B = C, do khi d6 viéc gidam
khéi lwong bdi 16 réng Ian at viéc giam dé cirng.
Khi n tang (n = 0,3), trat tw dao lai thanh C>B > A
, kiéu hoan hao (khéng réng) cho tan sé cao nhét,
kiéu déu (Kiéu A) thap nhét, va dd chénh gitra ba
kiéu n&i rong dan theo n. Vi du tai n = 10 (mach
dong), Q 1an lwot 14 9,317 (C), 9,057 (B) va 8,723
(A). Bidu nay cho thay & I6i thiéen vé kim loai, do
rdng lam suy gidm dé cirng ré rét hon, dac biét voi
kiéu phan bd déu.

Vé ché dd mach dién, tan s @ mach mé& van
ludn cao hon & mach déng trén toan dai n do hiéu
rng cirng hda ap dién. B6 chénh gilra hai mach
tdng dan khi n tang: v&i kiéu C, chénh khoang
0,30% tai n=0 va tang lén khoang 0,80% tai
n = 10. Nguyén nhan 14 khi n 1&n, I6i mém hon nén
dong gop do cirng cla hai lop ap dién (thdng qua
khtr tinh & mach mé) tré nén twong déi quan trong
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hon.

Toém lai, chi sé ti phan thé tich n 1a tham sb
vat liéu chi phéi manh nhét tan s dao dong: tang
n lam gidm dang ké tan sb do 16i chuyén dan sang
kim loai. Anh huéng cla kiéu phan bé 16 réng phu
thuéc vao n, va hiéu rng cirng hoéa ap dién (mach
m& so v&i mach dong) cang rd khi 16i cang mém (n
16m).

4.2.3. Anh hwéng ctia dé cong

Anh huwéng cta d6 cong dwoc khado sat
thdng qua tham sb dé cong a/R (R 1a ban kinh cong
chinh) cho ba loai v6 thodi: vé tru (R, = R, R, = =),
vo6 cau (Re=Ry,=R) va vd yén ngua
(Re= R, Ry = -R); trwong hop a/R = 0 trng voi tam
phdng. Vat liéu duwoc cb dinh (16i FGM hai pha
AI/AL,Os, n = 1, kidu phan bd B, e, = 0,1). Do gia
thiét vé thoai chi phu hop véi dé cong nhd, a/R
duwoc khao sat téi 0,5 (R = 2a). Két qua duwoc cho
trong Bang 7 va biéu dién trén Hinh 4 cho ca hai
ché d6 mach dién.

Bang 7. Anh huwéng clia tham s6 dd cong a/R dén tan sé co ban khéng thir nguyén Q cuia vo thoai
sandwich ap dién — FGM c¢6 vi bot réng (SSSS, n =1, kiéu B, eo = 0,1), cho ba loai vé va hai ché do

mach dién
a/R Tru (déng)  Chu (déng) Y":’gé';z")"a Tru(mé)  Chu (mé) Yé("m"é%')”’a
0,0 3,6802 3,6802 3,6802 3,7648 3,7648 3,7648
0,1 4,7343 7,0078 3,6727 4,7985 7,0589 3,7572
0,2 6,0988 12,4696 3,6505 7,0498 12,5212 3,7344
0,3 9,6445 18,2083 3,6138 9,6931 18,2721 3,6969
0,4 10,3020 23,0878 3,5632 10,4814 24,0666 3,6451
0,5 10,8742 29,7416 3,4994 11,0437 29,8361 3,5799

T Bang 7 va Hinh 4, tai a/R =0 ca ba loai
vé tring nhau va cho tan sb cha tdm phang
(Q = 3,680 & mach déng). Khi do cong téng, tan sé
cla vo tru va vdé cau tang ré rét do do cong huy
dong thanh phan dd cirng mang chéng lai bién
dang uén. Mtrc tang cla vd ciu la manh nhét vi két
céu cong theo ca hai phwong ciing diu (d6 cong
Gauss dwong): & mach dong, khi a/R tang tir 0 dén

0,5, Q clia vo ciu tang tr 3,680 lén 29,742 (khoang
8,1 lan), con vé tru tang tir 3,680 1&n 10,874
(khoang 3,0 Ian).

Nguoc lai, d6i véi vd yén ngwa (hai d6 cong
trai dau, dé cong Gauss am), tan sb gan nhw khong
tang ma con giam nhe khi a/R tang: Q giam tw
3,680 xudng 3,499 tai a/R = 0,5 (gidm khoang
4,9%). Nguyén nhan la hiéu rng ctrng héa mang
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theo hai phwong trai dau triét tiéu 1an nhau, khién
vé yén ngwa (rng x&* gan nhw tAm phang, tham chi
hoi mém hon dbi véi dang dao déng co ban. Nhw
vay, xét theo dd cirng, thtr tw 13 vé cau > va tru >
tdm phang = v& yén ngwa; do cong la mét trong
nhirng tham sb hinh hoc chi phdi manh nhat tn sé
cla vo thodi. V& ché dé mach dién, tdn s6 & mach
mé& van luén cao hon & mach déng do hiéu &ng
ctng héa ap dién. Bang chu y, dd chénh twong déi
gitra hai mach I&n nhét & cac ciu hinh mém (tdm
phéng va vd yén ngwa, khoang 2,3%) va thu nhd

30
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khi @6 cong lam két cAu cirng 1én - v&i vd cau tai
a/R =0,5 d6 chénh chi con khoang 0,32%. Diéu
nay mot 1an nira khdng dinh hiéu (rng clrng hoa ap
dién cang ndi bat khi do ctrng co' hoc clia két cau
cang thap. Tém lai, dd cong chi phbi manh tan sb
dao ddng cla vé thoai: vé cau cho tan sé cao nhat
va tang nhanh theo d6 cong, vé tru tang vira phai,
trong khi vd yé&n ngwa duy tri tAn sé gan véi tAm
phang. Hiéu (rng cirng hda ap dién (mach mé so
v&i mach déng) rd nhat & cac ciu hinh co6 dd cirng
thap.

e V3 1, Bdng
251 -— -.- Vo t1_u. Mo
= ={J— Vo ciiu, Déng
— M= Vo chu, M

201 = ol v5 vén ngya, Ma

—— V5 veén ngyra, Bong

Tan s6 khong thir nguyén, €2

LA

0 0,1 0.2

0,3 0.4 0.5

Tham s6 d6 cong, a/R
Hinh 4. Anh hwdng cta tham s d cong a/R dén tan sb co ban khong thir nguyén Q cla v thoai
sandwich ap dién — FGM c6 vi bot réng (SSSS, n = 1, kiéu B, e, = 0,1) (rng v&i ba loai vé (tru, ciu, yén
ngwa) va hai ché doé mach dién (déng/mé).

4.2.4. Anh hwéng cta diéu kién bién

Anh hwéng cla diéu kién bién co hoc dén
tan sb co ban khong thir nguyén Q duoc khao sat
cho n3m cAu hinh bién tiéu biéu da dwoc md ta &
Muc 4.1, sép xép theo mirc do rang budc tang dan:

CFFF, CCCF, SSSS, SCSC va CCCC. Két cu va
vat liéu dwoc cb dinh (vé cau R, =R, =5a,n=1,
kiéu B, eg = 0,1). Két qua dwoc cho trong Bang 8
va biéu dién trén Hinh 5 cho ca hai ché dé mach
dién.

Bang 8. Anh hwéng cla diéu kién bién dén tan s co ban khéng th& nguyén 2 ctia vé cau sandwich ap
dién — FGM cd vi bot réng (R, = Ry =5a,n=1, kiéu B, eg = 0,1), cho hai ché dd mach dién

Diéu kién bién Mach déng Mach mé& D6 chénh (%)
CFFF 1,2744 1,2824 0,62
CCCF 11,2746 11,3463 0,64
SSSS 12,4696 12,5212 0,41
SCSC 14,6492 14,7460 0,66
CCcCcC 17,7164 17,8925 0,99
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SCSC CCCF

CCcCcC

Diéu kién bién
Hinh 5. Anh hwéng cta diéu kién bién dén tan sé co ban khong thir nguyén Q ctia vé cau sandwich ap
dién — FGM c6 vi bot rdng (R, = Ry, =5a,n=1, kiéu B, ey = 0,1) (*ng v&i hai ché d6 mach dién
(déng/ma)

T Bang 8 va Hinh 5 c¢6 thé thay tan sb co
ban tang manh khi m&c d6 rang budc & bién tang
lén, do viéc khéng ché chuyén vi va goc xoay tai
bién lam tdng dd cirng tdng thé cutia két ciu. Bién
céng-x6n CFFF cho tan s6 thdp nhat (Q = 1,274 &
mach déng) vi ba canh ty do khién két ciu rat
mém, trong khi bién ngam hoan toan CCCC cho
tan s cao nhat (Q = 17,716), gap khoang 13,9 lan
so v&i CFFF. Nhw vay diéu kién bién la mot trong
nhirng yéu tb chi phdi manh nhét tAn sb dao déng.

Mot diém dang lwu y la sy c6 mat cua mét
canh tw do &nh hwéng rat I&n: ciu hinh CCCF (ba
canh ngam, mét canh ty do) cho Q = 11,275, thap
hon c& SSSS (Q = 12,470) la cAu hinh ma ca bén
canh déu dwgc d& (du chi la twa don). Diéu nay
cho thdy mét canh tw do lam gidm doé cirng nhiéu
hon so véi mirc tang dd crng do thay twa don
bang ngam & cac canh con lai. Khi thay dan twa
don bang ngadm ma van git» da bén canh dwoc d6,
tan sb tang déu: SSSS (12,470) < SCSC (14,649)
< CCCC (17,716).

Vé ché do mach dién, tAn sd & mach mé luén
cao hon & mach déng do hiéu ng clrng hda ap
dién, v&i d6 chénh nam trong khoang 0,4-1,0% tuy
diéu kién bién. D6 chénh Ién nhat & bién ngam
hoan toan CCCC (khoang 0,99%) va nhd nhat &
SSSS (khoang 0,41%); diéu nay phan anh mac do
bién dang (va do doé ndng lwong dién - co) tich Idy

trong hai l&'p ap dién phu thudc vao dang dao dong
(ng v&i mbi didu kién bién.

Toém lai, diéu kién bién chi phéi manh tan sé
dao dong cla két ciu: cang nhiéu rang budc (d&c
biét la ngam) thi tdn sb cang cao, con sy xuét hién
cla canh ty do lam gidm tan sé ré rét. Hiéu t&ng
crng héa ap dién dwoc duy tri véi moi diéu kién
bién va rd nhat & cau hinh ngam hoan toan.

4.2.5. Anh hwéng cua ti s6 chiéu day Iép ap
dién

Anh hwéng cla ti sd chiéu day |&p ap dién
hy/h dwoc khdo sat khi gitk tbng chiéu day h khdng
ddi (h = 12 mm) va thay déi hy/h tir 0,02 dén 0,30;
khi d6 chiéu day I6i FGM co lai twong &ng theo
he = h - 2h,. Cac tham s6 con lai dwgc cb dinh (v6
cau R, =R, =5a,n =1, kiéu B, eg = 0,1). Két qua
dwoc cho trong Bang 9; Hinh 6 biéu dién tan sb
khong th& nguyén Q theo hp/h cho hai ché do
mach dién, con Hinh 7 biéu dién mirc d cirng hoa
ap dién, dinh nghta 1a (Qmo/Qaong - 1)%100%.

T Bang 9 va Hinh 6, tan sb co ban gidm
don diéu khi hy/h tang: & mach dong, Q giam tir
14,101 (hy/h =0,02) xuéng 8,535 (hy/h = 0,30),
tirc giam khoang 39,5%. Nguyén nhan la khi tang
bé day I&p ap dién (ddng thai thu hep 16i), cac the
ngoai cung von la gébm cé md-dun cao (Al,O3) bi
thay bang vat lieu PZT-4 c6 mé-dun rat gon thap
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hon, trong khi khéi lwong riéng ctia PZT-4 (7500
kg/m?) lai I&n hon cla 16i; ca hai yéu té nay déu
lam gidm tan sé dao dong.

Tuy nhién, diéu quan trong nhat thé hién trén
Hinh 7 la m&rc d6 clrng héa ap dién tang manh va
gan nhw tuyén tinh theo hp/h: tr khoang 0,09% khi
hp/h = 0,02 1én t¢i khoang 1,92% khi h,/h = 0,30,
tirc tdng hon 20 1an. Khi 16p ap dién day hon, ti
phan nang lwong bién dang tich Iy trong hai I&p
ap dién tang Ién, lam cho s6 hang ghép dién — co
(va do dé hiéu trng khtr tinh & mach mé) tré& nén
dang ké hon. Nhuw vay, ti s6 hy/h 1a tham s6 quyét
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dinh trwc tiép dd Ién cta hiéu tng cirng hoéa ap
dién, diéu ma cac khao sat trwée (voi hp/h = 0,083
cb dinh, cho mirc cing héa khoadng 0,4%) chua
lam ndi bat.

Két qua nay cho thdy mot sy danh déi co y
nghia trong thiét ké: tang bé day I&p ap dién lam
giam tan s dao déng co ban cua két ciu, nhung
lai tdng cwong kha nang ghép dién — co va do do
kha nang cdm bién/diéu khién chi dong théng qua
ché d6 néi mach. Viéc Iwa chon hy/h vi thé can can
nh&c gitra yéu cau vé dd cirng dong lwc hoc va
mtrc d6 hiéu qua diéu khién ap dién mong muén.

Bang 9. Anh hwéng cla ti s6 chiéu day I6p ap dién hp/h dén tan sb co ban khong thé nguyén Q va mirc
dd cirng hoa ap dién cta vé cau sandwich ap dién — FGM c¢6 vi bot réng (R, = Ry, =5a,n=1, kiéu B,

€9 =0,1).
hp/h Mach dong Mach m¢ Cirng hoa (%)
0,02 14,1010 14,1141 0,093
0,05 13,2873 13,3193 0,240
0,08 12,5477 12,5974 0,396
0,10 12,0898 12,1509 0,506
0,15 11,0473 11,1357 0,801
0,20 10,1237 10,2382 1,131
0,25 9,2929 9,4325 1,502
0,30 8,5347 8,6985 1,920

15 T T
A —O— Mach dong
1 = == = Mach m¢&

(]
T

T

Tan s6 khong thir nguyén, €2

o
T

0,05 0.1 0,15

0.2 0.25 0.3

Ty s6 chiéu day 16p ap dién, hp.-"h

Hinh 6. Téan s6 co ban khdng thir nguyén 2 theo ti s6 chiéu day I6p ap dién h,/h (vé cau kiéu B,

R, = Ry =5a, n = 1,e5 = 0,1) cho mach déng va mach mé.
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Ty sb chiéu day 16p 4p dién, hp.-"h

Hinh 7. Mirc d6 cirng hoa ap dién (Qmo/Qgong - 1)*100% theo ti s6 chiéu day I&p ap dién hy/h (c&u hinh
nhw Hinh 6).

4.2.6. So sanh mlrc dd anh hwéng ctia cac tham
s6 khao sat

Céac muc 4.2.1 — 4.2.5 da khao sat riéng ré
tirng tham sé. Dé tra 161 cau héi tham sb nao chi
phéi manh nhat tan sé dao ddng clia vé sandwich.

Bang 10 tdng hop bién do thay ddi clia tan
s6 co ban khéng thir nguyén Q trén dung khoang
khao sat cua tirng tham sé, tinh cho ché d& mach
déng (ché dd mach mé& cho quy luat hoan toan
twong tw). Can lwu y réng phép so sanh nay phu
thudc vao khoang khao sat dwoc chon; cac khoang
& day déu duwoc lay theo pham vi c6 y nghia ky
thuat cla tirng tham sb.

T Bang 10 c6 thé phan cac tham sb thanh
ba nhém theo mirc d6 &nh huwéng. Nném thir nhéat
— nhém chi phéi — gébm diéu kién bién va do cong:
thay déi lién két bién tr CFFF sang CCCC lam tan

sb tang 13,90 1an, con tang d6 cong cuia vé ciu tw
%zo lén 0,5 lam tan sbé tang 8,08 lan. Pay 1a hai
tham sé quyét dinh bac d6 I&n cta tan sb, vi ching
tac dong truc tiép t&i co ché truyén lwc clia két cau:
lién két bién quyét dinh sb rang budc ddng hoc, con
dd cong quyét dinh mérc d6 huy déng dd cirng
mang chdng lai bién dang uén. Nhém thi hai —
nhém anh hwéng trung binh — gdm chi sé ti phan
thé tich n (gidm 40,4% khi n tang tr 0 dén 10) va ti
s6 chidu day I6p ap dién -2 (giam 39,5% khi =2 tang
tr 0,02 dén 0,30); ca hai déu lam thay dbi cau truc
phan bd d6 cing va khdi lwong qua chiéu day.
Nhém th& ba — nhém tinh chinh — gébm hé sé do
réng ey (gidm 3,92% véi kiéu phan bd déu va
1,48% v6i kiéu khong déu) va ché do ndi mach
dién (tang 0,41% dén 1,92%).

Bang 10. Téng hop mirc d6 dnh hwéng ctia cac tham sb khado sat dén tan sb co ban khéng thé» nguyén
Q (ché d6 mach déng)

Tham sé Khoang khao sat Q nhé nhat QIé&nnhat Bién do thay doi
Diéu kién bién CFFF — CCCC 1,2744 17,7164 13,90 1&n
Do cong a/R (v cau) 0-0,5 3,6802 29,7416 8,08 1an
Chi s6 ti phan thé tich n (kiéu B) 0— 10 9,0566 15,1908 —40,4%
Ti s6 chidu day I&6p ap dien hp/h 0,02 — 0,30 8,5347 14,1010 —39,5%
Hé sb do rong e, (kiéu A) 0— 0,25 12,0472 12,5392 —3,92%
Hé s6 do réng e (kidu B) 0— 0,25 12,3536 12,5392 —1,48%
Ché d6 mach dién (d6ng —» m&)  moi céu hinh - - +0,41% + + 1,92%
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Nhw vay, & giai doan thiét ké so b, diéu kién
bién va dd cong la hai yéu td can dwoc quyét dinh

trwdc; n va % la cac tham sb diéu chinh chinh; con
€p va ché& dd mach dién déng vai trd tinh chinh déc
trwng dong lwc hoc va kha nang diéu khién cha
dong. Riéng % dang chu y & chd tuy chi dirng thir
tw vé mlrc &nh hwdng téi tan s6, nhung lai la tham
sb quyét dinh trwc tiép do 1&n cla hiéu &ng clirng
hoa ap dién (Muc 4.2.5), tirc la quyét dinh hiéu qua
cam bién va diéu khién cta két cAu.

5. Két luan

Bai bao da xay dwng mé hinh Iy thuyét bién
dang cét bac nhét két hop phwong phap pb2-Ritz
dé phan tich dao déng tw do cla vé thodi hai do
cong sandwich ap dién — FGM cd vi bot rdng, xét
ddng thoi hai ché dd mach dién dong va mé. T
cac két qua kiém chirng va khéo sat sb, co thé rat
ra cac két luan chinh sau:

(1) M6 hinh FSDT + pb2-Ritz hoi tu nhanh
(bac da thiec N = 8 cho cac khao sat tham sb va
N = 10 — 12 cho céc bai toan kiém chirng la dd) va
cho két qua phu hop tét véi cac nghiém tham chiéu
cua Askari & Saidi [5], Kiani va cong sw [9] va
Demirhan & Taskin [12], v&i sai sb nhd, khéng dinh
dd tin cay ctia md hinh va chwong trinh tinh.

(2) D6 réng lam gidm tan sé dao dong: kiéu
phan b déu (Kiéu A) gay suy giam manh nhét, kiéu
khoéng déu (Kiéu B) it &nh hwéng hon do 16 réng
tap trung gan truc trung hoa, con kiéu khéng réng
(Kiéu C) 1a gi¢i han trén. O 16i giau gdm (n nhd),
th&r tw nay c6 thé dao lai do d6 réng lam giam khdi
lwong nhiéu hon gidm d6 cirng.

(3) Chi sb ti phan thé tich n 1a tham sé vat liéu
chi phdi manh nhét: khi n tang tir 0 dén 10, tan sb
co ban gidm khoang 40% do 18i chuyén dan tir gbm
sang kim loai.

(4) D6 cong (loai v8) anh hwéng rat Ion: vé
cau cho tan sb cao nhét va tdng nhanh theo do
cong (tdng khoang 8 lan khi a/R dat 0,5), v tru
tang vira phai (khoang 3 lan), trong khi vé yén
ngwa duy tri tan sb gan v&i tAm phang do hai do
cong trai dau triét tiéu hiéu (rng clrng hda mang.

(5) Piéu kién bién chi phbi manh tan sé: ciu

Nguyen & Tran

hinh ngam hoan toan (CCCC) cho tan sb cao gép
khodng 13,9 1an cdu hinh cong-x6n (CFFF); sw
xuét hién ctia mét canh tw do lam gidm tan sé ré
rét, tham chi ciu hinh CCCF con thap hon SSSS.

(6) Tan sb & mach mé luén cao hon & mach
dong do hiéu trng cirng hoa ap dién. Marc dé cung
héa phu thudc truc tiép vao ti sb chiéu day Iép ap
dién hp/h, tdng gan nhu tuyén tinh t khoang
0,09%  (hy/h =0,02) dén 1,92%
(hp/hn =0,30); vi vay co thé tang cwong kha nang

khoang

cam bién/diéu khién ap dién théng qua hy/h, tuy di
kém sy suy gidm tan sbé dao déng co ban.

(7) Khi so sanh trén toan bé khoang khao sat
(Bang 10), tht tw mrc 6 anh hwéng téi tan sé co
ban la: didu kién bién (13,90 Ian) > do cong (8,08
lan) > chi sb ti phan thé tich n (— 40,4%) = ti sb
chiéu day I6p ap dién :—p (- 39,5%) > hé sb d6 réng
eo (- 3,92%) > ché do nbi mach dién (+ 0,41% + +
1,92%). Didu kién bién va dé cong la hai yéu té
quyét dinh bac dé 1&n cua tan sb; n va hp/h la cac
tham sb diéu chinh chinh; con dd réng va ché do
mach dién dung dé tinh chinh.

Cac két qua trén cung cép co s& cho viéc
thiét ké va diéu khién dao dong chi dong cla két
céu vd thodi théng minh. Hwdng nghién clru tiép
theo co thé ké t&i nén dan héi, phan tich én dinh
va dap rng dong, khao sat dang dao ddng, ciing
nhw t6i wu héa cAu hinh va vi tri |&p ap dién.
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