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Tém tat

Nghién ctru nay tap trung vao ti uru hoa thiét ké tim sandwich FGM c6 gén gia cudng xién goc nhim dat tin s6 co ban 1on
nhét. TAm duoc ciu tao boi hai 16p bé mat 1am tir vat liéu c6 co tinh bién thién (FGM), 16p 16i bang vat liéu xbp c6 co tinh
bién thién (FGP), va duoc gia cuong bing cic gin xién goc nhdm ting cudng do cing. M6 hinh phin tir hitu han (FEM)
dua trén 1y thuyét bién dang trugt bac nhit ciia Mindlin (FSDT) va ky thuat san déu gin Lekhnitskii dugc xay dung. Bai
toan t6i wu duge giai quyét bang thuat toan Rao-3, mot phuong phap t6i wru hda hién dai khong yéu ciu cac tham sb phirc
tap. Céc bién thiét ké bao gdm: s6 luong gén, phuong dat gan (goc xién) va cdu hinh ctia tim sandwich. Cac két qua sé da
chimg minh tinh chinh xac va d¢ tin cdy ctia mo hinh d& xuit. Pong thoi, nghién ciru ciing chi ra anh hudng ciia cac tham
s6 thiét ké dén tin s6 co ban cia tim. Bang cach ti uru hoa, tin s6 co ban cia tim dugc cai thién dang ké, qua d6 nang cao
hiéu suét va kha ning chiu tai ctia tim.

Tir khod: sandwich; FGM; gan gia cuong; t1 wu; thuat toan Rao-3.

OPTIMIZATION OF SANDWICH FGM PLATE REINFORCED BY ARBITRARILY OBLIQUE
STIFFENERS BASED ON NATURAL VIBRATION FREQUENCY
Abstract

This study focuses on optimizing the design of functionally graded material (FGM) sandwich plates with oblique stiffeners to
maximize the fundamental frequency. The plate consists of two FGM face sheets, a porous core made of functionally graded
porous material (FGP), and angled stiffeners to enhance its stiffness. A finite element model (FEM) based on Mindlin’s first-
order shear deformation theory (FSDT) and the Lekhnitskii’s stiffener-smearing technique is developed. The optimization
problem is solved using the Rao-3 algorithm, a modern optimization method that requires no complex parameter tuning.
Design variables include the number of stiffeners, their orientation (oblique angle), and the sandwich plate configuration.
Numerical results validate the accuracy and reliability of the proposed model. Additionally, the study elucidates the influence
of design parameters on the fundamental frequency. Through optimization, the fundamental frequency of the plate is
significantly improved, thereby enhancing its performance and load-bearing capacity.
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1. Giégi thiéu

Két ciu sandwich, vai dic trung gém hai 16p mat mong c6 do bén cao kep mdt 16p 161 day va nhe,
s& hitu nhidu wu diém vuot trdi, bao gdm ti s6 do bén trén khdi lugng va do cimg trén khdi lwong rat
cao. Két cau nay gitip giam trong luong tong thé trong khi van duy tri kha ning chiu tai an twong. Vi
vay, sandwich da va dang dugc ung dung rong rai trong nhiéu linh vyec, tir dan dung, canh may bay,
than tau thay cho dén cac bod phan cua tau vii try. Kha nang lam viéc cua két cau phu thude cha yéu
vao viéc lya chon vat liéu cho lop bé mat va 16p 161.

Céc nghién ctu vé két cAu sandwich d3 chi ra su da dang trong vat li€u dugc sir dung cho l6p mat
va 16p 16i. Cac 16p mit bang kim loai [1] ndi bat v6i dd bén va do ctng cao, nhung nhugc diém la
khéi luong 16n. Vi vay, vat liéu composite d tro thanh Iya chon thay thé tiém nang nho wu diém vé
dd bén riéng cao, trong lwgng nhe va kha nang chéng an mon. Dic biét, vat lidu ¢6 co tinh bién thién
(FGM) duoc tmg dung 1am 16p mit nham ting cudng kha ning chiu nhiét va khang tic nhan hoa hoc
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trong moi truong khic nghiét [2]. Di véi 16p 161, nhicu dang két ciu da duoc nghién ciru, mdi loai
mang lai nhimng loi ich riéng. Cac 15i c6 két cau dang t6 ong [3, 4], lugn séng [5] va mang tinh thé
[6] ndi bat v6i do bén riéng va do cimg cao, ddng thoi co kha ning chdng va dap tét. Trong khi do,
16i x6p [7] lai wu thé hon vé kha ning hép thu ning luong va cach am. Ngoai viée cai tién vat licu,
viéc tich hop cac gan gia cudng ciing 1a mot giai phap hiru hiéu nhim ting cudng hiéu suat va kha
nang chiu lyc cia tim sandwich. Giai phap nay dang thu hat sy quan tdm 16n tir cong dong nghién
ctru, vi chiing cho phép diéu chinh d¢ cimg cuc bo ma khong lam ting dang ké khéi lugng tong thé.
Céc nghién ctru vé tim sandwich c6 gan gia cudng da duoc cong bd rong rdi, tir phan tich tinh dén
dong [8—10]. Nhiéu phuong phéap duogc ap dung dé phén tich tim co gin gia cudng, trong d6 phuong
phap phan tir hiru han (FEM) dugc xem 1a cong cu hiéu qua [11-13]. Bén canh d6, k¥ thuat san déu
tac dung cua gan 1a mot phuong phap ndi bat, gitip don gian hoa bai toan bang cach coi cic gan gia
cudng duge phan bd déu trén tAm [14—16]. Cac nghién ctru da sir dung k¥ thuat nay dé phan tich cac
cAu triic co gan gia cudng lam tir vat liéu nguyén khéi [17] ciing nhu composite va FGM [18, 19].

Céc nghién ciru trude day chii yéu tap trung vao tam sandwich ¢ gan gia cudng truc giao, song
cach tiép céan nay bi han ché khi ap dung cho cac két cAu c6 hinh hoc phtrc tap. Dé khic phuc nhugc
diém do, cac nghién ciru gin ddy da chuyén hudng sang khao sat tim sandwich c6 gan gia cudng xién
gdc. Mot s6 nghién ctru tidu biéu c6 thé ké dén nhu cong trinh ciia Quan va cs. [20], trong d6 nhom
tac gia da phan tich 6n dinh phi tuyén ctia vo sandwich FGM c6 gin gia cudng xién léch tim. Dong
va cs. [21] str dung 1y thuyét bién dang cit bac cao (HSDT) dé khao sat ddc tinh mat 6n dinh va uén
clia tAm sandwich FGM c6 gan xién. Tuong tw, Cong va cs. [22] d4 nghién ctru dao dong phi tuyén
clia tAm sandwich c6 gan gia cudng xién trong khuén kho 1y thuyét FSDT. Tuy nhién, cic cong trinh
nay nhin chung vin gidi han trong pham vi bé tri gan gia cudng theo dang luéi ¢b dinh.

Tur tong quan trén c6 thé thdy rang, mic du di cé nhimg nd lyc nghién ciru vé tim sandwich ¢
gan xién, nhung van thiéu mot khao sat toan dién vé dic tinh cua loai két cu nay, dac biét khi cac
gan dugc bd tri voi goc 1éch tuy y. Nham lap day khoang tréng do, bai bao nay tap trung vao viéc toi
wu hoa tim sandwich FGM c6 gan xién goc dua trén ti€u chi tan s6 dao dong tu do co ban. Viée lya
chon tiéu chi t6i wu nay duogc bién giai dya trén cac 1y do sau: (1) Tan sb dao dong co ban ti 1& thuan
v6i d6 cimg udn tong thé cua két cau. Do do, viéc toi da hoa tan sb nay thuong dugce coi la phuong
phép tbi wu don gién va hiéu qué dé nang cao d¢ cung téng thé, tllr do cai thién ca kha nang chiu tai
tinh va dong; (2) Déi véi cac ket ciu chiu leh thich dong tan sb thap (nhu rung dong may moc, tai
trong gio, hay dong dat), tan s6 co ban 1a tan s6 dé bi kich tthh nhét va thlIO’l’lg nam gan cac dai tan
kich thich pho bién. Viéc tdi da héa tan s co ban s& day két cau ra khoi dai tan nguy hiém nay, dam
bao d6 an toan; (3) Téi wu da tan s (hoac t8i wu da muc tiéu) lam ting dang ké do phuc tap tinh toan
do yéu cau phai theo ddi cac dang dao dong (mode tracking) va xtr Iy khong gian muc tiéu 16n hon.
Viéc gidi han & tan s co ban giup don gian hoa bai toan, dac biét khi stit dung cac thuat toan méi nhu
Rao-3, gitp chirmg minh hiéu qué cua thuat toan trén mot bai toan don gian, rd rang. Cach tiép can t6i
da hoa tan s6 co ban nay ciing da duoc ap dung rong rii trong nhiéu nghién ctru vé téi wu hoa cac két
ciu composite va sandwich trén cac tap chi uy tin [23-25]. Dé thuc hién muc tiéu, mot mé hinh tinh
toan duogc xdy dung két hop phuwong phap phan tir hiru han dua trén Iy thuyét bién dang cét bac nhat
v6i k¥ thudt san bang gan ciia Lekhnitskii, nhdm phan tich dic tinh dao dong ctia két cdu. Cubi cing,
thuat toan Rao-3 dugc ap dung dé xac dinh cdu hinh gan gia cudng tdi wu, tir d6 nang cao hiéu sut
lam viéc cua két ciu phirc tap nay.
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2. Mo hinh Iy thuyét
2.1. M6 td bai todan

Xét tAm sandwich c6 chiéu dai a, chiéu rong b va chiéu cao /& nhu trinh bay trén Hinh 1. Tam duoc
gia cuong bai cac hé gan theo cac phuong a;, cac gan gia cudng c6 mat cat ngang hinh chit nhat voi
kich thudc h‘ig X b‘ig . Trén mdi phuong «;, cac gan dugc gia thiét 1a co kich thudc mat cit ngang nhu
nhau va cach deéu voi khoang cach d;. Cac phuong «; hop véi phuong truc x mot goc 6;.

Hinh 1. M6 hinh tim sandwich FGM/FGP c6 gan gia cudng

2.2. M6 hinh vdt liéu

Hai 16p bé mit ciia tm va cac gan gia cuong duoc 1am bang vat liéu FGM, 16p 161 dugc lam bang
vat liéu x6p c6 co tinh bién thién (FGP). Bé dam bao tinh lién tuc cta vat liéu gitra cac 16p, vat lidu
gdc cua 16p 16i duge st dung 1a thanh phan kim loai ¢ hai 16p bé mit. Theo phuong chiéu day, mat
dudi cua gan, mat dudi cua tdm, mat dudi cua 16p 101, mat trén cua 16p 16i va mét trén cua tam 1an luot
cotoaddlazo = —h/2 —h, z0 = —h/2,20 = —he/2 ,23 = he/2 vaz4 = h/2 . Tinh chét vat liéu hiéu
dung F (z) cuia gan va hai 16p bé mat gdbm module dan hdi E, khéi luong riéng p va hé sb Poisson v
duogc xac dinh theo cong thirc sau:

F@=VFe+ViuFm (1)

trong d6 F. va Fp, lan luot 14 tinh chat cta hai vat liéu thanh phén gém va kim loai. V., va V,, laty 1€
thé tich cua gom va kim loai, dugc xac dinh nhu sau:

Pz
0-2
VC=(0—) , 7€ [z0;21]

20 — 21
Pz

-2

Ve=|—— , z€lz1;z

¢ (Z1—Z2) (215 22] 2
-z \~*

VC:( ) , 2 €[z3;24]
33—

Vin=1-V,
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Tinh chét vat liéu cua 16p 161 FGP duoc xac dinh theo cong thirc:

E@)=E;(1-ew(2), ze€lz:z]
p@)=pm(l—eny(2)), z€lz22] 3)

eqn=1—4/1 —¢g

trong d6 eg 1a hé s6 16 rdng, e,, 12 hé s6 mat do nén, ¥ (z) 1a tham sé phu thudc vao dang phan bd 15
rong va duge xac dinh nhu sau:

¥ (2) = cos (%) khi 16 rdng phan b6 dbi ximg (SPD)
¥ (2) = cos ( 2"; + %) khi 18 rdng phan b bt déi xtmg (APD) )

112 2\ < x o
y@)=—- —(— Vli-e— =+ 1) khi 16 rong phan b6 déu (UPD)
eo  eo\w n

2.3. Ly thuyét FSDT cho tam sandwich FGM/FGP cé gén gia cuong

Trong nghién ctru ndy, 1y thuyét tam FSDT duoc st dung dé xét dén bién dang cat ngang, phu hop
cho phan tich cic tdm composne ¢6 do day trung binh. Ly thuyét nay dugc ap dung dé thiét 1ap mo
hinh FEM. Trudng chuyén vi dugc dinh nghia nhu sau:

M(X,y, e t) =Uo (X,y, t) + ZQDX (-xaya t)
v(x,y,2,1) = vo (x,y,1) + 2y (x,y,1) (%)
w (X, y,2,1) = wo (X, y,1)

trong do ug, vo, wo 1a céc thanh phan chuyén vi ctia mat trung tinh theo phuong x,y, z; ¢y, @y la goc

xoay cua tiét dién ngang quanh truc y va x; z 14 toa do theo chiéu day tim; va 7 1a bién thoi gian. Cac
thanh phan bién dang dugc xac dinh boi:

(6)

T 3 .
trong do6 {e} = {sx &gy yx)} va {y} = {yyz yxz} ; {eo), {«} va {y} lan luot 1a cac thanh bién dang
mang, bién dang ubn va bién dang cit ngang. Cac thanh phan bién dang nay duogc xac dinh theo:

T T
{eo} = {Sxo £,0 nyo} = {Mo,x Vo,y uo,y+vo,x}

{k} = {Kx Ky ny}T = {‘PX,x Yyy Pxy T ‘py,x}T (7)
T T
{yo} = {'}’sz ?’yzO} = {WO,x +ox woyt ‘Py}

Quan h¢ tmg suét-bién trong 16p k cta tim dang dugc xac dinh nhu sau:

0'% ck, ¢, 0 0 0 &x
o ct, Ch, ok 0 0 &y
T])éy =0 0 Ces Ok 0 Vay ®)
Ty, 0 0 0 Css Ok Vyz
™ 0 0 0 0 Ciyllre
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v6i C;; 14 céc hé s6 dan hdi phy thudce vao E (z) va v (2):

EF(2) v ) EF () Ef(2)
Chy=Ch=—"—, Cl,=—"—"2,Cly=Ct =Cig = ——F—— 9
n=tn =TT 27Tk M T s T e T o] &)
Céc gan gia cuong dugc xem 1a cac dam, do d6 quan hé tng suat bién dang trong gan tht i duoc
xac dinh trong h¢ toa do dia phuong cta gin nhu sau:

0“51. = E* (2) 0 Végfz‘ £ _ E$ (2)
{T‘i-z}‘[ 0 ¢ <z>] {v} VG = e (10)

Thuc hién chuyén truc cic thanh phan tng suét trong gan tir phuong «; vé hé truc (x, y) [26]:

ol Cii Cio Cig 0 0 (e&x
oy Cio Cn Cx O 0 |]e&
ot =[Cis Cx Ces 0 0 [{yn (11)
o5 0 0 0 Cu Css||ve
o, 0 0 0 Cas Css|lyx

trong d6 C; ;1a cac hé s6 dan hdi duge chuyén sang hé truc (x, y):

Ci1 = E(9)cos*a;; Cia = E(7)cos’a;sin®a;;  Cig = E () cos’a; sin a;
Cy = E(@)sin*a;; Ca = E(z)cosa;sin’ a;;  Ceg = E (2) cos’a; sin” a; (12)

Cu =G ()sin*a;; Cus =G ()cosa;sine;;  Css = G (z) cos’a;

2.4. Céng thirc phan tir hitu han
a. Ma trén d6 ciing va ma tran khdi luong

Dé phan tich bﬁpg FEM, tim duoc chia’thémh cac phﬁn tir tr gidc 4 nat v6i 5 bac tw do mdi nut.
Ma tran d¢ cung phan tir [K,] va ma tran khoi lwong phan tu [M, ] dugce rat ra tir viée ap dung nguyén
1y cong ao:

SMI=6U-6T =0 (13)
trong d6 U 1a thé nang bién dang dan hoi:
1
Us=3 fg (tz0)” [Al{e0} + {20} [Bl{x} + (k) [D11k} + {9} [A] {y}) dQ (14)

voi [A], [B], [D] va [A;] 1a cac ma trdn d0 ciing vat liéu, duoc xac dinh béng cach tich phan cac tinh
chat vat liéu theo chidu day c6 st dung k¥ thuat san déu tac dung gan Lekhnitskii va duoc trinh bay
trong Phu luc.

T 1a dong nang:

T=1fp(z)u2dV (15)
2 Jy

Ttr d6 xac dinh dwoc ma tran do clrng va ma tran khoi lvgng ctiia phan tir nhu sau:

T
(K] = f [B.] [D.][B.]dQ
@ (16)

T
[Me]ZL[N] [I1[N]dQ
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trong do6 [B.] va [D,] lan luot 12 ma tran tinh bién dang va ma trn d¢ cung try; [N] va [/] 1a ma tran
cac ham dang [27] va ma trin cdc mé men quan tinh. M6 hinh dwa trén 1y thuyét bién dang cit bac
nhit nén cic ham dang dugc lwa chon 14 cdc ham Lagrange s& giup md hinh c¢6 duoc tée do xir ly
nhanh va la cac ham dang da duogc kiém ching vé d6 chinh x4c va hdi tu. Cac ma trn nay duogc trinh
bay trong Phu luc.

2.5. Phwong trinh dao dong toan hé
Ma tran d6 cling va ma tran khéi luong cua timg phan tir dwgc ghép ndi thanh ma tran tong thé
[K] va [M]. Phuong trinh dao dong tu do toan cuc c6 dang:

(K1 - & [M1) (D) = (0) (17)

Day 1a mot bai toan gia tri riéng tuyén tinh. Giai phuong trinh nay s& cho ra tan sé dao dong tu
nhién va dang dao dong tuong ting ctia tam sandwich FGM/FPG c6 gan gia cuong.
3. Téi wu tim sandwich
3.1. Gioi thiéu thudt toan Rao-3

Thuat toan Rao-3, do Rao [28] dé xuat, 1a mot phuong phap metaheuristic don gidn va khong
yéu cau di€u chinh tham s6. Thuat toan nay cap nhat nghiém dya trén sy twong tac gitta nghiém tot
nhat, nghiém kém nhat va mot nghiém ngau nhién trong quan thé. Nho tinh gon nhe va khéng phu
thudc vao cac tham so di€u chinh phirc tap, Rao-3 cho thay wu thé trong viéc giam phu thudc vao kinh
nghiém ngudi dung va tang tinh on dinh, dac biét hi¢u qua khi ap dung cho cac bai toan toi uu hoa phi
tuyén trong k¥ thuat, nhu t6i wu hoa két cau dam, tam sandwich. So véi cac thuét todn nhu Genetic
Algorithm (GA) hoidc Particle Swarm Optimization (PSO), Rao-3 c6 uu di€ém vé toc d¢ hdi tu va kha
nang xu ly cac bai toan véi khong gian tim kiém da chiéu. Trong nghién clru nay, Rao-3 dugc chon
dé toi uu hoa tan so dao dong tu do thur nhat cia tam sandwich vai 16p bé mét 1a FGM, 16i x0p c6 co
tinh bién d6i (FGP) va dugc gia cudng badi cac gan dat xién goc.
3.2. Xdc dinh bai todn t6i uu

Muc tiéu cua bai toan t6i wu 1 t6i da hoa tin sd dao dong tu do thur nhét w; cua tim sandwich,
dugc tinh toan thong qua mo hinh FEM duya trén 1y thuyét bién dang cat bac nhat. Ham muc ti€u duoc
dinh nghia nhu sau:

Toi da hoa: f(x) = w; (x) (18)

Rang buoc: xF < x < xV
trong do x 1a vecto cac bién thiét ké, x = { Dz> €0, PD> X» 0}, xL va xY 1an luot 1a gi6i han dudi va trén
cua cac bieén. Cac bién thiét ké x bao gom ca bién lién tyc va roi rac:

- Bién lién tuc: Chi s6 ty 1¢ thé tich p., hé s6 do rong e, 6; 1a goc tao bdi phuong dit gan i so voi
phuong truc x, va y = h./h 1a ty 1¢ chiéu day 16p 151 so v6i chiéu day tong.

- Bién roi rac: Loai phan b6 d6 rong pp.

- Gidi han cac bién: 0 < p, < 10; 0 < ¢y < 0,8;0° < 6; <90°,0 < y < 0,8, bién roi rac duge ma
héa thanh s6 nguyén (pp = 1 cho SPD, pp = 2 cho APD, pp = 3 cho UD).

3.3. Quy trinh téi wu héa

Quy trinh tdi wu hoa béng thudt toan Rao-3 duogc thuc hién theo cac budc sau: Budc 1: Khoi tao
quan thé — Budc 2: Panh gia ham muc tiéu — Budc 3: Cap nhat giai phap bang Rao-3 — Budc 4:
Kiém tra rang bugc — Budc 5: Kiém tra dieu kién dung.
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3.4. Trién khai thudt todn

Thuat toan Rao-3 dugc 1ap trinh Matlab va tich hgp voi ma FEM dé tinh toan tan s6 dao dong.
Céac tham sd thuét toan duge thiét lap nhu sau:

- Kich thuéc quan thé: N = 50.

- S6 1an lap tbi da: 1000.

- Ngudng hoi tu: 1076

Dé tang hiéu qua tinh toan, cic phép tinh ma trdn d6 ctimg va khéi lwong duoc téi uvu hoa bang
cach str dung tich phan Gauss va cac ham dang phu hop.
4. Két qua sb va thio luan

Trong phén nay, mot sb vi du so sanh duoc thuc hién dé danh gia sy hoi tu va do chinh xac cua
mo hinh. Tiép theo, cac vi du sé duogc thuc hién dé nghién ctru anh hudng cua cac tham s6 vat liéu,
kich thuéc, sb lugng gan, phuong dat gan, hé s 16 rong, dang phan bd 16 rong va ty 18 d6 day 16p
161/16p mat dén tan s dao dong tu do cua két cau. Cubi cung, thuat toan Rao-3 dugc ap dung dé tim
ra phuwong an ti wu cua tim sandwich FGM/FGP c6 gan gia cudng.

4.1. Cdc vi du kiém chirng mé hinh
a. Kiém ching sy hoi tu cia chuong trinh

Trude hét, vi du s dau tién dwoc thyuc hién dé kiém ching sy hoi tu ciia két qua khi tinh toan
tan sd dao dong ciia tim sandwich FGM/FGP c6 gén gia cudng bang mé hinh FEM d4 thiét lap. TAm
duoc xét dén trong vi du nay c6 chiéu dai 1a a = 1,2 m, chiéu rong b =1 m, chiéu day h=0,05m, cAu
hinh sandwich 14 [1-6-1] (biéu thi ty 1¢ chiéu day cac 16p), 16p trén va 16p dudi la FGM c6 p. = 1, 16p
16i 1a FGP ¢6 ¢y = 0,3 va phan bd theo kiéu SPD. Tam dugc gia cuong boi cac gin FGM ¢ mit cat
ngang 1a chit nhat v&i b x h¥ = 0,03 x 0,04 (m?) theo hai phuong ) = 68,2° va a» = 32°, cc gan
theo phuong a; cach déu nhau mot khoang d; = 0,106 m, cac gan theo phuong @, cach déu nhau mot
khoang d; = 0,1857 m. Két qua tinh tdn s dao dong khong thir nguyén @ cua tim véi cac ludi chia
phan tir khac nhau duoc trinh bay trong Bang 1.

Bang 1. Sy hoi tu clia tan s6 @ cta tim sandwich FGM/FGP c6 gan gia cudng

Luéi chia
BCs
6Xx6 10x 10 14 x 14 18 x 18 20 x 20 22 x 22
SSSS 1,976 1,932 1,919 1,914 1,912 1,912
CCCC 3,550 3,391 3,350 3,333 3,326 3,326
SCSC 3,178 3,043 3,007 2,993 2,987 2,987

Twr bang két qua cé thé nhan théy réng, v6i ludi chia thua hon tdc dd hdi tu nhanh hon sau dé
cham dan v&i ludi chia day, roi hoi tu khi ludi chia la 22 x 22 phan tir. Ludi chia nay s& duoc st dung
dé thuc hién cac khao sat tiép theo.

b. So sanh dao dong tAm ding hudng c6 gan gia cudng xién goc

Vi du kiém chimg thtr hai dugc thuc hién véi tim dang hudng dugc gia cuong boi cac gan xién
goc dang hudng. Tam co kich thude va gia cudng gan nhu vi du trén, cic gan c6 kich thude mat cat
ngang 13 0,03 x 0,03 (m?). Két qua tinh toan tin s dao dong tw do dwoc so sanh vai két qua tinh bing
Abaqus va phuong phap Pb2-Ritz dugc cong bd bai Pham va cs. [29] trong Bang 2. Tir két qua so
sanh co thé khing dinh mé hinh thiét 1ap c6 tinh chinh x4c trong tinh toan tin s6 dao dong ctia tim ¢
gan gia cuong xién goc.
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Bang 2. So sanh tan s6 dao dong twr do cua tAm ding hudng c6 gan gia cudng xién goc

BCs Dang dao dong Abaqus [29] Pb2-Ritz [29] Bai bao
SSSS 1 237,2 245,7 236,1
2 505,9 508,1 484,9
3 654,3 673,5 661,2
CCCcC 1 432,2 430,9 4239
2 748,6 727,5 715,1
3 955,7 962,3 963,7

c. So sanh tan s6 dao dong tim sandwich FGM

Trong vi du kiém chimg thtr ba, dbi tugng nghién ctru 1a tim sandwich véi 16p mit bang vat liéu
FGM va 156i dang huéng. Bang 3 cung cap két qua tinh toan tin s6 dao dong khong thir nguyén & va
so sanh v6i dir lidu ctia Li va cs. [30], thu duoc tir 1y thuyét dan hoi ba chiéu.

Bang 3. So sanh tan s6 dao dong co ban & cua tim sandwich FGM (p. = 1)

SSSS CCCcC
hja Mo hinh
[2-1-2] [1-8-1] [2-1-2] [1-8-1]
0,01 [30] 1,3297 1,6991 2,4334 3,1138
Bai bao 1,3337 1,7038 2,4392 3,1155
0,1 [30] 1,3018 1,6511 2,2905 2,8626
Bai bao 1,3011 1,6527 2,2718 2,8504

Cac két qua & Bang 2 va Bang 3 cho thiy d¢ chénh léch rat nho, qua d6 khiang dinh mo hinh va
chuong trinh tinh toan dugc xay dung c6 do tin cay cao. Trén co s& do, cac bai toan khao sat s¢ dugc
trinh bay trong phan ti€p theo.

4.2. Phan tich dao déng tam sandwich FGM/FGP cé gan gia cwong

Trong myc nay, tin sé dao dong cua cac tim sandwich FGM/FGP chit nhét c6 gan gia cudong dugc
nghién ctru va thao luan chi tiét. Trong cac khao sat, kich thude hinh hoc cua tim va gin duoc lay
theo muc 4.1(a). Hai vét liéu thanh phan 1a Al (metal) va Al,O3 (ceramic) c6 tinh chat vat liéu duoc
trinh bay trong Bang 4.

Bang 4. Tinh chét vat lidu cua cac vat liéu thanh ph?m [30]

Material E (GPa) Je, (kg/m3) v
Al (metal) 70 2702 0,3
Al,O3 (ceramic) 380 3800 0,3

Cong thire tan s6 khong thir nguyén dugce st dung nhu sau:

__wd® [po 3
o= \E (po = 1 kg/m?, E = 1 GPa) (19)
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a. Anh hudng cua chi sé ty 1¢ thé tich

Két qua thu dwoc tir Bang 5 va Hinh 2 cho thdy, xét trong cac diéu kién bién khac nhau, véi ba dang
phén b do xbp ctia 16p 16i (SPD, APD, UPD) va céc ty 1¢ chiéu day céc 16p theo thi tu: hp — b, — hy
khac nhau ([1-0-1], [1-1-1], [1-3-1], [1-4-1], [1-8-1]), tan s} dao dong co ban khong thir nguyén @
clia tim c6 xu hudng giam khi chi sd ty 1¢ thé tich p. ting. Nguyén nhan 1a do khi p. ting, vat liéu 16p
bé mit FGM chuyén dan tir gbm thudn sang hdn hop giita gém va kim loai. Viéc gia ting thanh phan
kim loai c6 mé dun dan hdi thap hon so v6i gém s& 1am giam d6 cting tong thé cia tim, din dén tan
s6 dao dong thap hon.

28 . : . . 5

26

24

22

3
2

1.8

1.6
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pf
(a) SSSS (b) CCCC
45 . . : : 1.4 :
——-SPD ----SPD
1.3 LYy e APD ]
—UPD
L2t
3 3 L1t
1r s
0ot s
2 - : - : 058
0 2 4 6 8 10 0 2 4 6 8 10
P, P,
(c) SCSC (d) SCSF

Hinh 2. Anh hudng ciia tham sb p, dén tan sé dao dong @ ciia tim sandwich FGM/FGP
c6 gan gia cuong xién goc (a/b = 1;a/h = 10; ¢y = 0,6; [1-8-1])

b. Anh huéng ciia 16 rong

Hinh 3 minh hoa sy bién thién tan s6 khong thir nguyén @ cta tdm sandwich FGM/FGP c¢6 gan
gia cuong xién goc theo hé sb r5ng eo. Két qua cho théy, ddi vé6i ca bdn loai diéu kién bién duoc xét,
tan s co ban khong thir nguyén @ tang dan khi e tang, 4p dung cho ca ba kiéu phan b6 1 rdng SPD,
APD va UPD. Pang chu ¥, khi ey < 0,7, kiéu phan b UPD ludn cho tan sé nhé nhét dudi ca bon diéu
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Bang 5. Tén sé khong thtr nguyén co ban @ ctia tim FGM/FGP c6 gén gia cudng xién goc (eo = 0,6)

BC Kiéuphanb616rdng  p,  [1-0-1]  [1-1-1]  [1-3-1]  [1-4-1]  [1-8-1]

SSSS SPD 1 2,4236 2,4123 2,3092 2,2603 2,1185
5 1,9547 1,8954 1,8027 1,7697 1,6869
10 1,7685 1,7254 1,6625 1,6405 1,5859

APD 1 2,4236 2,4119 2,3051 2,2542 2,1054
1,9547 1,8948 1,7965 1,7603 1,6669
10 1,7685 1,7246 1,6552 1,6295 1,5632

UPD 1 2,4236 2,4157 2,3083 2,2560 2,1020
5 1,9547 1,8974 1,7967 1,7588 1,6599
10 1,7685 1,7268 1,6545 1,6270 1,5554

CCCC SPD 1 4,2915 4,2306  4,0060 3,9073 3,6295
5 3,4551 3,3323 3,1517 3,0888 2,9328
10 3,1278 3,0377 2,9138 2,8715 2,7681

APD 1 4,2915 4,2332 4,0146 3,9184 3,6479
5 3,4551 3,3355 3,1591 3,0969 2,9410
10 3,1278 3,0412 2,9208 2,8784 2,7723

UPD 1 4,2915 4,2359 4,0034 3,8987 3,5994
5 3,4551 3,3351 3,1402 3,0688 2,8854
10 3,1278 3,0394 2,8988 2,8472 2,7152

SCSC SPD 1 3,8405 3,7889 3,5932 3,5070 3,2638
5 3,0843 2,9799 2,8247 2,7704 2,6359
10 2,7973 2,7213 2,6155 2,5792 2,4906

APD 1 3,8405 3,7914 3,6020 3,5183 3,2830
5 3,0843 2,9830  2,8328 2,7799 2,6472
10 2,7973 2,7248 2,6234  2,5878 2,4987

UPD 1 3,8405 3,7936 3,5914 3,5000 3,2386
5 3,0843 2,9824 2,8151 2,7536 2,5959
10 2,7973 2,7229 2,6030 2,5589 2,4459

SCSF SPD 1 1,3348 1,3215 1,2522 1,2203 1,1288
1,0841 1,0440 0,9833 0,9618 0,9080
10 0,9761 0,9460 0,9038 0,8892 0,8531

APD 1 1,3348 1,3216 1,2513 1,2187 1,1243
5 1,0841 1,0441 0,9814 0,9585 0,8995
10 0,9761 0,9461 0,9013 0,8850 0,8428

UPD 1 1,3348 1,3233 1,2509 1,2168 1,1170
5 1,0841 1,0450 0,9790 0,9543 0,8899
10 09761 0,9467 0,8982 0,8800 0,8327

kién bién SSSS, CCCC, SCSC va SCSF. Hién tuong nay co thé duoc ly gidi nhu sau: khi hé s6 15
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rong ting, 6 ctng cua hé giam, dan dén tan sé dao dong giam (hiéu tng do cung). Tuy nhién, dong
thoi, khéi lugng cta hé ciling giam, diéu nay lam ting tan sé dao dong (hiéu ting khdi luong). Trong
nghién ctru nay, 16 rdng chi xuat hién trong 16p 15i, trong khi hai 16p bé mit va cac gin gia cudng
dugc lam bang FGM. Khi hé s6 16 rdng trong 16p 16i ting, tan sé dao dong cua hé ting co thé 1a do
hiéu tmg khéi lugng chiém uu thé so véi hiéu img d6 cimg. V& tan s 16n nhit, két qua phu thudc vao
diéu kién bién: kiéu phan b SPD dat gia tri cao nhat khi diéu kién bién c6 muc d6 rang budc thap
(SSSS, SCSF), trong khi kiéu phan bd APD cho két qua vuot trdi khi didu kién bién c6 mirc d6 rang
budc cao hon (CCCC, SCSC).

3.7
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3.4 1.16
335
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33}
I3 ERREL
3251
3.2 i -........-.-u.-.......o--. 11 -
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Hinh 3. Anh huéng ciia tham s6 e dén tan s6 dao dong riéng khong thir nguyén @ ciia tim sandwich FGM/FGP
¢6 gan gia cuong xién goc (a/b = 1;a/h = 10; p, = 1; [1-8-1])

c¢. Anh hudng cua ty s6 chiéu day

Hinh 4 trinh bay anh hudng cua ty 1& chidu day cac 16p cu tao dén tan s6 dao dong riéng khong
thir nguyén cta tim sandwich FGM/FGP ¢6 gan gia cudng xién goc. Bon trudng hop dugc xét vai ty
1¢ chiéu day cac 16p mit - 16i - mat (hy — h, — hy) 1an luot 1a: [1-1-1], [1-3-1], [1-4-1] va [1-8-1]. Két
qua cho thay khi chiéu day 16p 16i tang, tan s6 dao dong giam dang ké. Hién tuong nay c6 thé giai
thich bang co s& co hoc: 16p 16i thudong lam bang vat lidu rdng c6 d6 ctng thap, nén khi ty sé h./h I
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Hinh 4. Anh huéng cua ty 18 chidu day cac 16p dén tan sé dao dong riéng khong thir nguyén @ cua tim sandwich
FGM/FGP ¢6 gan gia cuong xién goc (a/b = 1;a/h = 10; p, = 1;¢5 = 0,6)

tang, do ctng tong thé cua tim giam, din dén kha ning chéng bién dang kém hon va do d6 lam giam
tan s6 dao dong riéng. Piéu nay nhan manh vai trd quan trong cua viéc lya chon ty 18 16p hop 1y dé
dam bao ca do nhe va do ctiing cho két cAu sandwich.
d. Anh huéng ctia goc dit gan gia cuong

Trong khéo sat nay, huéng thanh gia cudng thir nhat duoc cb dinh tai @ = 45°, trong khi goc dat
thanh gia cudng th hai @, duoc thay doi trong khoang tir 10° dén 90°. Két qua thé hién & Bang 6 va
Hinh 5 cho thay, d6i véi ba loai diéu kién bién SSSS, CCCC va SCSC, tan sé dao dong khong thir
nguyén @ c6 xu hudng ting khi goc @ ting. Nguoc lai, voi diéu kién bién SCSF, tin sé @ lai giam
khi @, ting. Diéu nay cho thiy sy phan bd goc cua cac thanh gia cwong anh hudng rd rét dén do6 cing
ubn téng thé cua tAm, tir d6 chi phéi tan s dao dong. Pac biét, trong mién khao sét c6 thé xac dinh
dugc cac gia tri cuc tiéu va cuc dai cua tan sd twong ing véi nhitng goc @, nhit dinh, cung cép co so
hitu ich cho viée tdi wu héa thiét ké két cau.
4.3. Téi wu tam sandwich FGM/FGP ¢é gin gia cuong

Trong phan nay, thuat toan t6i uu Rao-3 duoc sir dung dé thyuc hién t6i wu tim sandwich FGM/FGP
dugc gia cuong boi cac gain FGM dat xién goc. Tam duge ¢b dinh chiéu dai 1a 1,2 m, chiéu rong 1a
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Bang 6. Tan s6 khong thir nguyén co ban @ cua tam FGM/FGP ¢6 gén gia cudng xién goc (a = 1,2m; b = 1 m;
[1-4-1]; p; = 15 €0 = 0,6, 1 = 45°)

Goc dat gan ap

BCs Kiéuphan b6 16 réng  Tan s6
15° 30° 45° 60° 75° 90°

SSSS SPD @ 2,0519 20657 2,0944 21120 2,1460 22156
@ 43796 42636 4,1903 4,1398 4,1457 42573

@3 51819 52422 53562 55193 57145 5,8821

APD w1 2,0381 12,0502 2,0786 2,0967 2,1340 2,2092
w2 4,3680 4,2405 4,1619 4,1121 4,1244 4,2483

2.25 T T T T T T T 3.8

3.7

(a) SSSS (b) CCCC

M—_—————————————— 1.25

L2}

I3 L15F

L1}

1.05 i L 1 i 1 1 L
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(c) SCSC (d) SCSF

Hinh 5. Anh hudng ctia goc dit gan dén tan s dao dong riéng khong thir nguyén @ cua tim sandwich FGM/FGP
c6 gan gia cuong xién goc (a) = 45%a/b = 1;a/h = 10; p, = 1;¢9 = 0,6)

Im va chiéu day 1a 0,05 m. Cac gin gia cuong c6 mit cit ngang 1a hinh chir nhét c6 chiéu rong 1a
b% = 0,03 m, chiéu cao gan la h* = 0,04 m.
Két qua toi wu duoc trinh bay trong Bang 7. Tt két qua c6 thé nhan thay rang dé dat dugc tan so
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Goc dat gan ap

BCs  Kiéuphanbb 15 tong Tén sb
15° 30° 45° 60° 75° 90°

w3 5,1987 15,2563 5,3735 5,5486 5,7621 5,9453

UPD w1 2,0340 2,0469 2,0757 2,0940 2,1297 2,2019
w2 4,3327 4,2140 4,1403 4,0913 4,1004 4,2169
w3 5,1346  5,1934 5,3072 5,4721 5,6710 5,8425

CCCC SPD w1 3,4318 13,3951 3,4077 3,4820 3,5961 3,7024
Iy 6,2191 6,0017 5,8530 5,8056 5,8497 5,9652
3 7,2382 17,2532 17,3827 77,6608 7,9937 8,2257

APD w1 3,4370 13,3964 3,4094 3,4894 3,6128 3,7278
w2 6,2207 5,9899 15,8341 5,7879 5,8400 5,9681
w3 7,2562 17,2666 7,4010 7,6980 8,0553 8,3045

UPD w1 3,3981 3,3599 3,3725 3,4484 3,5654 3,6747
w2 6,1582 5,9368 5,7865 5,7402 5,7874 5,9075
w3 7,1712 77,1837 7,3135 7,5968 17,9371 §,1747

SCSC SPD w1 2,9411 2,9540 3,0204 3,1293 3,2551 13,3596
Iy 5,0203 4,8838 4,8153 14,7998 4,8346 4,9387
3 6,8912  6,9457 17,1279 17,4457 17,6787 77,8253

APD w1 2,9332  2,9458 3,0169 3,1357 3,2734 3,3872
w2 5,0209 4,8734 4,8019 4,7898 4,8327 14,9492
w3 6,8862 16,9417 17,1354 77,4779 17,6371 7,8000

UPD W1 2,9107 2,9228 2,9899 3,1010 3,2297 3,3369
w2 4,9724 4,8316 4,77619 4,7479 4,7856 4,8940
w3 6,8200 6,8743 7,0590 7,3833 7,5875 77,7402

SCSF SPD W1 1,2192 11,1388 11,1014 11,1016 11,1085 1,1216
) 3,1069 2,9768 29148 29365 29817 3,0203
w3 3,8434 13,7053 13,6280 3,6320 3,6959 3,7780

APD w1 1,2151 11,1319 11,0946 1,0963 1,1041 1,1187
w2 3,0922  2,9518 2,8855 12,9096 2,9583 3,0011
w3 3,8732 13,7238 3,6418 3,6502 13,7235 3,8140

UPD W1 1,2091 11,1262 11,0878 11,0885 1,0960 1,1096
w2 3,0701 2,9360 2,8720 2,8946 2,9410 2,9809
w3 3,8154 3,6738 3,5950 3,6003 3,6668 3,7514

16n nhét thi 16p hai 16p bé mat ludn 1a gbm (p, = 10, cuc dai trong khodng gié tri xem xét, ¢ thé coi
nhu 16p bé miat duoc 1am hoan toan tir gdm), 16p 161 ¢6 hé sb rdng cuc dai (¢p = 0,8) va phan bd déu
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Bang 7. Két qua tdi wu tim sandwich FGM/FGP ¢6 gan gia cudng

Didu kién Bién thiét ké Tan s dao dong
bién Dz € PD hc//’l aq (O) (1’2(0) (Dl (DZ 6)3
SSSS 0 0,8 UD 0,5316 90 51,19 3,1174  5,6190  8,6613
CCCC 0 0,8 UD  0,4508 90 0 54735  9,1679 12,021
SCSC 0 0,8 UD 0,3199 90 90 5,0889  6,5081 9,8193
SCSF 0 0,8 UD  0,5687 0 0 1,9756  3,8711 6,1213

(UPD). Tuy nhién, gié tri tdi uu cta cac bién nhu ty 1é chiéu day gitra 16p 16i va chiéu day tim A /h va
cac goc dit gan «; lai phu thudce va didu kién bién. Bang két qua ciing cho thiy viéc tdi vu hoa bang
thuat toan Rao-3 1am ting dang ké tan s6 dao dong cua tim so vai truong hop cac thong sé dugce thiét
1ap chu quan, chua duoc t6i uvu (Bang 6). Két qua tinh toan cho thiy tdn s6 co ban cua tim co gan
sau ti wu ting tir 30% dén 60%, tiry thude vao diéu kién bién. Viée cac tin sb bac hai va bac ba ciing
tang theo khang dinh hiéu qua cia qua trinh t6i wu dya trén tan sb co ban, ddng thoi chirmg minh rang
khong xay ra hién twong chuyén dang dao dong.

5. Két luin

Nghién ctru ndy da xay dung thanh c6ng mot mo hinh phan tir hiru han dé phan tich va ti vu hoa
tam sandwich FGM c6 gén gia cuong xién gbc. M6 hinh dugc xay dung dua trén 1y thuyét bién dang
truot bac nhat caa Mindlin két hop véi thuat toan Rao-3 va dugc kiém ching ki ludng, cho thay do
chinh xéc va tin cay cao. T cac két qua nhén duogc, co thé rat ra cac két lun nhu sau:

- Tan s6 dao dong c6 xu hudng giam khi chi sb ty 18 thé tich p. ting. Diéu nay 1a do thanh phan
kim loai c6 mé dun dan hoi thap hon 1am giam d6 cimg tong thé. Nguoc lai, viée ting hé s6 16 rong
eo lai gitp tang tin s6 dao dong. Ngoai ra, ty 1& chiéu day 16p 15i ciing dong vai trd quan trong; khi
16p 16i cang day, tan s6 dao dong cang giam.

- Goc dit gan anh huong dang ké dén d¢ clmg udn va tan sé dao dong ctia tim. Céac khao sat cho
thdy tan s co thé ting hodc giam tuy thudc vao goc dat va diéu kién bién, qua d6 nhan manh vai tro
cta viée toi wu hoa hinh hoc gan dé dat duoc hiéu suit cao nhit.

- Thuat toan Rao-3 duoc 4p dung hiéu qua trong viéc tim kiém cau hinh thiét ké t6i wu. Két qua
cho théy dé dat duoc tan s6 dao dong lon nhét, hai 16p bé mit ctia tim nén dugc ciu tao g::in nhu hoan
toan tir vat liéu gom, 16p 15i xOp nén c6 hé sé d6 rdng cuc dai va phan bd déu, trong khi ty 18 chiéu
day va goc dat gan gia cuong phy thudc chit ché vao diéu kién bién. Tan sé dao dong va do ctng cua
tam d toi vu ting 1én dang ké so voi tim chwa duoc tbi vu.

Lo1i cam on

Nghién ctru nay dugc tai tro boi Quy Phat trién khoa hoc va cong nghé Québc gia (NAFOSTED)
trong dé tai ma s6 107.02-2023.20.
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