Tap chi Khoa hoc va Céng nghé Giao théng Tap 5 S6 4, 9-21

Tap chi dién to

Khoa hoc va Céng nghé Giao thdng
Trang website: https://istt.vn/index.php/vn

Article info
Type of article:
Original research paper

DOI:
https://doi.org/10.58845/jstt.utt.2

025.vn.5.4.9-21

“Corresponding author:
Email address:
nguyenthiphuong@tdtu.edu.vn

Received: 26/10/2025
Received in Revised Form:
15/11/2025

Accepted: 18/11/2025

Nonlinear Stability of Sandwich FG-GPLRC
Shallow Spherical Caps and Circular Plates
with Porous Cores Based on FSDT — A Stress

Function Approach

Bui Tien Tu', Kieu Quang Thai?, Pham Nhu Nam?3#4, Nguyen Thi Phuong®8~
'Faculty of Fundamental Science for Engineering, University of Transport
Technology, Hanoi, Vietnam

2Graduate University of Science and Technology, Vietnam Academy of Science
and Technology, Hanoi, Vietnam

SInstitute of Mechanical Engineering, University of Transport Technology,
Hanoi, Vietnam

4Faculty of Mathematics, Mechanics, and Informatics, VNU University of
Science, Hanoi, Vietnam

SMechanics of Advanced Materials and Structures, Institute for Advanced
Study in Technology, Ton Duc Thang University, Ho Chi Minh City, Vietnam
8Faculty of Civil Engineering, Ton Duc Thang University, Ho Chi Minh City,
Vietnam

Abstract: This paper presents a study on the nonlinear stability of shallow
spherical caps and sandwich circular plates made from functionally graded
graphene platelet-reinforced composite (FG-GPLRC) with porous cores. The
structures are subjected to external pressure, uniform thermal loading, and are
resting on a Winkler elastic foundation. The First-Order Shear Deformation
Theory (FSDT), incorporating von Karman-type geometric nonlinearity is
employed to formulate the governing equations. A novel approach using stress
functions is developed to model the structural behavior. Furthermore, the total
potential energy expressions are derived, and the Ritz energy method is
utilized to obtain the equilibrium equations. A comprehensive numerical
investigation is conducted to analyze the effects of geometric and material
parameters, porosity coefficients, and foundation stiffness, with detailed
discussions provided.

Keywords: Shallow spherical cap, Circular plate, First-order shear
deformation theory, Functionally graded graphene platelet-reinforced
composite, Energy method.
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On dinh phi tuyén ciia Chém cau thoai va Tam
tron sandwich FG-GPLRC 16i rong theo FSDT

— Tiep can ham rng suat

Bui Tién Tu', Kiéu Quang Thai2, Pham Nhw Nam?34, Nguyén Thi Phwong56”
'Khoa Co s& k¥ thuat, Triwdng Dai hoc Cong nghé Giao thdng van tai, Ha Nbi,
Viét Nam

2Hoc vién Khoa hoc va Cong nghé, Vién Han lam Khoa hoc va Céng nghé Viét
Nam, Ha Noi, Viét Nam

3Vién Co khi BDong lwc, Trwdng Dai hoc Céng nghé Giao théng van tai, Ha Nai,
Viét Nam

4Khoa Toan-Co-Tin hoc, Trwdng Pai hoc Khoa hoc tw nhién, Pai hoc Quéc gia
Ha Noi, Viét Nam

5Phong nghién clru Co hoc Vat liéu va Két cau tién tién, Vien Coéng nghé tién
tién, Trworng Pai hoc Téon Bire Théng, Thanh phé H6 Chi Minh, Viét Nam
6Khoa Ky thuat cdng trinh, Trwerng Pai hoc Tén Bire Théng, Thanh phd H6 Chi
Minh, Viét Nam

Tém tat: On dinh phi tuyén cla chém cau thodi va tAm tron sandwich lam bang
composite gia cuwdng graphene platelet co tinh bién thién (FG-GPLRC) 16i réng
duoec trinh bay trong bai bao nay. Cac két cAu dwoc xem xét chiu tai trong ap
lwe ngoai, tai nhiét déu va nam trén nén dan hdi Winkler. Ly thuyét bién dang
trwot bac nhat (FSDT) véi tinh phi tuyén hinh hoc ctia von Karman dwoc st
dung dé thiét 1ap cac phwong trinh chd dao ctia vé. Bai bao trinh bay mot
phwong phép xac dinh ham (rng suét cla két ciu, ngoai ra, biéu thirc thé nang
toan phan dwoc thiét lap va phwong phap nang lwong Ritz dwoc ap dung dé
dat dwoc hé phuong trinh can bang ctia hé. Anh huédng ctia cac théng sb hinh
hoc, vat liéu, hé sé réng, nén dan hdi dwoc khao sat sd va thdo luan moét cach
chi tiét.

Twr khéa: Chdm cau thoadi, TAm tron, Ly thuyét bién dang trwot bac nhét,
Composite gia cwéng graphene platelet co tinh bién thién, Phwong phap nang
lwong.

1. M& dau

Tam tron 1a mét két cu phd bién trong cac
thiét ké ky thuat, khac v&i tAm hinh chi nhat, tim
tron lam gidm s tap trung (rng suét tai cac gac, tr
doé nang cao hiéu qua chiu tai dwéi cac diéu kién
tai trong. V& cau thoai 1a mot két cu cé do cong
nhe, mang lai khd nang chiu tai cao hon dang ké

so v&i tAm tron.

Trong vai thap ky qua, cac nghién ctru vé
&ng x&* co hoc cta tdm tron va chém cau thoai
déng hwéng da thu hat sy quan tam dang ké trén
thé gi¢i. Nhiéu tién bd quan trong da duwoc ghi
nhan trong cac bai toan (rng x& co' hoc phi tuyén,
va twong tac chat 16ng - két cdu. Najafipour va
Shariyat [1] da phat trién ly thuyét bién dang trwot
bac nhat (FSDT) tinh chinh dé khao sat bai toan
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bién dang I&n trong cac tAm dan héi chiu tai ap suét
dot ngdt va didéu hoa, bang phwong phap roi rac
hoéa khéng gian vi phan bac bdn. Cac bai toan vé
on dinh va mét 6n dinh cia chém cau thoai da
dwoc gigi thiéu cho cac vé day dang vong ghép
nhiéu 16p [2], chédm cau thoai dang luéi [3], va
chdm cau thoai dwdi dong chay doé cong trung binh
b&o toan thé tich [4].

Céac nghién ctru vé tdm tron va chém cau
thoai lam bang vat liéu co tinh bién thién (FGM) tap
trung vao tng x& 4n dinh ddng co-nhiét va dao
dong. ng xtr sau mét &n dinh do nhiét cta tdm
tron FGM da dwoc xem xét nhadn manh vao hién
twong snap-through, cé tinh dén dac tinh phu
thudc nhiét do cta vat liéu [5]. Barzegar va Fadaee
[6] da phan tich dao ddng nhiét ctia chdm cau thoai
FGM, dé xuat mot phwong phap giai tich nhdm don
gian hoéa twong tac phirc tap gitra nhiét do va trng
xt két cAu. Cac bai toan dao dong va mét 6n dinh
phi tuyén [7, 8] clia chdm cau thodi FGM da dwoc
khao sat bang FSDT va ly thuyét bién dang trwot
bac cao (HSDT), ap dung lan lwot phwong phap
Galerkin va phwong phap nang lvgng Ritz. Cac
I&p vat liéu ap dién cling dwoc thiét k& nham kiém
soat chli dong dao ddng nhiét ctia tAm tron FGM
c6 xét dén dac tinh phu thudc nhiét do [9]. Dwa trén
ly thuyét dan héi ba chiéu, Kalleli va cac cong sw
[10] da cai tién FSDT dé nghién ctu &ng x&r 6n
dinh chém cau thodi FGM réng chiu tai co-nhiét.

Céc nghién ctu vé tdm tron va chém cau
thodi nanocomposite co tinh bién thién tap trung
vao dao dong, mat 6n dinh dong va sau mét én
dinh, dac biét dwoi tac dong cua tai nhiét va co.
Sankar va cac cong s [11] da khao sat hién twong
snap-through déng clia chdm cau thoai sandwich
gia cwdng bang éng nano carbon (CNT), lam néi
bat hiéu suét két ciu vuot trdi so véi trudng hop
khéng dwoc gia cwong. Cac bai toan dao dong cua
tdm tron lam b&ng composite gia cwdng graphene
platelet co tinh bién thién (FG-GPLRC) st dung
FSDT [12] va HSDT [13], c6 xét dén nén phi tuyén
[12] va 16i réng [13]. Bang cach st dung HSDT va
phuong phap ndng lvong Ritz, bai toan sau mét
6n dinh co-nhiét phi tuyén cia chém cau FG-

Bui & nnk

GPLRC ciing da duwgc nghién ctru [14, 15].

Mac du da c6 mot sé nghién clru vé két ciu
chdm cau FG-GPLRC, tuy vay cac nghién ctru vé
két cAu FG-GPLRC sandwich 16i rébng van chua
dwoc quan tam théa dang. Két hop dac trwng hinh
hoc dac biét clia chdm cau va cac wu diém nbi troi
cta két cdu sandwich cé tiém nang I&n trong cac
tng dung cuia cac két ciu codng trinh va co khi ché
tao. Bai bao nay nghién ctru én dinh co-nhiét phi
tuyén ctia tdm tron va chém cau thodi FG-GPLRC
sandwich 16i rdng. FSDT va tinh phi tuyén hinh hoc
cta von Karman dwgc st dung dé thiép lap cac
phwong trinh chi dao. Hé phwong trinh can bang
dwoc gidi bang phwong phap Ritz. Nghién ciru
thwc hién phan tich sb dé khéo sat anh hwéng cta
céac théng sé hinh hoc, vat liéu, nén dan héi va 16i
réng dén 6n dinh cla két cau.

2. Vat liéu Sandwich FG-GPLRC

Vat liéu sandwich FG-GPLRC 16i réng dwoc
cau tao bdi I&p phu trén va dwdi bang FG-GPLRC,
c6 vat liéu nén l1a kim loai Déng. D& dadm bao tinh
lién tuc cua vat liéu, 1&p 16i réng ciing bang kim loai
DPdng v&i ty phan thé tich réng bién thién doc theo
chiéu day cla I6p 16i. PO day I&p phi trén va lop
phi dwéi bang nhau la he va dé day Iop 16i réng
1 hye (Hinh 1).

DPéi voi 16p 16i réng, ty phan thé tich réng
V, (z) duoc xac dinh theo quy luat

h
Vp(z)=eocos(n—zl, - (1)
VOi eq la do rong cta lop 16i (0<ep <1).
M6 dun dan héi E,;(z) va hé sé gian no
nhiét o, (z) xac dinh
[E(2).0(2)]=

h h 2
[Em,am][1eocos(hnz H ;C <z< ;C )
C

M& dun dan hdi cla FG-GPLRC dwoc xac
dinh theo mé hinh Halpin-Tsai m& rong [16]
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E(z)=
3+ 3C1S1VGPL (Z) N 5+ 5C262VGPL (Z) E (3)
8- 881VGPL (Z) 8- 862VGPL (Z) m,

trong do

5, = (EgpL/Em) -1 5o = (EgpL/Em) -1

(EcpL/Em)+C1 2 (EgpL/Bm)+Co’
C1=2(agpL/tepL ) C2 =2(bgpL /tepL). VOI En

va Egp 1an lwot 1a cac md dun dan héi cta kim

loai Péng va graphene platelet (GPL); agp| ,
bgpL, tgpL 1a cac kich thudc chiéu dai, chiéu rong
va chiéu day cla GPL twong &ng; Vgp, (z) laty

phan thé tich cta GPL tai toa d0 z dwgc xac dinh
nhw sau

VepL (2)=
Wap (2) (4)
WapL (2)+(PapL/Pm)[ 1~ WapL (2)]’

trong dé py, va pgpL lan lwot 1a khéi lwgng riéng

ctia kim loai Béng va GPL.
Trong d6, ty phan khdi lwong cia GPL
WgpL (z) dwoc xac dinh twong (rng véi 5 loai phan

bd GPL cua Iép pht trén va 5 loai phan bé GPL
_ -h
cta |&p phi dwsi 7h <z< % nhw sau

+) L&p phu trén
- Loai UD-GPLRC: Wgp (z)= WépL (5)
- Loai X-GPLRC:

Wep (2) :[

- Loai O-GPLRC:

Wep (2)= [2 -

- Loai V-GPLRC:

4z +2h *
WapL (2) = [h—_hCJ WapL (8)
pc

- Loai A-GPLRC:

8z +4h
h—hpC

-2

]WépL (6)

8z +4h
h-h

-2

JWéPL (7)
pc

Bui & nnk

4z + 2h *
WGPL(Z)Z(h_h jWGPL ()
pc

P > ;. hpc
+) Lop phu duwéi Ty <z<

N o

- Loai UD-GPLRC: WgpL (2)=WgpL  (10)
- Loai X-GPLRC:
8z — 4h
WepL (2) { -
pc

- Loai O-GPLRC:

+2

}WépL (11)

8z-4h
WGPL (Z) = [2 - h
pc

- Loai V-GPLRC:

2h,.-4z) .
WepL (2) = [hpc—_h] WapL (13)
pc

- Loai A-GPLRC:

2h—-4z |  +
WGPL(Z):£h_h ]WGPL (14)
pc

+2

JWéPL (12)

trong d6 Wgp, la tbng ty phan khdi lwgng ctia GPL
trong méi 16p phi FG-GPLRC. Hé sb Poisson
vis (z) vahé sb gian nd nhiét oy (z) cua cac lop
pht dwoc xac dinh bdi
v(2) =V [1-VepL (2) |+ varL VerL (2),
OL(Z) =0m [1 - VGPL (Z)] + O'GPLVGPL (Z)
Vi cac loai phan bé GPL cua hai Iép phd,
nam loai ciu tric sandwich FG-GPLRC 16i réng thu
duoc la: X-PC-X, O-PC-0O, UD-PC-UD, V-PC-A, A-
PC-V nhuw thé hién trén Hinh 1.

3. M6 hinh va cac phwong trinh cha dao

(15)

Xét két cdu chdm cau thoai va tAm tron ngam
cb dinh xung quanh chu tuyén nhw Hinh 1 véi cac
thdng sb hinh hoc nhw sau: chiéu day h, ban kinh
chinh R va ban kinh day a. Do mode bién dang
déi xtrng truc & chiém wu thé véi cac két ciu tdm
tron va chém cau thoai, vi vay gia thiét déi xirng
truc dwoc xem xét trong nghién ctru nay. Hé toa dd
cuc (,0,z) dwgc dat & mat gitka két cau; trong d6

12
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Z la truc huwéng tdm vubéng géc véi mat gitra, ©
la toa d6é theo hwéng chu vi va ¢ la toa dé theo
hwéng kinh tuyén. Két ciu chém cau thoai duwoc
gia thiét c6 d6 thoai In nén cac phép tinh gan
dingcos¢ ~1 va Rdoe ~ dr dwoc ap dung. Dé don
gian hoa qua trinh tinh toan, hé toa dé (r,6,z) Voi

biénr =Rsing dwoc st dung.

Két cAu chdm cau thoai va tdm tron dat trén
nén dan hoéi Winkler véi hé sb nén K. Tai tac dung
lén két cAu gém tai ap lwc ngoaiq phan bé déu trén
bé mat va tai nhiét AT tang déu. Cac phwong trinh

chd dao dwoc thiét 1ap véi trudng hop két cau
chdm céau thoai, cac phwong trinh va quan hé cla

A-PC-V

Theo FSDT, phwong trinh quan hé gilra cac
thanh phan bién dang tai diém bat ky c6 toa d6 Z
véi cac thanh phan bién dang twong (rng cla diém
& mat gilra la

Bui & nnk

két cAu tAm tron thu dwoc khi cho ban kinh cong
chinh R - «.

Xét mot diém béat ky cé toa d6 z, goi U,v,w
lan lwot 14 cac thanh phan chuyén vi tai diém nay
theo cac hwéng cua toa dé r,06,z. Phwong trinh
quan hé gitra chuyén vi (U,v,w) v&i cac thanh
phan chuyén vi tai mét gitra twong ng (u,v,w)
dwoc biéu dién nhw sau
u(r,z)=u(r)+zy(r),v(r,z) =0, (16)
w(r,z)=w(r)+w (r),
trong do: y(r) va w (r)tuo’ng rng la goéc quay
phap tuyén ctia mat gitva va ham mé ta do vong
khéng hoan hao ban dau cla két cAu.

V-PC-A

Hinh 1. M6 hinh két cAu chdm cau thoai va tAm tron sandwich FG-GPLRC

0
& =& +Z)r, (17)

0
€9 =€&p +ZX6, €1z =\|I+W,r,

trong do: €2, &9 1an lwot 1a cac bién dang theo

13
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phwong kinh tuyén va theo phwong vi tuyén tai mét
gitra; %, %p lan lwot la cac thanh phan dé cong
theo phuwong kinh tuyén va theo phwong vi tuyén
tai mat gilra, dwoc xac dinh nhw sau [7]

& u, +wf,/2+w,rw‘*r -w/R

& _ u/r —w/R (18)
Xr W

Xo y/r

Ap dung dinh luat Hooke cho két cAu chém
cau thoai chju tac dung cla tai ap lwc ngoai phan
bd déu két hop véi tai nhiét ting déu nhw sau

I T T et N
Orz = Quqrz.

trong d6 AT la dd tang nhiét o6 so va&i nhiét dé
phong khdng cé (rng suét nhiét, va

Q1=Qpp =

Q2 =Qp1 =

E(2)
2[1+v(z)]
Gia thiét bd qua twong tac gitra I6p pha va
I6i réng, cac ndi lwc 96m Iwc gidn, mé men va lyc
cat dwoc tinh nhw sau
h/2
(NeM)= [ (12)0dz
~h/2
h/2

(NoMy)= | (12)00z, (21)
-h/2
h/2

Q, =K, j o,dz.

-h/2
trong d6 hé sd hiéu chinh trwot dwoc chon la
Ks=5/6.

(20)

Qyq =

Thé phuwong trinh (19) vao phwong trinh
(21), c6 xét dén phuong trinh (17) thu duwoc két
qua duw¢i dang nhuw sau

Bui & nnk

N- | [A11 Az Byg Bz O
No| |A21 A Byy By 0
M t=9B1y Biz Dy Dz 0 ¢x
M| |B21 Bz Dzq Doy O
Q| |0 0 0 0 KgHy
0 (22)
&r Dy
& D1
4 b= Do AT,
X0 D29
V+W, 0
trong do
h/2
(A.B;.D4) = I (122%) oz .
“h/2
ij=1112,21,22
h/2
Oy = I (Q11+Qq2)a(z)dz,
“h/2
h/2
O = | (Qu1+Qrp)x(2)2dz
“hy2
h/2
Dp = J. (Q21+Qg2)a(z)dz 24)
“h/2
h/2
Do = j (Quq +Qpp)at(2)zdz,
“hy2
h/2
Hay = J' Qqqdz.
“hy2

Tw phwong trinh (22) thwe hién bién dbi dé
thu dwoc biéu thirc clia cac thanh phan bién dang
theo cac thanh phan lyc gian, két qua thu duoc
nhw sau

O * *
er = AiNp + By
+B1oxg + A1oNg — AT®;
. * ) 12%0 12Ng I (25)
eg = A21N +Boqxy
+Booxg + AgoNg —ATD4g

trong do:

14
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Ajq = Az o —Atz
11A22 = Aq2A21 11A22 = Aq2A21
Ay = —A21 s Aqq
2= o A =
11A22 = A12A21 11A22 = A12A21
A11A22 —Aq2Az4 A1z — AqoAo;
g, = A2B2 —ABip o AgBia —AgiBa)
12 =

A11Az — AqpAnq

o A12P19 —App®y  _+

r - il
A11A22 — A12A21

A11A22 — A12A21
_ APy —A11P1g
A11A22 — A12A21

Biéu thirc clia mé men theo lwc giadn cla
chém cau thoai va tdm tron sandwich FG-GPLRC
thu dwoc nhw sau

M, = C:1Nr + D;'IXr
* o D32 + C1oNg — AT®0, 06)
Mg = C24Nr + Doy
+Do1g + CooNg — AT
trong do:
Ci1=B11A11 +B1oAn,
Ciz =B14A12 +B12Az,
Di1=B14B11+B12Ba1 +Dyy,
Di2 =ByB12 +B12Byy + Dy,
C21=BasA11 +BoAss,
Co2 =B21A12 +BrAny,
D21 =ByB11+ BBy + Doy,
Do =ByiBip +BaoBoo + Doy,
Dy =Byy®7 +Bypbig + oy,
D =Bo1®y +Bp®ig + Doy,
Phwong trinh twong thich bién dang cta két
céu chdm ciu thodi FG-GPLRC 16i réng c6 xét dén
doé vong khéng hoan hao nhan dwoc nhw sau

1o 20 o _Wr
Fonr T80 T8 T o
(27)
1 W,r * *
=+ — F_’_WFWFF_’_WFWFF_’_WFFWF
r v, Y, vy,

Ham tng suét f(r) dwoc xac dinh thdéa man

diéu kién

Bui & nnk

N, = f,r/r,
Phwong trinh twong thich bién dang (27)

Ng =frr (28)

dworc viét lai theo hai &n ham f va W, nhw sau

* * f
—Aof e + (A12 ~ Ay - 2A22) =

s fe o W
+A __A o 29
11 13~ R (29)
1(w, X \
+- ?’+Wrw”+wrw”+wrrwr
" W, W, W,

Thé biéu thirc (28) vao (26) thu dwoc biéu
thire cia mé men

M, =f,Cq 1/!’ + D1y
= AT® +Dygxp + Coofpr,
Mo = fCa1/r + Doty

— AT®2q +Dooxg + Coof -

(30)

4. Piéu kién bién va xac dinh ham rng suat
Két cdu chém cau thoai FG-GPLRC I8i réng
bién dang dbi xtrng truc co diéu kién bién ngam cb
dinh xung quanh chu tuyén duoc thé hién bang
phwong trinh nhw sau:
r=0:y=0, f.=Nr=0,

(31)
r=a: w=0, y=0, N, =Qq,
trong d6 Qg la phan Iyc nén tai canh bién.

Dwa vao diéu kién bién (31), dang nghiém
cho d6 vong va géc quay duwgc chon la [7]

W(a ) (32 —r2) (32)
a 83 ,

W =

trong dé: Wva ¥ lan lwot & bién do clia dod vong
Wva goc quay v .

Ham dd khéng hoan hao ban dau W* dwoc
gia dinh c6 dang twong tw do véng cta két cau [7,
8]

w =W’ (a——r, (33)

trong dé W’ la bién doé ciia ham dd khéng hoan hao
ban dAu W .

Thé wva W*trong phuwong trinh (32) va (33)

15
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vao phuwong trinh twong thich bién dang (29) ta
dwoc

* * f
—Aof i + (A12 ~ Ay - 2A22) -

e fr e fr 48WZ r0BWW 4
+A11 g—A»]»] 3 38 r
[ 64W? +128WW’ _16wjr2 (34)
a® a'R

16W2 +32WW~  8W
+ ) - |
a a‘R

Dwa vao méi twong quan toan hoc gitra vé
trai va vé phai cla phwong trinh (34), ham (rng
suét dwoc xac dinh nhw sau

fr = Y1r7 + Y2r5 + Y3r3 + Y4r2 +Ygr +C (35)
trong do

Y, = Y W2 £ Y WW

Yo = Yo W2 + Yoo WW ™ + You W,

Y3 = Y3 W2 + Y3, WW + Y33W, Y, =0,

Hang sb C va Ys dwoc xac dinh duwa vao
biéu thirc didu kién bién (31), dan toi
Y5 = Y5iW2 + Yo W + Yss WW +Qy,
C=0,

(36)

trong d6 Qg dworc xac dinh bang diéu kién chuyén
vi cla canh két ciu trong mé&t phang day theo
huwdng vudng géc A =0 theo nghia trung binh:

1 2na
A=-—— J jurrdrdezO. (37)
2na 50 ’

Phwong trinh (37) dwoc gidi bang cach két
hop phwong trinh (18), (25), (28), nhan dwoc
Qo =
-1
12U,

[(4U233 +6Ugza? +12U3 )W
(3a Uy +4Ugpa? +6a2Us, +12u42)ww* (38)
16 (U34a2 +2Ugg ) W —12U,5AT +

(8U112° + 4Upra +BUga? + 12U | W2 |

Bui & nnk

5. Phwong phap nang lwong Ritz

Thé nang bién dang nhiét dan hoi ctia két cau
chdm cau thoai dwoc tinh béng [8]
Uint =

"2 8 or (g —aAT)
J. I rdrdz,
+0g (89 — 0AT) + O pz8y,

~h/20

(39)

Céng do ngoai Iwc thye hién co xét dén sw
twong tac véi nén dan hdi dwoc biéu dién [8]

a a
Uext = ZnJ. qwrdr — nJK1w2rdr, (40)
0 0
Biéu thirc nang lvong toan phan thu dwoc
Urotal = Uint —Uext (41)

Phwong trinh nang lwong toan phan (41)
dworc viét lai theo hai an 14 d véng va goc xoay roi
ap dung phwong phap Ritz nhw sau

Urotal -0
oY

oU

va —otal g (42)

oW

Lién hé gilra tai ap lwc ngoai q, tai nhiét AT
va bién dé dé vong W nhan dweoc tir phwong trinh
(42) nhw sau

« \2

C1W3 + (C2W + C3)W2 + |:C4 (W )

+CsW ™ +CgAT +C7 —NiK{]W (43)
+CgATW ™ + CgAT —Noq =0.

Phwong trinh (43) dwoc s dung dé phan
tich r'ng x& 6n dinh co nhiét phi tuyén cla két cau
chdm cau thoai va két ciu tAm tron FG-GPLRC 16i
réng. Cac biéu thirc quan hé tai trong — d6 vdng
sau mat én dinh co — nhiét nhan dwoc dudi dang

q= [C1W3 +(CaW" +.C5 )W+ CoaTW’
* 2 *
+CoAT +(C4 (W ) +CgW + CgAT (44)

/N2

1
CgW +CgW ™ +Cqg
+(02W* +C3)W2 ~Nyq

+C7 — K1N1 ) W

AT =—

[C1W3
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* 2 *
+[C4(W) +C5W +C7—K1N1]W:| (45)

Dbi voi tAm tron hoan hao, tai nhiét toi han
theo tiéu chuan 6n dinh ré nhanh dwoc xac dinh khi
W — 0 trong phuwong trinh (45), nhan dwoc

ATgr =—(C7 —K{N;)/Cq. (46)

6. Két qua sé va thao luan

Bang 1 so sanh tai t&i han nhiét ctia tAm tron
sandwich FG-GPLRC hoan hao v&i cac do réng
khac nhau véi Ly va cong sw [15] theo HSDT véi
tiép can theo chuyén vi. Két qua da xac nhan ré
rang do tin cay cliia phwong phap cuia bai bao.

Trong nghién clru cac thong sb cla vat liéu
thanh phan gém GPL va kim loai Béng dwoc lay
theo nghién clru ciia Wang va cac cong s [16].

Bang 2 khao sat tai t¢i han nhiét cta tAm tron
hoan hao sandwich FG-GPLRC v&i cac dé réng 16i

Bui & nnk

khac nhau. Ngoai ra, Bang 2 ciing khao sat anh
hwéng cha ty phan khdi lwgng GPL va quy luat
phan bd GPL t&i tai téi han nhiét cta tAm. Rd rang
rang tai t&i han nhiét tang khi o réng 16i tang trong
tat ca cac trwong hop khéo sat. Ty phan khéi lwong
GPL ciling anh hwédng manh t&i tai téi han nhiét, tai
t&i han nhiét tdng manh khi ty phan khéi lwong GPL
tang. Trong khi d6 quy luat phan bd GPL ciing anh
hwéng dang ké toi tai téi han nhiét cta tAm, quy
luat phan bd V-PC-A thé hién wu diém vuot troi so
véi cac quy luat phan bd khac, nguoc lai quy luat
phan bd A-PC-V c6 tai t¢i han nhiét thap nhat trong
cac quy luat dwoc xem xét.

Bang 3 khao sat tai t&i han nhiét ctia tAm tron
hoan hao sandwich FG-GPLRC v&i cac bé day 16i
khac nhau. Khi bé day téng cta tAm khong déi, bé
day 16i tdng lam tang manh tai t&i han nhiét cua
tdm, trwong hop tdng manh nhat c6 thé quan sat
thay trong trwéng hop quy luat phan bd A-PC-V.

Bang 1. So sanh tai t&i han nhiét AT, (K) cla tdm tron sandwich FG-GPLRC hoan h&o véi cac két qua

tredc day [15] (h=0.03m, a =20h, Wgp =3%, g=0MPa, g =0.3, W =0)

UD-PC-UD X-PC-X O-PC-O V-PC-A

Bai bao 220.53
Ly va cac cOng sw [15] 219.91
Sai sb (%) 0.28

226.98 218.22 255.12
22596 217.79 254.22
0.45 0.20 0.35

Bang 2. Tai t¢i han nhiét AT, (K) cla tAm tron hoan hdo sandwich FG-GPLRC véi cac dd réng I6i khac

nhau (a=40h,R=x, W =0, hy, =hg =h/3, h=0.03m, gq=0MPa, K; =10MN/m?)

€0 WgpL(%) X-PC-X O-PC-O UD-PC-UD A-PC-V V-PC-A

1 48.59 47.77 47.99 4489 5145

0.1 4 54.57 52.89 52.95 46.93 60.35
7 60.31 58.32 58.52 51.20 67.12

1 52.89 52.00 52.19 48.85  56.01

0.4 4 58.13 56.34 56.22 49.98 64.30
7 63.88 61.77 61.75 5423 71.11

56.40 55.45 55.61 52.09 59.73

0.7 4 60.91 59.03 58.77 52.36  67.38
66.65 64.45 64.23 56.56  74.19
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Hinh 2 khao séat &nh hwdng cuia cac théng sb
vat liéu t&i tng x&r sau mat 6n dinh co-nhiét cla
tdm tron va chém cau thoai sandwich FG-GPLRC.
Hinh 2a va 2b trinh bay anh hwédng ctia quy luat
phan bé GPL téi dwéng cong sau mét 6n dinh cla
chdm cau thoai va tdm tron twong &ng. Twong tw
trong tréng hop tai téi han nhiét, quy luat phan b
GPL V-PC-A thé hién kha n&ng chiu tai vuot troi so
v&i cac quy luat con lai. Hién twong mét én dinh ré

Bui & nnk

nhanh ciing chi quan sat dwoc trong trwong hop
tdm tron hoan héo chiu tai nhiét. Anh huéng cta
do réng 16i toi (Png xtr sau mat 6n dinh co ctia chdm
cau thoai c6 thé quan sat dwoc trong Hinh 2c. Hién
twong méat 6n dinh cwc tri cé thé quan sat duorc,
ngoai ra, cwdng dd snap-through giam khi dé réng
16i tdng. Kha n&ng chiu tai nhiét sau mét 4n dinh
cla tAm tron tang dang ké khi ty phan khéi lwong
GPL tang nhw quan sat trong Hinh 2b.

Bang 3. Tai toi han nhiét AT, (K) cta tdm tron hoan hao sandwich FG-GPLRC véi cac bé day 16i khac

nhau (a =35h, h=0.04m, hs = (h-hys) /2, R=o0, W™ =0, q=0MPa, K; =5MN/m? ,Wgp =4%,

€o =04)

hpc (M) V-PC-A X-PC-X UD-PC-UD O-PC-O A-PC-V

0.01 72.11 63.54 61.07 60.46 51.57
0.02 80.98 74.63 73.32 73.46 66.98
0.03 85.52 82.79 82.49 82.59 79.84
Y| ——rub-peun ; A Pyr——— 0.4 -
PR T Chom céu =33, n=0.05m,¢,=04, TAm tron 7
AT W gy = 4%, el -
31 —=40pco - L
_ — -SAPCNV | e T N3 e
ﬁf ’f’:;’f_:‘-"'-s- 4 E
=02 o S 70t
= < ~ - ‘
= 7z - kel-=-- L
V4 ath =35, h = 0.03m, ./ ——T:UD-rC-UD
1} - By = by = W3, R=6m, 60 | 4 T 2: V-PC-A
K, = SMN/m3 eg= 0.4, W5 = 4%, == - = =3:X-PC-X
AT = 0K, W* =0 — = \ — —4:0-PC-0
. . . © K, = SMN/m® — -5 APOY
0 0.5 1 1.5 2 2.5 0 02 0.4 0.6 0.8
W W/
(@) (b)
4 : 200
K, = SMN/m? Chém cau Tém tron "
V-PC-A — Wy = 1%
-== D-PC-UD - _
. ah =35, h =0.033m, 50 ko~ UD-PC-L Wep = 4%
hg = h,. = W3, R = 6m, DR — Wy =T%
3 AT = 100K, W*,,, = 4%, N
z W =0 2 :
s =100
= =
2
: a/h =40, h = 0.03m, =TI ==
.~ =08 ~---- 00 == h3we=0
- e;= 0.5, ¢ = 0Mpa,
‘ K, = 5SMN/m?
1 . : - . 0 . . . .
Wik 2 2 16 2 08 -0.4 0
(c) (d)

Hinh 2. Anh hwédng ctia cac thong sé vat liéu téi trng xtr sau mét 6n dinh co-nhiét ctia tAm tron va chém
cau thoai sandwich FG-GPLRC

Hinh 3 kh&o sat anh hwéng clia cac thong sb
hinh hoc va nén dan héi t&i (rng x& sau mét 6n dinh

co-nhiét cia tAm tron va chém cau thoai sandwich
FG-GPLRC. Hinh 3a va 3b thé hién dwéng cong
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sau méat 6n dinh co va nhiét twong trng ctia chdm
cau thoai va tAm tron véi cac bé day 16i khac nhau.
Hai quy luat trai ngwoc quan sat dwoc, khi bé day
I6i tdng kha nang chiu tai co giam, ngwoc lai kha
nang chiu tai nhiét tang. Thém vao do, khi dé khéng

20 h,,=0.01m :
— = h =0.02m Chom cau
pe " “
- -~ h,=003m V-PC-A
15 F /
ath =35, h = 0.04m, ’
= hg = (h-hy, )/2. R = 6m, ;o
&0 e,=0.5, AT = 100K, PR
g Wiy, = 4%, W*=0 b
- :
K; = SMN/m? 7
5
0

W/h
(a)
N—— w+= s
- - = 002h Chom céu / _'
o Wr—04h UD-PC-UD // !
/
9r K; = SMN/m? /4
= h=0.03m, e,=0.5, // !
S By = By, = W3, a/h = 40, !
=~ AT = 100K, W, = 4% /1
= /s
3
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hoan hao tang cwdong dé snap-through giam ro rét
(Hinh 3c). Hé sb nén ting lam tang phan &ng nén
dan t6¢i kha nang chiu tai sau mat 6n dinh ting
dang két (Hinh 3d).

7. Két luan
300 o
N Tém tron
SN — h,=0.0lm
240 Y
9180
=
120
60 F _ _ ,
ah =35 h=0.04m, hy = (h-h, )2,
eg=0.5, g = OMPa, W*;,, = 4%, W* =0
0 , .
2.5 2 -1.5 -1 0.5 0
W/h
(b)
[ —— X, =0MN/m? y
== K= 10MN/m’ Chém cu {
— — K, =20MN/m? UD-PC-UD /
9 /5
/ /
- h=10.03m, e, = 0.5, /!
= hy = by, = W3, ah =35, /,’
=6 AT = 100K, W*g,, = 4%, VY
= W*=0,R=Tm "y
3
0
4

(d)

Hinh 3. Anh hwéng cla cac théng sb hinh hoc va nén dan héi téi (rng xtr sau mét 6n dinh co-nhiét cia
tdm tron va chém cau thoadi sandwich FG-GPLRC

Bai bao nghién cu 6n dinh co-nhiét phi
tuyén cda tdm tron va chém cau thoai sandwich
FG-GPLRC ¢4 16i réng, str dung FSDT va phi tuyén
hinh hoc von Karman. Phuwong trinh can béng
dwoc gidi bang phwong phap Ritz, két hop phan
tich s dé danh gia anh hwéng cta cac tham sb
hinh hoc, vat liéu, nén dan hoi va 16i réng dén (rng
xt& 6n dinh cla két cu. Cac két qua sb cho thay
anh huéng rd rét clia do réng va bé day 16i réng t&i
tai t&i han nhiét va ing x& sau méat én dinh co-
nhiét cla tAm tron va vé cau thodi. Gia thiét bién
dang dbi xirng truc va diéu kién bién ngam da gisi
han pham vi (rng dung cda nghién ctru cho chém
cau cé do cong lon, didu nay cé thé tao dong luc
dé thuwc hién cac nghién ctru tiép theo.

L&i cam on
Nghién clru nay thuéc dé tai Khoa hoc va

Céng nghé, Trwdng Bai hoc Cong nghé Giao théng

van tai, ma s6: DT2526-06.
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