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Tém tit

Bai bao phan tich dao dong riéng va dap {rmg chuyén vi ctia cta tAm chir nhat dit trén nén dan hoi chiu tai trong
di dong. TAm 1am bang vt heu FGM x6p (functlonally graded porous material) bao hoa chét Iuu. Cac tinh chat
co hoc cua vat liéu FGM xop bién ddi tron theo chidu day tim véi ba dang phan b 15 rdng: déu, khong déu dbi
ximg va khong déu bat ddi ximg. Phwong trinh cha dao cia tim dugc xay dyng dwa trén nguyén Iy Hamilton,
ly thuyét dan hdi cho vat liéu FGM x6p bio hoa chat luu ciia Biot, va 1y thuyét bién dang cit bac ba ciia Reddy.
Nghiém giai tich dang Navier dugc thiét 1ap cho bai toan tam chiu tai trong di dong, c6 bién tua khdp trén
chu vi. Trong phén Kkét qua sé, anh huong cia cac tham $6 vat liéu, tham s6 hinh hoc tém, nén dan héi, hé )
Skempton, van tdc tai trong di dong dén cac diac trung dong cta tAm duoc khao sat. Mot s6 két luan tir nghién
clru nay s& hitu ich cho cong tac tinh toan, thiét ké, va ing dung két cu dang nay trong thuc té.

Tir khod: Phan tich dao dong riéng; phén tich dap ing dong; tim FGM xdp; bio hoa chat 1ong; 1y thuyét bién
dang cat bac ba cia Reddy; 101 gidi Navier.

VIBRATION ANALYSIS OF SATURATED FUNCTIONALLY GRADED POROUS PLATES SUBJECTED
TO AMOVING LOAD

Abstract

This work analyzes free vibration and dynamic response of plates resting on an elastic foundation, subjected
to a moving load. The plate is made of saturated functionally graded porous material. The material properties
are assumed to vary smoothly along the thickness direction with three porosity distribution patterns: uniform,
symmetric and asymmetric distributions. The governing equations of the plate are developed using Hamilton’s
principle, Biot’s poroelasticity theory, and Reddy’s third-order shear deformation theory (Reddy’s TSDT). A
Navier-type solution is presented for the FGP plate with simply supported boundary conditions. The effects of
porosity distribution patterns, porosity coefficient, geometric parameters, elastic foundations, Skempton coeffi-
cient, and moving load velocity on dynamic characteristics of the FGP plate are investigated. Some conclusions
given will be useful for the calculation, design, and application of the structure in practice.

Keywords: Free vibration analysis; dynamic response; functionally graded porous plate; saturated fluid; Reddy’s
TSDT; Navier’s solution.
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1. Mé diu

Nhitng nim gan day, vat liéu FGM xdp (functionally graded porous material) nhan dwoc nhiéu
su cht y cia cac nha nghién ctru nhu 1a mot loai vt li¢u tién ti€n dugc st dung trong k¥ thuat hang
khong, cong nghiép va xay dung do no sé hitu nhiéu dac tinh ndi trdi nhu: trong lugng nhe, kha nang
tiéu tan nang luong tét, hé s6 dan nhiét va dan dién thap, dé gia cong va tai ché. Loai vat liéu nay gom

*Tac gia dai dién. Pia chi e-mail: loinv@huce.edu.vn (Lgi, N. V.)

64


https://doi.org/10.31814/stce.huce2023-17(4V)-06
mailto:loinv@huce.edu.vn

Long, N. V., va cs. / Tap chi Khoa hoc Cong ngh¢ Xay dung

hai pha: pha ran va pha 1ong hodc khi (chat luu) thuong ton tai trong tu nhién nhu gd, da, cac 16p cat,
v.v. [1]. Trong ciu trac vat liéu, cac 16 rong co thé phan b lién tuc trong khong gian, diéu nay lam
cho co tinh vat liéu ciing thay ddi tron va lién tuc theo mot phuong nhét dinh, vi thé vat liéu nay dugc
xép vao loai vat liéu c6 co tinh bién thién (functionally graded materials - FGMs).

Theo céch tiép can don gian, mot s6 nghién ciru bé qua anh hudng cta pha 1ong hodc khi (chat
lru) ma chi phan tich anh huéng cua sy phan bé 15 rdng ciing nhu hé sb rdng dén tng xir tinh va dong
ctia két cau FGM x6p [2-7]. Dé thuc t& hon, mot sb nghién ciru c6 tinh dén anh huong ap suat chat
luu trong céc 16 réng dén ung xu tinh, dong va on dinh cua két ciu lam béng vat liéu FGM xép bao
hoa chit Iuu [1, 8-14]. Chang han nhu, Leclaire va cs. [8] nghién ctru dao dong udn ciia tim mong
FGM x&p bao hoa chit luu. Sir dung dang nghiém Levy, Rezaei va Saidi [9] phan tich dao dong tu do
ctia tim FGM x&p bdo hoa chét luu dua trén co so 1y thuyét bién dang cét bac cao. Xiang va cs. [10]
str dung 1y thuyét dan hoi Biot dé nghién ctru dic trung dong luc hoc ctia tim chit nhat FGM xdp bao
hoa chit luu véi cac didu kién bién khac nhau. Dya trén co s& 1y thuyét bién dang cit bac cao va ly
thuyét dan hoi Biot, Arani va cs. [11] tinh toan tan s6 dao dong riéng cua tim chit nhat FGM x6p dat
trén nén dan hdi Pasternak. Bang 1y thuyét bién dang cit bac nhat, phwong phap vi phan cau phuong
téng quat (generalized differential quadrature method), Khouzestani va Khorshidvand [12] phan tich
g suat va dao dong riéng cua tim FGM x6p hinh vanh khuyén bio hoa chét lvu. Gan déy, Lixian
[13] khao sat dic trung dong luc hoc cia tam chir nhat FGM xép bdo hoa chét luu, co bién tua khop
trén chu vi. Ngoai ra, Mojahedin va cs. [1, 14] khao sat img xtr 6n dinh co va nhiét ctia tim tron FGM
x6p bdo hoa chét luu trén co s& 1y thuyét bién dang cit bac cao.

Hién nay c6 kha nhiéu Iy thuyét tim dugc dé xuat [15—17]. Ly thuyét ra doi som nhat 1a 1y thuyét
tam c6 dién, tuy nhién 1y thuyét nay chi phit hop voi tim mong do khong ké dén anh hudng cuia bién
dang cit theo phuong chiéu day. Bé khic phuc nhugc diém cua ly thuyét tam ¢ dién, 1y thuyét bién
dang cit bac nhét dugc gl(n thiéu, ly thuyet nay phu horp cho tim c6 chiéu day trung binh. Luu ¥ rang,
anh huong cua bién dang cat duoc ké dén trong ly thuyet bién dang cit bac nhat, tuy nhién bién dang
cit duoge gia thiét 1a hang s6 trén sudt chiéu day tdm. Do d6 hé s6 hiéu chinh cat can duoc st dung
cho ly thuyét bién dang cit bac nhat. Viéc xac dinh hé s6 hiéu chinh cat rat phuc tap phu thudc vao
nhiéu yéu t6 nhu vat liéu, tai trong, diéu kién bién,... Do do, cac ly thuyét bién dang cit bac cao duge
dé xuat cing v6i gia thiét 1a cac thanh phan bién dang c6 thé 1a ham bac cao cua toa do chiéu day. V&
co ban, cac 1y thuyét bién dang cit bac cao co thé cung cap cac két qua chinh xac hon cac 1y thuyét
béc nhét va cb dién. Trong cac 1y thuyét bac cao, thi Iy thuyét bién dang cit bac ba cia Reddy 1a ly
thuyét duoc sir dung rong rai vi su don gian va hiéu qua tinh toan. Do vay, trong bai bao nay, Iy thuyét
bién dang cit bac ba cua Reddy duogc str dung dé tinh toan.

Tt nhitng phan tich tong quan néu trén c6 thé thay rang, cac nghién ciru vé phén tich dao dong va
dap tng chuyén vi cta két cdu tam FGM xdp bio hoa chit luu (c6 ké dén anh huong ap sudt cht luu
trong cac 16 rdng) chiu tai trong di dong con kha hiém. Do d6, bai bao nay s& xay dung nghiém giai
tich dé tinh toan tan sé dao dong riéng va dap mg chuyén vi ctia tim nhu vy c6 bién tua khép trén
chu vi, ding 1y thuyét bac ba ciia Reddy. Ciing luu ¥ ring, phuong trinh chuyén dong cua tdm duoc
thiét 1ap trén co s& két hop 1y thuyét bién dang cét bac ba cuia Reddy va thuyét dan héi Biot cho vat
liéu FGM x4p & trang thai bao hoa chat luu. Sau khi kiém chimg két qua s6, cac anh hudng ctia tham
s6 vat liéu, kich thudc hinh hoc tAm, hé s6 nén dan hdi va hé sb Skempton, vin tde di chuyén cua tai
trong di dong dén cac dic trung dong (tan sd, dap tmg chuyén vi) ctia tim FGM xdp sé duoc khao sat.
2. Mo hinh tim bing vat liéu FGM xép

Xét tim chir nhat ¢6 chiéu day A, kich thudc theo cac phuong x,ylaa (chleu dai), b (chleu rong).

Tam duoc dat trén nén dan hdi Pasternak (Hinh 1) véi cac hé sé nén: k,, - hé s d6 cimg udén (Winkler
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stiffness), ky; (i = x,y) - h¢ sb do cung cit (shear stiffness) va chiu tac dung cua lyc tép trung di dong
Py (1) ¢6 diém ddt (xo(7), yo(1)).

Hinh 1. M6 hinh tim chi nhat vat liéu rdng trén nén dan hoi

Tam lam bang vat liéu FGM x&p, ba quy luat phan bé 15 rdng theo chiéu day tam duoc xét 1a phan
bd déu, phan bd khong déu dbi ximg va khong déu bat dbi ximg, nhu minh hoa trén Hinh 2.

Z Z Z

— °E,G,p T o Ey, Gy, py . * E, G,y
[ : E, G, p = const I - 5 By Goy py ( E(z), G(z), p(z)
h hot 1 . »r2 h . :
L ' L E(2), G(2), pl2) J A
* E! G" P ° E]., Gh 2 e * Ez, Gz, F25)
(a) Phan bd déu (b) Phan b dbi xung (¢) Phan bd bit déi xtimg

Hinh 2. Ba quy luét phan b6 15 rdng ciia tim FGM x&p

Céc dic trung co hoc vat liéu FGM xdp duogc gia thiét 1a bién thién lién tuc theo chiéu day tim,
tuan theo ba quy luat sau [5, 18, 19]:

- Phan b déu:
2
{E,G}={E\,Gi}(I1—eqx); p=piyl-enx; x= % - %(%M— 7% + 1) (1)
- Phén b khong déu ddi xing:
(B, G@) = (E1, Gl [1 = eocos ()]s ) = pu |1 = emos 5| @)
- Phan b6 khong déu bat d6i xtng:
{E(z),G(2)} ={E1,G1}|1 —egcos (% + %) ;0 p(@) =p1 :1 — e, COS (% + ;—r)] 3)

trong d6: E1,G1,p1 va Ez,Ga, p2 lan luot 1a cac gia tri 16n nhat va nho nhét cia mod dun dan hdi kéo
- nén, mo6 dun dan hoéi truot va khoi lwong riéng cua vat liéu; G; = E;/[2(1 +v)];i = 1;2. HE s0
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Poisson dugc coi 1a khong thay ddi theo chidu day tdm: v = conts. Hé s6 d6 rdng mat do 15 rdng eg
va hé s6 mat d6 khdi luong e,, dugc xac dinh bai:
60=1—E2/E1=1—G2/G1; €m=1—p—2=1—\/1—60 (0<€0,em<1) (4)
P1
3. Cac hé thirc quan hé - hé phwong trinh chi dao
Theo Iy thuyét bién dang cat bac ba cia Reddy, cac thanh phan chuyén vi u, v, w ciia diém bt ky
trong khong gian tim biéu dién dudi dang [20]:

ow
M(.x, y’ Z’t) = MO(x’y’t)+Z0x(-x’y’t)_KZ3 (ex-l_ (9)60);

ow 5
vx, Y, 2.0 = vo (x, y,0) + 20, (x, y,1) — K2 (Hy + —6y0); ®)

wi(x, y, z,t) = wo (x, y,1)

4 4 .. \ y \ A A . 5 < R A -
trong do: k = ﬁ; t 1a bién thoi gian; ug, vo, wo la cac thanh phan chuyén vi cia diém trén mat trung
binh theo cac phuong x,y, z; 6,, 6y 1a cac goc xoay cua phap tuyén mit trung binh quanh céc truc y, x.

Céc thanh phan bién dang tuyén tinh nhan dugc tir quan hé giita bién dang va chuyén vi:

0
&y Ex Ky Ky 20
g =1 & t+z8 K s+ K L Yaz 4 o (1 - 3KZ2) 0o
) e Yyz )/q
20 B V28 I O B
Ouy
0 Ax Owo
£ 0
sg = % . {722}_ Ox + s .
y - ay ’ ,yo - 8W0 ?
')’?cy ouy N oy * ay 6 (6)
dy  Ox
o0, o0, , g
Ox . ox  Ox?
ol 98y ‘ ol 9y Pwo
:y - oy ’ :*y -k dy  Oy?
o) Lo | U5 w0, 00
dy  Ox E * Ox - 0x0y

Déi voi vat lidu FGM xdp, cac 16 rdng chira chat luu, quan hé ung suat-bién dang tuan theo 1y
thuyét dan hdi cua Biot [21, 22]:

oij = 2Geij + 1,06 — ppdij;  i,j=1,2,3 (7)

trong do: o;; va g;; tuong g la cac thanh phan tng suit va bién dang; 6; ;j1a chi s6 Kronecker; 6 1a
bién dang thé tich ty doi (0 = &, + &, + &;); ¢ la hé s0 Biot cua ng suat hiéu dung; p 1a ap suét chat
léng trong 16 réng; A, la hﬁng s6 Lame. Cac hé sd ©, p, A, dugce xéac dinh boi [22, 23]:

G 2v

p=1-—; p=ME-¢0); A=—7—GC;
G 1-2v, 3
G- v+eB(1-2v)/3 ®)

T 20-2m(-20 T 1-¢B(1-2v)/3
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trong d6: £ 12 bién thién cua thé tich chat 1ong, M 1a mé dun Biot, v, 14 hé s6 Poisson khi bao hoa chat
lru, va B 1a hé sé Skempton (0 < B < 1), hé sb nay phan anh murc d6 bio hoa chat lwu. Vi tim bdo
hoa chat luu (£ = 0), bd qua (mg sudt phap theo phuong chidu day (o, = 0), quan hé tng suit - bién
dang (7) c6 thé viét lai du6i dang:

o On Qi 0 Ex

X! O X!
;=] @ Qn O g (3 { ;Z }=[ Qgs O ]{ Z/,Z } ©
T xy 0 0 Os6 Yxy e e

k(q =

vOi:
011 = 0 =kiG(2); Q12 =021 =kG(2); Qu = 0s5 = Qs = G(2);
1—4v+2v, —v+2v,(1-v)

D =

ky =2——F7—;
1-=3v,+2v,v 1=3v,+2v,v

Tich phan cac thanh ph?m ung suét theo chiéu day cua tdm, ta nhan duoc cac thanh ph?m noi luc
nhu sau:

N, Ay Ap O & By B, O Ky Dy Dn 0 || «
N} =| Ay Axn 0 8?, +| By By 0 Ky +| Dy Dy 0 K; 5
Ny 0 0 Ag o 0 0 B || Ky 0 0 De || &,
M, By Bz 0 & Ch Cn O Kx Eynn Ep O Ky
M) =| By Bp 0 8(y) +| Cyy Cpx 0 Ky +| Ey Exp 0 K; 5
M,, 0 0 B || 0 0 Ce || &y | 0 0 Eg || &
M, Dy Dy O &) Ey Ep O Ky Gu Gip O Ky
M; =| Dy Dy 0 88 +| Ey Exn 0 Ky +| Gy Gxn 0 K;F, N
M :y 0 0 D66 ’)/gy 0 0 E 66 | Kxy | 0 0 G66 K *
R | _| A 0|
R, 0 A || 7
(10)

trong do:

h/2
(Aij. Bij. Cijr Dij. Eij> Gij) = fQij(l,z,zz,z3,z4,z6)dz, ij=11,12,21,22,66;
—h/2
h/2

A = f G(z)(l - 3/<z2)2dz

—h/2

He¢ phuong trinh chuyén dong ctia tim theo 1y thuyét bién dang cat bac ba ciia Reddy c6 dang [24]

ON, ON. . o
oug : S i =Ioil0+]19x—KI3ﬂ;
ox dy ox (11)
N, 0N, B
oy - + —= = Iyvg + J160y — kI3 —;
Vo - o oVo + J16, — kI3 o
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owp : K(a;i/zl; + 2(;1/2‘;; + 623/21;] (Zix + aa—[;y

— kywo + ksx 8;:20 + ksya;_;;o — Po()6 (x — x0(2)) 6 (y — yo(2))

=«l3 (%+%ﬂ)+lowo—/< 16(662::;0 + 5;;‘;0) J4((390x (989;)
66, : agi)‘ -~ Ka;i; + 61(;4;), 81;4; — R, = Jyiig — m% + Ko,
56 : ag;ly - Ka;‘z; + 61(;/1;y 61(;? — Ry = Jiii - m% + K20,

trong d6, tai trong di dong 1a lyc tap trung cé tri s6 khong ddi (Po(f) = F) duoc nghién ctru trong bai
bao nay; 6(.) la ham Dirac delta, (xo(2), yo(¢)) 1a vi tri tac dung cua tai trong di dong. Cac mé men quan

tinh:
/2

(o, I1, 2, I3, 14, Ig) = fp(l,z,zz 2,24 zé)dz;
—hf2
h/2 h/2
Ji = fpfzdz=11 —kl3;  Jy = fPZszdZ:M_KIG; (12)
—h/2 —h/2
h/2
K> = f pfidz = I —2«ly + ls
—h/2

Thay lién hé giita cac thanh phan noi luc va chuyén vi tir quan hé (10) vao (11), ta duoc hé phuong
trinh cn bang theo chuyén vi:

0uy 0uy 0o Pwo Pwo
AnZE 4 A6 20 1 (A1 + Age) =22 _ D —k(D1y +2D
n—s 6662 (A2 66)88 «Dn——= k(D12 66)6262
2 2 50
+(By; — kD
(Bi1 —« 11) (’)xc‘)y
6
= lyiig + J19 - KI3—0
o? g d? d? Pw Pw
0uy Vo v
(a1 + Age) 5ot + Ao + An ——> — k(D21 +2D¢p) axz(;’y —k 225_30
30, 629 a 0,
+(Ba1 + Bsg — kD21 — kDgg) xdy + (Bgs — KD66) — +(Bn - KDzz) (13)
oW, 0
= IpVp + J19 —klz— )
y
Fug ug 3o Ao
D—+D+2D —— + k(Do +2D + kD
kD15 + k(Do) 66) 7o o k(D12 66)ax28y kD) 6]3
04w 2G *wo LA 0wy N *wy
—K
Za el 3y a2 By
30, 83 06,
+K(E11 —KG11) +K(E21 + 2E66 - KG21 2KG66) +AS—
Ox0y*? Ox
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039 56, 6,
+ K(E22 - KGzz) —_— AS—
29y dy? dy

+K (E]z + 2E66 — KG]Z - 2KG66)

*w. 0w
o + ks + ksya—;) ~ Po(1)5 (x = x0(1)) 6 (v = yo(1))
6W0+6W0)+KJ4((9QX )

=kl [ 220 4 20N 4 poiig — k2L e e
K3(6x+(9y)+ 0o = K 6(6x2 dy? 6x+8y
2 2

o“u o“u
(B11 — KD11) 9 + (Be — kDgg) —= P 0+ (B1y — kD13 + Bgs — kDeg)

6u0 avo

0“v
0xdy

83w ’ FPwo
- (KEll —K G11) o3 - (KE12 —K 2(;12 + 2kE¢q — 2K G66) P f)yz 2
(9Wo 0 9 0 Hx s
—A* E + (C]l —2kE| + K G11) ﬁ_ + (C66 —2kEgg + K G66) (9y2 — A0,
626,
(C]2 —2kE1p + K G12 + Cg6 — 2kEg6 + K G66) xd
y
) Sy .
= Jyiig — KJ48_ + K76,
X
2 2 2
VO
(B21 — kD21 + Beo — KD66) T + (Be6 — KD66) —— +(Bn - KD22) —
Pwo Pwo (9wo
—(kEa1 - K*Gay + 2kEgq — 243G — (kEx - 3G A0
(K 21 = K°Go1 + 2kEe6 — 2« 66) 9x20y (K 222 K 22) PN By
00
+ (C21 - 2KE21 + K2G21 + C66 - 2KE66 + K2G66) ol
0xdy
%6, %0, .
(C66 — 2kE¢6 + K G66) W + (sz —2kE» + k Gzz) W -A 9

)
=JiVg — kJs— +K29
dy

4. Loi giai Navier

Xét tAm chir nhat vat lieu FGM xép ¢6 chiéu dai a va chiéu rong b lién két khép trén cac canh,
chiu tac dung cua tai trong di dong Py(7). Céac biéu thtrc di€u ki¢n bién ctia tam theo ly thuyét bién

dang cit bac ba cua Reddy, bao gdm:
-Taix=0vax=a:

P
vo = 0, wo_oe_ON_OM—o%:o,szo
y
-Taiy=0vay=b:
Swo
o =0, wo = 0, 0= 0N, = 0, My = 0,22 0 =0,M,=0
X

Dang nghiém Navier thoa min cac diéu kién bién (14)—~(15), c6 dang nhu sau:

ug (x,y,t) = Z Z Ugmn(t) cos axsinBy;  vo (x,y,1) = Z Z Vomn(t) sin ax cos By;

m=1 n=1 m 1 n= 1
0= 31D WO sinaxsingyi 6, (0= ) D Ounlt)cos axsiny:
m=1 n=1 m=1 n=1

Oy (x,y,1) = Z Z Oymn (1) sin ax cos By

m=1 n=1
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nr

) mn A X R .
trong d6: @« = —,B = 7; m,n = 1,2,3,...; Uomn> Vomns Womn»> Oxmn»> Oymn 12 cac hé s6 phu thudc thoi
a

gian can xac dinh. Tai trong di dong Py(r) tai vi tri: x = xo(t), y = yo(t) cling dugc khai trién dudi dang
chudi lugng giac kép twong tu, nhu sau:

Po(1)6 (x = x0(1) 6 (v = Yo(1)) = > > Pyuu(t) sin x sin By (17)
m=1 n=1
vOi1:
! a b
Puntt) = 7 f f Po(8 (x — x0(1) 8 (3 — yo()) sin axsin Bydxdy
0 0

_ Po®
4ab
Thay (16) va (17) vao hé phuong trinh chuyén dong tong quat theo chuyén vi (13), nhém cac hé
sb dé dugc hé phuong trinh dai s6 dudi dang:

sin axq () sin Byo(?)

(K {Qun(0)} + [Mynn] { On (D)} = {F ()} (18)

trong do [Kyunl . [Minn] s {Omn} > {Fmn} trong g 1a ma tran do ctiing két cAu, ma tran khoi lugng, véc
to cac hé so chuyén vi va véc to tai trong. Chi tiét cac biéu thirc nhu sau:

S11 S12 8513 S14 S1s myp 0 m3z myg O
$21 S22 $23 S24 So5 0 mp my3 0 mps
[Kmnl =831 $32 533 s34 8355  [Muyn] =|m31 mz2 m3z m3q m3s|;
S41  S42  S43  S44 45 mgyr 0 my3z myy O
$51 852 553 554 855 0 ms; ms3 0  mss
Uomn (1) 0
Vomn(t) 0
{Omn} = SWomn() ¢35 {Fmn) = —Pun(0)
Omn(2) 0
gymn(t) 0

Céac sb hang s;;, m;; cia ma trdn do cimg két cAu [K,,,] va ma tran khoi luong [M,,;,] duoc thé hién
trong Phu luc.

Hé phuong trinh (18) dugc dung dé phan tich dap tmg dong luc hoc ciia tim FGM xdp. Phuong
phap Runge-Kutta véi cac diéu kién ban dau {Q,,,(0)} = {0} ; {Q’m,,(O)} = {0} s& duoc ap dung dé nhan
dugc dap tmg ctia chuyén vi theo thoi gian.

Déi véi bai toan phén tich dao dong riéng, cho Py = 0, bang cach gia thiét vec to cac hé s6 chuyén
Vi{Qmn (D)} = {an} e“m! ta xac dinh dugc tan sé dao dong riéng cia tm tir viée giai dinh thirc:

det ([Kmn] = @iy, [Mn]) = 0 (19)

Nghiém cta phuong trinh (19) 1a tan s6 dao dong riéng w,,, twong tng voi né 1a dang dao dong
(m, n) ctia tim. Tan s dao dong riéng co ban dugc xac dinh boi:

wo = min {wmn} (20)
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5. Két qua s0 va thao luin

Vi nghiém giai tich da thiét 1ap & muyc trudc, chuong trinh tinh toan trén nén MATLAB duoc viét
dé thuc hién cac vi du sd. TAm chit nhat lam béng vt liéu FGM xép, dat trén nén dan hdi Pasternak, co
lién két khop trén 4 canh. Trir khi c6 ghi chu khac, trong cac muc khao sat s6, vat lieu FGM xép duoc
dé cap 1a bot nhom (Aluminum foam) véi cac dac trung co hoc vt liéu bao gém: p1 = 2707 kg/m3;
G| = 26,293 GPa; v = 0,3; E; = 2G; (1 + v) [25]. Mot sb cong thirc khong thir nguyén dugc st dung
trong bai bao nay la:

4 2 2
_ P1 a a b
o=wh |2 Ky=ky——s; Jo=kpw—— =ky——: Eo=1GPa
E 0T e T MRy T Y EmRy 0
Vot

5 @n
W(t) = w ), = —
(1) =wo (2 2 ) P
5.1. Viduy kiém chimg
Bang 1 trinh bay cic tan s6 dao dong co ban khong thir nguyén @ ciia tim vudng lam bang vat
liéu FGM xdp (bot nhdm) phan bd bat ddi ximg véi cac hé sé rong khac nhau cho hai trudng hop ty sd
kich thude tim: a/h = 5 va a/h = 10. Cac két qua cua bai bao duoc ki€ém chung véi nghiéu ctu clia
nhom tac gia Rezaei va Saidi [25] sir dung phuong phap khong gian trang thai va 1y thuyét bac cao
Carrera, va kiém chirng vai nghién ctru cua Thang va cs. [3] sit dung dang nghi€ém Navier va ly thuyét
bién dang cit bac nhat. Cac két qua tinh toan tin s6 dao dong co ban trong bai bao theo 1y thuyét hién
tai (1y thuyét bién dang cat bac ba ciia Reddy) cho thay su twong dong véi cac cong bo ciia Rezaei va
Saidi [25], va Thang va cs. [3].
Bang 1. Kiém chung tan s6 co ban khong thir nguyén @ ciia tim vudng lam bang vt liéu FGM x4p
v6i phan bo bat do6i xung

Nguén ep=0,1 ep=0,3 ep=0,5 e =0,7
alh=5
Rezaei va Saidi [25] 0,2091 0,2020 0,1931 0,1804
Thang va cs. [3] 0,2138 0,2067 0,1978 0,1853
Bai bao 0,2074 0,2004 0,1916 0,1791
a/h =10
Rezaei va Saidi [25] 0,0570 0,0551 0,0526 0,0491
Thang va cs. [3] 0,0574 0,0555 0,0531 0,0495
Bai bao 0,0568 0,0549 0,0525 0,0489

Vi du tiép theo, cac két qua tan sé dao dong co ban khong thir nguyén @ cua tdm chir nhat bang
vt liéu FGM x6p phéan bd bat ddi xtng, & trang thai bao hoa chat luu, duoc kiém chimg va trinh bay
trong Bang 2. Tam 1am bang vat liéu FGM xdp (Sandstone) phan b khong déu bat ddi xﬁ:ng co cac
tham s6 du vao: E; = 69 GPa; p1=2260 kg/m v=10,25[8]; o =0; Ko = Jo =0, lién két khop trén
chu vi tAm, véi cac ty s6 kich thudc tim a/h = 5; 10; 20 dugc xét. Can luu y 13, cac két qua trong bai
bao dugc so sanh voi nhom tac gia Ebrahlml va Habibi [26] st dung phu0’ng phap phan tir hiru han.
R rang 13, voi ca 3 trudng hop ty sb kich thudc tdm a/h va cac hé s6 Skempton khéac nhau, cac két
qua ctia bai bao déu phu hop véi két qua cua Ebrahimi va Habibi [26].
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Bang 2. Kiém chimng tan sé co ban khong thir nguyén @ cta tim vudng vat liéu FGM xdp
phan bo bat doi xirng, bao hoa chat luu

B Ngudn alh =5 a/h =10 alh =20
0,1 Ebrahim va Habibi [26] 0,21275 0,05783 0,01473
Bai bao 0,20994 0,05731 0,01470
0,3 Ebrahim va Habibi [26] 0,21563 0,05876 0,01495
Bai bao 0,21276 0,05818 0,01493
0,5 Ebrahim va Habibi [26] 0,21857 0,05954 0,01526
Bai bao 0,21549 0,05903 0,01516
0,7 Ebrahim va Habibi [26] 0,22162 0,06055 0,01549
Bai bao 0,21812 0,05985 0,01538
Vi du tiép theo, dap img d6 vdng tai tim tim 5 e ar——T
theo thoi gian ciia tim vudng mong chiu tai trong o~ D Baiba 2
di dong dwoc kiém ching va thé hién nhu trén Hinh S /
3. T4m lam bang vt liéu dang hudng véi cac tham ST ‘-\.\ A
r \ 3 !
s0 vat liéu: E =206 GPa, p =7850 kg/m3, v= 0,3; £-0} \ E:g%%g’;ﬂ:gé::ﬁ:ﬂkgm ; 7
va tai trong di dong: Py = 4,45 kN, di chuyén doc § Y P =445 KN:v = 10.16 ms; Vi
b 7 -5 ¢ \ T — ./'/
theo phuong x: xo(t) = vot, yo = 5; vGi van toc la Y /" T
. . 20t \ .
vo = 10,16 m/s [27]. Két qué cho thay dudng cong \ f_,-’
dap g d6 vong tai tim tdm cua bai bao (dudng il \ /
nét dit, mau xanh) tring khéop voi két qua nghlem 30 . N’ | |
0 0.2 0.4 0.6 0.8 1

giai tich theo mo hinh Iy thuyet tam co dién cua
Vosoughi va cs. [28] (dudng chim, mau do), nhu
thé hién trén Hinh 3.

Tir céc két qua kiém chimg & trén vé tan sb dao
dong co ban va dap tng cia chuyén vitam (Bang 1,
Béng 2 va Hinh 3), ¢ thé thiy ring, nghiém giai tich xay du‘ng trong bai bao va chu’ong trinh tinh
toan MATLAB da thiét 1ap 1a c6 do tin cay cao. O cac muyc tlep theo, cac khao sat sb lién quan dén
tan s6 dao dong riéng va dap tmg cta chuyén vi tim FGM xdp dit trén nén dan hdi chiu tai trong di
dong s€ duoc trinh bay cu thé.

Hinh 3. Péap mg d6 vong theo thoi gian clia tim
vuong dang hudng chiu tai trong di dong

5.2. Khao sat dao dong riéng

Trong muc nay, ta xét tam chit nhat 1am béng vat lieu FGM xép (bot nhém), bio hoa chét luu, dat
trén nén dan hoi, dao dong tu do trong mdi trudng khong can.

Cac Hinh 4(a)—(c) trinh bay anh huong cta hé s6 16 rng eo, quy luat phan b 16 rdng, va hé sd
Skempton B dén tan sé dao dong co ban khong thtr nguyén @ cua tim FGM x6p (a/h = 10;b/a = 1;
Ko = Jo=0). Cu thé, dbi voi anh huong ctia dang phén b 16 réng va hé s6 16 rdng: khi tang hé sb rong
eo, phan bd 16 rng déu va bat dbi xtimg c6 tan sd co ban khong thir nguyén @ giam véi quy ludt va tri
s6 gan nhu nhau, trong khi d6, phan bd ddi xing lai cho két qua tan s6 co ban khong thir nguyén @
tang. Piéu nay c6 thé Iy giai bang mdi twong quan gitra hiéu ing khéi lugng va hiéu tng do cimg uén
ctia tim khi hé sb réng ting dbi v6i timg dang phan b 16 rong riéng biét. Dbi véi anh huong cua hé sb
Skempton (Hinh 4(a)—(c)): vé co ban, tim FGM xdp bdo hoa chét luu (B > 0, Hinh 4(b)—(c)) co tan
s6 cao hon (d9 ctmg 16n hon) tim FGM x6p khong c6 chat lwu (B = 0, Hinh 4(a)); ta thdy khi B ting,
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tan s co ban khong thir nguyén @ cua tdm vat liéu rong ting nhe; anh hudng cta hé sé Skempton B
dén tan s 1a dang ké khi eg 16n. Xét mot trudng hop cu thé cho tAm bang vat liéu FGM xdp phan bd
déu: khi hé s6 réng bé eg = 0,1 va hé s6 Skempton ting tir B = 0 &én B = 1 thi tin sé @ ting 1,47%
(tir gia tri @ = 0,0567 1én @ = 0,0575); khi hé sb rong 16n ey = 0,8 va hé sé Skempton ting tir B = 0
dén B = 1 thi tin s6 @ tang 11,19% (tir gia tri @ = 0,0464 1én & = 0,0516).

0.065 —r————— 0.065 —r———r—
——Phin b5 diu ——Phin b5 diu
-~ Phin b6 361 ximg A e Phin b6 aéi xing
0.06 -~ = Phin bé bt déi ximg s 0.06 -\~ = Phin bé bt déi xing

0.05F 0.05}

0.045 F 0.045 F
ah=10,ba=1; KD= JD= 0:B=0 ah=10 ba= I;KD= JD= 0:B=05
04— 04—
01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
= (=9
(a) Hé sb6 Skempton B =0 (b) Hé s6 Skempton B =0,5
0.07 ——————
——Phin bg d&u
| Phin b6 461 xing
0.065 |- - Phan b bat 361 xing
0.06

|3 0.055

0.05F

0.045 +

ah=1[]__ba=1;KD=JD=0;B=1

01 02 03 04 05 06 07 08 009
e,

(c) Hé sé Skempton B = 1

Hinh 4. Anh huong ciia quy luat phan b6 16 rong va hé s6 16 rdng 1én tan s co ban
khong thtr nguyén @ cta tam FGM x0p

5.3. Khao sat dap ving dong

Trong phﬁn nay, ta xét mot tdm chit nhat lam béng vat liéu FGM xép, chiu tac dung cuia luc tap
trung Py = 10kN (khong di) di dong doc theo phuong x (quy dao 1 dudng thang) duge mé ta boi
ham toa d¢ theo thoi gian: xo(¢) = vot, yo = >

D thi trén Hinh 5-8 bao gdm céc dudng cong mo ta quan hé giira do vong tai tim tim W va tham
s6 thoi gian 7* (dwoc xac dinh theo biéu thirc (21)). Cu thé, anh hudng cua quy luat phan bd 16 rdng,
hé sb rong, hé s6 hé sb Skempton, hé¢ sb6 nén dan hdi dén duong cong dap ung d6 vong W dugc thé
hién 14n luot trén cac Hinh 5, Hinh 6, Hinh 7 va Hinh 8. Cu thé, trén Hinh 5 (v6i cac tham sé: h=0,1
m;a=>b=10h; Ky = Jo=0; e9=0,5; B=0,5; vg=20m/s), ta cod thé théy réng, hai quy luét phan bd
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156 rdng 1a phan bd déu va phan bd bat ddi xing cho két qua kha gan nhau, va 16n hon so véi trudng
hop phan b di xtng (phan bd ddi xtng c6 dd cimg udn 16n nhét). Khao sat hé s6 rdng cua vt lidu
ciing cho thdy ring, khi ting hé sb rdng, do vong 16n nhit cua tim ting (d6 cimg giam), nhu thé hién
trén Hinh 6 (véi cac tham $6: h=0,lm;a=>b=10h; Ky = Jo=0; B=0,5; vo = 20 m/s; phan bd
ddi ximg). Hé s6 Skempton ciing anh huong dang ké dén duong cong dap g do vong-thoi gian ciia
tam nhu trén Hinh 7 (v6i cac tham sb: h=0,1m; a = b = 10h; Ko = Jo =0, vo = 20 m/s, phan bd dbi
ximg, o = 0,5). RS rang 1 khi tang hé s6 Skempton B thi d6 vong tim giam (d clng tam ting). Tiép
theo chung ta c6 thé théy trén Hinh 8 (vi cac tham s6: h=0,1 m;a=>b=10h;vo=20m/s; B=0,5;
phén bd dbi xung, ep = 0,5), su c6 mit clia nén dan hoi (thong qua cac tham s6 nén K, Jp) cling lam
tang do cing cua két cau, nén Pasternak cimg nhat, sau d6 1a nén Winkler.

%107 10

eD=0=5;B=0=5;h=O=lm;
a=b=1[]h;KD=JD=0;vD=20 m's

Phin bd @61 ximg: B=0,5; h=0,1m;
a=h= lﬂh;KD= JD=0; \‘D=20ms

—— Phén b6 d&u
«--Phin bd 401 ximg
--=-Phin bd bit ddi xiing

W [m]
W [m]

L5t L5t
25F -25F
3 ! - L + -3
0 0.2 0.4 0.6 0.8 1 0
E‘H E‘H
Hinh 5. Anh hudng ctia quy luat phan bd 16 réng 1én  Hinh 6. Anh hudng ciia hé s6 1 rdng 1én duong cong
duong cong d6 vong-thoi gian cua tam FGM xop dd vong-thoi gian cua tam FGM x0p
(S U— , . , 05 <1
0 Phin b6 d6ixing; e =0.5: h=0,1m; 0 36
an bo dotxung. & =0.0: =00 m Phin b6 ddixtng; ;= 0.5:B =0.5;
-0.5 El=b=1[]}J;KD=JD=0;“D=20nls h=0_.1m;a=b=1[]h;vo=20ms
0 —K =071 =0
— -1F - 0 0
= g K =100,7 =0
=5 = 1t 0 o
= sl = --=-K, =100, = 50
A 15+
250wy B=05 =
—=B=
3 ; : ; - 25 : -
0 02 0.4 0.6 0.8 1 0 02 0.4 0.6 0.8 1
E‘x E‘x
Hinh 7. Anh hudng cua hé sb Skempton 1én duong  Hinh 8. Anh hudng ciia nén dan hoi 1én dudng cong
cong d¢ vong-thoi gian ciia tam FGM x0p dd vong-thoi gian cua tam FGM x0p

Tiép theo, cac anh hudng cua cac tham sé hinh hoc tim dén duong cong do vong tai tim tim W
theo thoi gian ctia tim FGM x6p duoc thé hién trén Hinh 9 va Hinh 10. Cu thé, chung ta co thé thiy
rang khi ting ty s6 a/h (giam chiéu day tim), thi ¢ vong cua tim ting (d6 cting giam), nhur thé hién
trén Hinh 9 (v&i cac tham sb:a=b=1m;Ky=Jop=0;vo=20m/s; B=0,5; phan bd dbi xung; eq
=0,5). Khi ting ty s kich thudc canh b/a tir 0,5 1én 2, thi d6 vong tdm ting (46 ctng giam) nhu thé
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hién trén Hinh 10 (véi cac tham sé: h=0,1 m; a = 1 m; Ky = Jo = 0; vo = 20 m/s; B = 0,5; phan bd
dbi xtng; ep = 0,5). Sy thay d6i vé do vong cta tim 1a nho khi ty s6 b/a > 2 (tdm chuyén tir 1am viéc
hai chiéu sang 1am viéc theo mot chiéu).

x10* - x107
1 T T T T 0.5 —— :
Phan bo do1 xing; ED =10.5;
0 0 B=051=0lma=1m
K =I=0;v,=20ms
By - 0”0 0
-f'.--‘
2k L 4
— '\ Phmbdddimmze=05 . —
— .3t '\ B=0Sa=b=lm o~ = ]
= - =T =11 v = ! -
- . \\KO—ID—O:\D—EOms . -
4} ! ,
\ r=7
N L i
i T ; Y 7
A N - F .\‘\‘ jn./
6 ~t 3t s v
A2 TS
-t ‘\"}
-7 L L L 35 L L i
0 02 0.4 0.6 1 0 0.2 0.4 0.6
E‘x E‘H
Hinh 9. Anh hudng ciia ty s6 kich thuéc tim a/h 1én  Hinh 10. Anh hudng cia ty s6 kich thude canh b/a
duong cong d vong-thoi gian cua tam FGM xop 1én duong cong d§ vong-thoi gian ciia tam FGM xop

Céac Hinh 11-13 mo ta cac duong cong thé hién quan h¢ gitta d§ vong 16n nhét tai tam tim Wax
va van toc di chuyén vo cua lgc di dong. Cu thé, anh huong cua cac dang phan b 16 rf)ng, hé sb nén
dan hdi, va anh hudng cua hé ) Skempton dén duong cong dap ung dong Wp,x dugc thé hién lan
luot trén cac Hinh 11, Hinh 12 va Hinh 13. Cac tham s6 dau vao ctia mdi truong hop khao sat dugc
thé hién trén hinh v&. Két qua tir cac do thi nay cho thiy, quy ludt chung ciia chiing kha giéng nhau,
khi ting dan vén téc di chuyén cua luc di dong, do vong 16n nhat Wi,y thay d6i kha phuc tap, khi vo
dat t&é1 mot gia tri nhét dinh, do vong Wpax don di€u tang, dat cuc tri roi lai giam dan.

, x10° S
——Phin b dtu | —K,=0.1,=0
-------- Phin b ddi xifng. A K. = 100,720
25 —-—-Phin bo bat doi xing || \ o o
) - --—-K, =100, J,= 50
g, =0.5:B=05h=01m;

a=b=10mK =1 =0 Phﬁnbédéixt'mg;eﬁ=0=j;B=0=j;

h=01m;a=b=10h o

J———

|m]

max

o

Ln
W
v
L

100 200 300 400 500 600 700 500 900 1000 100 200 300 400 500 600 700 800 900 1000
v, [ms] v [m/s]
Hinh 11. Anh huéng ctia quy luat phan b5 16 rdng dén  Hinh 12. Anh hudng ctia hé s6 nén dan hoi dén duong
duong cong dap g (d6 vong-van toc) cua tam FGM cong dap ung cia tam FGM x0p
XOp

Cu thé, trén Hinh 11 (v6i cac tham s6:h=0,1m;a=b= 10h; eg = 0,5; B=0,5; Ko = Jop =0),
c6 thé thay rang, cling nhu cac khao sat trudc, hai quy lut phan bo 16 rong 1a phan bo déu va phan b
bat doi xting cho két quéa kha gan nhau, va 16n hon so véi truong hop phan bo doi xtiing (phén bo doi
xung c¢6 do ctrng 16n nhat). H¢ s6 nén cling l1am tang d6 ctiing cua ket cau, nén Pasternak ctiing nhat,
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Phan bd déi xing; g, = 0.5
h=0.1 m;a=b=10h;KD=JD=O

|m]

mas

W

=
-

‘‘‘‘‘‘‘‘‘

100 200 300 400 5300 600 700 200 900 1000
v, [m/s]

Hinh 13. Anh huéng cta hé sé Skempton 1én dudng cong dap tmg ciia tim FGM xdp

sau d6 1a Winkler, va truong hop khong dit trén nén dan hdi nhu thé hién trén Hinh 12 (v6i cac tham
$6: h=0,1m;a =b = 10h; B=0,5; phan bd dbi xung; eg = 0,5). HE sb Skempton ciling anh huéng
dang ké dén duong cong dap tmg do vong Winax ctia tim nhu minh hoa trén Hinh 13 (véi cac tham s6
bai toan: h = 0,1 m; a = b = 10k; Ko = Jo = 0; FGM x6p phan b dbi ximg; eg = 0,5). Co thé théy
rang, v6i tim FGM x6p bdo hoa chat luu (B > 0) c6 d6 cung 16n hon tim FGM xop khong c6 chat
lru (B = 0); rd rang 1a khi giam hé s6 Skempton B thi do vong tAm ting (46 cing udn cua tAm giam).

6. Két luan

Bai bao d xay dung 10i giai giai tich dé tinh toan tin s dao dong riéng va dap ung chuyén vi tim
FGM x6p bdo hoa chét luu, dat trén nén dan hoi, dudi tic dung cua tai trong tap trung di dong. Trong
do, 1y thuyét bién dang cit bac ba cuia Reddy, Iy thuyét dan hoi cua Biot (cho vat liéu FGM xdp bdo
hoa chét luu), va nguyén ly Hamilton da dugc st dung dé thiét 1ap phuong trinh chu dao cua bai toan.
Sau d6, 10i giai giai tich dang Navier duoc trinh bay cho bai toan tAm c6 bién twa khép trén chu vi.
Anh huong cua cac tham s6 vat liéu, hinh hoc tAm, nén dan hdi, van toc di chuyén cua tai trong dén
cac dic trung dong hoc tim (tan sé dao dong riéng va dap img dong cua chuyén vi tim) ciing di duoc
khao sat. Mot s6 nhan xét chinh tir két qua bai bao:

- Két cau tim FGM xJp vdi quy ludt phan b6 khong déu dbi ximg t6 ra hidu qua hon (tin sb dao
dong riéng 16n hon va do vong dong bé hon) so vé6i hai quy luat phan bd con lai (phan bd déu va phan
bb khong déu bat ddi ximg).

- Khi tang hé sb rSng, giam hé sb Skempton, gidm h¢ sb6 nén dan hoi, giam chiéu day tam, thi do
ctng cua két ciu tim giam (tdn s6 dao dong riéng giam, d6 vong clia tim ting).

- Két cdu thim FGM xdp c6 chét luu (B > 0) c6 do cimg 16n hon tiam FGM xdp khong c6 chit luu
(B =0).

- Anh hudng cta hé s6 Skempton dén tan s6 dao dong riéng cua tim 1a dang ké khi hé s6 rong cia
vat liéu dua 16n.
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Phu luc
Céc s6 hang trong ma trén d6 cung két chu [K,,,] duoc xac dinh boi:
s11 = A1a? + AeeB% 512 = (A12 + Age) af; 513 = —kD11@” — k(D12 + 2Dgg) aff’;
s14 = (B11 — kD11) @ + (Bgs — kDeg) 5 515 = (B12 + Bes — kD12 — kDes) af;
521 = (A21 + Age) af; 522 = (A66a’2 + A22/32) ;523 = =k (D21 + 2De6) @*f8 — kD223
524 = (Ba1 + Beg — kD21 — kDeg) af; 525 = (Beo — kDgg) @ + (Baz — kD22)
s31 = —kD11&” — k(Da1 + 2Des) aff*; 532 = —k (D12 + 2Dg6) @ — kD3’
533 = KGna’ + K7 (Gia + Gy +4Ges) 7% + Gt + A (7 + ) + ko + ko + kB
s34 = A’a — (KE11 - K2G11) @ - (KE21 + 2kEg6 — K2Gay — 2K2G66) o
535 = A°B — (KE]2 + 2kEg6 — K°G 1o — 2K2G66) B - (KE22 - K2G22),83;
sa1 = (B11 — kD) @ + (Bgs — kDeg) 5 542 = (B12 + Beg — kD12 — kD) afs;
S43 = — (KE11 - K2G11) @+ A%a — (KE12 — K>Gyy + 2kEeg — 2K2G66) o
sas = (C11 = 2kE1y + K°G1) & + (Co — 2kEe6 + Koo ) B + A';
s4s = (C12 + Co6 — 2kE12 — 2kEe6 + K°G12 + K Ges ) f;
ss1 = (Ba1 + Bes — kD21 — kDgg) afB; 552 = (Bgg — kDgg) @ + (Baz — kD) B
553 = A'B— (kE21 + 2Eqs — K° Gy = 2 Geg) a’B — (kEx — G B
ss4 = (Ca1 + Co6 — 2kEn) — 2kEe6 + K*Ga1 + K Ges ) af;
ss5 = (Ce6 — 2kEgs + K*Geo) o + (Coa = 2kEny + K*G) B + A*

Céac s6 hang trong ma trén khéi luwong [M,,,,] dugc xac dinh boi:

myy = lo;myz = —klza;mygy = Jy;man = Iy mpz = —kl3f3,mos = Jp;
) _ ) _ 2 (2, 2). _ ) _ )
m3) = —klza;may = —kl3B;m33 = Ip + k"I (CX +p ),m34 = —kJaa;m3s = —kJ4f3;

myy = J1;myz = —kJaa;may = Kyymsy = Jy;ms3 = —kJafs;mss = Ky
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