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Abstract. The primary objective of this study is to employ the finite element method (FEM)
to investigate the vibration and dynamic responses of functionally graded auxetic plates
reinforced with graphene origami (GOri), hereafter referred to as FG-GOEAM plates, resting
on a viscoelastic foundation (VEF) and subjected to thermal effects. The FG-GOEAM plate
is modeled as a multilayered structure in which the GOri mass fraction varies continuously
through the plate thickness. The governing equations of motion are derived using Hamilton’s
principle, enabling a comprehensive description of the coupled thermo-mechanical behavior
of the plate—foundation system. After validating the accuracy and convergence of the
proposed numerical model, a series of parametric studies is conducted to examine the
influences of the GOri mass fraction, GOri distribution patterns, temperature, boundary
conditions, foundation stiffness, and the degree of graphene origami folding on the free
vibration characteristics and the dynamic response of the plates subjected to blast loading.

Keywords: GOri; auxetic honeycomb; dynamic analysis; FEM; quasi-3D.

© 2026 University of Transport and Communications

730


https://doi.org/10.47869/tcsj.77.5.9

Tap chi Khoa hoc Giao thong van tai, Tap 77, S6 05 (6/2026), 730-744

Tap chi Khoa heoc Giao théng van tai

DPAP UNG PONG CUA TAM AUXETIC FGM GIA CUONG
GRAPHENE ORIGAMI TREN NEN PAN NHOT CHIU TAI
TRONG NO

P46 Duy Nam, Lé Pham Binh, Lé Truong Son”
Khoa Co Khi, Hoc vién Ky thuat Quan sy, Ha Noi, Viét Nam

THONG TIN BAI BAO

CHUYEN MUC: Céng trinh khoa hoc

Ngay nhan bai: 27/01/2026

Ngay nhan bai sua: 26/3/2026

Ngay chap nhan dang: 18/5/2026

Ngay xuét ban Online: 15/6/2026

https://doi.org/10.47869/tcsj.77.5.9

* Tac gid lién h¢

Email: letruongson01@gmail.com; Tel: 0982842946

Tom tat. Muyc tiéu caa nghién ctu nay 1a @ng dung phuong phap phan tir hitu han (Finite
Element Method-FEM) dé phan tich cac dic trung dao dong va phan tng dong cua tam
auxetic phan cip chirc nang (FG) duoc gia cuong graphene origami (GOri), sau day goi la
tam FG-GOEAM, dat trén nén dan hoi nhét (Visco-elastic Foundation — VEF) va c6 xét dén
anh huong cua trudng nhiét. Tim FG-GOEAM duoc mo hinh héa dudi dang két cau nhiéu
I6p, trong 6 ham lugng GOri thay di theo chiéu day cua tim. C4c phuong trinh vi phan chi
phdi cua hé duoc thiét 1ap dua trén nguyén Iy Hamilton, trong d6 mo ta day du tuong tac co—
nhiét gitra tim va nén dan hoi nhét. Sau khi kiém ching do chinh xéac va tinh hoi tu caa mo
hinh s, mét loat c&c vi du tinh todn duoc tién hanh nham khao sat anh huong cua ty 1& khoi
lwong GOri, md hinh phan bé GOri, nhiét do, diéu kién bién, do ciing caa nén, ciing nhu muac
d6 gap nép cua graphene origami dén dic tinh dao dong ty do va phan timg dong cua tim dudi
tac dung tai trong xung (blast load — BL).

Tir khéa: tim auxetic, phan cip chirc ning, phan tir tir giac, Quasi-3D.
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1. PAT VAN PE

Vit liéu phan cap chirc ning (Functionally Graded Materials — FGMs) thu hut sy quan tam
I6n nho kha nang diéu chinh lién tuc céc tinh chat co—nhiét thdng qua su bién thién thanh phan
vt liéu theo chiéu day [1,2]. Ké tir khi dwoc d& xuét vao nhimg niam 1980, FGMs da dugc tng
dung rong réi trong cac linh vuc nhu hang khong vii tru, cong nghiép hat nhan, 0 t6 va ky thuét
sinh hoc [3]. Cung véi su phét trién caa khoa hoc vt liéu, nhiéu md hinh phan tich tién tién da
duoc xay dung nham md ta ¢ng xur dao dong, 6n dinh va twong tac véi nén dan hodi nhot cua
cac két cau FGM [4-6].

Song song d6, cac siéu vat lieu cd tinh chat auxetic voi hé sb Poisson &m (negative
Poisson’s ratio — NPR) d4 n6i 1én nhu mot 16p vat ligu Kién trac dac biét nho kha nang hap thu
nang lugng va tang cudng do cing cat. Viéc tich hop déc tinh auxetic vao hé vat liu phan cap
chire nang mo ra tiém nang thiét ké cac két cau co kha nang diéu chinh hiéu nang linh hoat [7].
Trong s6 cac huéng tiép can trién vong, graphene origami (GOri) cho phép diéu chinh NPR,
mo dun dan hoi va céc tinh chat nhiét théng qua muc d6 gap nép va ham lugng vat lidu [8,9].

Dua trén cau hinh Miura-origami [10], Zhao va cong su [11] da phat trién vat liéu auxetic
gia cuong graphene origami (GOEAM), trong do céc dac trung co - nhi¢t phu thuc manh vao
muc d6 gap nép, ham luong GOri va diéu kién nhiét. Khi dugc tich hgp vao nén kim loai, cac
don vi GOri cho thay kha ning cai thién dang ké do ciing udn, do bén pha hity va hiéu ung
auxetic cua vat liéu [12].

Gan day, cac tim FG-GOEAM véi sy bién thién ham lugng GOri theo tirng 16p da duogc
dé xuat nham két hop wu diém cua phan cip chirc ning va hiéu tng auxetic [13]. Mot sé nghién
ctru d4 tap trung vao phan tich udn, 6n dinh va dao dong ty do cua cac tim FG-GOEAM [14-
16], cho thay anh hudng dang ké cua dang phan b GOri, mirc d6 gap nép, sé I6p va diéu kién
nhiét. Tuy nhién, cac nghién ctu vé dap tmg dong hoc cia tim FG-GOEAM dudi tai phu thuoc
thoi gian van con rat han ché, ngoai trir mot s6 cong trinh gan day sir dung phwong phép phan
tu hitru han [17].

Xuat phat tir nhitng khoang tréng néu trén, nghién ctru nay dé xuat mot md hinh phan ti
hitu han quasi-3D méi dé phan tich phan tmg dong cua tim FG-GOEAM dit trén nén dan hi
nhét. Mé hinh sir dung phan tir ti giac bén nat (Q4) véi noi suy hdn hop Lagrange—Hermite,
cho phép md phong chinh xac bién dang cit ngang va hiéu ung gian day thong qua truong
chuyén vi quasi-3D [18-22]. Cach tiép can nay cung Cap mat cdng cu s6 hiéu qua dé khao sat
anh huong cua thdng sb hinh hoc, tinh chat vat liéu dén dap ung dong cua tam FG-GOEAM,
qua d6 hd tro thiét ké va toi wu cac két cau auxetic tién tién trong ky thuat co khi, xay dung va
hang khong vii tru.

2. MO TA BAI TOAN VA THIET LAP MO HINH TOAN

2.1. M6 hinh tim FG-GOEAM

Xét tim FG-GOEAM chir nhat gom tong cong N 16p, c¢6 kich thudc hinh hoc lan luot 1a

chiéu rong a, chiéu dai b va chiéu day h nhu minh hoa trong Hinh 1. Mac du ham luong
graphene origami (GOri) duogc gia thiét phan bé dong déu trong ting 16p, nhung thay doi tur 16p
nay sang 16p khéc theo mét quy luat phan bé xac dinh caa ty phan khéi lugng GOri theo chiéu

day W, . Theo Zhao va cong su [23], ty phan thé tich GOri Vg, cia Iop thir k dugc xac dinh
tuong tng véi cac md hinh phan bé GOri khac nhau nhu sau:
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. |2k =n, —
U-type: Vg, (k) =V X-type: Vg, (k) = 2V [2k-n, -4

L

O-type: Vo, (k) = Vg™ [PW]; V-type:Vg, (k) =Ver™ —2‘;_1.
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Lop dan héi va giam chin
U-type  X-type O-type  V-type 4 . . . .
0,00 0,02 0,04 0,06 0,08 0,10
Time 7 (s)
Hinh 1. Bon dang phan b6 GOri va md hinh tam FG-
GOEAM dit trén nén dan hoi nhét. Hinh 2. Pha tai trong no theo thoi gian.

Trong do, U-type, X-type, O-type va V-type lan luot biéu thi céc dang phan b kiéu U, X,
O va V. Kieu U c6 ham lugng GOri phan bo dong deu trén toan bo chieu day; kieu X co ham
lugng GOri 16n hon & c&c 16p trén va dudi; kieu O ¢6 ham lugng GOri I6n hon gan mat trung
hoa; trong khi kiéu V ¢6 ham luong GOri ting dan tir day 1én dinh. Trong d6, V2" 1a ty phan
thé tich GOri trung binh cua Iép thir k, dai lwong nay lién hé véi ty phan khéi luong GOri W,
[23]:

WGr
WGr +(pGr ](l_WGr) (2)

Cu

ratio __
VGr -

trong 46 pg, VA O, lan luot 1a khdi lwong riéng twong ddi caa dong (Cu) va graphene. Hinh
1 minh hoa so df} bdn dang phan bé GOri néu trén, trong d6 ving c6 ham lugng GOri I6n hon
duoc biéu dién bang mau dam hon.

C4c tinh chat vat liéu caa 16p thir k tai nhiét d6 T duoc xéac dinh theo mé hinh vi co hoc di
truyen (genetic micromechanical model) nhu sau:

1+ EnV,, (k) [ T T
E, (k) =—=26e " E_11,11-1,22V,, (k) —0,134 —+0,559V,, (k) —
1- 77VGr (k) ¢ ° To ° To (3)

~5,5H Vo, (K)+ 38H, (Ve (k) —20,6H, (Vg, (K))’
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v (K) = (v Ve, (K) + v Ve, )(1, 01-1,43V,, (k) + 0,165Tl +16,8H,V,, (K)

0

_111HGrVGr (k) Tl +16 Hér (VGr (k))zj
0

pc (k) = (lOGrVGr (k) + pCchu )(17 01_ 2’ o:l'(VGr (k))2 - 0’131T1J

0
trong d6 E_(k), v.(k)va p_(k) lan luot 1A mo dun dan hoi hiéu dung, hé s6 Poat xong hiéu
dung va khéi luong riéng hiéu dung caa mdi I6p, T, 1a nhiét do phong. Cac dai luong co chi s6

Gr va Cu tuong ung véi pha gia cuong GOri va nén dong (Cu). Cac hé s 1 va & dugc xéac
dinh bai:

E
E |
n-ge— g2l @
—r 4 Gr
E 4

Cu

trong d6 |, va tg, lan lugt 1a chidu dai va chiéu day cua tam graphene, To=300K, va H, biéu
thi mic d6 gép nép cua graphene origami (GOri folding degree).

2.2. M6 hinh nén dan nhét

Phan lyc ciia nén dan hoi nhét (viscoelastic foundation-VEF) duoc xéc dinh theo mé hinh
Visco-Winkler—Pasternak ba tham s6 nhu sau [24]:

- o’'w  o*w 0
J:kWW—kp(y-f—W}‘ch EW (5)

trong d6 k,,, k,va Cy lan luot 12 d6 cting 10 xo, do ctng I6p cét va hé sé can nhét cua nén.
Trong d6, 6 cang 10 xo mé phong phan luc dan hoi cuc bd, 16p cit thé hién twong tac giita cac
diém neén, va hé so6 can nhét moé phong kha nang tiéu tan nang lugng trong cac vat liéu nhu 16p
polymer, nén dat hoac I6p bao vé chong no.
2.3. M@ hinh tai trong nd

Trong nghién ctru nay, tai trong nd duoc biéu dién bang phuong trinh Friedlander cai tién,
mo ta mot xung suy giam theo ham mi [17]:

_ 1 t —mé
p(t) =P, N € (6)
€

trong d6, t 12 thoi gian ké tir khi tai xung bat dau tic dung, p, biéu thi gia trj cuc dai cua tai tac
dung, gia tri ndy suy giam theo ham mii cho dén khi két thic pha duong, duge dic trung boi
thoi gian tac dung t,, sau d6 tai chuyén sang pha &m. Tham s6 m la hé sb suy giam song, chi
phdi tdc do suy giam cia xung va ludn mang gia tri duong. Hinh 2 trinh bay dép ¢ng tai trong
g véi mot sb gia tri phd bién cta b, trong d6 P, =1MPava t, =0,01s.

734



Tap chi Khoa hoc Giao thong van tai, Tap 77, S6 05 (6/2026), 730-744
3.LY THUYET QUASI-3D VA THIET LAP PHAN TU HU'U HAN

3.1. Trudng chuyén vi quasi-3D va quan h¢ vit liéu
Truong chuyén vi theo ly thuyét quasi-3D duogc xéac dinh bai [25]:
U=U,— ZWO,X + hl(Z)gﬂx; V=Vp— ZWO,y + hl(Z)(Dy; W=W, + hz (Z){DZ (7

trong d6 Uy, Vova Wy la cac thanh phan chuyén vi trong mat phang trung hoa; ¢,va @y la
c4c thanh phan goc xoay quanh truc x vay; ¢, biéu thi bién dang gi&n day theo chiéu day; h (z)
va h,(z) lan luot 1a cac ham md ta bién dang cat ngang va bién dang gi&n day theo chiéu day,
duoc x4c dinh nhu sau [25]:
3 5 7
hl(z):—8z+10%+g%+g%;hz(z):%hl'(z). ®)
M6 hinh quasi-3D xét dén bién dang gidn day theo chiéu day, du doan chinh xac hon tng
suat cat ngang, khéng can hé sé hiéu chinh cit va d6 chinh xac cao hon ddi véi tim day so voi

mo hinh FSDT va HSDT.

Truong bién dang duogc suy ra tir trudng chuyén vi boi:

e=g,+2¢ +N(2)g, +h (2)g, +h,(2)e, +h, (2)e, 9)
trong do:
Uo —Wp Brx 0 0 0
Vo.y ~Wo,yy B, 0 0 0
g = 0 € = 0 €, = 0 1€y = ,By €4 = ﬁz,y & =| B, (10)
0 0 0 B, B, 0
Uy, + Vo —Wp 5 By * By 0 0 0
Quan hé ung suat bién dang theo dinh luat Hooke nhu sau [26]:
o(k) =Q(k)&(k); (11)
trong do:
[ 1-v (k) v, (k) v, (k) 0 |
1-2v (k) 1-2v (k) 1-2v (k)
vk)  1ov.(k) vk .
1-2v.(k) 1-2v.(k) 1-2v (K)
Q=] ) w1k oo (12)
¢ 1-2v (k) 1-2v (k) 1-2v (k)
0 0 0 05 0
0 0 0 0 05 O
0 0 0 0 0 05

Str dung nguyén 1y H;milton, phuong trinh chuyén dong caa tim duoc biéu dién bai [26]:
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[(8U +6U7 + oW —5T)dt =0, (13)
0
trong d6 oU , sU%, OW va ST lan luot biéu thi ning lugng bién dang 4o, cdng 4o do nén,
cong ao cua luc ngoai, va dong nang ao.
Cac thanh phan nay lan luot duoc biéu dién nhu sau:

oU =I(§TD éhs)ds, (14)
S
trong do:
&y _Do Uy, U, Oy U, Ds_
& 6 ;7 e Uy Uy
Fo &y 0= n U U Uy , (15)
&3 Ui Uy Uy
&, g Ui
& | sym [ 20 |
vaoi [, tai L, dugc tinh boi:
N KD Q(K) 6 (L 2,0, 0 hy by 2 zh zh zh,, Zh, b,
(D i 20)22 I , g e o, (16)
k=l z(k) hh  hh,, b (h)" hh,hh bbby (h,)7)dz)
S S
ST = [ p,(2)(USU +V6V +WSi)dS = [5G xGdS, (192)
S S
Sau khi tich phan ting phan ta co:
5T =I§dTKadS =—J.5qTKadS, (19b)
S S

trong d6 G =(0y,0y,0.0;) » o = (Ug Vo, Wip)", 0y = (Mg, Vi, 0)", 0, =(,,5,,0)" va
d, = (0,0, 3,)". Ma tran céc thanh phan quan tinh duoc xéac dinh bai:
Ky K K, K
o K, Ky Kg 20)
K, K

sym K,

trong d6 cac ma tran x, toi kx, dugc xac dinh bai:

N, z(k+1)

(Ko’---”(g) = Z .[ pc(k)|3><3(17 Z, hl’ hz' 221 Zhl’ Zh21 h12’ h1h2’ hzz)dz (21)

k=1 z(k)
Phuong trinh chuyén dong dang yéu cua tim duoc biéu dién nhu sau [27]:
[z 0zdS + [ Sowds + [ 5q xqdS = [ p(t)owds . 22)
S S S S
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3.2. Thiét 1ap phan tir hitu han

Str dung phan tir tir gidc bon nit (Q4), trong d6 mdi nit ¢6 8 bac tu do (DOFs) theo ly
thuyét quasi-3D, véc to chuyén vi nat caa phan tir dugc xac dinh nhu sau:

qe ={u0j’V0j'¢xj7¢yj1¢z]’W WXJ’W } J:1’14 (23)

Cac thanh phan chuyen vi {u,; .V, 0,0, 9, | duoc xap xi boi:

4
{UO’VO’¢X’¢y7¢Z} :ZLJ {uoj1voj1¢xja¢yja¢zj} ) (24)
j=1
vai L la cadc ham noi suy Lagrange.
Céc thanh phan chuyen vi {w;;,w,,w,;} duoc xap xi nhu sau:

XJ’

W= Z(@w + 0w, +OPw,),
wX=Z((<DJ-),X (D) Wy + (D) W), (25)

RN CHRURCIORURCIDRS

véi @ la cac ham Hermite.
Thay thé cac thanh phan chuyén vi vao truong bién dang trong phuong trinh (9), thu duoc:

¢=[B, B,B,B,B,B; ]qu (26)
trong d6 cac ma tran quan hé bién dang—chuyén vi duogc xac dinh boi:
_Lj’x 0O 00O0O0O0 O]
0 L, 000000
41 0 0O 00O0O0OOTGO
BO:;o 0 000000 (272)
0 0O 00O0O0OOTO
L, L, 000000
00000 -0, -0V -O]
00000 ~®, -0 -3
B :Z“: 0 00 O0DO 0 0 0 (27b)
"'400000 O 0 o |
0 00 0O 0 0 0
00000 20, -20% 207
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oo0L, 0 000O00O 00 0 O
00 0 L, 0000 00 0 O
s/0 0 0 0 00 0O a0 0 0 O

Bzzjz;oo 0 0 oooo’BS:;ooo L,
00 0O O O0O0OO 000L O
oo0L, L, 0000 00 0 O
0000 0O 00 O] ‘0 0000
0000 O 0O00O 000000

B=iooooooooBziooooo
‘*4&Z0oo0000L, 000" 4/00000
0000TL, 000 000O00O
0000 O 0O O] 00000

O O O o o o

o ol o o

O O O O o o

O O O O o o

O O O O o o

O O O o o o

o O O O o

(27c-d)

(27¢e-f)

Phuong trinh chuyén dong cta phan tir tim, sau khi thay thé céc biéu thuc (11) va (26) vao

phuong trinh (22), dugc xac dinh nhu sau:
Meqe +C§qe(Ke + Kg)qe = FB 1
trong do:
Ma tran d6 cing phan tir tim:

K, =[(B'0B)dS.
S

Ma tran do Cl'rng dan hoi cua nén:
j[k NN, +k, ( +NT N )st.

w' Yw! Y w wx wx w,y' Yw,y

Ma tran can nhét caa nén:

CJ = [(csNIN,, )ds

trong dé NW:ZA:[O 0000 -@ -0 -]

1 '
Ma tran khéi lugng phan tu:
M, = [NJmNds,
S

véi N, = [NO; N;;N,; N3] , trong d6 cac ma tran con dugc xac dinh bai:

4 4
NO:Z;[O 0 cpj],le_Z;[—cbjWX - 0],
i= i=
4 4
N2:Z|:L1¢Xi Lo, O],NS:;[O 0 Li¢zi]'

i=1
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Véc to tai trong quy nut phan tir:
F jN pds, (34)

trong d6 NI = Z[d) oY q)ﬂ;p:i[o 0 00 0 pit) O O]T.
=1

j=1

Sau khi lap rap cac ma tran va véc to phan tir vao vao ma tran tong thé theo thuat toan
PTHH, phuong trinh chuyén dong cta tam FG-GOEAM c0 thé dugc biéu dién dudi dang [27]:

MG+C’q +(K+K¥)g=F (35)

trong @6 M, C¥, K, va K lan luot biéu thi ma tran khdi lugng tong thé, ma tran can tong
thé, ma tran d6 cang tong thé, va ma tran d6 ciing nén, Fbiéu dién véc to tai trong tong thé.
_ Sau khi ap dt céc diéu kién bién (BCs), phuong trinh (35) duoc giai trong mién thoi gian
bang phuong phap Newmark—f [28]:
4. KET QUA SO VA THAO LUAN
Trong bai bao nay, dic trung co hoc cua cac vat liéu thanh phan duoc xac dinh boi [17]:
ECu =65,79GPa; p., =8800 kg/m3; v, =0,387; E, =929,57GPa; p, =1800 kg/m®;
o =0,22; I, =8,376nm; t, =0,34nm; E, =3,0GPa; p, =1200 kg/m*; v, =0,34;
Eep, =1, OlTPa  Pop. =1060 kg/cm ;Ugp = 0,186 ; lgp = 2,5um ; W, =1,5um;
hep, =1,5nM.

Céc tham sb khéng thir nguyén duoc gisi thiéu nhu sau:

a* / f E.h?
K,=k—;K, = o a) D,=—2%— (36)
Dy PeuDy 12(1-v, Cu)

Tam FG-GOEAM vuong c6 cac kich thuéc a=1m, a/b=1b/h=10, T =T, =300K, va
Hg, =100% duoc sir dung trong khao st so.

4.1. Khao sat hdi tu va kiém chirng md hinh

Xét tam FG-GPLRC vuong c6 diéu kién bién twa don bon canh (simply supported-SSSS)
véi cac kich thudce Iudi khac nhau. Nhu trinh bay trong Bang 1, cac két qua hoi tu tai kich thudc
lw6i16x16, va phi hop tét voi két qua cia Thai va cong sw [4] s dung phuong phap dang
hinh dua trén ly thuyet bien dang cat bac cao (IGA-HSDT), cling nhu cua Arefi va cong sy [29]
dua trén nghiém Navier két hop véi ly thuyét tam tinh chinh (Navier-RPT).

Tiép theo, xét tam FG-GOEAM vudng vai kiéu O diéu kién bién tua don bén canh (SSSS),
céc tham s6 con lai 1a W, =2,5% vaK, = K, =50. Nhu minh hoa trong Hinh 3, tan s dao
dong riéng tang nhanh khi s6 16p N, nhé hon 20, sau d6 hoi tu dan va tré nén on dinh khi sb
I6p N, tién toi 40. Xu huéng hoi tu nay phi hop t6t voi cac két qua duoc béo cao boi Chi Hai

va cong su [17]. Trong nghién cir ndy, ho sir dung mé hinh tim dua trén ly thuyét bién dang cit
bac cao (HSDT).
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2

N , " a p , .
Bang 1. TAn sé co ban khong thir nguyén " = “’h ? cia tim FG-GPLRC tua don bén canh Vi

m

chidu day h=a/10.

Kich thuéc ludi

Phuong phip —— Kieuphan b0 — o Tax14  16x16 1818  20%20
Téac gia 0,1247 0,1247 0,1248 0,1248 0,1248
IGA-HSDT [4] ubD 0,1216
Navier-RPT [29] 0,1216
Téc gia 01049 01049 01050 01050 0,1050
IGA-HSDT [4] FG-O 0,1023
Navier-RPT [29] 0,1023
Tac gia 0,1402 0,1402 0,1403 0,1403 0,1404
IGA-HSDT [4] FG-X 0,1366
Navier-RPT [29] 0,1365
Tac gia 0,1175 0,1176 0,1176 0,1177 0,1177
IGA-HSDT [4] FG-V 0,1118
Navier-RPT [29] 0,1118

Cubi ciing, xét tam FG-GOEAM vudng véi X-type lién két tya don bdn canh chiu tai trong

hinh sin p(t) = p, sm[f—] voi 0<t<t va p(t)=0 néut>t =10ms. Cac tham s6 con lai
(]

dugc chon la: W, =2,5%, K, =K, =25, and C, =0. C6 thé nhan thay rang cac két qua thu

dugc phi hop tét voi két qua cia Chi Hai va cong su [17], nhu minh hoa trong Hinh 4. Céc vi
du trén nham kiém chang tinh hoi tu va d¢ chinh xac cua phuong phap de xuat.

12,80 T T T T 0,05
0,006
12,75 +
0,05
12,70 . Tac gia
=) O  Nguyen va cong su
"3 E-olo
12,65 -
0,15
12,60 - 20,20
O-type (Tac gia)
== 0= O-type (Nguyen va cong su)
12,55 : 1 L : 0,25 1 L : L
0 10 20 30 40 50 0 2 4 6 8 10

n t (ms)
L I3 I3
o ) Hinh 4. So sanh dp ung chuyén vi cua diem
Hinh 3. So sanh tan so co ban cua tam FG-GOEAM gitra tam FG-GOEAM chiu tai trong hinh sin

4.2. Khao sat tham s
4.2.1. Anh hwéng ciza md hinh phan bé GOri

Hinh 5 minh hoa dap tng chuyén vi va phan b tng suat phap theo chiéu day caa tim FG-
GOEAM lién két SSSS dit trén nén dan hoi nhot, véi cac tham sé K, =K, =25 va C, =0,1.
Két qua cho thiy do vong cuc dai tai tam tam phu thuéc manh vao mé hinh phan bb GOri, giam
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dan theo thit twy U — O — X — V, trong d6 kiéu U mém nhat va kiéu V cting nhat. Xu hudng
nay phan &nh vai trd cua phan b GOri theo chiéu day, khi cac ciu hinh giau GOri gan bé mat
lam ting dang ké d6 cang udn caa tim. Trong pha &m, khong xuét hién dinh véng méi; cac dao
d6ng nho phat sinh nhanh chéng bi suy giam nho tac dung két hop cua can két ciu va nén dan
hoi nhét, cho thdy pha duong chi phdi dap tng dong. Phan bd ¢ng suat phap tai thoi diém vong
cuc dai c6 xu hudng tuong tw chuyén vi: kiéu U cho phan bé tng suit muot va gié tri dinh thap,
trong khi kiéu V, mic du c6 d6 vong nho nhit, lai tao ra tap trung tng suat kéo 16n nhat tai bé
mit dudi. Didu nay chi ra su danh ddi gitra do cing va mirc do tap trung wng suat, can dugc
can nhéc trong thiét ké tim FG-GOEAM chiu tai trong no.

0,05 0,60 0,60

3
l 0,40

0,20

0,00

w (mm)

v (m/s)

-0.20

-0.40

¥ —>— U-type
035 B\J +§:‘l§§: 060 F 5f O:‘y'p: 0,60 +§:§EE
—8— V-type —&— V-type —8— Votype
0.40 -0,80 -0.8!
4 6 8 10 0 2 4 6 8 10 040 035 -030 -025 020 0,15 -0,10 -0,05 0,00
t (ms) 1 (ms) m)
a) Pap tng chuyén vi b) Pap ng van toc c) Quy dao pha
0,50 030 < 0,50 +%
—p— U-type ——Uuype
—<— X-type —<€— X-type
A O-type 025 O-type
0,25 i —E— V-type > 025 | [==—Vaype
5 0,00 <
5 0.00 S 0.00
02
-0,25 -0,25
-0,50 P <
0.50 2,00 -1,50  -1,00  -0,50 0,00 0,50 1,00 20,50
-4 6 o (Pax10® -8 -6 -4 -2 4
o, (Pa) %107 ¥ o, (P2) x10*
d) Ung suét phé& : £ ab f) Ung suét cét
) Ung phap e) Ung suattiep o, (=, —-,2) ) Ung
ab . 2 2 ab :
O'XX(—,—,Z) tal tmax . O'XZ( ,—,Z) tal tmax
2’2 tait 2'2

Hinh 5. Dap tng dong cua tim FG-GOEAM lién két SSSS vai cac mau Gori khac nhau.
4.2.2. Anh hwong cia ty phan khéi lweng GOri

Hinh 6 trinh bay anh huong cua ty phan khéi lwong GOri dén dap ung dong cua tim FG-
GOEAM lién két SSSS, véi md hinh phan bé kiéu U, K, =K, =50,C, =0,1. Két qua cho thay
khi ham luong GOri tang, do cang hiéu dung cua tam tang ro rét, dan dén giam dang ké do
vong cuc dai tai tam tam va bién do van tdc, dong thoi dao dong suy giam nhanh hon, phan anh
tinh 6n dinh dong duoc cai thién. Xu hudng nay ciing dugc thé hién qua quy dao mat phang
pha thu hep, cho thay hé két ciu quay vé trang thai can bang nhanh hon. Nguoc lai, tng suat
phap theo chiéu day tai thoi diém dap ng cuc dai tang 1€n khi ham lugng GOri tang, do do
ctng udn 16n hon 1am giam bién dang téng thé nhung khuéch dai muc tng suit cuc bo. Xu
huéng tuong tu ciing duoc ghi nhan dbi véi tng suit mang va tng suét cit, véi bién do ting
vura phai trong khi hinh dang phan bd co ban dugc duy tr| Nhin chung, ting ty phan GOri Ia
giai phap hiéu qua dé han ché chuyén vi va van téc, ting toc suy giam dao dong va nang cao on
dinh két cAu dudi tai xung. Tuy nhién, sy gia taing ng suét di kém cho thay can lya chon ham
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lwong GOri t6i wu nhiam can bang giita tang do cung va kiém soét tap trung (ng suat, dac biét
trong cac tng dung yéu cau kha ning chdng nd va va dap.
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I
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w552
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Hinh 6. Dap tmg dong cua tim FG-GOEAM lién két SSSS véi cac gid tri khac nhau caa ty phan khéi

5. KET LUAN

lugng GOri.

Nghién ctru nay da phat trién mot mé hinh phan tir hiru han quasi-3D dé phan tich dap ung
dong cua tim FG-GOEAM dit trén nén dan hoi nhét ba tham sé va chiu tai xung. M6 hinh dya
trén Iy thuyét quasi-3D sau bién, két hop véi so @b noi suy hdn hop Q4 Lagrange—Hermite, dam
bao tinh lién tuc C* cua truong chuyén vi ngang, déng thai loai bo nhu cau st dung hé sé hiéu
chinh cit. D6 chinh xac va do tin cay cia mo hinh di duoc kiém chiing thdng qua cac bai toan
hoi tu va so séanh vai cac két qua tham khao trong tai liéu. Tur cac khao sét s, cd thé rut ra

nhiing két luan chinh sau:

« Phan tir hdn hop Q4-Hermite cho thy toc do hoi tu nhanh va higu qua tinh toén cao,
dac biét phu hgp cho phén tich cac tam FG-GOEAM nhiéu lop.

e S416p 6 anh huong dang ke dén dap tmg dong; nghiém hoi tu nhanh khi sé 16p nho
hon 20, trong khi viéc tang s6 16p vuot qua khoang 40 chi gay thay doi khong dang ké.

. Bgn mo hinh phan b GOri thé hién thir bac d6 cing r6 rang, trong do kiéu X cting nhat,
tiep theo la kiéu V va kiéu O, con kieu U c¢6 do cang thap nhat.

« Céc tham sé vi cau tric caa GOri chi phbi manh ang xtr dong: tang ty phan khdi lugng
graphene lam tang do cang hiéu dung va cai thién kha nang khang bién dang dudi tai
xung; trong khi d6, ting mic do gip nép GOri 1am ting hiéu tmg auxetic nhung giam
moé dun dan hoi hiéu dung, dan dén dap tmg dong mém hon va bién dang 16n hon.
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« Dudi tai trong nd, cac dap tng cua chuyén vi, van toc, phan b ng suit va quy dao mit
phang pha cho thay vai tro quan trong cua kién triic GOTri: cAc cau hinh cung hon (kiéu
X, kiéu V) han ché hiéu qua bién dang tong thé nhung gay tap trung tng suat cao hon,
trong khi cac cau hinh mém hon (kiéu U, kiéu O) cho bién do dap wng 16n hon véi phan
b wng suat ém hon.

« Can cuanén dong vai tro then chét trong tiéu tan ning luong; tang hé s can gidp giam
d6 vong cuc dai, tang tdc suy giam dao dong va thu hep quy dao pha, phan &nh sy cai
thién rd rét vé 6n dinh dong.
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