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Tém tat

Trong bai bdo nay, 15i giai ban giai tich dudc xdy dung d€ x4c dinh tin s dao dong riéng clia vd nén cut lam bang vat liu c6
cAu triic bé mit t6i thi€u tudn hoan ba chidu (Triply Periodic Minimal Surface — TPMS) chiu cdc diéu kién bién khac nhau.
M0 hinh va céc phuong trinh chii dao clia vé dugc xdy dung dua trén 1y thuyét bién dang cit bac nhit (FSDT) va phuong
phép Rayleigh—Ritz. Cac thanh phan chuyén vi dudc x4p xi bang cdc ham cd sé truc giao theo toa do duvng sinh, dugc xay
dung thong qua quy trinh truc giao Gram—Schmidt chuin héa. Po chinh xdc cia mo hinh dé xuét dugc kiém ching thong
qua viéc so sanh véi cic két qua da dudc cong bd. Phan tich tham s6 cho thiy cac dang céu tric TPMS, mat do khéi lugng
tuong dbi, diéu kién bién va nita géc dinh cia vé nén déu cé dnh hudng dang ké dén tin sb6 dao dong riéng. Nghién ciu nay
cung cip mot md hinh hiéu qua d€ du doan dic tinh dao dong ciia vé nén cut TPMS, qua d6 hd trg thiét ké va tdi uu héa
cdc két cAu siéu nhe tuong tu trong céc linh vuc k§ thuat hang khong vi try, xdy dung va co khi.

Tir khod: phan tich dao dong riéng; vd nén cut kin; vat liéu TPMS; phuong phép Rayleigh—Ritz; diéu kién bién khéc nhau.
FREE VIBRATION ANALYSIS OF CLOSED TPMS TRUNCATED CONICAL SHELLS
Abstract

This paper presents a semi-analytical solution for determining the natural frequencies of closed truncated conical shells
made of triply periodic minimal surface (TPMS)-based materials subjected to different boundary conditions. The shell
model and its governing equations are developed based on the first-order shear deformation theory (FSDT) and the
Rayleigh—Ritz method. The displacement components are approximated by orthogonal admissible functions defined along
the meridional coordinate and generated using the Gram—Schmidt orthogonalization procedure. The accuracy of the pro-
posed model is validated through comparisons with published results. Parametric studies reveal that TPMS architectures,
relative density, boundary conditions and the semi-vertex angle of the cone have significant effects on the natural frequen-
cies of the shell. The present study provides an efficient model for predicting the vibration characteristics of closed TPMS
truncated conical shells, thereby supporting the design and optimization of similar lightweight structures for aerospace,
civil, and mechanical engineering applications.

Keywords: free vibration; closed truncated conical shell; TPMS material; Rayleigh-Ritz method; different boundary
conditions.
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1. Gidi thiéu

Nhiing nim gan diy, vat liéu c6 ciu triic bé miit ti thiu tuan hoan ba chiéu (TPMS) 12 dai dién
cho mdt budc tién ndi bat trong linh vuc vat liéu siéu nhe 1dy cam hiing tif tu nhién, loai vit liéu nay
véi dic tinh bé mit c6 dd cong trung binh bing khong va lién két 16 x6p hoan hao [1]. Cic dang ciu
triic TPMS tiéu biéu nhu Primitive (P), Gyroid (G), va I-graph va WP-graph (IWP) cho thiy ty 1¢ do
bén trén trong luong cuc ky 4n tudng, vudt troi so vdi cac két cAu dang dic chic thong thuong [1, 2].
Thong qua viéc diéu chinh tham s6 phuong trinh dang 4n va mat do khéi luong tuong d6i, md dun
dan hoi, mo dun dan hoi trugt va co tinh téng thé clia ciu tric TPMS c6 thé dudc kiém sodt kha linh
hoat [1]. Vat liéu TPMS sd hitu kha ning hip thu ning luong vuot troi, dong thdi c6 thé t6i uu hoa
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tinh din nhiét va cach am [1]. Hon thé nita, nhd vao sy phat trién manh mé ctia cong nghé in 3D hién
nay, cic cau tric hinh hoc phiic tap ctia TPMS c6 thé dudc ché tao v6i d6 chinh x4c cao ti nhiéu loai
vat liéu nén, mé ra ky nguyén méi cho cic siéu vat liéu co hoc c¢6 kha ning tlly bién cao [1, 2].

Cic két cau vo néi chung va vo nén cut néi riéng dudc ing dung rong rii trong cac linh vuc ky
thuat trong di€ém nhu hang khong vi try, ky thuat hang hai, co khi va xay dung [3]. Trong ky thuat
xdy dung, vo nén cut 1a dang két cAu tron xoay dién hinh, xuit hién phd bién & ddy/mai silo chia vat
liéu roi, phéu thu, thdp 1am maét va céc thiét bi chiu 4p luc. Bén canh d6, nhd dic tinh hinh hoc bién
thién cling kha niing chiu tai trong va dp ting khi dong hoc vuot trdi, vé nén cut thudng 12 thanh phan
chiu Iuc cbt 16i trong vo tén ltta, cum voi phun, thAn mdy bay va thu ngam [3, 4]. Viéc tich hop mo
hinh TPMS vao két cdu vé nén mé ra hudng thiét ké méi nham giam thiéu t6i da trong lugng nhung
van ddm bio d6 bén va kha niing hip thu ning Iuong. Mic dii hién nay két cAu TPMS v6 nén cut chua
dugc dng dung nhiéu trong thuc té, tuy nhién tinh kha thi trong thiét ké va ché tao cac dang vo tuong
ty nhu vay va phic tap hon da dugc chiing minh thong qua cong nghé néng chay 16p bot bing laser
(LPBF) [5].

Cho dén nay, nghién cifu vé dao dong va dong luc hoc ctia két cdu vd/vd nén cut, da thu hit su
chii ¥ sau rong ctia nhiéu nha khoa hoc trong va ngoai nude. Pdi véi vt liéu c6 co tinh bién thién
(functionally graded material —- FGM), Setoodeh va cs. [6] da tién phong nghién ctu dao dong riéng
va dap ting dong luc hoc qua do (transient) cia vé nén cut FGM chiu tac dung cia téi trong va dap.
Tiép d6, Sofiyev da st dung ly thuyét vd Donnell-von Karman va phuong phép Galerkin dé phan tich
dao dong phi tuyén ctia vé nén cut FGM [7]. Cac bai toan vé 6n dinh phi tuyén dudi tai trong nén
ciing dugc Deniz [8] giai quyét thanh cong. Nham xi 1y cac didu kién bién phiic tap, Jin va cs. [9] da
xay dung chudi Fourier hiéu chinh va phuong phap Rayleigh—Ritz, cho phép phan tich dao dong riéng
ctia vo nén cut dudi cac diéu kién bién bat ky. Trong khi d6, Zarei va cs. [10] di md rong pham vi va
dbi tuong sang céc két cu phiic tap hon nhu vo nén c6 gan gia cudng xién. Dic biét, dbi véi cac vt
liéu composite tién tién, Nejati va cs. [11] dd phan tich su 4nh hudng ctia quy luat va ham lugng CNT
(Carbon nanotube) dén tan s6 dao dong riéng va ting xi tinh ctia vé nén cut chiu chuyén dong quay
bing phuong phap cau phuong vi phan téng quat (DQM).

Déi v6i két cAu lam bing vat liéu TPMS, gan déy céac két ciu tim, panel vo, vé chom cau thoai,
vo cau cut kin va vo try tron ciing da va dang dudc tip trung nghién ciiu va phén tich. Chang han,
Nguyen-Xuan va cs. [1] da tién phong trong viéc phan tich dao dong riéng, udn tinh va 6n dinh ctia
két cAu tim lam bang vat liéu TPMS sit dung phuong phap phan tich déng hinh hoc (Isogeometric
Analysis — IGA) két hop v6i 1y thuyét tAm bac cao nim 4n s6. Nguyen va cs. [12] da trinh biy nghién
ctiu vé dao dong riéng va udn tinh ctia két cdu vo hai do cong TPMS bing phuong phap phén tich
dang hinh hoc dung ly thuyét bién dang cit bac nhit. Dung 1y thuyét bién dang cit bic cao bdn an
chuyén vi, phuong phap IGA va 15i giai Navier, Lé va cs. [13] da phén tich dic trung dao dong cla
két cAu sandwich v cong hai chiéu trong d6 c6 15i 12 vat liéu TPMS v c6 tich hdp cic 16p bé miit
tir dién—tir (magneto-electric) chiu tic dung cta tai trong va dap van toc thip. Dua trén ly thuyét bién
dang cit bac cao va phi tuyén hinh hoc von Karman, Ding Thuy Dong va cs. [14] di trinh bay 15i giai
dang giai tich cho bai toan phan tich 6n dinh tinh phi tuyén ctia vd chom cau thoai TPMS, trong d6
c4 tai trong nhiét, co va nén dan hoi dudc xem xét va danh gid. Dua vao phuong phap IGA, Duong va
cs. [15] da phan tich dao dong riéng ctia két cAu vo cau cut kin vat liéu xbp TPMS c6 kha niing xoay
véi chiéu day thay d6i. Gan ddy, véi viéc st dung ly thuyét bién dang cat bac nhit FSDT, phuong phap
Rayleigh-Ritz, Nguyén [16] d phan tich dao dong riéng ctia vo tru tron lam bang vat liéu x6p c6 ciu
triic TPMS v6i cac lién két dan hoi & hai dau vo. Qua phan tich tdng quan & trén, ta c6 thé thiy ring
nghién cifu vé& két cAu vo nén cut vat licu TPMS gan nhu chua dudc khai pha.
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Trong viéc gidi quyét cac bai todn vé két ciu, c¢6 nhiéu phuong phap tinh toan hiéu qua nhu phuong
phép gidi tich [17, 18], ban giai tich [19-23] va sd [24-26]. Trong s6 d6, phuong phip ban giai tich
Rayleigh—Ritz két hop véi cac da thic truc giao dude chudn héa biang quy trinh Gram—Schmidt 1a
mot trong nhitng phuong phap déng vai tro cbt 16i [2, 27]. Mic du c6 nhitng nhugc diém cb hitu clia
phuong phap ban gidi tich, vi du nhu khé 4p dung cho céc két cAu ky di; tuy viy phuong phap nay
ciing c6 nhiéu uu diém, dic biét 1a kha ning xt ly linh hoat va md ta chinh xdc cdc diéu kién bién
khdc nhau ciia két cAu.

Qua phan tich & trén, ta c6 thé thiy vat liéu TPMS da dudc nghién ctiu va 4p dung cho céc két
chu dam/tAm/vo tru tron, tuy vay viéc phan tich két cAu vé nén cut kin 1am tir vat liéu TPMS véi céac
diéu kién bién khac nhau van con bd ngd. Do viy, nghién cifu nay tip trung vao viéc phan tich dao
dong riéng ctia v nén cut kin TPMS. Déng gbp clia nghién ctiu khong chi cung cAp mot cong cu ban
giai tich tin cay dé tinh todn tan sb dao dong riéng, ma con 1am rd co ché dnh hudng cla cic ciu triic
TPMS, mat d6 phan bd khbi lugng, diéu kién bién va nita goc & dinh nén dén do ciing cia két ciu.
Diéu nay tao nén tang ly thuyét viing chic cho viéc thiét ké t6i uu cac bo phan két ciu dang vé nén
cut kin 1am bang vat liéu tién tién TPMS trong tuong lai.
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Hinh 1. Cdc tham sb va kich thudc hinh hoc v nén cut kin

2. MG hinh vt liéu, mdi quan hé déng hoc va biéu thic niing luong két ciu vo
2.1. Mo hinh vdt lidu c6 cdu triic bé mdt téi thiéu tuan hoan ba chiéu TPMS

Xét két ciu vo nén cut kin 1am tir vat lidu c6 cAu tric bé mit tbi thiu tuan hoan ba chiéu TPMS,
c6 céc thong sb hinh hoc: ban kinh ddy nhd Ry, ban kinh ddy 16n R,, chiéu dai dudng sinh L, chiéu
day h (khoéng ddi), va ntta géc & dinh nén «, nhu thé hién trén Hinh 1. Hé toa do (s, 6, z) dudc st dung,
trong do6 s la toa do doc theo dudng sinh, s € [0, L], 6 1a toa do goc theo phuong vong, 6 € [0, 2n], z
la toa d6 vudng gbc mét trung binh v, z € [-h/2, h/2]. Ban kinh v4 nén tai toa do s la:

R(s) = R| + ssina (1)
Ba loai cu tric TPMS dugc xét 1a P (Primitive), G (Gyroid) va IWP, c6 ham bé mit dugc dinh

nghia theo cac toa do cuc bo [1, 16], va dugc minh hoa nhu trén Hinh 2. Trong nghién ctiu nay, mat
dd khdi lugng tuong dbi p dugc gi thiét bién thién theo chiéu day vé nhu sau:

k
Z 1 . X, 3h: 4
0£(2) = Pmin + (Omax — Pmin) (E + z) ;  nhom A (bat doi xung) (2)
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iz k . 2
P(2) = Pmin + (Pmax ~ Pmin) {1 — cos (?)} ; nhom C (doi xting) (3)

trong d6, Pmax, Pmin 12 c4c gia tri 16n nhét va nhd nhét cda p; k 13 chi s6 ham mii. Cu thé, ba quy luat
phan b p ctia nhém A (A1, A2, A3) va ba quy luat phan bd ctia nhém C (C1, C2, C3) nhu minh hoa
trén Hinh 3, dudc nghién ctiu. DE thuan tién, cic tham sb (Omax» Pmin» k) cho céac quy luat nay da dudc
liét ké sdn 6 Bang 1.

*
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Hinh 2. Ba dang céu triic TPMS goém P, G, va IWP

Céc tinh chét co hoc nhu md dun dan hdi E(z), md dun dan hdi trudt G(z), va hé sb Poisson v(z)
ctia mo hinh vat liéu TPMS dang P, G, va IWP dudc x4c dinh thong qua mé hinh hdi quy phi tuyén
c6 rang budc [1]. Cac dai lugng nay phu thudc chii yéu vao mat do khoi lugng tuong dbi p(z) va cic
dai lugng nhu md dun dan hoéi E; va mo dun dan hdi trugt G ctia vit liéu nén; d€ ngin gon va stic
tich, cac biéu thifc chi tiét ctia chiing dugc ké thira va trinh bay nhit quan v6i cdc mo hinh da cong bd
trong [1, 2, 16]. Cac tham sb E(z), G(z), va v(z) s& 12 nén tang quan trong dé tinh toan két cAu vd nén
cut bang vt liéu TPMS.
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(a) Quy luat A1, A2, va A3 (b) Quy luat C1, C2, va C3 (doi xing)

Hinh 3. Céc quy lut phan bd mat do khdi lugng tuong dbi theo chiéu day

Ciing cin luu y rang & don vi clia cau triic TPMS dugc mo hinh héa la vt lidu d6i xiing 1ap
phuong (cubic-symmetric material), véi ma tran hé sd dan hdi ¢6 dang tucng tu dang hudng [1], tuy
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nhién diém khac biét 12 mo dun dan hdi trugt G khong bang hing s6 Lamé u = E/[2(1 + v)], phan

4nh tinh di huéng noi tai ctia ciu triic TPMS. Ngoai ra, md hinh vit liéu dong nhét héa nay c6 gid tri

& kich ¢d macro (kich cd thong thudng) khi kich thuéc 6 don vi TPMS nhd hon ding ké so véi chiéu

day vd (sb lugng & don vi di 16n).

Bang 1. Cac tham s6 (Pmax, Pmin» k) cho sau quy luat khac nhau ctia mat do khoi lugng tuong ddi véi gid tri trung
binh p = 0,35 [1, 16]

Quy luat Pmin Pmax k
Al 0,20 0,5 1,0
A2 0,20 0,8 3,0
A3 0,25 1,0 6,5
Cl 0,20 0,5 0,561
C2 0,20 0,8 1,757
C3 0,25 1,0 3,943

2.2. Co sd Iy thuyét

Theo 1y thuyét bién dang cit bac nhit, trudng chuyén vi ciia vd nén dude biéu dién qua nim an
chuyén vi thudc mit trung hoa (ug, vo, wo, ¢s, @g) nhu sau [19, 28]:

u(s,0,z,1) = up(s,0,1) + zpy(s, 0,1) “4)
v(s,0,2,1) = vo(s,0,1) + z¢e(s, 6, 1) )
w(s, 6, z,t) = wo(s,0,1) (6)

trong d6 ug, vo, wo chinh 1a cdc chuyén vi tai mit trung hoa theo phuong dudng sinh, phucng vong va
phuong phép tuyén ciia vé non; s, @g chinh la cac géc xoay ctia phap tuyén trong cic mat phang (s, 2)
va (0, 7).

Céc thanh phan bién dang ctia vé nén dudc x4c dinh bdi biéu thiic sau [19, 28]:

Ey 88 Ky )/0
e=1egr=1&)r+zKot; 7={78Z} (7)
Vs6 ')’gg Kso 0
31/!0
&= Gy
0 1 6v0+uosina+wocosaf g
gy = ——
9" R(s) 00 R(s) R(s) ®
0 1 Jup Ovyg wvosina
Y0 = mraan T ae
R(s) 00 as R(s)
A5
Ks = s
1 dgy @gsina
=——+
= R) 90 T RG) ©
1 dps Opy ysina
Kso e

- Iﬁ 00 - s R(s)
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1 Owy _ vpcosa 0 owg

0 _ 9"o = -
Yo = ¥o + R(S) 50 R(S) s Vsz = Ps + Js (10)
Mbi quan hé ting suat-bién dang ctia két ciu vo nhu sau:
T | 0112 012(2) 0 [ &5
o9 | =012k On@ 0 |[|& (1D
056 0 0 Oe6(2) [ 1750
(5| [Qss@ 0 [ve]
o Hz} - [ 0 Q55(Z)] [702_ (12)
trong do:
_ _ E@ | _ VE®
On@) = 0n@) = 7~ W Qu@) =17 e (13)
O66(2) = Qu4(2) = O55(2) = G(2) (14)

Bing cach tich phan ting suét theo toan bo chiéu day vo, ta thu dudc cac thanh phan noi luc nhu

biéu thiic duéi day:
N n2 [ Os
Ny ¢ = f (o] dZ;
Niq hi2 050
M; n2 [ Os
My ¢ = f g pzdz
Mg hi2 050
h/2
{QS} - [ {“} dz (16)
Oy —-n/2 \06z
trong d6: K 1a hé s6 hiéu chinh cit, dugc ldy gan diing 1a bang 5/6, tuong tu nhu cach tiép can trong

cac tai liéu [2, 12, 29].
Thé niing bién dang dan hdi ctia két cAu vd nén cut TPMS dugc cho béi [30]:

(15)

1 L 21
U=3 f f (No&? + Nl + Ngy%y + Mk + Mokg + Mogrsg + Q5y", + Qgyg.) R(s)dfds (17)
o Jo
DPong ning clia két cAu vo nén cut TPMS dudc xéc dinh bdi [30]:
1 Lo .2 .2 .2 . - -2 .2
T =— [Io (”0 + Vg + Wo) + 211 (s + vope) + I (Lps + gog)] R(s)dO0ds (18)
2Jo Jo
trong d6, cdc dai luong quan tinh khdi lugng (1o, I1, I>) dudce xac dinh bdi:
/2
(it = [ ppta s (19)
—h/2

& day p, la khdi lugng riéng clia vat liéu nén. C6 thé thay riang, dai luong I; = 0 khi p(z) dbi xiing
(cac phan bé nhém C) va I} # 0 khi p(z) bat dbi xiing (cdc phan b6 nhém A).

49



Lgi, N. V., Binh, C. T./ Tap chi Khoa hoc Céng ngh¢ Xay dung
3. Loi giai Rayleigh-Ritz

Vi v6 nén cut kin, cdc thanh phan chuyén vi dugc gia thiét dudi dang chudi nhu sau:

M
uo(s,0,1) = > Al (s) cos(nf)e™” (20)
i=1
M .
vo(s,6,0) = > Bj(s) sin(nf)e'”’ (21)
=
M .
wo(s,0,1) = D C(s) cos(nd)e’™” (22)
k=1
M .
@s(5.0.0) = > Df(s) cos(nd)e” (23)
r=1
M .
Go(s5,0,1) = > Enfy(s) sin(nd)e™” (24)
m=1
trong d6: n 1a sb séng theo phucng vong, i la don vi 4o, i> = —1, ¢ 1a bién thdi gian va w 12 tin sb

dao dong riéng ctia hé. Bén canh d6, M la s6 s6 hang cta chudi. Cdc tham s A;, B}, Cy, Dy, Eyy 12
cac hé sb chua biét can xac dinh. Ham aﬁ? (s) 1a cac ham da thic co s6, véi p = (u,v,w, ¢, 8). Cach
xay dung cdc da thic ham co s&: (a) budc dau tién, ta di x4c dinh da thiic khéi dau l//’l’ (s) théa man
diéu kién bién dong hoc tai hai dau vo nén cut (s = 0 va s = L), chi tiét cac ham nay dudc liét ké
& Bang 2; (b) tiép theo, céc da thiic bic cao hon dugc xac dinh theo quy trinh xdy dung da thidc truc
chuin Gram-Schmidt nhu trong [2, 31].

Ta thé cdc thanh phan chuyén vi, biéu thiic (20)—(24), vao céc biéu thiic ning lugng clia v ndn,
ta thu dugc biéu thic dong ning cuc dai Timax va thé ning cuc dai Upay. Trén co s d6, phiém ham
Lagrangian cta hé dugc xac dinh nhu sau:

ﬁ = 5max - Tmax (25)

Thuc hién nguyén 1y cuc ti€u héa ning luong ddi véi cac hé sb (A;, B j»--.), theo céach:
IO V. VRV B T
0A; 0B, dCy 0D, OE,

0, G jkrm=12....M (26)

Cudi cling, ta thu dugc phuong trinh chuyén dong ctia vo nén c6 dang:
(K-w’M)Q=0 (27)
trong d6 K va M 1 cdc ma trin do ciing va khdi lugng tdng thé cta hé; va Q = {A1,As, ..., Ay,

o E1 Eay . ET 1a vée to hé s6 ctia chuyén vi. Sau khi gidi bai toan tri riéng (27), ta sé tim dugc
tan sd dao dong riéng w va dang dao dong tuong dng ctia két cAu vo nén.
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Bang 2. Céc da thifc khdi dau wf (s) theo quy trinh xay dung da thiic Gram—Schmidt

Piéu kién bién

Diéu kién bién dong hoc

Da thitc khéi dau ¢/ (s)

s=0u=v=w=¢;=¢y=0;

[ _ N (w8 _ S N
CC s=Liu=v=w=¢; =g =0; v, _Z(l_Z)
w_ P _ 1.
s=0:v=w=¢y=0; vi=vi =1 s s
oy — 1y — —0N- — — 9 —
SS s=Lv=w=y=0; Lﬂ_zm”_lp]_z(l_z)
wl/l_ ‘P_E.
1= =7
s=0u=v=w=9; =9y =0; L s p
C Y — oy — -0 — — 9 —
CS s=Liv=w=¢y=0; ¢‘{_1//V1V_¢1_Z(1_z)
W=y =12
s=0v=w=¢y=0; Ls s
Ty = — ) — — — 0 — — 9 —
SC s=Liu=v=w=¢; =g =0; le_Wl”_lpl_z(l_z)
s=0u=v=w=9; =9y =0; o s
CF s=Lu,v,w, s, @9 # 0; w(]u,v,w,tp,):_
s =0:u,v,w, 5, 09 # 0; s
FC s=Liu=v=w=¢;=¢y=0; {//(IM’V’W’%G):I__

4. Két qua sb

Trong cac phan két qua s, d€ thuén tién, tan sb dao dong riéng khong thit nguyén dudc st dung
chung trong bai bdo nhu sau:

Q=wR2

Eq

(1 -v)ps

(28)

Céc phan két qua s6 tiép theo sé trinh bay gdm hai phan chinh: d4nh gia su hoi tu va kiém chiing
két qua (muc 4.1), va khao sit cc tham s6 (muc 4.2).

Bang 3. Khao sit hdi tu ctia tan sb dao dong riéng Q clia vé nén cut kin vat lieu TPMS C3-P (o = 45°,
h/R, = 0,01, Lsina/R, = 0,25)

biéu kién bién M

n 2 4 6 8 10 12 14

CcC 1 21482 0,6807 0,6797 0,6797 0,6797 0,6797  0,6797
22,1430 06706 0,6697 0,6697 0,6697 0,6697  0,6697
32,1365 06580 0,6573 0,6573 0,6573 0,6573  0,6573
4 21308 0,6473 0,6469 0,6469  0,6469  0,6469  0,6469
5 21270 06422 0,6419 0,6419 0,6419 0,6419 0,6419

CF 1 04164 04111 04111 04111 04111 04111 04111
20,3630 03502 0,3500 0,3500 0,3500 0,3500 0,3500
3 03135 02916 02912 02912 02912 0,2912  0,2912
4 02775 02481 0,2475 02475 0,2475 02475 0,2475
5 02564 02225 02219 02219 02218 02218 02218
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4.1. Ddnh gid sw hoi tu va kiém chiing két qud
a. Pénh gid sy hoi tu clia két qua sd

Trong phin nay, trudc khi thuc hién cac khio sit s, do hdi tu cla 15i gidi Rayleigh—Ritz dudc
dénh gia thong qua viéc ting dan s6 s6 hang M cla chudi. Cu thé, ta cho M ting dan tir 2 1én dén 16,
trong khi cic tham sb khic lai dudc gift nguyén. Vo nén cut kin st dung vat liéu c6 ciu triic TPMS
ki€u P (Primitive) v6i mat do phan bb khdi luong dang C3 clia mat do khdi lugng tuong doi, nia géc
& dinh nén a = 45°, ti s6 h/Ry = 0,01, ty sb Lsina/R, = 0,25 va céc diéu kién bién CC va CF dugc
xét. Vat liéu nén sit dung 1a ddng (Cu) véi cac tham s6 12 E; = 130 GPa, v, = 0,34, p, = 8960 kg/m”.

Két qua tan s6 dao dong riéng (Q = wRy /(1 - v%)ps/Es) ctia nim mode dao dong (n = 1,2,...,5)

ing véi tiing gia tri M dudc liét ké trong Bang 3. Két qua cho thiy nghiém hoi tu rd rang khi M > 6,
v6i su thay déi gilta hai budc ting M lién tiép khong dang ké. Tuy nhién dé€ ddm bio su 6n dinh clia
két qua, M = 12 dugc chon thdng nhét cho toan bd céc khao sit khic trong nghién cifu nay.

Dé& minh hoa, mdt s6 dang dao dong ciia v nén cut kin TPMS C3-P tuong ting vé6i cic diéu kién
bién CC va CF cho cédc trudng hop n = 1 va 2 (Gng véi cic két qua tan s6 dao dong & Bang 3, va
M = 12) dudc thé hién nhu trén Hinh 4.

S

S

R
3

S
SRR
S

() n=1,Q=0,4111, bién CF (d) n=2,Q =0,3500, bién CF

Hinh 4. Mot s6 dang dao dong ctia vo nén cut kin TPMS C3-P

b. Kiém ching tan s6 dao dong riéng clia v nén cut véi cac diéu kién bién khac nhau

Dé kiém chiing dd tin ciy ctia m6 hinh, két qué tan s6 dao dong riéng khong thi nguyén Q clia két
cAu v6 nén cut dang hudéng dudgc so sanh véi két qua cong bd ctia Irie va cs. [32], két qua so sanh dudc
liét ké & Bang 4. Trong d6, két cAu vo nén cut st dung vt liéu dang hudng, hé sd Poisson v = 0,3,
kich thudc hinh hoc c6 ti s6 h/R, = 0,01, va céc trudng hop nita géc & dinh nén @ = 45° va 60°, va
ty s6 p* = Lsina/R; = 0,25 va 0,5 dudc xét. Pidu kién bién ngam-ngam (CC) va gbi tua don (SS) &
hai dau v6 nén cut dugc danh gid va n trong déi 1 < n < 4 dugc khdo sat. K&t qua & Bang 4 cho thdy
sai khac giita hai mo hinh 1a khong dang ké & hau hét cic dang/mode dao dong khéc nhau va diéu
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kién bién khac nhau. Sai khac & hau hét c4c trudng hop so sanh 12 nhé hon 0,2% (sai s6 16n nhat khi
n = 4). Sai khéc & day chi yéu bat nguodn tit su khac biét giita Iy thuyét bién dang cat bac nhat (FSDT)
dugc st dung trong nghién ciu nay va ly thuyét vé méng c6 dién dudc ding trong tai lidu [32] & céc
tan s6 bac cao.

Bang 4. Céc tan s6 dao dong riéng, Q = wR; y/p(1 — v?)/E, ting véi tling gia tri n, so sanh vdi két qua cta Irie
va cs. [32]

Nta goc ¢ dinh nén cut @

Diéu kién bién va tham sb p*  n a = 45° @ = 60°

Irie va cs. [32] Bai bao Irie va cs. [32] Bai bao

SS, p* =0,25 1 0,5255 0,5252 0,4754 0,4748
2 0,6879 0,6875 0,5722 0,5715
3 0,6973 0,6968 0,6001 0,5993
4 0,6664 0,6658 0,6054 0,6044
CC,p* =05 1 0,8120 0,8117 0,6316 0,6313
2 0,6696 0,6694 0,5523 0,5520
3 0,5430 0,5426 0,4785 0,4780
4 0,4570 0,4563 0,4298 0,4290

c. Kiém chiing tan s6 dao dong riéng ctia vé nén cut TPMS

Vi chua c6 cong bd nao vé phan tich dao dong két ciu vo nén cut lam bang vit liéu c6 céu tric
TPMS. Do viy trong muc ny, tan s6 dao dong riéng ctia vé nén cut TPMS (& trudng hop suy bién
gan diing vé két cAu vo tru tron), dudc so sanh véi tan s6 dao dong riéng ctia vo tru tron TPMS clia
Nguyén [16]. Két qua so sdnh dugc thé hién & Bang 5. CAu hinh khao sét: vat liéu kim loai c¢6 cu
tric TPMS loai IWP v6i mat do phan bd C3 (omin = 0,25; pmax = 1; k = 3,943), vat liéu nén la
Df)ng (Es = 130GPa, vy = 0,34, p;, = 8960 kg/m3), bién twa don (SS) hai dau vé nén, R; ~ R, = R,

a = 10 rad (it bé), L/R = 3, R = 1, tan s6 khong thd nguyén Q = wR /(1 — v?)p,/E;. Ta thiy,
sai khic gifta két qua tan s6 dao dong riéng clia hai mo hinh 12 bé hon 0,04% trén toan bo 20 t& hop

Bang 5. So sénh tan s6 dao dong riéng, Q = wR /(1 — v2)p,/E;, tuong tng véi cdc ty s6 h/R va n khic nhau

n
h/R Ngudn
/ g 1 2 3 4 5

0,010 Nguyén [16] 0,25886 0,12966 0,07452 0,06066 0,07310
Bai bao 0,25893 0,12970 0,07455 0,06066 0,07312

0,020 Nguyén [16] 0,25889 0,13075 0,08470 0,09519 0,13704
Bai bao 0,25896 0,13079 0,08473 0,09522 0,13708

0,050 Nguyén [16] 0,25913 0,13807 0,13540 0,21384 0,33018
Bai bao 0,25920 0,13812 0,13545 0,21391 0,33029

0,100 Nguyén [16] 0,25997 0,16082 0,23602 0,40457 0,62092
Bai bao 0,26004 0,16087 0,23610 0,40470 0,62112
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(h/R, n), cho thiy su phu hop rét t6t va x4c nhan do tin cdy ctia md hinh khi vé nén cut TPMS. Sai
khéc & day 12 do mo hinh vd nén cut TPMS véi nita géc & dinh nén (a) rat bé thi vin khong thé hoan
toan dong nhit véi mo hinh vé tru tron TPMS.

Nhu vy, c6 thé thdy rang mo hinh ly thuyét va phuong phap gidi cho vé nén cut 1am bing TPMS
dudc trinh bay trong bai bao la c¢6 do tin ciy cao. Trén cd sé do, 16i giai va chuong trinh tinh toan
tuong ng 1ap trén nén Matlab sé dugc dung dé khio st cdc anh hudng clia cac tham sd dén tan sb
dao dong riéng ctia vd nén cut TPMS.

4.2. Khdo sdt cdc tham s6

Trong céc khao sét s6 dudi day, mo hinh vt lidéu kim loai ¢6 cAu tric bé mit tbi thi€u tuan hoan ba
chiéu TPMS véi vat liéu nén 1a Dong (Cu) c6 cdc tham sb vt liéu dau vao 1a E; = 130 GPa, v, = 0,34,
ps = 8960kg/m?>, dudc st dung trong phén tich va danh gia. Trit khi ¢6 cdc phat biéu khéc, cic tham
s6 hinh hoc v nén sau day dudc st dung trong cac phén tich: a = 45°, h = 0,004 m, h/R, = 0,01,
Ri/R, = 0,5 (L =0,28284 m).

a. Anh hudng ctia ciu tric vat liéu TPMS va quy ludt phan bb khéi ludng

Trong khdo sit nay, anh hudng ciu triic vat liéu TPMS va quy luat phan bd khdi luogng (mat do
khéi lugng tuong dbi — lién quan dén d6 xdp) dén tan sé dao dong riéng ctia vo nén cut TPMS dudc
trinh bay trén Hinh 5. C4c tham s6 kich thudc ctia vo nén cut dugc gifi ¢ dinh nhu phat biéu ban du
ctia phan khao sat s6 (muc 4.2).

0.27

026

025

024

0.2 - - - . 0.25 - L L >
Al A2 A3 i {‘l C2 c3 Al A2 A3 . Cl C2 C3
Quy luat phan bo khoi lugng Quy luat phan bo khoi lugng
(a) Bien SSvan =5 (b) BienCCvan=>5

0.45

0.49
048
0.44
047

043
0.46

041

L L L L L L L L
1 A2 A3 C1 C2 C3 Al A2 A3 Cl1 C2 Cc3
Quy luat phan bo khoi lugng Quy luat phan bo khoi lugng

(c) Bién SSvan =2 (d) BiénCCvan=2

Hinh 5. Tan s6 dao dong riéng Q ctia két ciu vé nén cut vat liéu TPMS
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Tt két quéa khao sat va Hinh 5, ta nhan thiy két cAu vé nén TPMS véi ciu tric G 1a cho tan sb
dao dong riéng thip nhat (kém hiéu qua nht), trong khi d6, mic dii c6 phu thudc vao dang mode dao
dong, tuy vy vé nén TPMS véi cdc chu triic P va IWP thay nhau din dau (céc cu triic hiéu qua hon).
Diéu nay phan 4dnh dd ciing ctia vd TPMS vdi ciu tric P, IWP uu viét hon trong viéc bai toan dao
dong riéng so véi cu tric G. Xu huéng khac nhau vé tan s6 dao dong riéng ctia vé nén cut TPMS véi
céc dang céu tric P, G va IWP chi yéu lién quan dén su khac biét vé c4c tinh chat co hoc hiéu dung
va co ché bién dang clia tiing cAu tric tai cing mat do tuong d6i, qua d6 din dén su khac biét vé do
cting két cAu va tan sb dao dong riéng.

Ta ciing thiy két cAu vé nén TPMS véi quy luat phan bd khbi luong dang dbi xiing (nhém C)
thudng cho tan sb dao dong riéng cao hon so v6i dang bat ddi xing (nhém A) tuong ting, dic biét
1a m6 hinh phan b6 khéi lugng dbi xiing phi tuyén C3 tb ra vudt troi hon cac trudng hop khao sat,
va theo sau kh4 st n6 1 quy lut phan bd dbi xiing phi tuyén C2, con Al 1a thip nhét. Ly do & day
1a viéc phan bd khéi lugng dang dbi xing phi tuyén néi chung va phan bd dang C3 néi riéng da day
phan 16n mat do vat liéu dic chic ra xa bé mit trung hoa, hinh thanh mot phan b céu triic hgp 1y nhét
(gibng két ciu sandwich). Ngudc lai, phan b bt d6i xing A1 (tuyén tinh) thé hién 1a cAu tric phan
bd khéi luong khong hop 1y, va giy ra hiéu dng 1am mém cu tric tong thé clia vo (tan s6 nhd nhit)
trong cac truong hgp khao sat (Hinh 5).

b. Anh hudng ciia diéu kién bién

Trong phan nay, anh hudng cta cac diéu kién bién (bao g6m CC, CS, SC, SS, CF, FC) dén tan s6
dao dong riéng ctia vo nén TPMS véi mat do khdi lugng phan bb dang Al (v6i ba kiéu A1-P, A1-G,
A1-IWP) va C3 (véi ba kiéu C3-P, C3-G, C3-IWP) dudc trinh bay nhu Hinh 6. C4c tham s kich
thu6c ctia v nén cut dudc gitt ¢ dinh.

0.35

0.5

T T T
N AL-P R C3-P
EEEAI-G N C3-G 045

03F
04F

03F

IS 025

sC

(@n=>5 b)yn=2

Hinh 6. Tan s6 dao dong riéng Q ctia két ciu vé nén cut TPMS véi cic diéu kién bién khac nhau
(So sanh phan b6 A1 va C3)

Tir két qua khao sat ta thiy rang didu kién bién anh hudng dang k& dén két qua tin s6 dao dong
riéng ctia két cAu. Két ciu vé nén cut TPMS vdi diéu kién bién CC cho tan s6 dao dong cao nhit, diéu
kién bién CF cho tan s6 dao dong thap nhit trong céc trudng hop khao sit. Pic biét, két ciu vo TPMS
v6i diéu kién bién SC va FC (ngam tai ddy 16n) thudng cho tan sb dao dong riéng cao hon diéu kién
bién CS va CF (ngam tai day nho). Nhu vy, ngam tai ddy 16n clia vo nén sé ting do ciing tong thé so
v6i viéc ngam tai ddy nho ctia két ciu vé nén cut TPMS.

c. Anh hudng ctia tham sb géc a ctia vé nén

Trong phan tich nay, anh hudng tham sd géc o dén tan sé dao dong riéng khong thii nguyén (Q)

ctia cac vo nén TPMS dudc khao sat. Khi khio sat, géc o thay ddi trong khoang 15° dén 75°, ban kinh
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R, sé& 1a tham s6 phu thudc. Céc tham s6 hinh hoc vo R, = 0,4m, & = 0,004 m, va L = 0,28284m
dudc giit cb dinh va o thay ddi, ta thiy ring diéu kién hinh hoc Ry = R, — Lsina > 0 ludn dudc thda
man trong toan dai & = 15°-75°, do d6 cac két qua clia tin s6 dao dong ctia két cAu véi dai o nhu trén

déu ddm béo tinh hop 1& v& mit hinh hoc V4.
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—O—Al —6—Al
036 [ 0.34 —A—A3 034 F —A—A3
-B8-Cl1
0.34F 0.32F ol c3
032F 03F
03f
0.3 0.28 F
028 f
1S 0.28F 0.26 F
0.26 f
0.26 F 0.24 f
024 f
024 0.22f
0.22 02 022}
0.2 0.18 F 02¢
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(a) BiénCCvan=>5
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(c) BiétnFCvan=>5

Hinh 7. Anh hudng ciia géc (o) dén tan sé dao dong riéng Q ctia ba loai vo nén TPMS
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Két qua khao sat cho thay khi ting géc « thi tan s6 dao dong riéng ctia vo nén TPMS bién CC
va CF gidm khd manh nhu th€ hién trén Hinh 7(a) va (b); tuy nhién, dbi véi vo nén TPMS bién FC
(ngam & ddy 16n) thi tan s6 dao dong riéng lai ting dén gia tri cuc tri sau d6 gidm dan nhu thé hién
trén Hinh 7(c). R6 rang cach bd tri diéu kién bién va géc o anh hudng manh dén tan sé dao dong riéng
ctia két chu va xuét hién diém t6i uu cla goc @ can Iuu y. Ngoai ra, nhu du doan, cic chu tric P va
IWP van hiéu qua hon ciu tric G, phan bd khéi lugng dang C3 van cho tan sé dao dong riéng cao
hon & hau hét céc truong hop.

5. Két luan

Nghién citu nay da phan tich dao dong riéng ctia vé nén cut kin 1am bang vat liéu c6 bé mit tdi
thi€u tudn hoan ba chiéu TPMS; ba céu tric G, P, IWP va mot sb quy luat phan bb ctia mat do khoi
lugng tuong dbi dudc xét. Trong d6, phuong trinh chii dao ctia bai todn dudc thiét 14p dua vao ly thuyét
bién dang cit bac nhit va phuong phap Rayleigh—Ritz. Nghién cifu da riit ra mot s6 két luan dang chu
y sau:

- Két cAu TPMS véi ciu triic dang P va IWP ctia vo nén ¢6 tan sd dao dong riéng cao nhét, trong
khi ciu tric dang G thudng cho tan s6 dao dong riéng thap nhét.

- Nhin chung két ciu TPMS véi quy luat phan bé mat do khéi luong C3 (16i xdp nhe va tién dan
vé hai 16p bé mit dic chic — tuong tu ciu triic sandwich) thuong cung cip do cing vuot trdi nhit
trong cac trudng hgp dudc khao sat.

- V6i v nén dang xét, viéc ngdm két cAu tai ddy 16n (cac bién FC, SC) mang lai do ciing tong thé
16n hon nhiéu so véi viéc ngam tai ddy nho (cic bién CF, CS).

- Dang hinh hoc vé nhu nita géc & dinh nén cut (@) anh huéng manh dén tan s6 dao dong riéng,
dic biét cach bd tri diéu kién bién (ngdm & ddy 16n) 1am thay ddi quy luat bién thién chung va xuét
hién diém tbi vu cia géc a can luu y.

Tuyén bo vé viéc st dung tri tué nhén tao tao sinh va cac cong nghé hd tro béi Al

Trong qua trinh chuén bi ban thao, cic tac gia da st dung ChatGPT (OpenAl) nhiam ra soat chinh
ta. C4c tac gid da kiém tra va chinh stta ndi dung va chiu hoan toan trach nhiém vé tinh chinh x4c, tinh
nguyén ban va tinh toan ven cua bai bao.
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