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vién va dinh hudéng cho t61 trong subt qua trinh thyc hi¢n nhiém vu.

Nghién ciru sinh cling chan thanh gt 101 cam on dén Ban chi nhiém, quy Thay
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tham gia huéng dan cac hoc phan trong chuong trinh dao tao tién si; Hoi dong khoa
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gian thyc hién va hoan thanh ludn an tién si.

Nghién ctru sinh

Toén That Hoang Lan
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TOM TAT

Tam/vo 1a cac két ciu phd bién trong cudc sdng thuc té, chung duoc dung lam mai
che, san, tudng, xilo, bé chira,... Trong sd cac phuong phap ding dé mo phong ciing
nhu phan tich Gng xir co hoc ctia tim/vo, phuong phap phan tir hitu han (FEM) 13
phuong phap dugc st dung rong rii va hiéu qua nhit. Vi su xuét hién lién tuc cac
bai toan phirc tap méi, FEM van ton tai nhitng kho khin nhét dinh lién quan dén chi
phi tinh toan, tinh linh hoat, k¥ thuat roi rac phﬁn tr, tinh 6n dinh, do chinh xac,... Vi
vay, viéc kién nghi nhimng cai tién k¥ thuat cho FEM hién hitu trong mé phong tng
X0 tim/vo ludn giit vai trd quan trong. Huéng nghién ctru nay ludn thiét thuc, mang
tinh thoi su tir nhidu thap ky qua dén tan bay gid. Vi mong mudn 1am da dang thém
nita, tao ra thém nhiéu phﬁn tur lai, tich hop tir nhitng uu diém cta cac phﬁn tir hién
hitru, luan &an nay da dugc hinh thanh. Bén canh d6, muc tiéu ctia nghién ctru 1a tao
nén mot tp hop cac phan tir tir gidc 4 nut don gian trong thiét 1ap cong thirc dung cho
phan tich tim/vo, cang it bi anh hudng béi cac hién tugng khoa mang, khoa cit,.. .
cang tot. Cac dong gop chinh cua luan an:

- Xay dung phan tir tir gidc 4 nat SQ4H dua vao k¥ thuat tron bién dang trén mién
con két hop k¥ thuat cai bién dang CO-HSDT dé phan tich phi tuyén két ciu tim
phang va tam gap. Phan tir nay cai thién do chinh x4c ctia mo hinh va giam bét sy
bét on vé sd ddi v6i phan tich hinh hoc phi tuyén tinh.

- Xay dyng phan tir tr giac 4 nit SQ4T dya vao k¥ thut ndi suy kép (TIS) ding
nghién ciru tmg xUr tuyén tinh va phi tuyén cua két cau tam/vo. Véi viée xay dung
ham ndi suy bac cao dya vao gia tri nut lan gradient trung binh nut trong pham vi
mién anh hudng, phan tir nay cai thién dugc yéu td bat lién tuc ctia bién dang va ung
sudt qua bién cua no.

- Xay dung phan tir tir giac 4 nut SQ4C dua trén k¥ thuat td hop bién dang: mang,

uon va cat dé phan tich tuyén tinh két cau tam/vé cé hoac khong c6 suon gia cudong.
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Phan tir nay cai thién dugc do chinh xac cia mé hinh va giam bét sy bt on vé két
qua s lién quan dén hién twong khoa mang khi phén tich két cau vo.

- Xay dung phan tir t&r giac 4 nat SQ4P dua trén chudi da thirc Chebyshev dé phan
tich tuyén tinh két cau dang tim/vo. Nhimg két qua sé dugc cai thién dua vao ludi

chia 1an bac cua da thic Chebyshev.
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ABSTRACT

Plates and shells are common structures in real life, they are used as roofs, floors,
walls, silos, tanks, etc. Among the numerical methods used to simulate as well as
analyze the mechanical behavior of plate and shell structures, the finite element
method (FEM) is the most widely used and effective method. With the continuous
emergence of new complex problems, FEM still has certain limitations related to
discrete element techniques, accuracy, stability, computational cost, flexibility, etc.
Therefore, it is always important to suggest technical improvements to FEM in
plate/shell behavior simulation. This research direction has always been topical from
the past decades to now. With the desire to further diversify, create more hybrid
elements, integrate from the advantages of existing elements, this thesis is formed.
Besides, the goal of the study is to create a simple set of 4-node quadrilateral elements
in the formulation for plate/shell analysis, which is less affected by the phenomena
of membrane locking, shear locking, etc. The main contributions of this thesis can be
listed as follows:

- Constructing a 4-node quadrilateral element, namely SQ4H, based on cellbased
strain smoothing enhancement combined with the type of CO-HSDT for nonlinear
analysis of plate and folded plate structures. This element improves model accuracy
and reduces numerical instability for geometrically nonlinear analysis.

- Constructing a 4-node quadrilateral element, namely SQ4T, based on twice
interpolation strategy (TIS) for linear and nonlinear analysis of plate/shell
structures. By establishing high-order shape functions that take into account the
influence of the group of neighboring nodes on the considering element, this
element improves the discontinuity of its strain and stress across its boundaries.

- Under the combined strain strategy with respect to overcoming membrane locking
as well as shear locking phenomenon and using cell-based strain smoothing

enhancement, the third contribution is to build a 4-node quadrilateral element SQ4C

X



for linear analysis of plate and shell structures with or without stiffeners. This
element improves model accuracy and reduces numerical instability associated with
membrane locking when analyzing shell structures.

- Based on the outstanding properties of Chebyshev polynomials, the last contribution
is to give a 4-node quadrilateral element, namely SQ4P, with the goal throughout
the thesis to analyze the behavior of plate and shell structures. Improved numerical

results based on the mesh and the order of Chebyshev polynomials.

Xi
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MO DAU

1. Ly do lwa chon dé tai

Tam/vo 1a cac két ciu pho bién, thuong gip trong dan dung va co khi (méai vom,
thap giai nhiét, dudng 6ng, bé chira, binh chiu ap luc), dong tau (v6 tau ngdm), hang
khong vil tru (thung, 10p, canh, than may bay)... Tir quan diém k¥ thuat, cac trang
thai ing xir khac nhau cua tim/vo dudi tic dung cua tai trong can phai duoc xem xét
ky. Bén canh d6, cac han ché lién quan dén hinh déng phtic tap cta loai két ciu nay
khi ap dung phuong phap giai tich s& dugc giai quyét bang phuong phap phan tir hitu
han (FEM). Vi su xuét hién lién tuc nhirng bai toan phuc tap méi (vi du vat liéu mai,
diéu kién bién chinh xac hon, hay diéu kién twong tac phiic tap hon, ...), FEM vén
con d6 nhimg kho khin nhét dinh lién quan dén chi phi tinh toan, tinh linh hoat, k¥
thuat roi rac phan tir, tinh 6n dinh, d6 chinh xac,... Vi vy, viéc dé xuat c4c cai tién
k¥ thuat cho FEM hién hiru trong mé phong mg xur cac két cau dang tAm/vé ludn
dong vai tro rat quan trong. Hudng nghién ctru nay ludn thiét thuc, mang tinh thoi sy
tir nhiéu thap ky qua dén tan bay gio.
2. Nhiém vu nghién ciru

Phat trién cac k§ thuat phan tir hiru han dung dé nghién ctru tng xtr két cau dang
tAm/vo.
3. P6i twong va pham vi nghién ciru
- Poi teong: Két cdu dang tam/vo.
- Pham vi nghién cvru: Phan tich udn tinh, dao dong tu do, on dinh cua két cau dang

tam/vo dua vao cac ki thuat dugc phat trién thong qua cac phan tir dé xuat.
4. Huwéng tiép cin va phwong phap nghién ctru
- Nghién ctru 1y thuyét
- Phat trién k¥ thuat phan tir hiru han
- Lap trinh md phong s6

- Phan tich va d4nh gia két qua.
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5. Y nghia khoa hoc va thyec tién ciia dé tai nghién ciru

Lu4n an phat trién cac k¥ thuét tinh toan can thiét hién nay khi ma nhimng k¥ thuat
tinh toan ngdy cang dugc ing dung cao trong thuc tién véi cac ddi tuong 1a két cau
tam/vo trong k¥ thuat. Tir cac két qua nghién ctru ciia ludn 4n, cic phan tir dé xuét co
thé duoc tich hop vao cac module tinh toan ctia cac phan mém hién hitu.
6. CAu tric so lwge

Luan 4n bao géom: M¢ dau; Chuong 1: Tong quan; Chuong 2: Co sé 1y thuyét;
Chuong 3, 4, 5 va 6: Cac phan tir SQ4H, SQ4T, SQ4C va SQ4P; Chuong 7: Panh
gia sai s6 chung giita cac phan tir, Chuong 8: Két luan va hudng phat trién kém theo

Danh muyc tai li¢u tham khao va Danh muc cac cong trinh cong bo.
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Chuong 1
TONG QUAN

Muc tiéu ctia chuong nay la trinh bay dong luc cho viéc nghién ctru va phat trién cac
k¥ thuat tinh toan phan ttr hiru han hién dai trong phan tich két cdu tAm/vo va phac thao
nhirng d6ng gop ciing nhu nhitng cai tién c6 thé co duge tir sy phét trién ndy. Chuong bat
dau bang viéc gidi thiéu khai quat két ciu tAm/vo va trinh bay tong quan vé mot s6 phan
tir cling nhu mot s phuong phap phan tich phan tir hitu han pho bién cho tam/vo. Pay la
budc quan trong dé xac dinh dong co va muyc tiéu cua nghién cau ndy. Tiép theo sau 1a bd

cuc cua luan an duoc trinh bay cling véi nhitng déng gop noi bat cua luan an.
1.1 Khai quat chung vé két cAu tam/vé

Trong phan loai két cAu co hoc, ngoai két cau thanh mot chiu (1D) va két cau khéi ba
chiéu (3D), con c6 két cdu tim/vé hai chiéu (2D) (két cau phang va cong c6 thanh mong).
Déi trong nay vé khia canh hinh dang duoc gi6i han boi hai bé mit (trén va dudi) va cac
bé mit bén, xem Hinh 1.1. Khoang cach giira bé mit trén va bé mat dudi goi 1a do day, 1a
nho so véi cac kich thudce con lai. Viée phan loai Cac cdu triic tim va vo c6 thé duoc thuc
hién dua trén d6 manh, hinh dang ctia mat trung hoa, cac dinh nghia va gia dinh kém theo

cling nhu dua vao dac diém cua su phan bo ing suat doc theo chiéu day,...

Mat trung hoa

1D 2D 3D

Hinh 1.1: Két ciu 1D, 2D va 3D

Trén thuc té, tim/vo 1a cac két cdu pho bién, thuong gap trong dan dung va co khi
(mai vom, thap giai nhiét, duong dng, bé chira, binh chiu ap luc), dong tau (vo tau ngam),
hang khong vil try (thung, 16p, canh, thdn may bay)... Tir quan diém k¥ thuat, cAc trang
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thai tng xtr khac nhau cua tim/vo dudi tac dung cua tai trong can phai duoc xem xét, [1-
3]. Bén canh d6, cac han ché lién quan dén hinh dang phtc tap cua loai két cau nay khi &p

dung phuong phap giai tich s& duoc giai quyét biang phuong phap phan tir hiru han.

1.2 Panh gia tém hrge vé cac phan tir va cac phwong phap phan tir hitu han siin c6

cho tAm/vé

C4c phan tir tim, vo thuong dugc mo hinh héa qua cic mit phing trung hoa cia
ching. Tuy theo su lam viéc ma ching c6 thé dugc coi nhu tAim chiu udn, mang hay vo.
Bén canh d6, ting phan tir tm, vo ¢ thé duge mo ta nhu mot phan tir tam giac (3 nit)
hay phan tir tir giac (4 n(t) ing v6i miat phang trung hoa. Phan tir c6 thé thuéc mot trong
cac loai sau [4, 5]:

e Phan tir mang chi chiu kéo hodc nén nén khong c6 chuyén vi thang vubng goc voi
mit phang va xoay ngoai mit phang (Hinh 1.2a).

e Phin tir tAm udn thuan tuy khong co chuyén vi thang theo hai phuwong trong mit
phang va xoay trong mit phang (Hinh 1.2b).

e Phin tir vo tong quat tirc chiu kéo (nén) va udn dong thoi véi ba loai phd bién: (1)
phan tir vo khéi, (2) phan tir vo cong va (3) phan tir vo phang. Trong pham vi luan 4n,
tac gia sit dung phan tir vo phang dé phan tich két cau vo, day 1a sy két hop thuan tay
mg xtr uén va mang ctia phan tir tim ké trén. Noi chung, rat kho dé xac dinh phan tir
v6 nao 1a loi thé nhat. Trong ba loai phd bién nay, phan tir vo phang duoc coi 1a hap
dan nhét vi n6 c6 thé duoc thiét 1ap d& dang bang cach két hop cac phan tir tAim uén
va mang hién co. Di nhién n6 di dugc s dung rong rdi vi tinh chat don gian trong
thiét lap coéng thirc, hiéu qua trong viéc thuc hién tinh toan va tinh linh hoat trong cac
phén tich cho ca két cau vo 1an tim gap. Ngoai ra, viéc ké dén hiéu g cit ngang voi
su hd tro ciia dong hoc Reissner-Mindlin va két hop bac tu do xoay trong mit phang,
cling cai thién dang ké hiéu suit cua cac phan tr phang nay khi tinh toan cac két cau
vo tir diy dén mong theo Darilmaz va Kumbasar [6]. Mic di viéc sir dung cac phan
tir tam giac phing dé roi rac két ciu vo 6 hinh dang phirc tap 1a thich hop nhat, tuy
nhién phﬁn tu ti gidc thuong dugc st dung do hi¢u suat t6t hon vé tdc do hoi tu so

v6i phan tir tam gidc. Piéu ndy dd dugc chimg minh qua bai b4o xuat ban cua Lee va
T e O
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Bathe [7]. Kho khin xay ra trong qua trinh phat trién phan tir vo phang bén nut 1a d&
hinh thanh cac hién tuong khoa lién quan dén phép noi suy cua chuyén vi. Hai kiéu
khoa phd bién co thé xay ra 1a: (1) khoa cét (shear locking) phat sinh khi ty 1¢ giira
chiéu day va chiéu dai ctia vo trd nén nho va (2) khoa mang (membrane locking) xay

ra khi str dung luéi thd hodc méo, dic biét trong cac bai todn ma vmg xir ubn noi troi.

-
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Hi(r?f)] 1.2: a) Phan tir mang, b) Phéan tr tim udn thuz‘iflbztﬁy
Ngay nay trén pham vi toan cdu, cac phuong phap sé ngay cang trd nén quan trong va
chinh yéu trong qua trinh ap dung dé phan tich két cau phic tap. Va di nhién phuong
phap phan tir hitu han FEM (Finite Element Method) duoc str dung rong ri va hiéu qua
nhét. Nhiéu loai phﬁn tr duoc dé xuat véi mong muén cai thién két qua hién co, dem dén
su 6n dinh trong phan tich va tao nén d tin cdy trong sir dung.

Nguoc dong lich sir, vao dau thap nién 70 cua thé ky 19, cac nhém tac gia Irons va
cong sy, Zienkiewicz va cong sy [8, 9] da gidi thiéu phan tir dang tham sé C°. Phan tir
nay nodi suy doc lap truong chuyén vi va goc xoay dong thdi xét dén anh huong cua bién
dang cit. N6 dugc sir dung nham nghién ctu Gng xtr két cdu day dang tim vo theo ly
thuyét caa Reissner-Mindlin. Tuy nhién gi¢i han cua phan tir ndy 1a dan dén hién tugng
khoa cat (shear locking) khi phan tich tim/vé c6 kich thudc chiéu day mong va két qua la
gid tri chuyén vi ctia két cau giam khi chiéu day giam do nang luong bién dang cat khong
duoc loai trir. Cho di sau d6 cac nha khoa hoc dé c¢b ging tim cach khic phuc hién tuong
khoa cit ndy chiang han nhu dé nghi ding k¥ thuat tich phan giam (reducible integrations
technique) dé giam ning luong bién dang cit nhung gia tri két qua dat dwoc van chua

thoa man mong mudn dit ra. Poi khi k§ thuat nay con gy nén hién tuong dong ho cat
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(hourglass phenomena hay con goi la spurious zero energy modes) khi phan tich dao
dong tu do.

Vi nd luc khong ngimg cua gi6i khoa hoc toan ciu, mot vai phuong phap cai tién méi
ding cho ca phan tir tam giac va tir giac nhu phwong phap ndi suy phdi hop céc thanh
phan ten-xo MITC (Mixed Interpolation Tensorial Components) [10-13], phuong phap
DSG (Discrete Shear Gap method) [14-17] hay MIN str dung phan tir tim Mindlin [18-
20] d3 nhanh chong ra doi va xir Iy duoc nhuge diém khoa cat. Theo nhitng phuong phap
nay, cac thanh phan bién dang cit khong duoc tinh toan truc tiép bdi dao ham cua trudng
chuyén vi ma thay vao d6 chung duoc xac dinh thong qua mot tu tap cac diém roi rac
trong pham vi ting phan tir. Tir day, MITC, DSG, MIN tr& thanh nhitng phuong phap tin
cdy trong hd tro tinh toan hay nghién ctru tmg xtr két cAu tim/vo véi két qua dat duoc ky
vong dé ra. Cu thé, phan tir t gidc 4 nut (MITC4) da dat thanh tyu nhét dinh khi phan
tich két cdu tim/vo va ky thuat MITC nay tiép tuc dugc tac gia Bathe va cong sy mo rong
v6i phan tir 8 nat (MITCS) [11]. Tiép theo d6 1a cac phan tir 9 nat (MITCY9) va 16 nut
(MITC16) cia ho nhu [12, 13]. Pic biét 2 phan tir tir gidc 4 nit bac thadp MISQ20 va
MISQ24 cua tac gia Nguyen-Van hay Nguyen-Van va cong su cai tién tir MITC4 dua
vao Ky thuat tron bién dang mang, udn trén mién con cho thay hiéu qua tinh toan cao vai
chi phi thap, khong chi cho tim ma con cho vo hinh dang phtec tap [5, 21, 22]. Ho phan
tir tam giac tron 3 nlt ES-DSG, NS-DSG, CS-DSG dua ra bai cac nhom tac gia Nguyen-
Xuan va cong su [14, 15], Nguyen-Thoi va cong su [16] chirng minh kha nang st dung
hi€u qua trong phan tich tinh, dao dong tu do va 6n dinh tim Reissner—Mindlin. Bén canh
d6, voi phan tir tir giac 4 nat hay tam giac 3 nat tam Mindlin cta tic gia Tessler va cong
su ciing duoc sir dung hiéu qua dé cai tién thanh phan cit ngang [18, 19]...

Ngoai ra, nhu di dé cap & trudc, néu dung phan tir tr gidc phang bdn nat trong phan
tich két cdu dang vo con dua dén hién tuong khoa mang (membrane locking) lién quan
dén qua trinh chia lu6i thd va méo. Nhom tac gia Lee va cong su da dé nghi ky thuat chia
mién t gidc cua phan tir ra thanh cdc mién con tam giac, tién hanh tinh toan bién dang
mang trén cac mién con nay va dua vé cac diém budc trén bién phan tir tir giac gilp qua
trinh tinh toan cac thanh phan bién dang mang hop 1y hon va xu ly duogc van dé khoa
mang moét cach hiéu qua [23-25].
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That thiéu sot khi khong dé cip dén mot huéng giai quyét khac lién quan t6i cac hién
tugng trén. Cac phan tir tam PSE (Plate Spectral Element) dya trén ham ndi suy bac cao
ding cho nghién ctru tmg xtr ctia két cau tim/vo ciing dd chimg té duoc kha ning vuot
khé cta chung nhu gidi thiéu cua t&c gia Zrahia va cong su [26]. Theo dinh hudng nay,
ham dang 12 ham noi suy Lagrangian bac cao thong qua cac diém Gauss - Legendre -
Lobatto. Tuy nhién trong mot vai bai toan véi diéu kién bién dic biét, dé c6 duoc két qua
6n dinh can phai 4p dung luat cau phuong du [26]. Hiéu qua ctia hudng nghién ctru nay
cling nhu kha ning hoi tu cua két qua khi sir dung phan tr PSE véi luéi chia méo ciing
duogc tac gia Sprague va cong su khao sat day du [27, 28]. Ngoai ra, véi nhitng dic tinh
noi troi cia da thirc Chebyshev chang han tuan theo quy luat ham luong giéc, truc giao
trong doan [-1,1],... viéc thiét 1ap thuat toan phan ti hiru han dua trén da thirc ndy ciing
dugc nhiéu tac gia dé cap dén nhu o tai liéu [29] cua tac gia Liu va cong su, [30] cua tac
gia He va cong su, [31] cua tac gia Dang-Trung va cong su, ...

Pé ¢6 cai nhin tong quat hon nira, luan an liét k& mot vai k§ thuat phan tir hitu han
hién dai. Co thé thdy phuwong phap phan tir hitu han tron SFEM (Smoothed Finite
Element Methods) di dugc nhiéu tac gia dé xuat nhu Liu va cong su, Nguyen-Xuan va
cong su, Nguyen-Thoi va cong su, ...[32-35], dién hinh 12 phuong phap phan tir hitu han
tron trén nat (NS: Node-based Smoothing strain, Hinh 1.3a [14, 36-39], tron trén canh
(ES: Edge-based Smoothing strain, Hinh 1.3b [15, 40-44] hay tron trén mién con (CS:
Cell-based Smoothing strain, Hinh 1.4a va Hinh 1.4b [20-22, 45-48] diing dé phan tich
nhiéu dang két cau khac nhau trong méi truong da vat 1y dua trén cac loai phan tr tam
giac, tir giac. Co thé thay két qua dat dugce boi SFEM chinh xac hon, hdi tu nhanh hon so
v6i FEM truyén thong va dén nay SFEM van tiép tuc thé hién sy wu viét cua né trong
tinh toan két cau...

K§ thuat xdy dung phan tir c6 s6 nut bién doi bat ky trén canh cua tac gia Lim va cong
su [49], Cho va cong su [50] 6 thé cung cép su linh hoat dé giai quyét cac van dé vé luéi
khong khép nhu két ndi ludi hay tinh chinh ludi thich ing dung cho phan tich twong tac
da moi trudng vat Iy, Hinh 1.5. Tuy nhién qua trinh thiét 1dp cong thirc phan tir hitu han
rat phirc tap kém do hiéu qua kém khi phan tich két cau véi ludi chia méo dic biét cho
vO.

i
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Hinh 1.3: K§ thudt lam tron trén ndt va trén canh, [32, 36, 41]
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Hinh 1.4: Ky thuat lam tron trén mién con, Nc=1 & 2, [20, 21] v
K3 thuat noi suy kép cho phan tir tam gidc 3 nlt, tt giac 4 ndt, ... ap dung dé phan tich
céc bai toan phang ciing duoc cac nhém tac gia Bui va cong su [51], Wu va cong su [52],
Zheng va cong sy [53] dua ra, Hinh 1.6. Uu diém cta k¥ thuat nay thé hién & cong tac xi
1y hau ky, trong mot sd két qua dat dugc cho bai toan phang, truong Gng suat thu dugc
lién tuc qua bién phan tir tuy nhién can phai danh gia cu thé hon cac dic tinh khac cua k¥
thuat ndy thong qua phan tich tim/vo.

Mot nhuoc diém khac cia FEM lién quan dén sy khac biét giira mién chinh xac va
mién x4p xi ctia bai toan. Nhuoc diém nay di dugc khic phuc théng qua phuong phap
dang hinh hoc IGA (IsoGeometric Analysis) voi ¥ tuong chinh 1a sy tich hop phan tich
phan tir hiru han vao cac cong cu thiét ké dudi sy trg giup may tinh (CAD) dwa trén ham
co s NURBS nhu Hinh 1.7 1an dau tién dugc dé xuét boi tac gia Huges va cong sy [54]
va sau dé phat trién manh mé boi cac nhom khac nhu Nguyen-Thanh va cong sy, Thai-
Hoang va cong su, Tran-Van va cong su [55-60], Bazilevs va cong su [61], GOmez va

cong su [62],...
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Hinh 1.5: K§ thuat xay dung phan tir c6 s nut bién d6i bat ky trén canh, [49, 50]
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Hinh 1.6: Ky thuat ndi suy kép, [51-53]
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Hinh 1.7: Cac ham co ban str dung trong IGA, [55, 56]

Ham co so ndy trién khai trén toan mién cta ciu trac ch khong don gian trén mién cyc
bd nhu cac ham dang Lagrangian trong FEM. Van dé ham dang phéan bd toan cuc nhu thé

s& 1am cho viéc tinh toan sb trd nén phirc tap. Bén canh d6, dé tinh toan dugc cac ham
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dang, cac diém tich phan Gauss bit budc phai chuyén sang khéng gian tham sb. Day co

thé xem 1a kho khin can khic phuc cia IGA...
1.3 Pong hre va muc tiéu cu thé

Vé6i su xudt hién lién tuc nhirng bai toan phirc tap méi (vi du vat liéu méi, diéu kién
bién chinh xac hon, hay diéu kién tuong tac phirc tap hon, ...), FEM van ton tai nhiing
khé khin nhét dinh lién quan dén chi phi tinh toan, tinh linh hoat, k¥ thut rdi rac phan
tir, tinh 6n dinh, d6 chinh x4c,... Vi vdy, viéc dé xuit cac cai tién k§ thudt cho FEM hién
hitu trong mé phong tng xtr cac két cau dang tim/vo ludn gitt vai trd rit quan trong.
Hudng nghién ctru nay ludn thiét thyc, mang tinh thoi sy tir nhiéu thap ky qua dén tan
bay gio.

That vdy, trén pham vi toan cau, cac nha khoa hoc vin dang tiép tuc tim cach phat
trién cac loai phan tir méi, cac ki thuat moi dung cho phan tich két ciu tim/vo bén canh
c4c k¥ thuat phan tir hiru han hién dai da ra doi nhu k¥ thuét tron bién dang [5, 16, 34,
35], k¥ thuat tich hop CAD dua trén NURBS [54, 61, 62], k¥ thuat ndi suy kép [51-53],
k¥ thuat xay dung nat bién dbi tiy ¥ trén bién [49, 50], ... Mot sé luong khong nho cac
loai phan tir khac nhau dua trén nguon gbc thiét 1ap khac nhau véi nhiéu dic tinh riéng
biét dung cho phan tich két ciAu nhu MITC4 [10], MITC4+ [23, 25], MISQ20 [5],
MISQ24 [5], CSMIN3, DSG3, CS-DSG3, ES-DSG3 [15, 16, 37],...ciing ra doi gop phan
lam phong phua thém su lya chon trong cong Vviéc nghién ctru, hoc tap va tmg dung thuc
té. V&i mong muén lam da dang thém nita, tao ra thém nhiéu phan tu lai, tich hop tir
nhitng wu diém cta cac phan tir hién hiru, luan an ndy da dugc hinh thanh.

Bén canh d6, muc tiéu ctia nghién ctru 13 tao nén mot tip hop cac phan tir tir giac 4 nit
don gian trong thiét 1ap cong thirc ding cho phan tich tim/vé, cang it bi anh huéng boi
cac hién tuong khoa mang (membrane locking), khoa cat (shear locking), khoa thé tich

(volume locking),... cang tot.
1.4 Bo cuc cu thé cia luin an

Lu4n an duoc chia thanh 8 chuong bao gém ca chuong tong quan niy va duoc bd cuc

tiép theo nhu sau:
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- Chuong 2 trinh bay co s& 1y thuyét lién quan chi tiét dén két cAu tAm/vo, tir loai
vat liéu dén ly thuyét phan tich. Chuong nay ciing trinh bay vé cong thirc phan tir
hiru han dugc str dung trong luan an.

- Chuong 3 md ta viéc xay dung phan tir tr gidc 4 nat dua trén ky thuét tron bién
dang trén mién con két hop 1y thuyét bién dang cit bac 3 dang C° dé phan tich phi
tuyén két cAu tAim phing va tAm gip. Tir d6 mot vai vi du sé dugc trinh bay dé bao
quat, mot cach hiéu qua nhat co thé, tit ca cac dic tinh ctia phan tir nay théng qua
su thay doi hinh dang hinh hoc, mutrc d6 ludi chia va cac diéu kién bién &p dat 1én
két cau.

- Chuong 4 thé hién viéc hinh thanh phan tir tir giac 4 nut dya trén k¥ thuat noi suy
kép dung cho phan tich tuyén tinh két cdu dang tdm/vo 13n phan tich phi tuyén
hinh hoc cta ching. Cong thirc phan tir hitu han dugc mo ta tir viée xay dung ham
dang bac cao ké dén chién luoc ndi suy truong chuyén vi thong qua cac gia tri nit
anh hudéng lan gradient trung binh ctia chung. Tur d6 mdét vai vi du s6 duoc dua ra
nham danh gia wu va nhuoc diém ciia phan tir nay.

- Chuong 5 m0 ta phan tir t& gidc 4 nat dua trén k¥ thuat to hop bién dang: mang,
udn va cat dé phan tich tuyén tinh két cAu tdm/voé c6 hodc khong co sudn gia
cuong.

- Chuong 6 gi6i thiéu nhitng dic tinh ndi bat cua da thirc Chebyshev, xay dung ham
xap xi dua trén chudi da thitc Chebyshev dé tir d6 hinh thanh nén phan tu tir giac 4
nGt ding cho phan tich tuyén tinh két cau tim/vo.

- Chuong 7 tién hanh danh gia sai s6 chung gitta cic phan tir dé xuat trong luan 4n.
Néu 16 wu va nhuoc diém cua ting phéan tir, kha ning 4p dung ciing nhu nhing
han ché cuiia chung khi ding dé nghién ctru tmg xtr caa két cau tam/vo.

- Chuong 8 két thiic luan an. Phan ndy néu tom tat lai cac két qua da nghién ctu
cling véi cac két luan duoc dic két va sau cung la dé xuat cac hudng phét trién

nghién curu trong tuong lai.
1.5 Dong gop chinh cia luan an
Ludn an nay c6 nhitng dong goép chinh nhu sau:
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- Xay dyng phan tir t&r gidc 4 nut SQ4H dya vao ky thuét tron bién dang trén mién
con két hop k¥ thuat cai bién dang CO-HSDT dé phan tich phi tuyén két ciu tim
phang va tim gp. Phan tir ndy cai thién d6 chinh x4c ctia mé hinh va giam bét sy
bat 6n vé s6 d6i v6i phan tich hinh hoc phi tuyén tinh.

- Xay dung phan tir tr gidc 4 nut SQ4T dua vao k¥ thuat ndi suy kép dé nghién ciu
mg xtr tuyén tinh va phi tuyén tinh két cdu tAm/vo. Vi viée xay dung ham noi
suy béc cao dya vao gia tri n(t 1an gradient trung binh ndt trong pham vi mién anh
huéng, phan tir ndy cai thién duoc yéu td bat lién tuc cia bién dang va Gmg suat
qua bién cta nd.

- Xay dyng phan tir t giac 4 nit SQ4C duya trén k¥ thuat to hop bién dang: mang,
udn va cat dé phén tich tuyén tinh két ciu tAm/vo cé hoidc khong cé suon gia
cudng. Phan tir ndy cai thién dugce d6 chinh xac cia md hinh va giam bt su bat on
vé két qua so lién quan dén hién twong khda mang khi phan tich két cau vo.

- Xay dyng phén tir t& gidc 4 nlt SQ4P dya trén chudi da thirc Chebyshev dé phan
tich tuyén tinh két cau dang tam vo. Két qua sd duoc cai thién dua vao ludi chia

lan bac cua da thirc Chebyshev.
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Chuong 2
CO SOLY THUYET

2.1 Vat liéu ap dung
2.1.1 Vit li¢u ding huéng co ban

Vit liéu duoc coi 1a ddng huéng néu cac dic tinh khong phu thudc vao hudng. Cac dic
tinh vat liéu ding hudng duoc liét ké dudi day. Tuy thudc vao loai phan tir, loai phén tich
va tai trong, khong phai tat ca cac dic tinh cua vat liéu déu co thé dugc yéu cau [63, 64].
2.1.1.1 Madt do khéi heong p

Mat d6 khéi lrong cua vat lidu 1a khéi luong ctia né trén mot don vi thé tich. Mat do
khéi lugng c6 thé ap dung cho tat ca cac phan tir tuyén tinh. Tinh chat nay duoc yéu cau
trong tit ca cac phan tich tuyén tinh lién quan dén trong lyc hodc tai trong c6 gia toc.
Thudc tinh nay ciing can thiét cho phan tich dao dong dé tim tan sé dao dong va tat ca
cac phan tich dong theo phuong thirc chong chit.
2.1.1.2 Mo dun Young E

M6 dun Young la d6 déc cua dudng thang thé hién méi lién hé gitta bién dang va tng
Suit cua vat liéu trong gidi han dan héi. N6 ciing duoc goi 1a md dun dan hoi cua vat lidu.
M6 dun dan hoi co thé ap dung cho tat ca cac phan tir tuyén tinh va can thiét cho tat ca
cac phép phan tich tuyén tinh.
2.1.1.3 Héso gian no nhiét

Hé s gidn nd nhiét dya trén sy co lai hay gidn no cia vat liéu do chénh 1éch nhiét do.
Diéu nay co thé ap dung cho tit ca cac loai phan tir tuyén tinh va 1a bit budc ddi véi bat
ky md hinh tuyén tinh ndo c6 chira tai nhiét.
2.1.1.4 Hé s6 Poisson |

Hé s6 Poisson duoc tim thdy bang cach lay tri tuyét ddi ciia ty s6 giita bién dang hong
va bién dang doc truc cho ciu kién chiu tai doc truc. Cac gid tri dién hinh cho hé sb
Poisson nam trong khoang tir 0.0 dén 0.5. NG c6 thé 4p dung cho tat ca cac loai phan tir
tuyén tinh ngoai trir gian va 1a bat budc ddi véi tat ca cac loai phan tich tuyén tinh.
2.1.1.5 M6 dun dan hoi cat G

11
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M6 dun dan hoi cit twong tu 12 6 doc cia dudng tng suit cit & bién dang cét cua vat
liéu. Pay ciing duoc goi 14 médun cua do cing. NG co thé ap dung cho tit ca cac loai

phan tir tuyén tinh ngoai trir gian va dam.
2.1.2 Vatliéu composite

Vit ligu composite dugc ciu thanh tir hai vat liéu c6 tinh chét vat 1y va hoa hoc khac
nhau, thudng goi 12 vat liéu ¢t gia cuong va vat liéu nén. Khi ching két hop véi nhau s&
tao ra mot loai vat liéu tién tién c6 tinh nang vuot tréi hon so véi vat liéu truyén théng
chang han nhu bén hon, nhe hon hodc khang dién [65]. Vat liéu cdt gia cuong duoc cau
tao tlr cac soi thuy tinh, soi gdm, ... hodc tir cac loai hat phi kim va kim loai nhu mé ta ¢
Hinh 2.1. Vat lidu nén c6 cdng nang dinh vi va gitt 6n dinh cbt gia cudng, ching thudng

duoc ciu tao tir polyme, vira xi mang, ...

o @ o N
@ o ® i Vit li¢u nén
® (@
° g .
) ~— Vit liéu cot gia cuong
(@) (e] ®

Hinh 2.1: M6 ta vat liéu composite, [66]

Phén loai cu thé
e Theo cdu tao
Vit liéu composite duge cau thanh tir cac hat gia cuong hay cac soi gia cuong kém

vat liéu nén nhu Hinh 2.2.

Vit liéu nén

Sqi gia cuong
—t

Vit liéu nén

Hat gia cuong :

Hinh 2.2: Vit liéu composite theo ciu tao, [66]
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e Theo bdn chat
Vit liéu composite dugc ciu thanh tir vat liéu nén v6 co, hitu co va khoang vat. Hinh

2.3 m0 ta loai composite nén hitu co.

Hinh 2.3: Tre va san pham composite tir tre, [66]

Trong k¥ thuat, vat liéu composite con dugc phan loai theo [67] nhu sau
e Composite cot bot hay hat
e Composite cot vai
e Composite lop vuong
Vit liéu composite con duge xép thanh 3 nhdm chinh theo quan diém co hoc
e Composite dang hwéng
e Composite truc huwong: ding truc va léch truc
e Composite dang huéng ngang: dung truc va léch truc
C6 thé mé ta trang thai (mg suat phang cho vat liéu composite nhu sau
e Lép composite truc hudng va diang huéng ngang dung truc
Quan hé gitra g suit va bién dang

O Q, Q, O &
0,=|Qy Qp O & (2.1)
Oy 0 0 Qg | 722

13



trong do
Qu=E /(1= sup18,); Qu=pnE 1 (1= p4,18,)
Q=B [ (1= puptt,); Qs =Gy

O day E,, E,, 1, Va G, 1abén md dun k¥ thuat doc 1ap cua 16p vat ligu composite.

2.2)

e Lop composite tryc huéng va ding huéng ngang 1éch truc

Lop composite 1éch truc thuong gap nhu Hinh 2.4
z (3)

<

KN

/

X

Hinh 2.4: Lép composite 1éch truc

Thuc hién phép quay tenxo tng suat tir hé truc chinh (1, 2) dén hé truc quy chiéu (x, y)

o, cos’d sin’g —2sinfcosé || o,
o, p=| sin’d cos’0 2sinfdcosd |1 o, (2.3)
o, | |sinfcos® —sinfcosd cos’d—sin’d ||oy,

Thuce hién phép quay tenxo bién dang tir hé truc quy chiéu (x, y) dén hé truc chinh (1, 2)

g cos’@ sin’@ sinfcosd || ¢,
& = sin@ cos’d -sinfcosd |1 ¢, (2.4)
2] | —2sinfcos® 2sinfcosd cos’d—sin’d || y,,

Quan hé gitra tng suat va bién dang trong hé truc (x, y)
O, Q: Q. Qs lle

Oy (= Q, Q Q &y (2.5)
Xy QlG Q26 Q66 Y Xy

Q

trong do
Q,, = Q€050+ Q,,sin*0 + 2(Q,, + 2Q,,)cos’Asin’4

Q, =Q,(cos*d+sin*0) + (Q, +Q,,)cos’dsin’4 (2.6)
Q, = (Q, —Q,, —2Q,,)cos’Fsind + (Q,, — Q,, + 2Q,, )cos #sin’

14



Q,, =Q,sin*0+Q,,c0s*0 + 2(Q,, + 2Q,, )cos’Hsin’6
Qs = (Q;; —Q;, —2Qg)c0s6sin’0 +(Q,, — Q,, +2Qq;)cos’dsind

Qys = Q,; (COs* @ +5in*0) +[Q,, + Q,, — 2(Q,, + Qy,)]cos’Hsin?0

2.1.3 Vit liéu phan céip chirc ning FGM (Functionally Graded Material)

Nhuoc diém tap trung tmg suat duoc khic phuc déng ké néu sy thay d6i cac dic tinh
vat liéu dién ra tir tir. DAy 12 co s¢ dé hinh thanh va phat trién phan 16n cac vat liéu phan
cap chtrc nang, vi du mo ta nhu Hinh 2.5. Vit liéu phan cdp chie ning (FGM) c6 thé xem
12 mot loai vat liéu composite dic biét voi cac dic trung vat liéu thay ddi lién tuc nham
muc dich cai thién va t6i uvu kha ning chiu tai trong nhiét va co cta két cau. Loai vt liu
nay duogc ché tao véi su thay d6i dan dan theo quy luat gradient cua ciu trlic nham dat

dugc nhitng wu diém ndi trdi cta vat liéu thanh phan [68-72].

l Ni 8"0 bond COI 75 1003um 1141491

© Substrate
Hinh 2.5: Vit liéu phan cip chirc ning FGM, [69, 71]

Vit lieu FGM thuong dugc ciu tao tir hai thanh phan 13 kim loai (metal) va gém

(ceramic) véi cac dac tinh co hoc nhu Bang 2.1.

Bang 2.1: Nhimng dic tinh cua vat liéu thanh phan gbm va kim loai

Vit lidu thanh phan Tinh nang
Gom Chong oxy héa cao, Dan nhiét thép,, Cl}ju nhiét cao.
Kim loai Chiu lyc 16n, D6 déo dai cao, Hé s6 dan nhiét cao.

15
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Vit liéu FGM &p dung nhiéu dbi voi két cdu 1am viéc trong moi trudng khic nghiét
nhu thiét bi day phan luc, vo 10 tinh luyén cac loai xi, cic bo phan dong co, quing khai
khoéng, thiét bi tiép xuc v6i ngudn dién cong suét 16N, 14 chin nhiét cia tau vii tru,... Vi
du nhu thiét bi chiu nhiét cao truyén thong vai mot 16p vat liéu gdm trang phu Ién két cau
kim loai d& din dén su tip trung Gmg suat va hinh thanh bién dang déo hodc nut do su
thay d6i dot ngot tinh chét vat liéu tai vi tri tiép xuc gay ra. Nhitng nhuoc diém d6 c6 thé
dugc khic phuc bang cach diéu chinh tinh chat vat liéu thay d6i lién tuc dya trén cac vat
liéu thanh phan. Cu thé tai nhitng vi trf can cac tinh ning co hoc ¢6 tinh déo dai, tinh bén
thi ham luong kim loai cao va nguoc lai tai nhirng vi tri can chiu nhiét va an mon cao thi
ham lugng goém cao,... Hinh 2.6 thé hién mot san pham ciia nganh vil tru trén co so ap

dung vat licu FGM.

Cu-8Cr-4Nb

NiCrAlY

NICrAlY-CuCrNb Gradient 500« 20 micron

Hinh 2.6: Hé thong day phan lyc 1am bang vat liéu FGM, [66]

C06 ba loai vat liéu phan cép chirc nang chinh
o Vit li¢u P-FGM
Dbi v6i loai vat lidu FGM nay mé hinh két cu dugc chi ra trong Hinh 2.7. O d6 cac
thanh phan kim loai va gém duoc phan bd thdng qua chiéu day két cau, mot mat gidu
gém va mot mat giau kim loai, theo céc tai lidu [68, 69, 72].
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2
Hinh 2.7: P-FGM

Ung véi mot don vi thé tich két cau s& chua ti phan thé tich kim loai Vi va ti phan thé
tich gém V. thoa Ve+Vm = 1, gia thiét bién d6i ty 18 thé tich cua cac thanh phan vat lidu
theo chiéu day két cau h dya vao mot ham lily thira ciia bién chiéu day z (quy luat ham

mii) nhu dudi day

Vc(z)=(%+0.5]

trong do6 chi s6 dudi m va ¢ tuong Gmg chi thanh phan kim loai va gom, n goi 1a chi sd ty

n
1

-h/2<z<h/2, V,(z)=1-V,(z) (2.7)

1¢ thé tich (volume fraction index) va 1a mot s6 khong 4m. Theo quy luat phan b vat liéu
nhu cong thie (2.7) khi n = 0 két cAu thuan nhét 1a gém, khi tang n thi ty 1¢ gom trong két
cdu FGM giam.
o Vit licu S-FGM
Déi véi loai vat liéu S-FGM nay, né con duoc goi 1a vat liéu FGM dbi xtng phan bd
theo quy luat ham Sigmoid nhu Hinh 2.8 va theo céc tai liéu [68, 72, 73]. Két cau bao
gom mit giita giau kim loai va dugc bao boc bdi cac mit ngoai giau gém, tim hai 16p ddi

xung tao thanh tur vat licu FGM 1a mét vi du nhu thé.
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Hinh 2.8: S-FGM

0
z'h

Ty 18 thé tich cta cac thanh phan gém va kim loai, Ve va Vi dugc gia thiét bién doi theo
quy luat ham Iy thira cta bién chiéu day z (quy luat ham Sigmoid, str dung quy luat ham

mil cho 2 mién) nhu sau

(%+1) , —h/12<z2<0
Vm(z): n ' VC(Z)Zl_Vm(Z) (2.8)
(_TZZ+1J , 0<z<h/2

trong do n co thé duoc chon dé xac dinh phan bd vat liéu toi vu trong mdt ing dung cu
thé cia két cdu, 1a mot s6 khong 4m va duoc goi 1a chi sb ty 18 thé tich. Theo quy luat
phan bd vat liéu ¢ cong thirc (2.8) khi n = 0 két cau thuan nhat kim loai, khi n = 1 céc
thanh phan vat liéu gém va kim loai trong két cdu phan bé tuyén tinh qua chiéu day, va
khi n tang ty 1¢ gom trong két cau FGM tang.
o Vat lieu E-FGM
Déi voi loai vat liéu E-FGM thi md dun dan hoi cta nd dugc gia thiét tudn theo quy

luat ham siéu viét (ham e mii) nhu Hinh 2.9 va theo cac tai liéu [68, 72, 74]

h

Bl z+ 1 E
E(z)=Ae [ 2], A=E,, Bzﬁln{—bj (2.9)
voi Ep 1a md dun dan hoi cua tAm & mit dudi, Er 1a mo dun dan hoi cia tAm & mat trén

cua két chu FGM.
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Hinh 2.9: E-FGM

Pham vi luan an chi xét vat liéu chirc nang FGM thong thuong tic 1a loai P-FGM.

2.1.4 Vit liéu xép phan cip chirc ning FGP (Functionally Graded Porous) c6 gia

cwong tAm tiéu cau graphene (Graphene PlateLets)

Trong nhitng nim gan ddy, vat lieu x6p nhan tao 14 mot trong nhitng vat lidu
composite vu ta nhat nho s hiru sy két hop siéu viét gitra cac tinh chat co ly. Pic biét,
"metal foams", mot trong nhitng vat liéu c6 do x6p cao véi cau trac té bao, da thé hién
tiém nang phi thuong dé dat dugc su cai thién dang ké vé d6 climg cau truc,...[75, 76]
Thanh tuu cua "metal foams™ da dugc thuong mai hoa rong rai trong xa hoi. Cac dac tinh
ctia vt liéu c¢6 d6 bén cao nhung trong luong nhe dé ung dung trong k¥ thuat hang khong
vii try, thiét ké tuong thich sinh hoc ctia mé nhén tao va cay ghép xwong trong k¥ thuat y
sinh 14 ba vi du ndi bat nhat trén thé gidi. Sau do, ¥ tudng vé do xbp phan cap theo chirc
nang (FGP) duoc dé xuét dé dé kiém soat hon va do d6, cac dic tinh co hoc co thé dat
dugc bang cach thay d6i ti mi mat do va kich thudce cua cac 16 xdp trong bot kim loai.
Mot s6 hinh anh thuc té dugc minh hoa trong Hinh 2.10 véi [77] lién quan dén hoat dong
ghép xuong bao gdm ca xwong cling bén ngoai va xuong x6p bén trong. FGP da tao co
hoi dé kiém soat cac dic tinh vat liéu cua "metal foams" nhung trén thuc té, do bén cua
vat liéu FGP d6 c6 thé bi ton hai dang ké. Mot cach tiép can phd bién dé khdi phuc do

bén ctia FGP 1a gia ¢ bang 6ng nano cacbon (CNTs) hodc tiéu cau graphene (GPLS).
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cos(zz/h) , P-S
w(z)=<cos(zz/2h+xz/4) , P-A (2.11)
74 , P-U

E°, G° va p° theo thi tu & nhitng gia tri 16n nhét ctia m6 dun Young, md dun dan hoi
cat va mat do khéi luong cua két cAu FGP-GPLs. Hé sb xép eo dugc dinh nghia
e,=1-E,/E, (2.12)
trong d6 E, va E, 1a mo dun Young hiru hiéu nho nhat va 16n nhat ing véi hai loai phan
bb P-S va P-A khi khong gia cudng tiéu cau graphene nhu mé ta Hinh 2.11. Dua vao luat
phan phdi ngiu nhién cua Gauss [77-79]
E(2)/E*=((p(2)/ p +0121)/1121) ", 015<p(2)/p* <1 (2.13)

Ngoai ra, hé s6 phan bd khi lugng

e, =1121(1-%fi-ey (2)) /v (2) (2.14)

va hé s6 Poisson

1(2)=0.2219+ 4* (0.34297 ~1.219 +1)

9=1121(1-21-ep (2))

vl w4 1a hé sO Poisson khi xem xét vat lieu khong xop. Can nhan manh rang tong khoi

(2.15)

luong két cdu khong thay doi giita cac loai phan bd x6p nén theo [79, 80]

w:[—((M /p5h+o.121)/1.121)2'3+1}/eo

(2.16)
h/2
M= 7h/2p(2)d2
Lién quan dén su phan bd tiéu cau graphene
V, [-cos(zz/h)+1] , GPL-S
Ve (2) =4V, [ —cos(zz/2h+7/4)+1] , GPL-A (2.17)
Vi, , GPL-U

Ba loai phan bb tiéu cau graphene GPL-S, GPL-A va GPL-U duoc thé hién nhu trong
Hinh 2.12.
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-h/2 Vi -hi2 1
(@) (b)

Z
&

h/2 Vi
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(c)
Hinh 2.12: @) GPL-S, b) GPL-A va ¢) GPL-U

Gia tri WF g, , dugc tinh toan thong qua
|:WF(GPL)IOm /(WF(GPL)pm + PopL _WF(GPL):DGPL ):|
h/2 h/2
X.[,h,z[l_em‘/’(z)] dz = o VoL (Z)[l_em‘//(z)] dz
Theo mé hinh Halpin-Tsai [81, 82]

E*=E, {3[(1+ SUAES )/(1_77LVGPL ):I +5|:(1+ §WT7WVGPL)/(1_77WVGPL ):'}/8 (2.19)

(2.18)

trong do

T :|:(EGPL / Em _1)/(EGPL / Em +§w )]’ un :|:(EGPL / Em _1)/(EGPL / Em +§L)]
gw = 2WGPL /tGPL’ §L = 2|GPL /tGPL

V6i lgp, , top, VA Wep, l1an luot 12 chiéu dai, chiéu day va chiéu rong trung binh ctia GPLs;

(2.20)

Ese. 12 m6 dun Young ctia GPLs. Bén canh d6, hé s6 Poisson x° va mat do khéi luong
p* cta két cdu FGP-GPLs duoc thé hién nhu duéi
K= Hop Vop + Vi,

P° = PepVerL + PV (2.21)
Vi =1-Vep,
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2.2 Ly thuyét tam/vé
2.2.1 Ly thuyét bién dang cit bac nhat FSDT (First-order Shear Deformation
Theory)
Ly thuyét bién dang cit bac nhit hay 1a 1y thuyét Reissner-Mindlin c6 ké dén bién

dang cit ngang. Trudng chuyén vi dugc mo ta nhu sau

u(x,y,z)=2z8,+U,(x,y)

V(X Y, 2)=28,+V, (X Y) (2.22)

W(X Y,z)=W,(X,Y)

V6i u,, v,, w, 1 ba thanh phan chuyén vi thang ctia mot diém nam trén mit trung hoa va
B, V& B, 1a cac chuyén vi xoay quanh truc X va truc y nhu Hinh 2.13. Trén co s& truong
chuyén vi khong str dung dao ham nhu thé hién ¢ cac cong thirc cua (2.22) nén chi can
lién tuc bac C°, theo [2, 4, 5, 35]. Tuy nhién tinh chinh xéc cta Iy thuyét phu thudc nhiéu
vao hé s hiéu chinh cat. Ly thuyét nay duogc str dung trong cac chuong 4, 5 va 6 cho viéc

xay dung cac phan tir SQ4T, SQ4C va SQ4P.

Hinh 2.13: Ly thuyét bién dang cat bac nhét (FSDT)

2.2.2 Ly thuyét bién dang cit bac cao HSDT (Higher-order Shear Deformation
Theory)

Dé vuot qua han ché cua Iy thuyét bién dang cit bac nhat (FSDT), ly thuyét bién dang
cit bac cao (HSDT) nhu Hinh 2.14 ra doi va khong doi hoi hé sé hiéu chinh cat. Sau day
1a truong chuyén vi cia 1y thuyét bién dang cat bac ba (TSDT) cua Reddy [2], mot trong
nhitng 1y thuyét ding trong phan tich két cau tim/vo

u(x,y,z)=uy(x,y)+z8, —3;:;223(,@ +%}
%J (2.23)

v(x,y,z)=vo(x,y)Jrzﬁy_%zs(ﬂer iy
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w(X,y,2)=w,(XY)
Vi su xuat hién dao ham trong cac cong thirc cua (2.23), cac céng thirc phan tir hiru han

ap dung cho ly thuyét nay thuong doi hoi ham xap xi lién tuc CL. Piéu nay dan dén su
phtc tap trong xay dung ham xip xi cling nhu doi hoi thoi gian tinh toan kha lau. Céch

khac phuc s& thé hién rd hon trong chuong 3 voi phan tir SQ4H.

Hinh 2.14: Ly thuyét bién dang cat bac cao (HSDT)

2.3 Cong thirc phin tir hiru han

Trong muc nay, mot $6 cong thuc phén tir hitu han co ban sir dung trong luan an duoc
mo ta nham cung cip mot cai nhin tong quan vé cic phan tir mang, phan tir tim udn va
phan t&r vo phing. Cudi cling 1a cac phuong trinh phan tir hitu han dung trong phan tich

uén tinh, phan tich dao dong tu do va phan tich on dinh.
2.3.1 Phéan tir mang t& gidc dang tham sb

Céc cong thirc phan tir hitu han ciia phan tir mang tr gidc dang tham s6 duoc xem xét
ngan gon cho céc bai toan g suat phang. Phan tir tir gidc bén nat véi hai bac ty do trén

mbi nat nhu thé hién trong Hinh 2.15 va theo céc tai liéu [5, 83]

Hinh 2.15: Phan tir mang t& giac dang tham sd
T e O
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Xép xi chuyén vi trong mit phang theo 2 phuong x va y dugc xac dinh nhu sau

4
u= Z N; (f’ 77)Ui
o (2.24)
V= z N, (95, 77)Vi
i=1
voi N, (&,17)=(1+&&)(1+nn)/ 4 1a ham dang clia phan ti.
Truong bién dang mang thu duoc bang cac dao ham cia chuyén vi
2 9
OX
X 6 4
en=1¢,(=| 0 —|u=B,g=>B,q (2.25)
oy =
7/Xy i i
L%y OX]

trong d6 u=[u V]T L0 =[u ]T la véc-to chuyén vi nUt va B, 13 ma tran lién hé giira

bién dang va chuyén vi mang.

N, O
Bni=| 0 N (2.26)
Ni,y Ni,x

o, . 1 o O
6, =10, (= 7 u 1 0 l|g,=D,g, (2.27)
Ty 0 0 1-u
L 2 |

Thé ning toan phan dugc tinh toan nhu sau

_ 1r o T
M, = [l d- i q"bdQ (2.28)

Q

Cuc tiéu thé nang toan phan suy ra ma tran d6 cig mang ctia phan tir va véc-to lyc nit
m m=m

K, =[B}D,B,d0
Q

(2.29)
f = [Nf,d
Q
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2.3.2 Phén tir tAm ti giac udn c6 ké bién dang cit

Trong phan nay, phan tr tim udn bon nit dya trén 1y thuyét Mindlin-Reissner dugc trinh
bay. Phan tir thé hién nhu trong Hinh 2.16 va theo céc tai liéu [5, 83]. Mbi nut ctia phan

tir s& hitu ba bac tu do, cu thé 1a chuyén vi ngang W va cac chuyén vi xoay B B,

B

Chiéu day h

Hinh 2.16: Phan tir tAm udn

Truong chuyén vi U ctia tAm duoc ndi suy nhu sau
T 4
u=[w B B, ] =2 Ng (2:30)
i=1

v6i N, 1a ham dang song tuyén tinh va q,=[w, B, B, | la véc-to chuyén vi nat cia

phan tir. Gia tri xap xi ciia bién dang dugc tinh todn

gx ﬂx,x

&=1¢ 1= B,y |=Bd
V| | Pyt Py (2.31)
SS: Vv :Bsq
Ve
trong do
0 N, O]
B,=/0 0 N,
[0 Niy Nicl (2.32)
5 N, N, 0]
*IN, 0 N,
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Moi quan hé tmg suat-bién dang dan hdi tuyén tinh cho vat liéu déng chit va dang hudng

P

0
0 |g,
1-u (2.33)

2

T, E 10
c, = = g
7, 2(1+w)|0 1

Thé nang toan phﬁn véi lue ngang trén mot don vi dién tich p dugc tinh toan nhu sau

1
0-b: y: zzu
0

o

1 h/2 k h/2
m,=> j j o-gsbdde+?s j j ole dzdQ— j pwdQ (2.34)
Q-h/2 Q-h/2 Q

s 5 \ A A ‘A ” < ’ A - A . A - \ A 7
vol Kk, = s la hé s0 hi¢u chinh cat. C6 thé viét lai thé nang toan phan dudi dang

1 1
M, =2 [6]D,6,d0+ 2 [l D,e,d0— [ pwdC (2.35)
Q Q Q

trong d6 D, va D, la ma tran vat liéu cho phén udn va cat

Eh®

1 u
D=————|u 1
0

0
0
1- 4 (2.36)
L 2
D, - kEh |1 O
2(1+x)|0 1

Cuc tiéu thé nang toan phan suy ra ma tran do cing cta phan tir va véc-to lyc nut

12(1-p*)

o

K, =[B]D,B,dQ+[B]D,BdQ =K, +K,
Q Q
(2.37)
f :jNTde
Q
2.3.3 Phin tir v6 phing

Hai phan tir trén ¢ thé két hop véi nhau dé hinh thanh nén phan tir vo ti gidc 4 nut
phang. Khi tit ca cac nat ctia phan tir vo phing nam trén bé mit trung hoa cua két ciu vo

thi ma tran do cmg ctia phan tir nay c0 thé duoc xac dinh don gian nhu sau

K 0
Kaer =| o (2.38)
hell |: O Kpj|
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Déi voi vo cong hai phuong do 4 nut cua phan tir khong cing mit phing nén cin hiéu
chinh ma tran do ctng phan tir trude khi chuyén sang hé quy chiéu tong thé. Mt phang
chiéu duoc x4c dinh théng qua cac trung diém cac canh phan tir sau d6 hiéu chinh véc-to

chuyén vi nat theo tac gia Nguyen-Van [5] va tac gia Taylor [84], xem Hinh 2.17

<.

, 1 0 0O0O00O u,
v, 0 1 00 0 0 |v
. W, 0O 01000 W,
(=9 = =< " +=Wq, 2.
VAN R I RN I A e
ﬂ)ld — 0 0010 lei
ﬂ;(i _O O O O O 1 ﬁxi

Ma tran do cung cua phﬁn tur trong hé toa do dia phuong duoc viét lai

Klocal = WKsheIIWT (240)
Chuyén tor h¢ toa do dia phuong sang hé toa do téng thé, ma tran do cung phﬁn tir thé

hién nhu sau

Kglobal = RT I<Iocal R (241)
voi
¢, ¢, ¢ 0 0 0]
T 0 0 O Cy C, C3 0 0 O
O T 0 O Cy C, C 0O 0 O
R = T= 31 V32 33 (2.42)
0 0T O 0 0 0 ¢; ¢, Cy
0 0 0T 0 0 0 ¢, C, Cy
0 0 0 ¢ ¢ Cas |

¢; la cosine cuia goc hop boi truc dia phuong Xi va truc tong thé X;.

B
W,
/

Hinh 2.17: Phép chiéu xuéng mit phang trung hoa
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Mot luu v tiép theo lién quan dén viéc khdng c6 do ctng tuong tng véi bac tu do xoay
trong mit phiang phan tir B,. Su thiéu hut ndy dan dén tinh trang suy bién cua ma tran do
clmg tong thé khi tt ca cac phan tir 14 dong phiang. Mot phuong phép don gian dé khic
phuc tinh trang nay la chén mot do cting gia dinh nho vao mdi bac tu do xoay g, theo
cac tac gia Zienkiewicz va Taylor [85]. Gia tri gia dinh khéng dugc qua bé dé cho ma
tran sau khi stra d6i khéng con 1a mot ma tran suy bién. Dong thoi, gia tri trén ciing
khong qua 16n nham tranh anh huéng dén do chinh xac cua két qua phan tich. Tir d6 ma

tran do cuirng tai ntt i cua phﬁn tr duoc viét lai dudi day

(Km)zxz 02><3 0
Ki=| 0 (K, 0 (243)
0 0 10°max(K;)

2.3.4 Cong thirc phan tir hitu han trong phan tich uén tinh, dao dong tw do va on
dinh
Dua vao cac tai liéu [4, 5, 35, 83], cong thtrc phan tir hiru han ding cho phan tich uén
tinh, dao dong tu do va 6n dinh duoc trinh bay nhu sau:
Truong hop phan tich udn tinh, thé ning toan phan cua tim dudi tac dung tai ngang p
duoc viét boi

IT, zgi(egDmsm +g D,g, +&! Dsss)dQ—ngdQ (2.44)

Truong hop phan tich dao dong tu do, thé nang toan phan cua tim duoc viét dudi dang

[, = [(¢Dy, +elD,e, +€lDye, JO+ [u'made (2.45)
Q

Q

Truong hop phan tich 6n dinh, thé nang toan phan cua tim ciing dwoc thé hién nhu sau

I, = %J'(g;Dmsm +g; D&, +E] Dsss)dQ+%J'8£6089dQ (2.46)
Q Q

VoI
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‘w, 0 0]
h 0 0 Wy 000
o 1 |, 0 B, O

G, =| , s | 0o=| 0 ho,/12 0 ) €y = (2.47)

O-xy O-y 3 O ﬂx,y O
0 0 heo,/12 0o o

Y.X

0 0 B,

Khao sat mién bai todn Q duoc roi rac thanh ne mién con. Dya trén md hinh phan tir ti
giac 4 nat két hop 1y thuyét bién dang cit bac nhat FSDT, nghiém u dugc xap xi
T 4
u :[u vV W B, ,By] => "N, (2.48)
i=1

T

trong d6 N, l1a ham dang song tuyén tinh, q, =[q, qbi]T, Omi =[u V],

T s / 7 A . 5 A 5 A 2 (4 N A
s :[Wi B, ,Byi] la cac véc-to chuyén vi ctiia phan tr. Xap xi bién dang mang, uon,

cat va hinh hoc

8m = qum ! Sb = Bbqb ! 8s = Bsqb ' Sg = ngb (249)
vai B, B,;, B, nhu cong thirc (2.26), (2.32) va
N, 0 0]
N, 0 0
5 0O N, O
gi O Ni’y O (250)
0 0 N,
0 0 N,

Cuc tiéu nang luong tir cAc phuong trinh (2.44+2.46), ¢6ng thirc phan tir hitu han ding dé
phén tich tinh

Kg=F (2.51)
Vvé6i K 12 ma tran d6 cang tong va F 1a véc-to luc

K =[B]D,B,dQ+[B]D,B,d2+ [BIDBAQ =K, +K, +K,
Q Q Q

(2.52)
F = [N"pdQ
Q
Cong thirc phan tir hitu han ding dé phan tich dao dong tu do
(K-o’M)g=0 (2.53)

Véi o 1atan sd ty nhién va M 1a ma tran khéi luong tong thé
T M O e M T T T T T
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M = j N"mNdQ
Q
1 00 0 0 ]
010 O 0 (2.54)
m=ph/0 0 1 0 0
000 h?/12 0
000 0 h?/12]
Cong thirc phan tir hitu han ding dé phan tich 6n dinh
(K-2K,)g=0 (2.55)
Véi A lalyc téi han va K la ma tran d cang hinh hoc tong thé
K, = [B}5,B,dQ (2.56)
Q
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Chuong 3
PHAN TU SQ4H

3.1 Giéi thi¢u

Trong chuong nay 1an luot trinh bay 1y thuyét bién dang cat bac cao HSDT cua Reddy
dugc cai bién thanh CO-HSDT, xay dung phan tir tt gidc SQ4H (Sort...Q4...C°-HSDT)
dua trén cai bién CO-HSDT két hop ky thuat 1am tron bién dang trén mién con phan ti,
két qua tinh toan s6 minh hoa, so sanh va danh gia. Cudi cing la nhitng két luan cho phan
tr nay.

3.2 K§¥ thuat cai bién HSDT thanh C°-HSDT

Ly thuyét bién dang cit bac cao HSDT cuia Reddy [2] duogc trinh bay nhu sau
U(X Y, z)=Uy+28,+2°5 (X, ¥)+ 24, (X, Y)

(3.1)

N| =
IA
N
IA

N| =

V(X Y,2)=Vy =28, + 2%, (%, Y)+2°¢, (%, Y) -~
W(X,Y,2)=W,
Trong d6 u, v va w 1a cac chuyén vi theo phuong x, y va z.

& &, &va {y la cac ham dugce xac dinh tur diéu kién ung suét tiép théng goc

bang 0 & mit dudi va mit trén caa tim

7,,=0,z=%4h/2
3.2)
7,=0,2=%h/2
T mbi quan hé giita bién dang trugt va tng suét tiép suy ra
£u =G7, VG 1, = B, 4225, +38°¢, 4
a)\(/v (3.3)
z,, =Gy,, VOi y,, =—p, +22£,+37°C, +a
Diéu kién (3.2) dan dén
h hY . ow
=p,+2=& +3| — +—=0
Vv |h/2 /By 2 gx (Zj gx ox (34)
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h h)? ow
yXZ|—h/2 =P, _ZE§X +3(—§) é’x+&:0

h hY . ow
7/yz h/2 =_ﬂx +25§y +3(Ej gy +E:O
h hY | ow
7/yz _h/2 z_ﬂx _zzfy +3(_Ej gy +E: 0
Tu (34) Suy ra
4 w) . s 4 ow (35)
é,x __SW(ﬂy +&j va é/y __W(_ﬂx +Ej

Thay céc biéu thirc ¢ (3.5) vao (3.1)

u(x,y,z)=u,+2p, —izf'(ﬂy +%j

3h OX

4 oW, (3.6)
v(x,y,z)=Vv,—z8, ——27°| -3 +—2
( y ) 0 ﬂx 3h2 [ ﬂx ayJ
W(X,Y,2)=W,

Biéng cach dat ow, / ox=¢, va ow, /dy = ¢,, cdng thirc (3.6) dugc viet lai
47° 47°
u(x,y,z)=uo+(z—WJﬁy—WqﬁX
V(X Y,2)=V, - 2—4—23 B —4—23¢ 37)
A R T

W(X,Y,2)=W,

Céc cong thirc phan tir hitu han ap dung cho HSDT thuong doi hoi ham xép xi lién tuc
bac cao. Dicu ndy din dén sy phuc tap khi xdy duyng ham x4p xi phan tir hitu han. Dé
khic phuc nhitng han ché nay, tac gia Reddy da dé& xuat mét hinh thtrc tinh khac ap dung
cho HSDT ma chi doi héi ham xap xi dang tham s6 C° hay dwgc goi 1a C°-HSDT. Trong
CO-HSDT, hai bién doc 1ap duoc bd sung dé biéu dién dao ham cua chuyén vi. Theo (3.7)
trudng chuyén vi bay gio s& bao gdm 7 an s Uy, V,, W,, f,, B, ¢ va ¢, doc lap nhau

nhu Hinh 3.1.

33



Hinh 3.1: Chiéu duong quy udc ciia cac chuyén vi thang va xoay trong tim

3.3 Xay dwng phan tir SQ4H

Phén tir tir gidc SQ4H bao gom 4 nit trong d6 mdi nt ¢ 7 bac tu do dugc xay dung
dua vao k¥ thuat 1am tron bién dang & mién con ctia phan tir theo [4, 5, 32, 35] trén nén
tang CO-HSDT két hop 1y thuyét caa Von-Kéarman lién quan dén bién dang nho-chuyén vi
16n dé phan tich phi tuyén két cau tim composite nhiéu I6p dang phang va gap.

Véc-to bién dang trong miat phang dugc trinh bay

1.,
u,+—w,
&, ’ % ’
g=18, r=1V, +way (3.8)
Exy u,+v,+ww,
C6 thé viét tdm tét lai nhu sau
4 3
€=¢ +12¢,——7¢ (3.9
Vo1
1,
_WO,X
uO,x %
2 L NL
g, = Vo.y + Ewo‘y =g, +&,
u,, +V W, W,
0,y 0,x 0,x"70,y (310)
ﬁyyx
sbl = _ﬁx,y
'By,y _ﬂx,x
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Byt P

€pp = _ﬂx,y +¢y,y
ﬂy,y _ﬂx,x +¢x,y +¢y,x
1" 2w, 1
en==| 0w, [f ==
2 ' Wo,y 2
WO,y WO,X

Ngoai ra, véc-to bién dang cit ngang ciing dugc trinh bay

g =g, +2°, (3.11)

| W +5,
8sl -
WO,y _ﬂx

trong do

(3.12)
4|4 +p,
€, = T2
h*| 4, - B,
Tom lai bién dang tong dugc dua ra nhu dudi day
=i i =[e} 6, &, £, £,] e 0 0 0 0f (3.13)

Luu y cac Ky hiéu m, b, s lan lugt dé cap dén trang thai mang (membrane), uon (bending)
va cat (shearing) ciing nhu ky hiéu L, NL thé hién thanh phan tuyén tinh (linear) va phi

tuyén hinh hoc (non-linear) & cac cong thirc theo nhu danh muc ky hiéu & dau luan an.

*Z
| ///7\\\
\ o7 \\\
} ANNEEENENENEEEEN -
\ \
‘h/2 kth .
‘ [ > X
e — L ——%)——»
\ |
h/2 Z,
HHHHHHH\/\ 15
N /
N -

—
— —

Hinh 3.2: Vat liéu composite ¢t soi nhiéu 16p
Vi vit liéu composite c¢dt sgi nhiéu 16p nhu Hinh 3.2 dugc &p dung trong chuong nay nén

c4c thanh phan ndi luc caa tAm duoc thé hién theo cong thirc sau
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N) [A B c¢E 0 0](e
M| |B D coF 0 0 |[g
_|cE ¢F ¢H 0 0
P, 1 1 1 A ) €, (3.19)
S, 0 0 0 cA cBjlgy
R,JJ o 0 0 c¢B D&
~
V6i
h/2 _ h/2 _
(ABD)= [ (Lz,2°)Qz, (EFH)= [ (222°)Qz i j=126
-h/2 -h/2
A h/2 _
(ABD)= [ (L2,2)Qdz  i,j=45 (3.15)
-h/2
4 4
T T

Dua vao FEM, chuyén vi trong phén tir duoc tinh toan théng qua chuyén vi nat cta phan

tir d6
N, 0 0 0 0 0 0]
0O N O 0 0 0 0
/0 0 N 0 0 0 0
u=>[0 0 0 N, 0 0 O |q (3.16)
“lo 0 0 0O N 0 0
0 0 0 0 0 N O
0 0 0 0 0 0 N,|
Vo1
N, == (1+ £€)(L+ )
4 (3.17)

a = v W B B b 4]

CAc véc-to bién dang mang, bién dang udn va bién dang cat dugc thé hién

4 4 4
En :ZBnI;iqi &1 =szliqi &y =ZBb2iqi
i1 i1 i1

. . . (3.18)
SrﬂL = ZBmiLQi €a = Z Baidi &, = Z B..id;
trong do B B N
N, 0 00O0OO
B:=| 0 N, 00 00O
N;, N, 000 00O (3.19)
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000 O N, 00O

Byy=[0 0 0 -N,, 0 00
000 -N, N, 00
000 O N, N, 0
B,»=/0 0 0 -N,, 0 0 N,
000 -N, N, N, N
N, O
B _ WG o 00N, 0000
meo 10 0 N, 0000
N- ’
1,y 1,X
5 0 0 N, O N, 0 O]
7100 N, -N, 0 00
B_'ooo 0 N N, 0]
710 00 -N, 0 0 N

C6 thé dién giai thanh phan phi tuyén boi

de™ = L awe+ L wdo
200

0

w,dw, W, dw, (3.20)
d¥e = w dw, =/ 0 w, dw =¥do
Y
w,dw, +w,dw, || w, W,
Do d6
de)" =¥do

o[ N 00 W c

"IN, 00 Py =Ga, (3.21)

By
de’ =W¥de=¥Gdq,

NL
Bm

Dua va0 k§y thut 1am tron trén mién con cua phan tir theo [28-34] va Hinh 3.3, mién tu
giac cua phan tr dugc chia thanh ne mién con, 10c 4y trudng bién dang tong quat dira vao
ky thuat 1am tron dugc trinh bay nhu sau

1
sio X [e(x)d &V -
ACI (x)

e (3.22)

~ 1 ~
Ey =K J. & (X)dQ E, =
Q
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Luu y ky hiéu ~ thé hién ghi chd “duoc 1am tron” vi vay &-, &, & , &, lan luot la cac
bién dang tron va A. la dién tich caa mién con dang xem xét. Thanh phan bién dang

mang tuyén tinh duoc thé hién lai

~ 1 1 2
e =" [en(x)dQ=—"-[ > n(x)N;(x)gdl = ZBm.Q. (3.23)
AbQC ACrc i=1 i=1
Véi
Nn, O 00O0O0O
BL(x)=—{| 0 Nn, 00 0 0 Ofr (3.24)
o i N;n, Nn, 0 0 0 0 O
trong d6 n, va n, lan luot 12 hai thanh phan cua véc-to phéap tuyén ngoai tng véi bién

T'.. Ap dung tich phan Gauss doc theo 4 canh bién ctia mién con Q. , B, (x,) duoc trinh

bay lai nhu dudi day

[ nG ]
ZWnNi(xbn)nX 0 0 00O0TO
L&l
_KZI 0 z (Xp)n, 0 0 0 0 Ofl; (3.25)
Z ((Xp )N Z (X)n, 0 0 0 0 0

V6i nG la s6 diém tich phan Gauss, Xon la d1em Gauss va w, la trong s twong tng. Lién
quan dén ham dang song tuyén tinh nén chon nG =1. Twong tu cho thanh phan bién dang

mang phi tuyén

4
&n =2 Bua, (3.26)
i=1
Vol
BN —9G,
~_1Z4:OON(x)n 0 00 Of,
i_AbglOON(x)n 000 O0f°
iil\l( X )n I5w 0 |
A S i) (3.27)
- i 13 c
Y= 0 N, n 1w,
i=1 Ac j=1 ( ) v
4
LS, (S )n 15w, LN (XS )n a5 w,
'% =1 Ac j=1 |
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trong d6 x° lan luot 1a diém Gauss, 1 chiéu dai canh mién con va w, 1a chuyén vi theo
phuong 7 tai n(t i cia phan tu.

Thiét 1ap cong thtrc phan tir hitu han tron twong tu cho hai thanh phan bién dang uén

4 4
ébl = Z Bbliqi §b2 = Z Bbziqi (3.28)
i=1 i=1
Voi
L 0 00 0 N.(xZ)n, 0 0
Buy=——>[0 0 0 -N(x)n, 0 0 0Jf
Ao i 0 0 0 —=Ny(xg)n, Ni(xg)n, 0 O
(3.29)
L 000 0 N, (xg)n,  N,(xS)n, 0
Byi=—>.|0 0 0 —N;(x5)n, 0 0 N, (x5 )n, Iy

A0 0 0 -NOEIN, NOEN, NGE, NS,

Doi v6i phan tir SQ4H, sb luong mién con sir dung lién quan thanh phan mang va uén l1a
2 (nc=2) va s6 lwong mién con st dung cho thanh phan cit 14 1 (n.=1) véi muc dich vuot
qua hién tugng khoa cat, dong thoi cac thanh phan bién dang cat dugc tinh toan lai nhu
Sau

4 _ 4 ~
= z leiqi 552 = Z BsZiqi (3.30)
i=1 i=1
VOi
[N()ndr 0 N(x) 00
T'c

0o L
Ac
1
3;! x)ndl -N;(x) 0 0 0 (331)

&ﬁ:(o 00 0 N(x) N(x) 0 J

000 -N(x) 0 0 N(x)
trong d6 N, la tri s6 caa ham dang tai nGt i ciia phan tir. Viéc tinh toan thanh phan cat van
tiép tuc st dung tich phan Gauss dé tinh toan —N, cia B, va B, bai vi tich phan trén
mién con Q. khong thé chuyén thanh tich phan duong trén bién T

Ap dung céch tiép can TL (Total Lagrangian) [5, 22, 86, 87] cho qua trinh phan tich phi
tuyén hinh hoc. Phuong trinh phi tuyén dugc mo ta

'K,Aq=""P-'F (3.32)
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O o T
trong d6 'F 1a lyc noi tmg vai thoi diém t cia phan tir, ““P 14 luc ngoai Gmg véi thoi

diém t+4t cia phan tir, 'K, 1a ma tran d6 cimg tiép tuyén duoc 1am tron cua phan tir tng
Vi thoi diém t va Aq 1a gia s6 chuyén vi cta phan tir.

(n311n31) 3 n3
Y 0010 (Mo N

(0,00,1)

(0,0,1/4,3/4)

(1/4,1/4,1/4,1/4)

e
0,1/2,1/2,0
(nizv n‘;/z)" (nxl’ nyl) ( )

(0,0,1/2,1/2)

4 4
(nxl, n

(0,1/2,1/2,0)

(1/2,0,0,1/2)

(3/4,1/4,0,0) |

(1/4,3/4,0,0)

(1/2,1/2,0,0)

(1,0,0,0)

0,1,0,0) 0,1,0,0
(Mg, N 1yl) (nt ( )

1 1
(nxl’ nyl) x2’ y2)

Hinh 3.3: nc=1 & 2 va gia tri cac ham dang tuong ing

Ma tran d6 ctng tiép tuyén K. dugc tinh toan theo cong thirc
K, =K_+K, +K, (3.33)
trong d6 K, 1a ma tran d¢ cimg tuyén tinh, K, la ma tran do cing phi tuyén va K, la

ma tran do cung hinh hoc.

i=1
KNL = BLLi D*BNLi A
i=1
R, =Y GING,A,
i=1 (3.34)
_EL ] (BNL]
~ ?bl - 0 _ N, NXy
B.= ?bz By=| 0 N = N, N,
By 0
B, 0

Luu y chi riéng tinh toan lién quan dén thanh phan cit thi sir dung nc=1 con lai lay n.=2.
Luc noi tai thoi diém t duogc suy ra tir trang thai ing suat trong két ciu va duoc viét
‘F= (B, +B, )o'dO (3.35)

trong d6 két qua ung suit sau vong lip tha i 1a
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‘e, ='0, + 46 (3.36)
Két ndi céc cong thuc (3.32+3.36) Vai (2.41+2.43), chuyén sang toa do téng thé cho toan
bo mién két ciu rdi 4p dung thuat todn lip Newton-Raphson dé giai phwong trinh phi
tuyén cu thé véi cac bude nhu sau

- Nhép dir liéu hinh hoc, vat liéu.

- Théng tin ban dau: P° =0,F) =0,uf, =0, 3=0.001 (dung sai hoi tu).

- LAP qua gia sé tai, rep = 1..max

e Tinhtoan 1 =1/ max

e Giatai AP=AP

e Saisber=1,i=0

o PTPTIigP, U =uT, R =R
e Khi(i<max) & (er > J)

> =i+l
> Gidi KI%, AU, =P™ —F'7

A A rep __ , rep
> Cap nhat Ug = Ug) +4Ug
> Xac dinh sai s6 er =|dug,)|/ |ug}

e Két thic
e Cap nhat toa do nut
- Két thic LAP
Dic biét luu y truong hop phan tich két cdu tim gap, mot bac tu do thir 8 14 bac ty do
xoay trong mit phang phan tir S, dwoc thém vao. O chuong ndy tién hanh géan gia tri cho

K(i,i) = 1, trong d6 chi sé i tuong (mg v&i bac tu do xoay £, .
3.4 Két qua sbd

3.4.1 Phan tich uon phi tuyén ciia tim phing

3.4.1.1 Tdm vubng 4 I6p [0°/90°/90°/0°]chiu tdi phan bé déu
Tam vudng [0°/90°/90°/0°] c6 kich thude a = 12, day h = 0.096 chiu tai trong phan bd

déu q = 2, lién két ngam céc canh nhu Hinh 3.4a. Pic trung vat liéu E, =1.8282x10°,
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I
E, =1.8315x10°, 14, =0.23949, G, =G,, = G,, = 3.125x10°. D¢ vdng & giita tm tinh boi
phan tir SQ4H trén co so ludi chia 8 x 8 (567 dofs) dugc so sanh véi cac két qua tham
khao khéc dya vao phan tu tir gidc 4 nit RDKQ cua tac gia Zhang va cong su [88], trich
Xuit dir liéu phan mém Ansys tir tai liéu caa nhom tac gia Phung-Van va cong su ¢ [89]
hay két qua thuc nghiém trich xuat tir tai liéu cia tac gia Putcha va cong su [90]. Hinh
3.4b thé hién rd sy so sanh nay va cé thé thiy két qua dat dugc boi SQ4H tiém can Véi

két qua ctia Ansys Va tot hon két qua caia RDKQ khi ddi chtng vé6i két qua thuc nghiém.

0.06 —a— SdH
ROKG

—— ANSY S

—4+—Thuc nghiem

0 0z 04 06 08 1 12 14 16 18 2
(a) (b)g
Hinh 3.4: TAm vudng ngam nhiéu 16p chiu tai phan b déu
3.4.1.2 Tam hinh binh hanh 4 16p [0°/90°/90°/0°] chiu tdi ph@n bo déu
Tam hinh binh hanh [0°/90°/90°/0°] ¢6 kich thudc 2 canh 1a a, b va chiéu day h. Tam
ngam cac canh va chiu tai phan b déu q véi thong sd tai trong chuan héa q" =qga*/E,h*.
GOc a thay doi tir 0° dén 60°. Dac trung vat lidu E,/E, =10, G,/E, =0.33, G,,/E,=0.2,
Gy, /Gy, =1, 1, =0.22. Do vdng khong tht nguyén & gifta tim w™ =w(a/2,b/2,0)/h tinh
bai phan tir SQ4H trén co so ludi chia 8 x 8 (567 dofs) duoc so sanh véi két qua giai tich
cua nhom tac gia Upadhyay va cong su ¢ [91] va dugc mé ta ¢ Hinh 3.5a-f. Nhom téc gia
nay d4 tién hanh anh xa mién tinh toan binh hanh thanh mién vuéng roi sir dung chudi da
thirc Chebyshev két hop 1y thuyét bién dang cit bac 3 (TSDT) dé suy nghiém giai tich

cua bai toan phi tuyén. Mic du sai s khong dang ké giita két qua so dya trén phan tir
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[ e e e o e T
SQ4H va két qua giai tich c6 thé thay & Hinh 3.5a-f, tuy nhién khi goc « ting Ién thi sai
s6 tang 1én giira hai két qua. Piéu ndy co thé giai thich do hinh dang cta cac phan tu
trong lué6i tré thanh hinh thoi dep va dai, khac biét rat nhiéu so v6i hinh dang vuéng cia
cac phan tir anh xa trong toa do ty nhién nén gy ra 18i trong tich phan s6 cta ma tran do

ctimg duya trén cac diém cau phuong Gauss.

0 T T T T T T T T 0 T T T T T T T T T

=& Siai tich, =0

081 | —a— Giai tich, n=30 08t _°_g'a' tic:' ngu |
Giai tich . o= iai tich, o=
o7l ta1 hich, & $ 07F | —*— Giai tich, o=60 7

& 304H, =0
—*— 30Q4H, o=30
—* S04H, o=k

—e—504H, 0=0
06 | —a—304H, o=30 )
—*— 504H, a=50 g

05 nst
*® *®
= =
0.4 04
0.3 A nal
0z n2F
0.1 01F
D 1 1 1 1 1 D‘ 1 1 1 1 1
0 20 40 B0 a0 1D*D 120 140 160 180 200 0 20 40 &0 a0 1D*D 1200 140 160 180 200
q
(a) alb=1va ah=10 (b) a/b=1va ah =100

=& (Giai tich, o=0
—&— Giai tich, a=15 [ ' ' ' ' ' '
% (Giai tich, ©:=30 T T T T T T T T T

. _
i +§'a' Ilc: Dt_gg —e— (Gijai tich, ==0
I SSLFI'C .jlé— 1.2F | =% Giaitich, =30
—°—SQ4H. &:15 —=— Giai tich, o=60
nsl — , o= —_— =l
—+—S04H, o=30 T _._:gj:. z—gu |
—— S04H, o=45 .
, Dt,_ —*— S04H, a=R0
0.6} " S04H, o=E0 oot 7
% 7 .
S & 3
04 06 h
. 0.4+ h
. 02+ h
0 £ I | 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500
g 0 .

0 a0 100 150 200 259c 300 350 400 450 500
q

(c) alb=1va ah=20 (d) a/b=2va ah=20
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1k

=& Giai tich, o=0
—*— Giai tich, o=30
—&— Giai tich, o=E0
—&— 504H, =0
—*— S0Q4H, o=30

—*—SQ4H, o6l

=& Siai tich, =0

[ | —* Giai tich, o=30

—&— Giai tich, o=E0

L | —®— SCdH, =0

¥+ S0Q4H, o=30
—* S04H, w=E0

0ar 4 (=13
® *
= =

0G| 1 06

D4r 04t

02r B o2k

=t ——
0 I 1 1 1 1 1 L L L ] | | | | | | | I |
0 50 100 150 200 250 300 350 400 450 500 0 0 100 150 200 250 300 380 400 450 A00
a g*

(e) a/h=20va EJ/E;=1 (f) a/h=20va Ey/E,=2

Hinh 3.5: Tam hinh binh hanh ngam nhiéu Iép chiu tai phan b déu

3.4.1.3 Tam hinh thang 5 I6p [0°/90°/0°/90°/0°], [45%-45°/45°/-45°/45°] chiu tdi
phdn bé déu

Xét tim hinh thang can (loai I) hodc khong can (loai I1) véi 5 16p [0°/90°/0°/90°/0°]
hodc [45%-45°/45°/-45°/45°T nhu Hinh 3.6a va Hinh 3.6b. TAm ngam cé4c canh va chiu tai
phan bd déu q vai thdng sb tai trong chudn hoa q =ga‘/E,h*. Pic trung vat lidu
E,/E,=25, G,/E, =05, G,/G, =1, G,/E, =02, 11, =0.25.

Do vong khong thir nguyén w' = minimum(w) / h duoc tinh dya vao phan tir SQ4H trén
co s& ludi chia 8 x 8 (567 dofs) tiép tuc dugc dem so sanh vdi két qua cua tac gia Watts
va cong su dua vao phuong phap khong luéi EFG (Element Free Galerkin) ¢ tai liéu [92]
théng qua mé ta ¢ Hinh 3.7a va Hinh 3.7b. Nhom t&c gia nay st dung phuong phap
khong ludi EFG két hop ham dang MK (Moving Kriging) voi gié tri tham sé twong quan 1a
3 va ludi 5 x 5 mién anh huéng dang chir nhat.

Két qua xap xi tét gitra phuwong phap phan tir hitu han dua trén SQ4H va phuong phap
khong ludi EFG cho thay tinh hiéu quéa ctia phan tir dé xuét trong phan tich phi tuyén tim
nhiéu 16p hinh thang cho ca hai loai hinh dang tim khéc nhau I, 1l va ca hai cach phan b

hudng sgi khac nhau
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C c

-y D
Ay Ay
b b
0 % o
]
0] »X O > X
— R SE—
() Loai I: a=az, alb=1, c/a=0.5/0.7 (b) Loaill: 0x=0,c/b=1,alb=12

Hinh 3.6: TAm hinh thang ngam nhiéu 16p chiu tai phan bd déu

15 15
1 . 1 1

* *3

2

—e—'Watts & c.5., [45 -45 45 -45 45, c/a=0.5
—*—Watts & o5, [0900900], cfa=0.5
ost —a—Watts & c.s., [45 -45 45 45 45], cfa=07 | US| 1
—*—\Watts & o5, [0900900], cfa=0.7
—e—SQMH, [45 -45 45 -45 45), cfa=05
—e—5Q4H, [080 090 0], c/a=05
—a— S0Q4H, [45 -45 45 -45 45), cfa=07
—+—SQ4H, [090 090 0], c/a=07

—e—'Watts & c.5., [45 -45 45 -45 48], a/b=1.2
—*—Watts & c.5., [0500900], alb=1.2
—e— S04H, [45 -45 45 45 45], a/b=1.2
——3S04H, [0200 90 0], a/b=1.2

1 1 1 1 T 0
0 500 1000 g* 1500 2000 2500

] 500 1000 Q'* 1500 2000 2500
() tng voi loai I (b) ung vai loai Il

Hinh 3.7: So sanh do vong cua tam hinh thang ngam nhiéu 16p chiu tai phan bb déu

3.4.2 Phan tich udn phi tuyén cia tim gip

3.4.2.1 Tam gdp 90° dang huéng chiu tdi phan bé déu
Tam gap 90° lién két ngam véi cac thdng sb hinh hoc nhu Hinh 3.8a. TAm chiju tai
phan b6 déu q thing goc véi bé mat tim. Piac trung vat liéu E = 3 x 10° va 1 =0.3.
Puong cong tai trong va do vong giita tim A vé6i 450 phan tir SQ4H duogc vE so sanh voi
két qua ctia phan mém Ansys dya trén 5000 phan tir Shell181 va két qua ctia nhom tac gia
Liew va cong su dua trén phuong phap dai hitu han [93] nhu Hinh 3.8b va Hinh 3.8c.
Shell181 1a mot phan tir bn nit véi sau bac tu do tai mdi nat: ba chuyén vi thang theo ba

hudng X, Y, Z va ba chuyén vi xoay quanh ba tryc ndy. Theo tai liéu Ansys [94], phan tir
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i
Shell181 thich hop dé phan tich ciu triic vo tir méng dén day vira phai va rt phu hop cho
cac tng dung phi tuyén. Bén canh d6, v6i phuong phap dai hitu han, két qua thu duoc
phu thudc nhiéu vao kich thuéce dai ciing nhu bac cua da thic ndi suy co ban. Dé dat
dugc két qua hoi ty, tAc gia Liew va cong su phai sir dung 11 dai voi da thie noi suy bac
5, theo [93]. Tuy nhién & day véi s6 luong phan tir sir dung it hon nhiéu So V&i Ansys
nhung c6 thé thiy két qua duwa trén phan tir SQ4H xap xi t6t voi két qua ciia Ansys va két

qua cta nhdm téc gia Liew va cong Su.

—&— Ansys
S04H

—— Ljew & .5

06+ B

0.4 B

02t p _

g x 10°

(©)

Hinh 3.8: TAm gap 90° lién két ngam chiu tai phan bd déu thang goc véi bé mat tim

3.4.2.2 Tdm gdp 60° véi 4 16p [0°/90°/90%0°] chiu tdi phdn bé déu
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Tam gap 60° v6i 4 16p [0°/90°/90°/0°] lién két ngam va cac théng sé hinh hoc nhu
Hinh 3.9a. TAm chiu tdi phan bo déu va thing goc voi bé mit tim. Dic trung vat lidu
E/E,=25, G,/E,=05, G,/G,=1, G,/E, =02, s,=025. Pudng chuyén vi doc
theo toa d6 X = 0.75 m vay = 0.5 m cia tim A duoc x4c dinh vé6i ludi chia 300 phan tu
SQA4H, tong cong 336 nlt. Ching dugc v& so sanh voi két qua ciia phan mém Ansys mo
phong boi cac phan tir Shell181, tong cong 5581 nit, dong thoi so sanh véi két qua cua
tac gia Liew va cong su dua vao phuong phap khong ludi Galerkin trén co s¢ kich thudc
mién gid d& dmax = 4 VA ludi chia 13 x 13 nat theo tai liéu [95] nhu Hinh 3.9b va Hinh
3.9¢c.

¥ 10
9
a5k —e— Ansys, x=0.75(m) |
' SQ4H, ¥=0.75(rm)
4L | = Liew & c.5., x=0.75(m) i
—e— Ansys, y=0.5(m)
35F SQAH, y=0.5(m) 1
—a— Liew & c.5., y=0.5(m)
3r 4
—~
Eas |
=
2r 4
15+ 4
1F 4
05k 4
0 L L
0 05 Xy () 1 15

(©)

Hinh 3.9: Tam gip 60° lién két ngam chiu tai phan bb déu thang goc voi bé mat tim
T M O e M T T T T T
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Tir Hinh 3.9¢ ¢6 thé thay duong cong két qua thu dugc bai phan tir SQ4H hoan toan xap
Xi v6i hai duong cong tham khao dua vao phan mém Ansys va dua vao phuong phép
khong ludi Galerkin. Miac di tong s6 lwong nlt trong ludi chia khong nhiéu nhung viée

dat dugc két qua xp xi v6i Ansys 12 diéu dang ghi nhan cho phan tr SQ4H.
35 Kétluin

Phan tir SQ4H d3 duoc thiét 1ap nhu trén va duoc st dung dé phén tich uén phi tuyén
cho tdm phang va tdm gap. Két qua dat duoc khi phan tich phi tuyén hinh hoc cho két cau
tam phang va tdm gap nhiéu 16p dua vao phan tr SQ4H 1a chap nhan dugc vi sai sd
khong dang ké so véi nhitng két qua tham khao khac duoc trich xuat tir céc tai liéu dang
tin cay. Trén co sé ap dung ky thuat tron bién dang trén mién con két hop dang C° cua ly
thuyét bién dang cat bac cao HSDT, phan tir SQ4H cai thién d6 chinh xac ctia mo hinh va
giam bét sy bat 6n vé sd dbi voi phan tich hinh hoc phi tuyén tinh. Cubi cling, phan tir
SQ4H c6 thé duoc mé rong dé phan tich két ciu vo hay cac dang bai todn co hoc khac.
Viéc danh gia sai s6 cu thé hon khi 4p dung phan tir SQ4H dugc tién hanh & chwong cubi

cua luan an nay.
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Chuong 4
PHAN TU SQ4T

4.1 Giéi thiéu

Trong chuong ndy lan luot trinh bay ki thuat noi suy kép, xay dung phan tir tir giac
SQ4T (Sort...Q4...Twice interpolation strategy) dua trén k¥ thuat noi suy kép, két qua

tinh toan s6 minh hoa, so sanh va danh gia. Cudi cing 13 nhiing két luan cho phan tir nay.
4.2 Ky thuat ngi suy kép

K§ thuat ndi suy kép (TIS) 1an dau tién duoc dua ra boi tac gia Zheng [53] dung cho
phan tir tam giac 3 nut. Sau d6 k¥ thuat nay tiép tuc dugc phat trién boi Bui va cong su
[51] hay Wu va cong sy [52],... i sau vao chi tiét, ky thuat nay tién hanh xiy dung ham
dang bac cao ké dén anh huong ctia nhém nut lan can dén gia tri bién cua diém can xét,
c6 thé thich nghi v6i ludi phan tor “méo”, két qua hoi tu véi do chinh xac kha cao va
truong ung suat thu duoc lién tuc qua bién phan tir khi xem xét cho bai toan mg suét
phang. Qua trinh thiét 1ap ham dang thong qua hai giai doan néi suy: (1) giai doan dau
ndi suy tuong tu phan tir tir gidc 4 nat truyén théng thong qua ham dang chuan song
tuyén tinh, (2) giai doan sau tién hanh xét anh hudng ctia nhom nut 1an can dén gia tri
bién ctia diém can xét, qua trinh ndi suy trong giai doan nay ké dén ca gia tri nat 1an
gradient trung binh nut.

(%%

(-1,1) (1,1)

(-1,-1) (1,-1)

(@) ‘ (b)
Hinh 4.1: Phan tir tir giac 4 nat
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Ham dang béc cao sau khi xay dung van thoa dic tinh delta Kronecker va c6 thé tai tao
chinh x4c bat ky chirc ning nao trong cac chirc ning co ban cua FEM truyén thong. Tir
cac nit 1, 2, 3 & 4 nhu Hinh 4.1 tién hanh x4c dinh nhom ndt 14n cin phan t ti giac

dang xét (1234) véi mién bao Q 1a su két hop cac mién con Si, Sz, S3 va Sa nhu Hinh 4.2.

— 1 T

Phan tir xét

~J

Mién |anh huéng S

\L_/ e NUt anh huong

Hinh 4.2: Mién anh huéng nit 1.

Goi nyp 12 56 luong nlt ¢d trong mién bao Q véi leu Y tap hop nit ndy co thé thay ddi s6
lugng tiy thudc vao vi tri cta diém can xét trén ludi chia cho trude. Thong qua 2 giai

doan ndi suy, truong chuyén vi dugc thé hién nhu sau

l](x):ZNi(x)qi =N(x)q (4.1)
Vai

N =N NI L s NI N2 2 oNI2] = ongl2]
N, == N +Z,N, +ulyNi’y +E,N 7+ 5, N, +u2yNivy

i X X

node 1 node 2
= NIEB 7 NIBl .7 NIBl L = NI4) = NI4D 7 NI4D
+‘—’3Ni +“3xNi,x +‘—‘3yNi,y +‘—’4Ni +‘—’4xNi,x +‘—’4yNi,y (42)
node 3 node 4

q = |:ui Vi Wy ﬂyi:|
N, theo [51] dugc goi 1a ham dang theo k¥ thuat noi suy kép trong do6

NG =3 (NG | NED = 3 (0N | o, = 4‘5 Vi e es,

oy | TS ' YA (4.3)
€eS;
4, 1a dién tich phan tir (€) thue mién anh huéng Sy ciianit 1 va > 4, 13 tong dién tich

€eS;
cua S, N la véc-to ham dang mé rong tai nat 1, NEI va NI 1a dao ham ham
T e O
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dang theo X, y tinh todn trong mién Si. Hoan toan twong tu khi biéu dién cong thirc cho
NI, N N NET NET va NEY. Mat khac, cac ham thir = theo [51-53] duoc trinh

bay lai
Z, =N, +N/°N, + NN, +N,;°N, = N,N,” = N,N.>—N,N,’
Zy ==(%=%)(N7N, +0.5N,N,N, +0.5N,N,N, )
~(% —%;)(NSN; +0.5N,N;N, +0.5N,N;N, )
=(% =%, )(N7N, +0.5N,N,N, + 0.5N,N,N;) (4.4)
Z1y =—(¥:—¥,) (NN, +0.5N,N,N; +0.5N,N,N, )
~(¥: = ¥3)( NSN3 +0.5N,N;N, +0.5N,N;N, )
~(¥: = ¥4)(NSN, +0.5N;N,N, +0.5N;N,N; )
trong do

N.=(1+&E)1+nn)l 4, 1=1234 (4.5)
la c4c ham dang co ban trong hé toa d6 tuw nhién gan véi phan tir tir gidc 4 nat truyén

théng. Hoan toan twong ty cho cac ham =,, 5, , Zoy0 5y, By 55,5, 5, VA E,,. Cac
ham thtr nay thoa man:

El(xi)zali Zix (Xi):O Sy (Xi)zo

=y (x)=0 Elyx (x;)=0 Sy (%)=3 (4.6)

S. =
! {o if

va tinh chat nay lap lai cho %,, %, &,,, 5, 5,,, 5;,.5,, Z,,,5,, cling nhu cac dao

[EEN
=

i=1
izl

ham cta chung theo x vay.

Chirng minh 5,(X;)=6;, 5y, (x)=0va 5, (x;)=0
RO rang khii=1thi é=-1va n=-1nén N,=1N,=N,=N,=0 va 5, (x,)=1.
Khi i=2, 3 & 4 twong tu c6 =,(x,)=0, Z,(x,)=0 va 5,(x,)=0.Vay 5, (x)=6;

Bén canh do, tir cong thtrc (4.5) viét lai
N, =[N, N, N; N,] 4.7)
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0
oz | _a[-@-n) (@-n) mm—mm}wi
o [V Tal-1-g) ~ve) (1v8) (-9

on
Ma tran Jacobi va nghich dao dugc xac dinh
XY
J=derix] yz,J-lz—l—-{’(1 K{
X3 Y, 4|J| K, K,
X, Y,
K=Y (1-8) = Yo (1+€)+ ¥, (L4 §) + v, (1-¢) (48)

K, =Y (1-17)=y,(1-n)-y,(1+n)+y, (1+7)
Ky =X (1=8)+ % (14 &) =% (1+&) =%, (1-&)
Ky ==X (1-7)+ % (1-17)+ X, (1+7) - %, (1+7)
0=, o0&, OF,, 0=5, 05, 05, 05, 05,

oN, " ON, " ON, " oN,

Dé dang xac dinh cac dao ham riéng : , : ,

, , oN, " oN, " oN, oN,
0=, = = . 0F .. . . n 5
sy O5a 0Zw iy CZu it thi E=-1van=-1nén N,=L,N,=N,=N,=0 va
oN, " oN, " oN, oN,
95 =1, 1=1,2,3,4. Ngoai ra tur viéc rt gon cac cong thuc ¢ (4.8) suy ra
Yo=Y,
— 551 6N 1 y4_yl
L (x)= —il=N1 1 1 1]-— =0
(%) [aNi]{ax} [ ]4p| 0
Yi—Y,
Xy — X,
= , - X
5, ()= S 1o 11 g o
oN; || oy 4311 0
X=X (4.9)

Hoan toan tuong tu d6i véii=2,3&4suyra 5,(x)=0va =, (x;)=0. Cac tinh cht
khac trong cong thirc (4.6) dé dang chirg minh. Tir d6 ham dang bac cao thiét 1ap nhu
cong thirc (4.2) ciing thoa dic tinh delta Kronecker va c6 thé tai tao chinh xéac bat ky chirc
nang ndo trong cac chirc ning co ban cta phan tir hitu han truyén théng. Su khac biét
ham dang bac cao cua phan tir tir giac 4 nit dya trén ky thuat noi suy kép so véi ham
dang ctia phan tir tir gidc 4 n{t truyén thong duoc md ta & Hinh 4.3.
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2 0 -
(a) o (b)
Hinh 4.3: Ham dang tir giac 4 nat: a) truyén thong, b) ndi suy kép, [51]

4.3 Xay dyng phan tir SQ4T

Phan tir tr giac SQ4T bao gom 4 n(t va mdi nlt c6 5 bac ty do duoc xay dung dira vao

k¥ thuat noi suy kép dé nghién ctru tmg xir két cau tim/vo composite nhiéu 16p/FGM.
4.3.1 Phwong trinh cha dao
Truong chuyén vi dua trén Iy thuyét bién dang cét bac nhat FSDT

u(x,y,z)=28,+U,(x,y)
V(X Y, 2)=28,+V (X Y) (4.10)
W(X Y,z)=W,(X,Y)
Véc-to bién dang trong mit phang

N
€, :[gx &, }/Xy] =g, +Zg, (4.11)
va Véc-to bién dang cat ngang
;
&=7a 7| (4.12)
/// \\\ /// \\\
AJTTITITJTTITTT]
4’ )
z 7 |
| / | ]
\ /
HHHHHH\H/\/ \ J/
\\ a \\ e

~ ~
~ - ~ —

Hinh 4.4: Minh hoa vat liéu composite nhiéu 16p va vat liéu FGM
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M M T I T T
Di vé6i vat liéu composite nhiéu 16p nhu Hinh 4.4, cac véc-to luc mang, véc-to

momen udn, va véc-to luc cit ngang duoc x4c dinh nhu sau

{u}{g EHE} (@.13)

S, =Ceg,

trong d6 N, =[N, N, N,], M,=[m, M, M., S,=[Q Q7 vacic ma trin

y

A, B, D & C duogc tinh toan tur

h/2 _ h/2 _ h/2 _
Ay = I Qydz, B;= I 2Qydz, Dy = .[ 2°Q,dz, i,j=12,6
-h/2 —h/hZ/2 B -h/2 (414)
Cy= | kQdz, i,j=45
-h/2
Q, lacéc hang sé dan hoi duoc dua ra boi tac gia Reddy [65].
D6i vai vat liéu FGM nhu Hinh 4.4, ma tran A, B, D & C duoc viét lai
1 u(z) 0
h/2
E
(Aij'Bij'Dij)= J. (1,2,22)% /U(Z) 1 0 dz
— Z
~hi2 # 0 0 (1-u(z2))/2 (4.15)

M2 kK. E 1 0
22(1+u(z))[0 1
Hé s6 hiéu chinh cat ks = 5/6 dugc thém vao khi tinh toan cac thanh phan cua ma tran C

nhu [5].
4.3.2 Trién khai cong thirc phan tir hitu han

Dua trén ky thuat noi suy kép, thanh phan bién dang mang cua phan tir duoc xac dinh

thdng qua mién anh hudng Q véi s6 luong ndt anh hudng ng nhu céng thire sau

&n(Xc) =By (X )0 (4.16)
trong dé
N, 0 000 No, 0 000
B,(x)=| 0 N, 000 0 N, 000
N, N, 000 N, N,, 00 om (4.17)
a.=[u v w B ﬁyi]Ln)

Thanh phan bién dang udn cua phan tir duoc xac dinh twong tu trén mién Q
e A T e e e A e A e e e e e
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g, (Xc): B, (Xc)qe (4.18)

vo1i
000N, O 000N, O
B,(x;)={/0 00 0 N, ..00O0 0 N_, (4.19)
000N, N, .000N_ N__ o,
Bién dang cét ngang tir d6 ciing dugc thiét 1ap
g, (%) =B, (%c)q. (4.20)
Vi
5 cooN, Ny O ..OON_, N 0
X- )= ~ ~ L v ~
() 00N, 0 N 0oo0N,, 0 N (4.21)
' o ® 12x5ng,
Ma tran d6 cting ctia phan tir
K = [B]AB,dQ+[B]BB,dQ+ [ B]BB,dQ+ [ B{DB,dQ+ [BICB,dQ 4.22)
Q Q Q Q Q

Luu y cc ma tran F, M va Ky dugc thiét 1ap theo phan tir tr gidc truyén thong khi can
phan tich uén tinh, dao dong tu do hay 6n dinh nhu c4c cong thire (2.52), (2.54) va (2.56).
Truong hop phan tich udn phi tuyén, thanh phan bién dang mang phi tuyén caa phan

tir dugc xay dung dua vao Ky thuat ndi suy kép

en (Xc)=Bu (Xc)ae (4.23)
trong do
Bl =¥G (4.24)
GOONl’XOO 00N, 00
00N, 00.00KN, 00
N.w 0 (4.25)
Y= 0 N,w
Ni,yvvi Ni,xWi (i:l..nsp)
Thiét 1ap ma tran d6 cung tiép tuyén cua phan tir SQ4T
K =K +Ky +Ky (4.26)
V61

K, =[B[D'B,dQ
Q
. 4.27
KNL :IBLLD BNLdQ ( )

QI
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Ky = [GTNGdQ
Q

A B 0

B D O
0 0 C

Tinh toan, két ndi cac ma tran trén todn mién, st dung cach tiép can TL (Total

Lagrangian) va giai lap Newton-Raphson nhu trinh bay ¢ chuong 3, qué trinh phéan tich

phi tuyén két cau tim dugc thuc hién.
4.4 Két qua sd
4.4.1 Phan tich udn tinh

4.4.1.1 Két cau mang Cook
Mot két cAdu mang ctua Cook nhu Hinh 4.5 duoc phan tich trudce tién khi st dung phan
tir SQ4T rit gon s bac tu do mdi nUt con lai 2 1a ui va vi. Cac hang sb dic trung vat lidu
la E = 1.0, p = 1/3 theo tac gia Ko va cong su & tai liéu [23]. Trang thai Gng sudt phang
duoc xem xét va gia tri chuyén vi tai diém gitra A duoc tinh toan kém so sanh véi két qua
tham khao dya vao phan tir MITC4, MITC4+ ciing nhu nghiém chinh xac tir tai liéu cta

tac gia Ko va cong su [23].

16 A”T P=1.0

44

le 48 |
[ "l

Hinh 4.5: Két cAu mang Cook

Béng 4.1 thé hién gi tri 6 vong tai diém A tng véi cac ludi chia 2 x 2, 4 x 4, 8 X 8, 16 X

16 va 32 x 32. DBé danh gia thém kha nang thich nghi ctia phan tir SQ4T, md hinh phan
T e O
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O o T
tich trén ciing dugc chia ludi méo nhu Hinh 4.6 dé tinh toan d6 vong tai diém A. Toa do
cac nat bén trong mién bai todn dwgc hiéu chinh thdng qua hé sé s nhu cac cong thirc
dudi day

X' = X+TISAX

(4.46)

y' =y+rsAy
VGi 1, la gia tri ngau nhién lay giita -1 va 1, Ax va Ay la kich thugc phan tir theo phuong
X, phuong y tuong tmg ludi vudng ban dau. Hé sb s€[0,0.4] dugc st dung dé kiém sodt
d6 méo cua ludi. O luan &n nay, hé s6 s=0.4 dugc chon khi dé cap dén ludi méo cho
moi bai toan lién quan.
Trong ca hai truong hop ludi vudng va méo, két qua do vong tai diém A thu dugc boi

phan tir SQ4T kha quan hon cac két qua cia MITC4 va MITC4+ theo [23] nhu Hinh 4.7.

r-«*:’;;g Hfﬁﬁgéggi ,,455?552
I Peceize TR
= gl i PSP e ST
|1 /// '_,,.-‘::/r":.-’,_d’;ﬁﬁr" f/ﬁ‘f ‘#’g‘.’fpﬁ.#fféf
A1 a7y B
1 11 M a7 W T 7
e )
= 9509755777 F A
Ay "ﬁﬁ” f'f’/”
22%% 992:%7
7 57
4 7
57
]
Luéi vudng 8 x 8 Ludi méo 8 x 8 Luéi vudng 16 x 16 Ludi méo 16 x 16
Hinh 4.6: Chia lu6i két cAu mang Cook
Bang 4.1: D6 vong tai diém A
Phan tir 2X2 4x4 8x8 16x16 32x32 Chinh xéc [23]
MITC4 [23] 11.8452 18.2992 22.0792 23.4304 23.8176
MITC4+ [23] 11.7291 18.2662 22.0751 23.4301 23.8176 23.9642

SQAT (ludi vudng)  16.0461 225329 23.6783 23.8918 23.9410
SQAT (ludi méo) 14.2610 20.1386 22.9264 23.6770 23.8848

Truong Gng suit cia két cdu mang Cook ciing dugc md ta trong Hinh 4.8 Gng véi hai
phan tir SQ4T va MITC4. C6 thé thdy trudng mg suat thu dugc tir SQ4T lién tuc qua

bién phan tir.
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a5+
+
1)
i ot
£
0t R
7;4 A5
<
£ 2r
J iy
=
15 —— MITC4 =
( —a— ITCA+ H 281 —i— MITC4
—— 54T —— —MITC4+
—e—504T, méo sk —+—304T
r Chinh xac —§— S04T, méa
1D 1 1 1 1 Il 1 1 Il 1 1 1 '35 L L L L L L !
0 100 200 300 400 500 GOO 700 600 900 1000 1100 u 0.2 04 uE 08 1 12 1.4

S8 phin tir Logao(kich thwéc phin ti)

(@) (b)

Hinh 4.7: So sanh sai s6 ciia chuyén vi diém A

0.1 0.1
0 0
- "

0.1 4 -0.1
-0.2 0.2
0.3 0.3
0.4 -0.4
05 -0.5

(@) (b)
Hinh 4.8: Truong tng suat (a) SQ4T, (b) MITC4

4.4.1.2 Tdm vudng 2 I6p [6°1-6°] chiu tai phin b6 déu

Tam vudng [6°/-6°] co kich thude a = 10, day h = 0.02 chiu tai trong phan bb déu q =
1, lién két ngam cac canh nhu Hinh 4.9a. Piac trung vat liéu Ei/ E2 = 40, Gi2 = Gz =
0.6E2, Gaz = 05Ez M1z = iz = Moz = 0.25. P vong chudn héa ¢ gitta tAm
w =100E,wh® /(qa“) tinh boi SQAT duoc so sanh véi cac két qua tham khao khac dua
vao phan tir lai MQHS3T theo [96], phan tir da 16p hdn hop SQUAD4 [97], phan tir tam
giac da lép tinh chinh RDTMLC [98], phan tir tir gic tinh chinh RDKQ-L24 [99], phan
tur tir gidc 4 nat tron MISQ24 [5] va nghiém chinh xac dua ra boi tac gia Whitney theo
c4c tai lidu [100, 101] va duoc thé hién & Bang 4.2 kém Hinh 4.10.
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y
/

y
/
q W%\/
a/2 % al2
VA z
a2 X a2 X
R | | |
(@) (b)

Hinh 4.9: TAm vudng nhiéu 16p chiu a) tai phan bd déu va b) phan b hinh sin

Bang 4.2: D6 vong chuin hoa gilra tAm vuong da 16p lién két ngam chiu tai phan b6 déu
0 MQH3T SQUAD4 RDTMLC RDKQ-L24 MISQ24 SQ4T Chinh xéac
[96] [97] [98] [99] [5] [100, 101]
50 0.1083 0.1040 0.1074 0.1049 0.1025 0.1048 0.0946
15° 0.2009 - 0.1959 0.1993 0.1977 0.1997 0.1691
25° 0.2572 0.2602 0.2508 0.2599 0.2584 0.2599 0.2355
35° 0.2844 0.2914 0.2782 0.2907 0.2882 0.2898 0.2763
45° 0.2929 0.3013 0.2868 0.3004 0.2962 0.2991 0.2890

04 20
MQHIT
035y —e— SQUAD4
15 ROTMLC
i —&— ROKQL24
03r = S MISQ24
—————— N —o—s504T
£ 10 ———Chinh xéc
025k i
* -
£ ]
=
0.2t £
5 S5F
—&— 50UAD4 :
ROTMLC =
0.15 =
—&— RDKQL24
MIS024 Of—————
0.1 —6— 50T
== =Chinh x4c
D 05 1 1 1 1 1 1 1 1 _5 1 1 1 1 1 1 1 1
s 10 15 20 25 a0 £ 40 45 5 10 14 20 25 30 3 40 45
g &
(@) (b)

Hinh 4.10: (a) So sanh d¢ vong chuan hoa, (b) So sanh sai s6 d6 vdng chuan hoa

tam vudng [0°/-6°] lién két ngam
Theo Bang 4.2, tong sb bac tu do (dof_degree of freedom) trén toan mién roi rac khi st
dung MQH3T 13 665 va Ian luot tiép theo nhu sau SQUAD4 (605 dofs), RDTMLC (605
dofs), RDKQ-L24 (726 dofs), MISQ24 (726 dofs) va SQ4T (605 dofs). Dya vao Hinh
4.10 c6 thé thay két qua thu dugc boi phan tir SQ4T chénh léch khong nhiéu so véi két
qua cua nhimg phan tir khac ciing nhu véi nghiém chinh xac dua ra bai tac gia Whitney
[100, 101].
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4.4.1.3 Tdm vudng 2 I6p [-45°145°] chiu tdi phdn bé hinh sin
Tam vudng [-45°/45°] ¢6 kich thudc a = 10, day h = 0.02 chiju tai trong phan b hinh
sin v6i q = 1, lién két twa don cac canh nhu Hinh 4.9b. Dic trung vat liéu E1/ E2 = 40, Gi2
= Gus = 0.6E2, Gzs = 0.5E2, M1z = M1z = Mz = 0.25. Céc két qua chuan hoa d¢ ving
w =100E,wh® /(qoa“), g sut phap o = o, h? /(qoaz) tai diém (a/2, a/2, h/2); tng suat

tiep 7, =7,h’/(g,a’) tai diém (0, 0, -h/2); img sudt tiép r,, =7,h*/(q,a’) tai diem (0,

a/2, h/4) tinh boi SQ4T dugc so sanh véi cac két qua tham khao khac dua vao cac phan
tor CTMQ20 ( lu6i 8 x 8), RDKQ-L24 (lugi 10 x 10) [99], MFE (luéi 8 x 8) [102],
MISQ24 (ludi 10 x 10) [5] va nghiém chinh xé4c theo Iy thuyét bién dang cét bac nhat
FSDT ¢ cac tai liéu [5, 65, 99, 103] va dugc trinh bay nhu Bang 4.3a va Bang 4.3b.

Bang 4.3a: Két qua chuan hoa cta tim vudng 2 16p lién két tua don chiu tai phan b hinh sin

(a/h = 100)
a/h Phan tir w 0: T:y r:Z
100 CTMQ20 [5] 0.6519 0.2474 0.2295 0.1194
(-0.685%)  (-0.960%)  (-1.755%)  (-44.283%)
RDKQ-L24 [99] 0.6546 0.2500 0.2316 0.1597
(-0.274%)  (0.080%)  (-0.856%)  (-25.478%)
MFE [102] 0.6558 - - .
(-0.091%)
MISQ24 [5] 0.6535 0.2452 0.2298 0.1884
(-0.441%)  (-1.841%)  (-1.627%)  (-12.086%)
SQ4T 0.6567 0.2428 0.2342 0.1931
(0.046%)  (-2.802%)  (0.257%)  (-9.892%)
Chinh xac FSDT 0.6564 0.2498 0.2336 0.2143

Bang 4.3b: Két qua chuan hoa ciia tim vudng 2 16p lién két tya don chiu tai phan bd hinh sin

(a/h = 20)
a/h Phén tir W o, Ty T
20 CTMQ20 [5] 0.6906 0.2523 0.2333 0.1773
(-1.074%) (1.001%) (-0.128%)  (-17.266%)
RDKQ-L24 [99] 0.6960 0.2516 0.2316 0.2020
(-0.300%) (0.721%) (-0.856%) (-5.739%)
MPFE [102] - - - -
MISQ24 [5] 0.6956 0.2452 0.2298 0.1884
(-0.358%) (-1.841%) (-1.626%)  (-12.086%)
SQ4T 0.7090 0.2428 0.2342 0.1931
(1.561%) (-2.802%) (0.257%) (-9.892%)
Chinh xac FSDT 0.6981 0.2498 0.2336 0.2143
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4.4.2 Phan tich dao dong tw do
4.4.2.1 Tdam vudng 4 I6p [0°/90°/90°/0°]
Trude tién, mot tim vudng [0°/90°/90°/0°] twa don c6 ty sd a/h = 5 duoc xem xét. Dic
trung vat lidu cta tdm E» = 10° Pa, E1 = 3.10°Pa / 107 Pa/ 2.107 Pa / 3.10” Pa / 4.107 Pa,
G12 = G13= 0.6E2, G23 = 0.5E2, P12 = p13 = M2z = 0.25, p = 1. Bang 4.4 va Bang 4.5 trinh

bay so sanh giira két qua tan sd dao dong dau tién duoc chuan hoa w*=(ol” 1h)p/E,

dua vao 256 phan tir SQ4T véi cac két qua tham khao khac nhu 196 phan tir MI1SQ24 [5],
phuong phap MLSDQ [104] hay phuong phap RBF [105] véi tong cong 121 n(t roi rac
trén toan mién hoic nghiém giai tich suy ra tir cac 1y thuyét phan tich khac nhau & cac tai
lidu [5, 105-116] khi thay doi gia tri ciia ty sé E1/E2 hodc a/h. Chang han nhom tac gia
Reddy va Phan da tim ra nghiém giai tich dwa vao ly thuyét bién dang cit bac cao HSDT
[116], thc gia Liew dua vao phuong phdp p-Ritz [109], nhém tac gia Ferreira va
Fasshauer dua vao phuong phdp RBF-pseudospectral [110], nhdm Wu va Chen trén co
s& ly thuyét tim bac cao cuc bd [111], tac gia Matsunaga dua vao ly thuyét tim bac cao
tong thé [112], nhom tac gia Striz va cong su &p dung ly thuyét 16p riéng Ié bac cao
[113], hodc nhém Zhen va Wanji ap dung 1y thuyét tim bac cao c6 xét twong tac cuc bd
I3n tong thé [114]. Bén canh d6, két qua chinh xéac duoc trich xuét tir cac tai liéu [5, 65,
107]. Hinh 4.11 thé hién d0 thi so sanh tan s6 dao dong dau tién dugc chuan hoa ung véi

ty s6 a/h = 5.

11 0.3
0.25
10.5
0.2
1ok g 018 MISC24
£ —e— MLEDO
£ 01
& REF
o 95 “a —6— 04T
N =
£
5
<]
=

f

{
o
o
iy

oosf
— ——Chinh xac
D o o o ——————— T ——— —————————— o ——
MISE24 &
—e—MLSDO = 0054~ o %
REF a1l
—— 4T i
= = = Chinh xac 015k

a8 1 1 1 L L | nz 1 1 1 1 1 1
10 148 20 25 a0 K} 40 10 158 20 25 a0 35 40

E,/E, ST
(a) (b)

Hinh 4.11: (a) So sanh tn s dao dong chuan hoa, (b) So sanh sai sd tan s dao dong
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chuin héa tAm vudng [0°/90°/90°/0°] lién két tra don voialh =5

Bang 4.4: So sanh tan s6 dao dong dau tién duoc chuin hoa véi ath = 5

N EJE

Phan tir 10 20 30 40
MISQ24 [5] 8.309 9.569 10322 10.847
MLSDQ [104] 8.292 9.561 10.320 10.849
RBF [105] 8.310 9.580 10.349 10.864
SQ4T 8.294 9.552 10.356 10.846
Chinh x4c [5, 65, 107]  8.298 9.567 10.326 10.854

Bang 4.5: So sanh tan sb dao dong dau tién duoc chuan hoa véi E1/Ex=40

A1 £ a/h
Phan tir / Ly thuyét 5 10 20 o5 50 100
MISQ24 [5] 10.847  15.165 17.719 18.138 18.753 18.918
p-Ritz [109] 10.855  15.143 17.658 18.071 18.673 18.836
RBF_pseudospectral [110] 10.807  15.100 17.633 18.049 18.658 18.822
HSDT [116] 10.989  15.268 17.666 18.049 18.462 18.756
HOIL [113] 10.673  15.066 17.535 18.054 18.670 18.835
Local theory [111] 10.682  15.069 17.636 18.055 18.670 18.835

Global theory [112] 10.687  15.072 17.636 18.055 18.670 18.835
Global-Local [114] 10.729  15.165 17.803 18.240 18.902 19.156
SQAT 10.846  15.167 17.718 18.126 18.758 18.885

Hinh 4.11b thé hién su khong 6n dinh trong phan tich dao dong tu do ctia két cdu tdm da
|6p khi str dung phan tir SQ4T.

4.4.2.2 Vo tru 4 lop [0°/90°/90°/0°]

Mot vo tru 4 16p [0°/90°/90°/0°] tua don véi cac thong sb hinh hoc nhu ban kinh R =
100, chiéu dai L = 20, chiéu day h = 0.2 va goc cong ¢ = 0.1 rad dugc ghi cha & Hinh
4.12. Vat liéu cua vo 1a E; = 10° Pa, E1 = 25.10° Pa, G12 = Gi3= 0.5E2, G23 = 0.2E, p12 =
M13 = M2z = 0.25 va p= 1. Sai s6 khong dang ké cua tan sé dao dong dau tién dugc chuan

hoa theo " =(wl’/h)/p/E, khi so két qua dua vao 324 phan tir SQ4T véi cac két qua

tham khao khéc theo ly thuyét nhiéu 16p LW [117] sir dung 64 phén tir shell LW cuia tac
gia Liu va cong su, theo tac gia Jayasankar va cong sy sir dung 25 phén tir vo suy bién 9
nGt [118], theo tac gia Nguyen-Van [5] sir dung 64 phan tir tron 4 nit ¢6 ké dén bac ty do
xoay trong mit phang phan tir hodc theo nghiém giai tich dua ra boi tac gia Reddy [119]
dugc thé hién & Bang 4.6.
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Hinh 4.12: Vo tru lién két twa don

Bing 4.6: So sanh tan s6 dao dong dau tién dugc chuan hoa

Sép xép So sanh dang 1
Ly thuyét Jayasankar
[0v90°/000/0e]  M1SQ24 [5] L [Hﬂ y[118] Reddy [119] SQ4T
16.794 17.390 17.700 16.668 17.204

4.4.3 Phan tich 6n dinh

4.43.1 Tdm vudng 4 16p [0°/90°/90%/0°] tira don chiu nén don truc
Tam vudng [0°/90°/90°/0°] tya don duoc nghién ctru Gng xtr dudi tac dung nén don
truc trong mat phang tim nhu Hinh 4.13. Bic trung vat liéu E1/E; = 3, 10, 20, 30, 40; G23
= 0.5E2; G12 = Gi3 = 0.6E2; M1z = 1z = Wasz = 0.25, p = 1. Ty s6 chiéu dai canh trén chiéu
day a/h = 10. Lyc t6i han chuan héa P* =N a’ /(Ezha) duogc xac dinh dya vao 100 phan

tir SQ4T va so sanh vai cac két qua khac cua tac gia Nguyen-Van [5] dua trén 256 phan
tir tir giac 4 nat tron MISQ24, nhém tac gia Liu va cong su ap dung FSDT két hop
phuong phap MRBF (Mesh-free Radial Basis Function) voi tong cong 441 nt roi rac trén
toan mién [120], nhém tac gia Reddy va cong su [116] hodc nhém tac gia Khdeir va cong
su [107] véi nghiém giai tich dua vao Iy thuyét bién dang cét bac cao HSDT hay két qua
nghiém dan hoi 3D cua tac gia Noor [121] nhu Bang 4.7.
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Hinh 4.13: Tam vudng [0°/90°/90°/0°] chiu nén don truc

v X
c

Bang 4.7: So sanh lyc toi han chuan hoa khi a/h=10

M hinh EJ/Es

3 10 20 30 40
MI1SQ24 [5] 5.352 9.878 15.214 19.577 23.236
Liu va cong sw [120]  5.401 9.985 15.374 19.537 23.154
Reddy va cong sy [116]  5.114 9.774 15.298 19.957 23.340
Khdeir va cong su [107]  5.442 10.026 15.418 19.813 23.489
Noor [121] 5.294 9.762 15.019 19.304 22.881
SQAT 5.404 9.890 15.248 19.592 23.401

Bang 4.8: S0 sanh lyc tdi han chuan hoa chuan hoa khi E1/E»=40

“ alh
M hinh 10 20 50 100
MISQ24 [5] 23.236 31.747 35.561 36.190
FSDT(a) [122] 23.409 31.625 35.254 35.851
FSDT(b) [123] 23.471 31.707 35.356 35.955
HSDT [116] 23.349 31.637 35.419 35.971
SQ4T 23.401 31.692 35.427 35.994

DPong thoi khi thay d6i ty s6 a/h va lay gia tri ty s6 E1/E2 = 40, tiép theo la su so sanh
giita két qua dat dugc dwa trén 100 phan tir SQ4T véi két qua dwa vao 256 phan tir
MISQ24 cua tac gia Nguyen-Van [5] ciling nhu cac nghiém giai tich trén co s FSDT dua
ra boi nhdm tac gia Chakrabarti va cong su theo [122] hodc ctia nhdm tac gia Reddy va

cong su theo [116, 123] trén co so 1y thuyét bién dang cit bac nhat FSDT lan bic cao
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HSDT nhu ¢ Bang 4.8. Sai sb khong dang ké giita két qua ciia SQ4T véi cac két qua
khac cho thdy kha niang sir dung phén tir ndy trong phén tich 6n dinh két cau

4.4.3.2 Vo tru 5 16p [0°/90°/0°/90°/0°] twa don chiu nén don truc

N/i)(b*‘/

A

X

(S)

Hinh 4.14: Vo tru 5 16p [0°/90°/0°/90°/0°]

Vo tru [0°/90°/0°/90°/0°] lién két twa don nhu Hinh 4.14 véi a/b = 1, R/a = 20. Pic
trung vat liéu E1/ E> = 40, G2 = G13 = 0.6E2, G23 = 0.5E2, M12= H13= H23= 0.25. Gia tri lyc
t6i han chuan hoéa P" =N a’ /(E2h3) trén co so sir dung 196 phan tir SQ4T duogc so sanh

v6i cac két qua khac tir cac tac gia Nguyen-Van, Kumar, Prusty hay Sciuva theo [5, 124-
126] nhu Bang 4.9. Trong d6, tac gia Nguyen-Van st dung 256 phan tir tir giéc 4 nat bac
thip dua trén k§ thuat 1am tron bién dang trén mién con, tac gia Kumar va cong su st
dung 100 phan tir vo cong 8 ndt dang tham sd, tac gia Prusty va cong su ciing st dung 64
phan tir vo cong 8 nlt khac va cudi cling tac gia Sciuva cung cap nghiém giai tich trén co
s& 1y thuyét bién dang cét bac nhat FSDT. Sai s6 duoc tinh toan dyua vao nghiém giai tich

Cua tac gia Sciuva va dugc trinh bay ¢ Bang 4.9.
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Bang 4.9: So sanh lyc téi han chuan héa khi thay d6i a/h

, alh
Tham khao 10 20 30 50 100
MISQ24 [5] 23.97 31.01 34.08 35.33 35.89
(-0.909%) (0%) (0.118%) (-0.254%) (-2.631%)
Kumar [124] 23.97 31.79 ] 35.40 36.85
(-0.909%) (-0.376%) ; (-0.056%) (-0.027%)
Prusty [125] 23.96 31.89 33.98 36.84 35.39
(-0.950%) (-0.062%) (-0.176%) (4.009%) (-3.988%)
Sciuva [126] 24.19 31.91 34.04 35.42 36.86
SQ4T 24.98 32.28 34.12 35.64 36.48
(3.266%) (1.160%) (0.235%) (0.621%) (-1.030%)
4.4.4 Phan tich uén phi tuyén
LV
Xx a
2\
2
e - X, U
O

Hinh 4.15: TAm hinh binh hanh 1am bang vat liéu phan 16p chirc ning FGM

Tam hinh binh hanh ¢6 a = b = 0.2 m va a/h = 20, Hinh 4.15, lién két ngam hoic tua
don cac canh, 1am bang vat liéu chtic nang Ti-6Al-4V/ Aluminum oxide, 105.7 GPa/ 320.2
GPa va 0.298/ 0.26. Tam chiu tai phan bb déu q. Khao sat phi tuyén d6 vong chuin hoa
ngay gita tim w" = w/h véi thong sb tai trong P = q(a)* /(Emh*) trén co so thay ddi goc a.
Két qua dua vao 64 phan tir SQ4T duoc so sanh véi két qua caa nhém tac gia Van-Do va
cong su dua trén Iy thuyét bién dang cat bac cao HSDT két hop phwong phéap khong luéi
noi suy diém xuyén tdm [127] nhu Hinh 4.16a. Nhom tac gia ndy st dung 23 x 23 nit roi
rac trén toan mién khao sat. Khi thay doi gié tri n, duong cong tai trong-do véng vé bai
SQAT tiém can voi duong cong mo ta boi nhom tac gia trén.

Bén canh d6, khi tang gia tri n thi két cau tré nén mém hon din dén do vong ting dan
Ién va nhan xét nay giir nguyén cho du thay d6i goc a hay thay dbi diéu kién bién trén céc
canh nhu mo6 ta ¢ Hinh 4.16b-d va Hinh 4.17a.
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Hinh 4.16: Dudng cong tai trong-d¢ vong cua tam hinh binh hanh lam bang vét liéu phan 16p
chtrc nang lién két ngam
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(@) , (b)
Hinh 4.17: Duong cong tdi trong-d¢ vong cua tam hinh binh hanh 1am bang vat liéu phan 16p
chtrc nang lién két twa don
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Hinh 4.17b cho thay khi ting goc a thi d6 vong giam di. Diéu ndy cd thé giai thich do
hinh dang cta c&c phan tir trong ludi tro thanh hinh thoi dep va dai, khac biét rat nhiéu so
v6i hinh dang vudng ctia cac phan tir 4nh xa trong toa do tw nhién nén gay ra 18i trong
tich phan s6 ctia ma tran do cing dan dén két cdu c6 vé cting hon 1am suy giam nhanh do

vong.
45 Kétluan

Phén tir SQ4T di dugc thiét 1ap va sir dung dé phan tich tinh, dao dong tu do va dn
dinh cho két cdu dang tdm/v6. Riéng phan phan tich phi tuyén chi dua ra v6i muc dich
dinh hudng phat trién phan tr nay vé sau. Két qua dat dugc khi st dung phan tir SQ4T ¢6
sai s6 khong dang ké khi so sanh véi cac két qua tham khao khéac. Tuy nhién phan ti nay
van con mot s6 nhuge diém sau: (1) von dua vao k¥ thuat ndi suy kép tinh toan trén mién
anh huong bao quanh phan tir dang xét nén thoi gian tinh toan cho toan b mién roi rac s&
lau hon so véi cac phan tir co ban cung s6 bac tu do, s& trinh bay rd thoi gian ¢ chuong
danh gia chung; (2) két qua thu dugc khéng on dinh can trén, dudi khi so sanh véi
nghiém chinh xac; (3) kh6 ap dung dé tinh toan cho vo ¢ hinh dang phic tap. Viéc ap
dung phan tir SQ4T can dugc khao st ki cho timg bai toan cu thé & twong lai. Qué trinh
déanh gi4 chung véi cac phan tir dé xuat khac dugc tién hanh & chuong cubi cua luan &n

nay.
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Chuong 5
PHAN TU SQ4C

51 Gi6i thiéu

Trong chuong nay lan lugt trinh bay k¥ thuat to hop bién dang, xay dung phan tir tir
giac SQ4C (Sort...Q4...Combined strain), két qua tinh toan s6 minh hoa, so sanh va danh

gia. Cudi cung 13 nhitng két luan thu dugc tir qué trinh phan tich 101 giai.
5.2 Ky thuét t6 hop bién dang
5.2.1 Ky thuat khir khoa cit

Trén co sé nghién ciru két cau tAm/vo dua vao 1y thuyét bién dang cat bac nhat HSDT,
mdi quan tam 16n lién quan dén hién twong khoa cat khi chidu day cua két ciu trd nén
mong dan dén chuyén vi clia tam/vo giam khi chiéu day giam do niang luong bién dang
cit khong duoc loai bo. Bé khic phuc hién tuong khoa cit, theo céc tac gia Bathe va
Dvorkin [10, 11], bién dang cit ngang dugc gia sir 1a hang s6 doc theo canh phan tur tir
giac 4 n(t nhu Hinh 5.1 trong hé toa do ty nhién. Tir d6 4 diém budc A, B, C va D nam &
trung diém 4 canh cua phan tir s& duoc sir dung dé nodi suy cac thanh phan bién dang cit
ngang trong phan tir. Viéc khong tinh toan truc tiép cac thanh phan bién dang cit ngang
nay truc tiép tir dao hdm cua trudng chuyén vi s& gilp qué trinh phan tich phan tir hitu
han khic phuc duoc hién twong khoa cat xay ra.

Truong bién dang cit ngang dugc xay dung thong qua 4 diém budc A, B, C va D theo

cac cong thirc sau

e 1 1
& = E(1+ n)e:® +§(1—77)sf(8’ (5.1)
B =S (14 )&l + 2 (1-£)el® 52
2 2 '
trong 46 &®, &i® £7© ¢'® |3 cic bién dang cdt ngang duoc tinh toan truc tiép thong

qua xap xi chuyén vi tai cac di€ém budc trén.
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Hinh 5.1: Bén diém budc tng dung tinh toan bién dang cit ngang

5.2.2 Ky thuat khir khoa mang

Ddi véi két cAu vo nodi riéng, khi tién hanh phan tich dang két ciu vo c6 do cong nhat
dinh v&i ludi chia méo dé din dén hién tuong khoa mang do phan tir st dung 1a phan tir
tr giac 4 nat bac thap. Hién nhién hién tuong khoa mang nay c6 thé duogc xir Iy tot néu
qua trinh phan tich str dung phan tir bac cao. Dé khic phuc hién twong khéa mang khi sir
dung phan tir t gidc 4 nat bac thap, theo tac gia Ko va cong su [23, 24], dau tién tién

hanh chia mién phan tr tai mat trung hoa ra thanh 4 mién tam giac con nhu Hinh 5.2.

2

i),
7

=

%
2
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Hinh 5.2: Co s¢ xac dinh nat 40 5

Nut ao 5 dugc xac dinh thong qua 4 dién tich “124”, “234”, 134” va “123” trong d6 1, 2,
3 va 4 lan luot 1a bon nit ctia phan tir tir giac can xét
4
X5 = Zgixi (5.3)
i=1
voi

1 A 11 111 A 1 1 1
[gl S2 %3 g4]:§ﬁ[§ 3 0 §:|+Eﬁ|:0 3 3 §:|
23 T 230 T A1y

124
1 _Aw (111 4101 Ay (1,11
2A,+A,513 3 3 2AL+A,,13 3 3

Sau d6, trudong bién dang mang duoc xay dung thong qua 4 diém budc A, B, C va D nhu

(5.4)

Hinh 5.3 va cong thirc bén dudi

By = {6 el el el ) S (el vl 5 (el wel ) 5)
hay
eW
g - (Lifj (E_Ej (ug) (5+3) & 56
"Ta2°) (3 2") (372°) (472"7)]|eo
e®

vGi e, e® g va ¢ 13 cac bién dang mang duoc tinh théng qua bén mién tam giac
con va dugc dit tai bén diém budc A, B, C, D, can luu y nhé tai nat ao 5 khdng hinh
thanh cac bac tu do phu trg trong qua trinh xay dung véc-to chuyén vi ctia phan tir dang

Xét.

71



n A
(-1,1) (1,1)
(o))
< ! o ¢
1S S >
w w
€m(B)
(~1.-1) (1.-1)

. Diém budc

Hinh 5.3: Bén diém budc tng dung tinh todn bién dang mang
5.2.3 Ky thuat tron bién dang trén mién con

Bién dang udn tai mot diém bat ky x. dat dugc boi

&, (Xc)= jsb(x)CD(x—xC)dQ 57)

Qc
trong d6 Q. 1a mién t&r gidc con dang xét 1am tron, xem Hinh 5.4. Trén co s& [4, 5, 35],

chon @ nhu sau

A xeQ
d)(x—xc)_{o e (5.8)
Tu dé suy ra
~ 1
8b(xc) P (Iginj+ﬂjni)dr (5.9

2Ac 7,

Ac va T lan luot 1a dién tich va bién ctia mién tir gidc con, cong thuc (5.7) duoc Viét lai

&, (Xc) =B, (Xc )0 (5.10)
voi
0 Nn, O
E”;bi(xc)zAijrc 0 0 N, [dr
© |0 Nin, N, (5.11)

qbi:[wi B ﬁyi}
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(n?

2 ]
N ) 4 H 21 n ’
(% N3 o110 L o Y (M, (1/4,1/4,1/4,1/4) x2' Ty
( : <« ———F
(1/2,00,1/2) @20012) (nnt) (nZ,, n2) | @V21120)
(1/2,1/2,0,0) (3/4,1/4,0,0)

. (1/4,3/4,0,0)
(1/2,1/2,0,0)

(1,0,0,0) (1,0,0,0)

(0111010) 1 1 (0,1,0,0)
n , N 1 1
(nil, nlyl) (M Y1 (n%, nyz)

Hinh 5.4: M6 ta mién con tir gidc tron va gia tri cic ham dang twong tng
5.3 Xay dwng phan tir SQ4C

Phan tir t&r giac SQ4C bao gom 4 n(t mdi nlt ¢6 5 bac tu do dugce xay dung dya vao
k§ thuat t6 hop cac bién dang dua theo muyc 5.2 va Iy thuyét bién dang cit bac nhat FSDT
nhu trinh bay & muc 2.2.1 cua chuong 2 hodc muyc 4.3.1 cua chuong 4 dé phan tich két
cau tam/vo composite nhiéu 16p ¢ hoac khong ¢ suon gia cudng.

Trude tién, bién dang mang cua phan tr SQ4C duoc xac dinh thong qua gia tri

m !

e® £ va & cua 4 mién tam giac con. Cu thé

(A) _ pA415,A415 _ A41545A415 11234
8m _Bm qm _Bm N qm

[0 0 0 1]
R¥=1'1 0 0 O
161 S2 S3 G4
o = By = By D
1 0 0 O]
X" =10 1 0 0 (5.12)
1S S2 Ss Sa
gn’ =By 0, = BN
[0 1 0 O]
R =10 0 1 0
1S S Ss Sa

(D) _ pA345,A345 _ o A34544A345 11234
8m _Bm qm _Bm N qm
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0 0 1 O
¥ =10 0 0 1

G1 62 63 G4
Két hop cac cong thuc (5.4), (5.6) va (5.12) v6i cadc ma tran B2 truyén théng xac dinh

tuong tu trong [128, 129] thu duogc

&, =B,q, (5.13)
Bién dang udn &, (x.) cua phan tir ti gidc SQ4C duoc thiét 1ap dua theo chudi cong
thie (5.7 + 5.11) vé6i diéu kién sir dung 1 diém Gauss trén mdi canh bién mién con khi tinh

tich phan (5.11). Ma tran B, (x. ) dugc xay dung tur

0 N;(x5)n, 0
ém(xc):=;i;§i 0 0 N(xg)n, |l (5.14)
“lo Ni(x§)n, N, (xg)n,

trong d6 Ac va I'; lan luot 1a dién tich va bién cua mién tr giac con, x¢ la diém Gauss,
I 14 chiéu dai canh mién con, luu ¥ ne = 2 13 s6 lugng tir giac con duoc lya chon khi tinh

toan bién dang uén, theo [4, 5, 35].

Bién dang cat ngang duoc viét lai tir cac cong thie (5.1) va (5.2) nhu sau

SZ(A)
1- 0 (1+ 0 5E)
g, :J’ll 1-¢) (1+¢) & (5.15)
2l 0 (I-7) 0  (L+n)] &©®
£
Vo1
X
3=| e s (5.16)
Xv’? yr’?
Vi vay bién dang cit ngang trong phan tir SQ4C dugc xac dinh theo [5, 10, 11] nhu sau
g =By, (5.17)
trong do
B. :{va yﬂf}l|:Ni,§ billNi,§ bilZNi,§:|
Si 21 22
Xo Yo Ni,n b Nivr? b Ni,n (5.18)
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dg=[W Bs B,]
VGi
bt =&x% bP=&yE b =nxl b =ny¥

n

fe{-1 11 -1 pge{-1 111 (5.19)
(i.R.,R,)€{(1,B,A),(2,B,C),(3,D,C),(4,D,A)}
Ma tran d6 cting t6ng cua phan tir SQ4C duoc thiét 1ap
K=K, +K,_ +Kl +K, +K, (5.20)

trong do

. L o . (5.21)
K, =[ BIDB,dQ =% BIDB A, n =2
i=1
K, =J BIC.B.dQ
Q
Khi phan tich 6n dinh, ma tran d6 cang hinh hoc cta phan tir duoc lam tron véi s6 lugng

mién con n¢ = 1, theo [5]

F(Q=IQBQGOBng=Z_l:|§;.60§giAC, n =1 (5.22)
V61
N, 0 0 |
Non, 0 0
. 1 0O Nn O
B, (Xc)=— dlr
w0)=ll 0 Nn o 623
0 0 Nn
0 0 Np,

Str dung 1 diém Gauss trén mdi canh bién khi tinh tich phan (5.23) nén Bgi (xc) duge viét

lai
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N, (xS)n, 0 0 |
N; (x5 )n, 0 0
y 1 & 0 N, xg)nX 0
(X )=— 1° .
gl C Ab gZ: 0 Ni (Xg)ny 0 g (5 24)
0 0 N, (x$)n,
0 0 N, (xG)n, |

xg la diém Gauss, Iy 1a chiéu dai canh mién con, cic ma tran F, M va &, tiép tuc sir

dung theo cac cbng thire (2.47), (2.52) & (2.54) cua chuong 2.
Truong hop két cau tim cO gan suon gia cuong, phan tir SQ4C duoc thém bac tu do

thi 6 1a B, cho mdi nGt theo Allman [130], Nguyen-Van [5], Nguyen-Thoi va cong su
[48, 131], Ibrahimbegovic va cong sy [132],... Ma tran K_ & cdng thic (5.20) tré thanh
K, = BLAB,dQ+y| b'bd0 (5.25)

trong d6 y =G theo tc gia Ibrahimbegovic va cong su [132] vdi

=N

Ly

b, = -=N, (5.26)

i,x

2
1
2

—%(in'y + Nyivx)— N
va

N, (&,7) = 1(1+§§)(1+77, ), i=1234

NXi :%(Yile - yikNm)

(5.27)
Ny; = %(Xij N, - XikNm)

Xij :Xj —Xi
yij = yJ' =Y

Cac thdng sb i, j, k, 1 va m duoc dién dat qua phan mém Matlab nhu sau
i=1,2,34;, m=i+4; I=m-1+4*floor(1/i); k=mod(m,4) +1; j=1-4;
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Hinh 5.5: M6 ta két ciu tim gia cuong sudn

Str dyung ly thuyét dam Timoshenko dé tinh toan cho suon gia cuong. Trong trudng hop
tong quét truc suon hop voi phuong X mot goc o nhu Hinh 5.5. Chiéu dai phan tir sudn I
giéi han trong pham vi phan tir tir gidc SQ4C va tly thudc vao ludi chia cho tam, h va t
lan Iwot 1a chiéu day tim va chiéu cao ctia suon gia cuong. Hé truc dia phwong O’rsz gin
V6i suon c6 mat phang O’rs tring véi mat phang Oxy nhu Hinh 5.5. Tai vi tri tiép x(c,

chuyén vi cta suon va tim 1a giong nhau. Cong thirc chuyén truc

[u, ] [cosa sina 0 0 0 Offu]
U, —sine cosa 0 0 0 Ofv
U - u | | 0 0 1 0 0 O w Ly 5 28
gl o 0 0 cosa sina OB | (.28)
B, 0 0 0 -sina cosa O} B,
1] | O 0 0 O 0 1] 5

Luu y Ky hiéu “st” dé cap dén ddi twong Ia sudon gia cuong. Bién dang trong sudon duoc

tinh nhu sau

9 090 e2 0 o0 U] 990 e2 0 o0
or or r or or
uS
0 0 0 aﬁ 0 o, 0 0 0 § 0 0
g, = ] r | = ] ' Lu=pu (529
002 1 o0 o0lBl o002 1 0 o0
r ﬂs r
000 o 2 ollBl]looo o 2o
L or ] L or ]

trong d6 e 1a d6 1éch gitta tryc sudn v6i mit trung hoa cua tim. Véi viée sir dung phan tir
dam 2 nat Timoshenko dang tham s6 d¢é md hinh cho suon
T M O e M T T T T T
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u=2 Nlg (5.30)
i=1
N :%(1—§) va N;' :%(1+ ¢) la cac ham dang tuyén tinh trong hé toa do tu nhién gan

vé6i phan tir dam. Ma tran d6 ctng ciia phan tir dam trinh bay dudi dang

K:t _ J'(soNst )T DSt‘ONStdl (5.31)

e

Ma tran d6 cting hinh hoc ctia phan tir dam

K:tg _ J'(soNst )TGSthNStC“ (5:32)

e

trong do
D% = diag(EA\t, Els,geAgt,GJj

o* = diag (A0, (1, +€°A, ) o7
A« 12 dién tich mat cat ngang ciia dam, 1, 12 momen quan tinh d6i vai truc s, J =~ A /401,

(5.33)

la hang s6 xoan St Venant va 1. 1a momen quan tinh ddi voi truc r, ngodi ra E, G 1 céc
hang s6 m6 dun vat liéu.

5.4 Két qua sd

5.4.1 Kiém chirng

Khao sat té hop 5 phan tir tr gidc SQAC nhu Hinh 5.6. Dic trung vat liéu E = 108, p =
0.25 véi chiéu day h = 0.001. Cac diéu kién bién duoc 4p dat nhu sau: (1) kiém chtng

g xt mang u=10"°(x+0.5y), v=102(y+0.5x), w=0 va (2) kiém ching tmg xir uén
w=10"°(x*+xy+y*)/2, B,=10°(y+05x), B,=10°(x+05y). Ké qui thu dugc boi

phan tir SQ4C gidng két qua nghiém chinh xac nhu trinh bay ¢ Bang 5.1.

Bang 5.1: Két qua kiém chimg

Truong hop SQ4C Chinh xac
Ung xir mang o, 1.33300000E3 1333
o, 1.33300000E3 1333
Ty 0.40000000E3 400
Ung xtr uén Mx 1.11111111E-7  1.11111111E-7
My 1.11111111E-7  1.11111111E-7
Myy 0.33333333E-7  0.33333333E-7
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Hinh 5.6: M0 ta kiém ching

5.4.2 Phan tich udn tinh

5.4.2.1 Téam wabdng 2 I6p [6°1-6°] chiu tai phin bé déu
Mot tam vudng [6°/-6°] co kich thudc a = 10, chiéu day h = 0.02 chiu tai trong phan
bd déu g=1, lién két ngam cac canh tuong tu Hinh 4.9a cta chuong 4. Pac trung vat liéu
Ei/ E2 = 40, G12 = Gis = 0.6E2, Gas = 0.5E2, H12= M1s= p2s= 0.25. Do vong chuin hoa &
gilta tim w" =100E,wh’ /(qa“) tinh boi phan tir SQ4C (605 dofs) dugc so sanh voi cac

két qua tham khao khac dwa vao cac phan tt MQH3T (665 dofs), SQUAD4 (605 dofs),
RDTMLC (605 dofs), RDKQ-L24 (605 dofs), MISQ20 (605 dofs) va nghiém chinh xac
dua ra boi tac gia Whitney theo [5, 96-101] tuong tw muc 4.4.1.2 & chuong 4. Chlng
dugc néu ra & Bang 5.2 va Hinh 5.7. Dya vao Hinh 5.7 c6 thé thiy két qua thu duoc boi
phan tir SQ4C tiém can v&i nghiém chinh xé4c va dat duoc do hoi tu tét hon két qua cia
cac phan tir khac. Tir muc 5.4.1.1 ndy két hop voi muc 4.4.1.2 cho thiy phan tir SQ4C 6n
dinh va cho két qua hoi ty t6t hon phan tir SQ4T khi phan tich tinh két cau.

Bang 5.2: Do vong chuan hoa giita tim vudng da 16p lién két ngam chiu tai phan b6 déu
0 MQH3T SQUAD4 RDTMLC RDKQ-L24 MISQ20 SQ4C Chinh xéc
[96] [97] [98] [99] [5] [100, 101]

50 0.1083  0.1040 0.1074 0.1049 0.1023 0.1000  0.0946

15° 0.2009 - 0.1959 0.1993 0.1971 0.1884  0.1691

25° 0.2572  0.2602 0.2508 0.2599 0.2580 0.2500  0.2355

35° 0.2844  0.2914 0.2782 0.2907 0.2889 0.2844  0.2763

45° 0.2929  0.3013 0.2868 0.3004 0.2986 0.2960  0.2890
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Hinh 5.7: (a) So sanh do vong chuan hoa, (b) So sanh sai s6 d6 vong chuan hoa
tam vudng [0°/-6°] lién ket ngam

5.4.2.2 Tam vuéng 2 16p [-45°145°] chiu tai phdn bé hinh sin
Tam vubng [-45°/45°] ¢6 kich thudc a = 10, day h = 0.02 chiju tai trong phan b hinh

sin voi o = 1, lién két tra don cac canh nhu Hinh 4.9b cua chuong 4. Pic trung vt liu

Ei/ E2 =40, G2 = G13=0.6E2, G23 = 0.5E2, l1o= H13= H23= 0.25.

04k

-1AF

— — — CTMO20-w™
—5— RDKGL24-w™
1S Q20-w™

—— — SC4C-w"

CTMQQD-U*X
RDKQL24-U*X
MISQ2D-U*X
SOAC-U*X
Chinh xac

20 40 G0

ah

100 120

Hinh 5.8: Sai S6 ciia dé vong (W) va ing sudt (o)

Céc két qua chuan hoa do vong w" =100E,wh? /(qoa“), mg suit o = o, h? /(qan) tai

diem (a/2, a/2, h/2); tng sudt 7, =r,h’/(q,a’) tai diém (0, O, -h/2); (mg suét

7, =1,h*/(9,a°) tai diém (0, a/2, h/4) tinh boi phan tir SQ4C (ludi 10 x 10, 605 dofs)
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dugc so sanh véi cac két qua khac theo [5, 65, 99, 103] nhw muc 4.4.1.3 caa chuong 4.
C6 thé nhic lai cac phan tir so sanh véi ludi chia trén toan mién nhu sau: CTMQ20 (8 x
8), RDKQ-L24 (10 x 10), MFE (8 x 8), MISQ20 (10 x 10). Tat ca két qua dugc thé hién
¢ Bang 5.3 va Hinh 5.8.

Bang 5.3: Céc két qua chuan hoa cua tim vudng da 16p lién két tya don
chiu tai phan bo hinh sin

*
* * *

a/h Phan tir / Ly thuyét w o, Ty 7,
100 CTMQ20 [5] 0.6519 0.2474 0.2295 0.1194
RDKQ-L24 [99] 0.6546 0.2500 0.2316 0.1597
MFE [102] 0.6558 - - -
MISQ20 [5] 0.6553 0.2459 0.2304 0.1884
SQ4C 0.6562 0.2486 0.2327 0.1884
Chinh xé&c FSDT [5, 65] 0.6564 0.2498 0.2336 0.2143
20 CTMQ20 [5] 0.6906 0.2523 0.2333 0.1773
RDKQ-L24 [99] 0.6960 0.2516 0.2316 0.2020
MFE [102] - - - -
MISQ20 [5] 0.6973 0.2456 0.2304 0.1884
SQ4C 0.6980 0.2486 0.2327 0.1884
Chinh x&c FSDT [5, 65] 0.6981 0.2498 0.2336 0.2143
10 CTMQ20 [5] 0.8218 0.2543 0.2349 0.2005
RDKQ-L24 [99] 0.8241 0.2517 0.2316 0.2053
MFE [102] 0.8257 - - -
MISQ20 [5] 0.8286 0.2459 0.2304 0.1884
SQ4C 0.8286 0.2486 0.2327 0.1884
Chinh xac FSDT [5, 65] 0.8284 0.2498 0.2336 0.2143

Dua vao Hinh 5.8, khi thay d6i ti s6 a/h cua tAm thi két qua dat duoc boi phan tir SQ4C
van on dinh. Piéu ndy ching t6 phan tir SQ4C khic phuc tét hién tugng khoa cat khi

chiéu day tAm tro nén mong.

5.4.2.3 Vo tru [0°/90°], [-45°/45°], [0°/90°]s va [-45°/45°]s véi mang Citng hai ddu

va chiu tdi tap trung o giita
Xét vo tru véi mang cung & hai dau va chiu ép giita boi 2 Iuc tap trung P = 1 hudng
tam nhu Hinh 5.9. Pac trung vat liéu Ei/E> = 25; G2 = Gi3 = 0.5E2; G2z = 0.2E2; Y2 =
13 = M2z = 0.25. Dic trung hinh hoc R = 300 va L = 600. Lién quan dén yéu t6 dbi xung
nén 1/8 két cau sé& dugc phan tich trén co s& chia ludi vudng va ludi méo nhu Hinh 5.10.
Két qua do vong chuan héa tai C: w; =10Ew, (a&/ 2,a/2)h3/<PR2) cua vo composite
[0°/90°], [-45°/45°], [0°/90°]s va [-45°/45°]s dudi nhitng gia tri khac nhau cua ty s6 S =
T e e e e e T T

81



O o T
R/h duoc trinh bay ¢ Bang 5.4 trén co s& so sanh vai [5, 65]. Nhu dé trinh bay & cong
thire (4.46) cua chuong 4, hé s6 s=0.4 dugc chon khi dé cip dén ludi méo cho moi bai

toan lién quan.

S
RO
0Y

o

% SIS T
e TR TS S i

R

0
YOS
OISO S SIS
ISR IS A SIS
S e
“‘-‘ ;‘,“\,‘.‘n" T
e fiae
we¥

Hinh 5.10: M6 hinh 1/8 vo tru véi a) ludi vudng va b) ludi méo

Bang 5.4: Cac két qua do vong chuan hoa tai C

— Ao Ty £ Sap x€p
S=R/ Phan tir /Ly thuyet [0°700°]  [-457457  [09/90°s  [-45%45°s

MISQ20[5]  (32x32) 44678 54868 37960 40132
b0 SQ4C(usivuong) (32x32) 45297 52923 41698 37519
SQ4C (lusiméo)  (32x32) 46400 53913 42565  3.7854
Reddy [65] 60742 52075 42118 3.6457
MISQ20 [5]  (32x32) 17988 21124 16550 13496
co  SQAC(usivuong) (32x32) L8734 21505 15531 13349
SQ4C (lusiméo) (32x32) 19462 22561 16044 13200
Reddy [65] 23756 22283 14527  1.986
MISQ20 [5]  (32x32) 08162 10500 04895  0.6238
oo SQ4C(usivuong) (32¢32) 09433 10091 05382 06853
SQ4C (lusi méo)  (32x32) 10675 11170 05506  0.6925
Reddy [65] 12450 13065 07405 07373
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Dua vao Bang 5.4, két qua ciia phan tir SQ4C tién gan dén két qua nghiém cua tac gia
Reddy hon so v&i phan tir tir gidc 4 ndt tron bién dang MISQ20.

5.4.2.4 V6 cau [(0°/90°)4/0°] va [(45%-45°)4/45°] chiu tai phin bé déu
V6 cau composite tira don trén bon canh va chiu tai phan b déu q = 1 duoc xem xét
nhu Hinh 5.11. Pac trung vat liéu E1/E2 = 40; G12 = G13 = 0.6E2; G23 = 0.5E2; p12 = P13 =
Hzs = 0.25. Pic trung hinh hoc R = 10 va a = 1. Rd rang % két cau vo dugc ding dé phan
tich. D6 vong tai A theo phuong z cua vo composite [(0°/90°)4/0°] va [(45°/-45°)4/45°]
dugc tinh toan, trinh bay va so sanh véi cac két qua khac theo [5, 119, 133-135] nhu
Béang 5.5.

V><

Hinh 5.11: V6 cau chiu tai phan bé déu

Cu thé két qua tir phan tir vo composite phang tam giac 3 nit dé xuat boi tac gia To va
cong su [133] véi ludi chia 10 x 10, phan tir vo 4 nlt cua tac gia Park va cong su [134]
cling v6i ludi chia 10 x 10 trén todn mién, phan tir vo da 16p 4 nit khdng diang hudng dé
XUt tir tac gia Somashekar va cong su [135] dua trén luéi chia 16 x 16, phan tir MISQ20
Vi ludi chia 16 x 16 cua tac gia Nguyen-Van [5] va nghiém chinh xac cta tac gia Reddy
[119]. Sai s6 giita két qua phan tir SQ4C voi ludi chia 16 x 16 va nghiém chinh x4c ciing

duogc thé hién ¢ Bang 5.5, rd rang v4i hudng soi loai 1 sai s6 bé hon so véi loai 2.
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Bing 5.5: DO vong Wa x 107 tai A

Ao ’ £ Sflp Xép
a’/h Phan tir / Ly thuyét [(0°190°)4/0%] [(45°/-459),/457]
To va cong su [133] 2.7170 0.5259
Park va cong su [134] 2.7010 0.5337
Somashekar va cong su [135] 2.7270 0.5270
100 MISQ20 [5] 2.8005 0.5369
SQ4C 2.8421 0.5399
(4.604%) (4.429%)
Chinh xac [119] 2.7170 0.5170
To va cong sur [133] 0.0588 0.0101
Park va cong su [134] 0.0591 0.0105
Somashekar va cong su [135] 0.0599 0.0088
1000 MISQ20 [5] 0.0592 0.0063
SQ4C 0.0575 0.0088
(-2.872%) (-16.190%)
Chinh xac [119] 0.0592 0.0105

5.4.2.5 H¢ két cdu tam vudng V&i swon ngang gia cuong, vt liéu dang huéng va

chiu tai phdn bo déu
Tam vudng twa don duoc gia cuong mot suon ngang véi cac thong sd hinh hoc nhu
Hinh 5.12. Két cau nay chiu tai phan bb déu q = 6.89476x103 N/mm?, dic trung vat liéu
E = 1.1721x10° N/mm? va g = 0.3. Chia ludi 4x4, 6x6, 8x8, 10x10, 12x12 va 14x14

déng thoi tién hanh xac dinh d6 vong dugc chuin hoa w' =w

central

/(qL*/100D) ngay giita

tém.
y, v

® 1

0.254 mm

) J;A 25.4/mm T
o

2.54 mm

©

25.4 mm

Hinh 5.12: TAm vudng twa don duoc gia cuong mot sudn ngang

yXx
[

d

>

Két qua ciia phan tir SQ4C duoc so sanh véi cac két qua khac, cu thé két qua tir phan tir
tam gi&c dua trén CS-FEM-DSG3 cua tac gia Nguyen-Thoi va cong su [48], phuong

84



i
phap rang budc trén co s& nguyén ly thé ning toan phan cuc tiéu cua tac gia Rossow va
cong su [136], trich xuat két qua phian mém Nastran tir tai liéu [136]. Ching duoc thé
hién nhu Bang 5.6 va Hinh 5.13.

Bang 5.6: So sanh d vong chuin hoa ngay chinh giita tAim

DJ§ vong trung tam

Rossow [136] Nastran [136] SQ4C

Chialudi  Nguyen Thoi va cong sy

[48]
4x4 0.0198 - - 0.02016
6x6 0.0216 - - 0.02171
8x8 0.0223 0.0213 0.0232 0.02230
10x10 0.0226 - - 0.02257
12x12 0.0227 - - 0.02272
14x14 - - - 0.02281
0.024 — r T T T T T
0.023? ¢ ¢ M ¢ .
00221 .
o002t 1
0.02F i
Nguyen-Thoi & c.s.
0.3 —+—S04C 7
—0— MNASTRAN
0018 L . L ! L .
20 40 60 80 100 120 140

S6 phan tir
Hinh 5.13: D6 hoi tu ciia d6 vong dugc chuan hoa
5.4.3 Phén tich dao dong ty do

5.4.3.1 Téam vuéng 4 16p [0°/90°/90°/0°]
Tam vudng [0°/90°/90°/0°] lién két tya don cAc canh dugc phéan tich dao dong dudi su
thay doi gia tri cia ty sd E1/E hodc a/h twong tu muc 4.4.2.1. Bang 5.7 va Bang 5.8 tién
hanh so sanh tan sb dao dong tu do dang dau tién duoc chuin hoa " = (a)L2 / h)m

dua trén phan tir SQ4C véi ludi chia 14 x 14 va cac két qua tham khao khac dua vao
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phan tir M1SQ24, phuong phap MLSDQ (moving least squares differential quadrature) hay
RBF (radial basis function) hodc tir nghiém giai tich theo céc ly thuyét phan tich khéc
nhau nhu d4 gi6i thiéu cu thé & muc 4.4.2.1 cua chuong 4. C6 thé nhic lai ngan gon nhu
sau: phan tir MISQ24 str dung ludi 14 x 14 v6i 196 phan tir, cac phuong phap khong ludi
MLSDQ hay RBF st dung 121 nit roi rac trén toan mién. Ngoai ra Hinh 5.14 thé hién d6
thi so sanh gia tri tAn s6 dao dong chuin hoa dang dau tién nay Gng véi a’h = 5, dong thoi

siu dang dao dong dau tién timg vé6i E1/E2 = 40, a/h = 5 cling duge mo ta & Hinh 5.15.

Bang 5.7: So sanh tan s6 dao dong chudn hoa img voi a/h=5
EJE2

Phan tir 10 20 30 40
MISQ24 [5] 8.309 9.569 10.322 10.847
(0.132%) (0.021%) (-0.038%) (-0.064%)
MLSDQ [104] 8.292 9.561 10.320 10.849
(-0.072%) (-0.062%) (-0.058%) (-0.046%)
RBF [105] 8.310 9.580 10.349 10.864
(0.147%) (0.135%) (0.223%) (0.092%)
SQ4C 8.308 9.567 10.320 10.843
(0.121%) (0%) (-0.058%) (-0.101%)
Chinh xac [5, 65, 107] 8.298 9.567 10.326 10.854
11 025
2t
105}
015¢ MISa20
10} —s— MLEDO
nir RBF
—6— sS04
= 94 — ——Chinh xac

MISCZ0
—e— MLEDQ

L -

o llor Dehinh xéc)fmchinn xéc)
o
=]
[

REF | &
BAf —e— S04 - \
4 —— = Chinh xéc 01
g 1 1 1 1 1 ) 015 1 L L 1 1 1
10 15 0 25 a0 3 40 10 15 20 5 30 ] 40
E,/E, E,/E,
(a) (b)

Hinh 5.14: (a) So sanh tan s6 dao dong chuén hoa, (b) So sanh sai sO tan s dao dong
chuan hoa tam vudéng [0°/90°/90°/0°] lién két tua don vdi a/h =5

Hinh 5.14b cho thay nghiém cua phan tir SQ4C phu thudc vao su thay doi ty sé Ei/Ea,
Xap xi v6i két qua cta phan tr MISQ24 ciing nhu phuong phap MLSDQ va tét hon két
qua cua phuong phap RBF.
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Bang 5.8: So sanh tan s6 dao dong chudn hda (mg v6i E1/E2=40

A 5 ’ A a/h

Phan tir / Ly thuyet 5 10 20 5 50 100
MISQ24 [5] 10.847  15.165 17.719 18.138 18.753 18.918
p-Ritz [109] 10.855 15.143 17.658 18.071 18.673 18.836
RBF_pseudospectral [110] 10.807  15.100 17.633 18.049 18.658 18.822
HSDT [116] 10.989  15.268 17.666 18.049 18.462 18.756
HOIL [113] 10.673  15.066 17.535 18.054 18.670 18.835
Local theory [111] 10.682  15.069 17.636 18.055 18.670 18.835

Global theory [112] 10.687 15072  17.636  18.055  18.670  18.835
Global-Local [114] 10.729 15165  17.803  18.240  18.902  19.156
SQ4C 10.843 15190 17732  18.147 18756  18.919

-~

Dang 1 Dang 2

& |

Dang 3 Dang 4

¢«
\\

Dang 5 Dang 6
Hinh 5.15: Sau dang dao dong dau tién ing véi E1/E; =40 vaa/h =5

(¢

5.4.3.2 V6 cau 9 I6p [0°/90°/0°/90°/0°/90°/0°/90°/0°]

V6 cau [0°/90°/0°/90°/0°/90°/0°/90°/0°] ngam cac canh vdi thong sé hinh hoc R = 10, a
=1 va h = 0.01 tiép tuc dugc xem xét nhu Hinh 5.11. Pic trung vat liéu E1=2.0685 X
10 E1/E2 = 40; G12 = Giz = 0.5E2; G2s = 0.6E2; p12 = M1z = P2z = 0.25; p = 1605. Gia tri
tan sd dao dong chuan hoa o' = (a)a2 / h)m tuong Gmg bon dang dao dong dau tién
dugc tinh toan bai 14 x 14 phan tir SQ4C, dugc trinh bay va so séanh véi cac két qua khac
dwa vao phan tir 4 n(t tron bién dang MISQ24 [5] twong ung ludi chia 14 x 14 hay phan

T
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tr vo suy bién 9 n(t cua nhom tac gia Jayasankar va cong sy [118] voi luéi chia 15 x 15
nhu thé hién & Bang 5.9. Két qua dat duoc boi phan tir SQ4C khong sai s6 nhiéu so véi
c4c phan tir con lai trong Bang 5.9. Bén canh d0, sau dang dao dong dau tién cua % vo

duoc thé hién trén Hinh 5.16.

Bang 5.9: S0 sanh tan s6 dao dong chuan hoa

M© hinh Dang 1 Dang 2 Dang 3 Dang 4
Jayasankar va cong su [118] 67.43 84.16 99.71 113.70
MISQ24 [5] 67.51 86.00 101.27 115.88

SQ4C 67.79 85.21 100.89 116.04

r

»

9

Dang 1 Dang 2

v <

Dang 3 Dang 4

. 4
£y, -l

Dang 5 Dang 6
Hinh 5.16: Sau dang dao dong dau tién ctia vo cau ngam cac canh

5.4.4 Phan tich 6n dinh

5.4.4.1 Tam vuéng 4 16p [0°/90°/90°/0°] twa don chiu nén don truc
Tam vudng [0°/90°/90°/0°] tya don duoc nghién ctru Gng xtr dudi tac dung nén don
tryc trong mit phang tdm nhu Hinh 4.13 cta chuong 4. Pic trung vat liéu Ei/Ez = 3, 10,

20, 30, 40; G12 = G13 = 0.6E2; G23 = 0.5E2; P12 = H13 = H23 = 0.25, p = 1. Ty s6 a/h = 10.
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Bang 5.10: So sanh lyc téi han chuan hoa khi a/h=10

“ EJ/E,

M hinh 3 10 20 30 40
MISQ24 [5] 5.352 9.878 15.214 19.577 23.236
Liu va cong su [120]  5.401 9.985 15.374 19.537 23.154
Reddy va cong su [116] 5.114 9.774 15.298 19.957 23.340
Khdeir va cong su [107] 5.442  10.026 15.418 19.813 23.489
Noor [121] 5.204 9.762 15.019 19.304 22.881
SQA4C 5.357 9.899 15.268 19.668 23.366

Lyc t6i han chuén héa P"=N,a’/(E,h*) duoc Xéc dinh trén co s¢ ludi chia 16 X 16 phan

tir SQ4C va dugc so sanh véi cac két qua khac nhu trinh bay cu thé trong muc 4.4.3.1 cia
chuong 4 theo [5, 107, 108, 116, 120-122]. C6 thé nhic lai ngin gon nhu sau: tac gia
Nguyen-Van dya trén 256 phan tir tir gidc 4 nat tron MISQ24, nhom tac gia Liu va cong
su stir dung phuong phap khong ludi véi tong cong 441 nat rdi rac cho toan mién, nhém
tac gid Reddy va cdng sy hodc nhom tac gia Khdeir va cong sy véi nghiém giai tich dya
vao 1y thuyét bién dang cit bac cao HSDT hay két qua nghiém dan hoéi 3D cua tac gia
Noor. Bang 5.10 md ta két qua so sanh khi thay ddi ty s E1/Ez. Bén canh dd, khi thay dbi
ty s6 a/h dong thoi 14y gia tri ty s6 E1/E2 = 40 ciing ¢ két qua so sanh nhu & Bang 5.11.

Bang 5.11: So sanh lyuc téi han chuan hoa khi E1/E;=40

— alh
M hinh 10 20 50 100
MISQ24 [5] 23.236 31.747 35.561 36.190
FSDT(a) [122] 23.409 31.625 35.254 35.851
FSDT(b) [123] 23.471 31.707 35.356 35.955
HSDT [116] 23.349 31.637 35.419 35.971
SQ4C 23.366 31.727 35.485 36.105

5.4.4.2 Vo tru 5 lop [0°/90°/0°/90°/0°] twra don Chiu tdi nén don truc
Mot vo tru panel [0°/90°/0°/90°/0°] twa don trén bdn canh chiu tai nén don truc tiép tuc
dugc xem xét ¢ day nhu Hinh 4.14 ¢ chuong 4. Pac trung vat liéu E1/Ez = 40; G2 = Gi3
= 0.6E2; G2z = 0.5E2; p12 = iz = poz = 0.25, p = 1. Ty s6 hinh hoc a/b = 1 va R/a = 20.
Anh huéng cua ty sé a/h 1én gia tri lyc téi han chuin héa P" =N a?/ (E2h3) dugc phan
tich trén co so 1udi chia 16 x 16 phan tir SQ4C va tat ca két qua dugc trinh bay két hop so
sanh v6i cac két qua khac trich xuat tir cac tai liéu [5, 124-126] nhu da gidi thiéu cu thé ¢

muc 4.4.3.2 vd & Bang 5.12. C6 thé nhic lai ngin gon nhu sau: tac gia Nguyen-Van sir
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dung 256 phan tir tir gi4c 4 nat bac thip MI1SQ24, tac gia Kumar va cong su st dung 100
phan tir vo cong 8 nlt ding tham so, tac gia Prusty va cong su ciing sir dung 64 phan tir
v6 cong 8 nlt khac va cubi cling tac gia Sciuva cung cap nghiém giai tich trén co so 1y
thuyét bién dang cit bac nhat FSDT.

Bang 5.12: So sanh luc t6i han chudn hda khi thay dbi ty s6 a/h

M®& hinh a/h
10 20 30 50 100
MISQ24 [5] 23.97 3191 34.08 35.33 35.89
Kumar [124] 23.97 31.79 - 35.40 36.85
Prusty [125] 23.96 31.89 33.98 36.84 35.39
Sciuva [126] 24.19 31.91 34.04 35.42 36.86
SQ4C 24.10 31.96 34.12 35.35 35.90

5.4.4.3 Hé két cau tam & swon ngang gia cwong, vdt liéu dang hwéng VA chiu tdi
nen don truc
Tam twa don duoc gia cudng sudn ngang dong thoi chiu tai nén don truc nhu Hinh

5.17. Cac hé sd duoc s dung trong qua trinh phan tich g=a/b; y=El, /bD,
s=A,/ab, I =bt*/12, D=Eh*/12(1- x*) va A, =b,t. Két qua lyc t6i han chudn hoa
P =N,a’ /(Ezh?’) tir phan tir SQ4C dua trén ludi chia 16 x 16 dugc dua ra so sanh véi

két qua giai tich ciia nhom tac gia Timoshenko va cong su [64] nhu Bang 5.13.

Y,V
A
O
© A ° b L = = |
Ny 277 N, !
o - (9) v
o TTA
- | ﬁj
: (S) : X, U A—A
R

Hinh 5.17: TAm vudng twa don gia cudng sudn ngang chiu nén don truc
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Bang 5.13: So sanh lyc téi han chudn héa khi thay d6i gia tri y, B Va &

y=5;0=0.05  Timoshenko va cong su [64] SQ4C
B=1 12.0 11.2
B=2 8.2 8.7
y=10; 6=0.05 Timoshenko va cong su [64] SQ4C
B=1 16.0 15.9
L=2 10.3 11.4
y=15; 6=0.05 Timoshenko va cong su [64] SQ4C
B=1 16.0 15.9
p=2 12.5 13.6
y=20; 6=0.05 Timoshenko va cong su [64] SQ4C
B=1 16.0 15.9
B=2 14.7 14.5

5.4.4.4 Hé két cau tam vuéng & nst swon ngang gia cwong, vat liéu dang huwdng va
chiu tai nén don truc

Khao sat tim vudng tya don duoc gia cudng ns sudn ngang cach déu voi ng = 1, 2, 3,
5 va 11 nhu Hinh 5.18. Hé s hinh hoc »=0.4 va 6§ =0.02. Cac dic trung khac theo tai
licu [137]. Két qua khao sat vé luc toi han dugc so sanh véi cac két qua giai tich cua tac
gia Zhao nhu tham khao trong [137] va duoc thé hién & Hinh 5.19. Trong ca hai trudng
hop c6 gia cudng sudn hay khong gia cuong, két qua thu duoc bai phan tir SQ4C Véi

luwdi chia 12 x 12 déu xap xi véi két qua ctia Zhao.

Y,V

A

‘4
“

a (S) A

- | s |
YREIC) 12 Nt

(S) |
<~

Hinh 5.18: Tam vudng tya don dugc gia cudng Nst suon ngang cach déu

v X
e
7
>
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SQ4C, co sudn

Két qua giai tich, co swdon

55
#
L 1

45} .

SQ4C, khong suron
P S
1—\.\‘
. Keét qua giai tich, khong swon
3 1 1 1 1 1 1 1 1

1
1 2 3 4 5 5 7 8 9 10 1
S6 suom gia cuong
Hinh 5.19: Két qua so sanh luc tGi han

55 Kétluan

Phéan tir SQ4C da duoc thiét 1ap va sir dung dé phan tich tinh, dao dong tu do va 6n
dinh cho két cdu dang tam/vo cd hay khong co suon gia cuong. Két qua dat dugc khi sir
dung phan tir SQ4C c6 thé chdp nhan dugc Vi sai s6 khong dang ké gitra no voi cac két
qua tham khao dang tin cay khac. Phan tir SQ4C vbn dwa vao ki thuat tron bién dang trén
mién con két hop k¥ thuat khir khoa cit va khoa mang nén cé thé ap dung dé phan tich
cac két cau phirc tap ké ca trong trudng hop chia luéi méo. Viéc danh gia sai s cu thé

hon khi &4p dung phéan tir SQ4C duoc tién hanh ¢ chuong cudi cia luan an nay.
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Chuong 6
PHAN TU SQ4P

6.1 Gi6i thidu

Trong chuong nay lan lugt trinh bay cong thirc trién khai da thitc Chebyshev, xay
dung phan tir t& gidc SQ4P (Sort...Q4...Chebyshev Polynomial), két qua tinh toan sb
minh hoa, so sanh va danh gia. Cudi cung 1a nhitng két luan thu dugc tir qua trinh phan
tich 101 giai.

6.2 Da thirc Chebyshev

Da thitc Chebyshev loai 1, bac p theo cac tai liéu [31, 138, 139] duoc dinh nghia

T, (x)=T,(cos¢)=cos pg (6.1)
véi —1<x=cos¢<1va
cos(p+1)¢=2cos¢pcos pg—cos(p—1)¢ (6.2)
Tir cac cong thire (6.1) va (6.2)
T (X)=2xT, (x)-T,,(x), p=012.. (6.3)

Da thire Chebyshev T, (x) v6i p>2 co gia tri bang 0 tai cac diém x, nhu dudi day

X =—cos[(2i-1)z/2p], i=123,.. < T,(x)=0 (6.4)

Y tudng quan trong nhat lién quan dén qua trinh xap xi cia mot ham chua xac dinh f (x)
dwa vao da thirc ni suy Lagrangian ¥'(x) thong qua nhitng diém da biét (xk, f (X, )) lién
quan dén da thirc Chebyshev nhu mé ta sau

F()=r(x)=SaT(x) VA 1(x)=T(x) 65)
Trén doan [-1,1], da thuc Cheb)I/;Ohev c6 dac tinh truc giao nén céc hé sb chua biét a, co
thé duoc tinh bang

a :kzpl ()T (%) T2 (x,) 6.6)

Tir cac cong thire (6.5) va (6.6) suy ra
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um=zz@mu&uow§v@J}M) 67

k=1 i=

bat x=cos(z/2p)&, cong thire (6.7) tré thanh

r(£)= N () (&) ©9

Ham dang 1D 1a N™ (&) duoc dinh nghia

the(f)Jz{(Ti (cos(7120) )T, (cos(x/ 2p) <))/ 2T (cos (7 2p) ﬂ 69)
Vol
& =—cos[(2i-1)z/2p]/cos(z/2p), i=12..p (6.10)
Trong khéng gian 2D
(&,7)e[-11]x[-11] (6.11)

Ham dang lién quan dén nat I(§i,77j) trong khong gian nay duogc thiét 1ap hoan toan
tuong tu

N (&) = N ()N () (6.12)
trong d6 N (¢£) la ham dang 1D bac p1 ing voi tdp & e[-11] va N{™(7) la ham dang
1D béc p2 Gmg vai tp 1 €[-11]. Hinh 6.1 dé cap dén cac ham dang 1D bac 3, 4, 5 va 6

lién quan dén da thirc Chebyshev.

141
— M1
121 — N2
M3
15 M4
0ar
06
=]
=

0.4r

0.2r
020
_D ‘,1 1 L 1 1 1 1 1 1 1 I _D‘.l 1 1 1 1 1 1 1 1 1 1
1 -08 0B D4 02 u] 0.2 0.4 06 0a 1 -1 £48 06 04 D2 0 0z 0.4 06 (NR] 1
1D 1D
(a) (b)
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_D 4 1 1 1 1 1 1 1 1 1 1
1 08 D6 D04 02 0 02 04 06 08 1 ' ' ' ' ' ' ' ' ' |
1D 4 08 0B 04 02 0z 04 06 08 1
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(c) (d)

Hinh 6.1: Ham dang 1D a) bac 3, b) bac 4, ¢) bac 5 va bac 6) lién quan dén da thirc Chebyshev

6.3 Xay dung phan tir SQ4P

Cong thirc phan tir hitu han lién quan dén da thirc Chebyshev duoc thiét 1ap trong muyc
nay dung cho phan tich két cau tim/vo. Mit trung hoa cua két cdu dugc chia thanh ne
phan tir tt giac 4 nat voi 5 bac ty do cho mdi nat nhu Hinh 6.2.

Y,V

-Px
Hinh 6.2: Chiéu duong quy udc cua cac thanh phan chuyén vi trong phan tir SQ4P

Trén co so 1y thuyét bién dang cat bac nhat FSDT, trudng chuyén vi duoc trinh bay
u(x,y,z)=28,+u,(x,y)
V(X Y,2)==28,+V, (X Y) (6.13)
W(X Y,z)=W,(X,Y)
VGi u,, v,, w, 1a ba thanh phan chuyén vi thang ctia mot diém nam trén mat trung hoa va

B, va B, lacac chuyén vi xoay quanh truc x va truc y nhu minh hoa ¢ Hinh 6.2.
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n A
(-11) (1,1

o & & o

e e ) )

é B

° ' ° °

@ @ @ ]
(-1,-1) (L-1)

@ Nut thém vao
Hinh 6.3: Phan tir SQ4P trong hé toa do tu nhién twong tmg p1=p2=3

Véc-to bién dang trong mit phang va véc-to bién dang cat ngang duogc thé hién

gxx uO,x ﬂy,x
e=|¢, |= Vo.y +z| B, |=&,TIg,
yxy uO,y + VO,X ﬂy,y - ﬂx,x
‘ - ‘ (6.14)
[ €,

€ = yXZ _ ﬁy + WO,x
? yyz _ﬂx + WO,y

Cac cong thirc (4.13+4.15) trong chuong 4 tiép tuc duoc st dung cho chwong nay khi
khao sat vat liéu phan cap chirc nang. Cu thé hon, quan hé tng suit - bién dang duoc mo
ta
ou| [Qu Q. 0 0 0
Oyy Qu Qp O 0 0 |6y
Tyt=| 0 0 Qg 0 0 [17, (6.15)
T 0 0 0 Qg O |7
7, ] [0 0 0 0 Qul|\7y
v6i cac hang s6 vat lidu

Qu=Q,= E(Z)/[l_ﬂz(z)] Qi =Qx =/“‘(Z)E(Z)/[l_”2(z)]’

(6.16)
Qu = Q55 = Qg5 = E(Z)/2[1+y(z)]
Do d6 cac matran A, B, D va C dugc xac dinh nhu duéi day
h/2 Qll QlZ O
(ABD)=[ (Lz7°)Q, Q. 0 g,
0 0 Qg (6.17)
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co hi2 " Q: O ,
—h/2 O Q44
Mt khéc, lién quan dén viéc 4p dung da thic Chebyshev, thanh phan bién dang mang

ctia phan tir SQ4P dugc xac dinh théng qua 4 nit goc cia phan tir va [(pi+1)(p2+1)-4] nit

ao duoc thém vao tuong ty Hinh 6.3 va viét theo cong thire sau

€, (Xc ) =B, (X ). (6.18)
trong dé
N 00 0 0 0 o N&an 0 000
B,(x.)=| 0 N3 0 0 0 .. 0 Nirapmy 0 0 0
No© No© 00 0 o NSy N s O 00 pooany (619

qe=|:ui Vi W fy ﬂyiT—

(i=2.(pr+1)(P2+1)

Thanh phan bién dang udn cua phan tir X4c dinh tuwong tu

& (Xc ) =B, (X¢ )4, (6.20)
voi
000N" O ..000 N(Cphlil)( oy 1) 0
B,(x.)=|0 0 0 O Nf;e .. 0 00 0 N(Cp“;l)(pzﬂ)_y (6.21)
000 Nf:e Nlc,:e - 000 N(C p}leﬂ)( p2+1).y N(Cpqil)( P2 L)X _|3s( py+1)( py +1)

Bién dang cit ngang tir d6 ciing duogc thiét 1ap

& (Xc) =B, (xc)a, (6.22)
VoI
Bs (XC)=
Che Che Che Che
0 0 N N 0O .. 00 Noene Nion(e,0) 0 (6.23)
Che Che Che Che
00 NJ¥ 0 N™ .. 00 NZoo, 0 N )02 Loy 510

Ma tran d6 ctng téng cua phan tir
K = [B]AB,dQ+[B]BB,dQ+ [ B]BB,dQ+ [ B{DB,dQ+ [BICB,dQ (6.24)
Q Q Q Q Q .
Véc-to lyc nt phan tir
e T
F=[(N“) pdo (6.25)
Q

Ma tran khéi lugng caa phan to
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M=£(NC“E)Tm(NC“e)dQ

100 O 0
s 010 O 0 (6.26)
m, = I p(z)hj0 01 0 0 |dz, i=1.(p,+1)(p,+1)
e 0 00 h/12 0
0 00 0 h/12
Ma tran d6 cting hinh hoc cta phan tir
K, = [B{6,B,dQ (6.27)
Q
‘ho, 0 O 0 0
0 ho, O 0 0
5 &° 0 0 ho, 0 0
G, = X y 6 i— 3 ’
’ Li’y ‘y’} "o 0o o Mo oo
12
3
0 0 O 0 h—()'o
L 12
NS 0 0 0 0]
NS® 0 0 0 0 (6.28)
0 N 0 0 0
0 N 0 0 0
0 0 NI 0 0
B. = b , i=1.(p,+1 +1
gi 0 O Ni?yhe O 0 ( pl )( p2 )
0 0 0 NI O
0o 0 0 N 0
0 0 0 0 NS*
0 0 0 0 NS

Péi vai két cau dang vo, thanh phan chuyén vi Xoay trong mit phang phan tir duoc
thém vao cac ma tran dia phuong cta phan ttr. Cac gia tri 40 cua do cimg twong Gng voi
thanh phan chuyén vi xoay ndy duoc gin cac gia tri xap xi, thuong 1a 107 1an gia tri 1on
nhét trén dudng chéo chinh ciia ma tran d6 cing phan tir. Trong pham vi luan 4n ndy, luat
cu phuong Gauss du duoc thuc hién nén s6 diém Gauss st dung cho mdi phén tor la
(p1+1)(p2+1) VA tong s6 bac ty do twong ung cho mdi phan tir 1a 5(p1+1)(p2+1), hién nhién
1a 6(p1+1)(p2+1) cho vo.
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6.4 Két qua sd
6.4.1 Kiém chirng

6.4.1.1 Tam vuéng dang hudng chiu tai phdan bo deu
Khao sat tim vudng lién két tra don (SSSS) va lién két ngam (CCCC) ding hudng
chiu tai phan bb déu g. Hing s6 mé dun Young E = 1.092 MPa va hé sé Poisson p = 0.3.
Po vong ngay chinh gitta tim duwoc chuin hoa theo cOng thirc

w" = (100Eh*w,, . ) /[12ga*(1- #*)]. Bang 6.1 thé hién gia tri ¢ vOng chuan hoa khi thay

entra

d6i bac p1 va p2.

Bang 6.1: Khao st 40 vong chudn hoa chinh giira tim vudng khi thay ddi bac p1 & p2

~ CCCC, a/h = 100

PL= P2 8x8 12x12 16x16 20x20
1 0.0037 0.0078 0.0132 0.0195
2 0.1205 0.1243 0.1255 0.1261
3 0.1267 0.1267 0.1267 0.1267
4 0.1267 0.1267 0.1267 0.1267
5 0.1267 0.1267 0.1267 0.1267
~ SSSS, a/h = 100

PL= P2 8x8 12x12 16x16 20x20
1 0.0173 0.0369 0.0613 0.0883
2 0.4047 0.4058 0.4061 0.4063
3 0.4064 0.4064 0.4064 0.4064
4 0.4064 0.4064 0.4064 0.4064
5 0.4064 0.4064 0.4064 0.4064
~ CCCC, alh=10

PL= P2 8x8 12x12 16x16 20x20
1 0.1152 0.1322 0.1395 0.1433
2 0.1499 0.1503 0.1504 0.1504
3 0.1504 0.1504 0.1504 0.1504
4 0.1504 0.1504 0.1504 0.1504
5 0.1504 0.1504 0.1504 0.1504
~ SSSS, a/h =10

P1= P2 8x8 12x12 16x16 20x20
1 0.3500 0.3896 0.4052 0.4129
2 0.4271 0.4272 0.4273 0.4273
3 0.4273 0.4273 0.4273 0.4273
4 0.4273 0.4273 0.4273 0.4273
5 0.4273 0.4273 0.4273 0.4273

Dya vao Bang 6.1, chon p1 = p2 = 3 cho cac phan tich tiép theo. Trén co sé thay doi ty
sd gitra chiéu dai véi chiéu day tim a/h = 10, 100, 1000 va 10000, toc d6 hoi tu cua két
qua duoc thé hién thdng qua Hinh 6.4a va Hinh 6.4b.

99



s —de— afh=10)
=0 ah=100
R I B
E | —8— atm=10000
=
Eo45)
2
2" 5F
'
,;;-5.5-
:
=
W55t
i}
_?_
75 . . . . . . .
9.3 1.2 1.1 -1 03 0.8 07 06
Log, O(i‘cz’ch thioc phain t)
(a) SSSS

e
—i— a'h=10
a5k &h=100
~y —— ah=1000
- —&— a/h=10000
a
o -4
2
a.u
5 -4.5F
=
&
G
=
g
Rkl
_6 1 1 1 1 1 1 1
-1.3 -1.2 11 -1 058 0.8 07 06
Log, Oﬂcz’ch theioc phar th)
(b) cCccC

Hinh 6.4: Buong cong hoi tu ciia chuyén vi chuin hoa ngay gitta tim lién két a) twra don va b)
ngam

Bang 6.2: Do vong chuan hoa chinh gitra tAim vudng voi ca hai truong hop lién két twa don va

ngam
CCCC
ah=10 a/h =100 a/h = 1000 a/h = 10000 a/h =100000
« 0.150461 0.126781 0.126530 0.126527 0.126527
w
SSSS
ah=10 a/h =100 a/h = 1000 a/h = 10000 a/h =100000
0.427284 0.406451 0.406244 0.406242 0.406234
0.445 0155
S04P (3555) —— 504P (CCCC)
04l — — —Chinh %4t (S558) —— — Chinh x4c (CCCC)
05F
0.435
0145}
0.43
% 0425 EUAELS
0.42
0135}
0415+
0.13
.41
0.405 1 — ;5_ - __2I 2.I5 3| 3.|5 xll 4.|5 5I 0125 1 _I5 zl 2_I5 3I 3_I5 ;1 ;1_I5
Log, O(a:/’h) Log i O(a/h)
(a) (b)

Hinh 6.5: Sy hoi tu ctia chuyén vi chuan hoa ngay gitra tém lién két a) tya don va b) ngam tng
voi gia tri a/h bién doi tir 10 den 100000

Bén canh do, Bang 6.2, Hinh 6.5a va Hinh 6.5b ciing trinh bay sy hdi tu ctia d§ vong

chuan hoa chinh giira tim vuéng gitra két qua thu duoc boi phan tir SQ4P khi chia luéi
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10 x 10 va nghiém chinh xac trich xuét tir [140] cua tac gia Taylor va cong sy trén co s&
khao sat sy thay doi ty s6 a/h tir 10 dén 100000 ddi v6i ca hai truong hop lién két twa don
va ngam.

Ngoai ra, (mg suit chuan hoéa o, =o h?/ (qoaz) tai diém (a/2, a/2, h/2) cia tm ciing
dugc tinh todn dya vao phan tir SQ4P va dwogc so sanh véi nghiém chinh xéac duoc trich
XUt tir cac tai lidu [16, 140] cua tac gia Nguyen-Thoi va cong sy hodc tac gia Taylor va

cong su nhu trinh bay ¢ Bang 6.3 va Hinh 6.6.

Bang 6.3: So sanh ¢ng suét chuan hda o, tai diém (a/2, a/2, h/2) cia tim

a/h Chia luéi Chinh xac
4 x4 8x38 10 x 10 12 x12 16 x 16 [16, 140]
CCCC
10 0.10780 0.13196 0.13461 0.13603 0.13743 0.13860
1000 0.10510 0.13015 0.13283 0.13426 0.13566 0.13746
SSSS
10 0.26382 0.28174 0.28377 0.28486 0.28594 0.28734

1000 0.26290 0.28156 0.28366 0.28479 0.28590 0.28734

03 0351
03f u3r
025+ o2t
S04P (3255 —e&— S04P (3339)
"Dx ah=10 —+— SQ4P (CCCC) "Dx a/h = 1000 —6— S04P (CCCC)
Chinh xac (3555 — —— Chinh x4c (S555)
02F — = —Chinh xdc [CCCC) 02r — =~ Chinh xac (CCCC)
018+ nist
Il e e S - | e = e g ———=——=————===
/ / ) ) )
D1 1 1 1 1 1 ] D1 1 1 1 1 1 ]
i 0 100 150 200 250 a0 0 50 100 150 200 250 300

58 phan tor S8 phan t

(a) a/h=10 (b) a/h = 1000
Hinh 6.6: Sy hoi tu ctia ing Suit chuan hoa o) tai diém (a/2, a/2, h/2)
ctia tAm tng véi a/h = 10 va 1000
6.4.1.2 V6 bdn cau ding hwéng cé khoét 16 18° chiu liee tdp trung
V6 béan cau c6 khoét 15 duoc phan tich tiép theo véi cac thong sé hinh hoc, luc tap
trung P = 2 ciing nhu vi tri dat lyc nhu Hinh 6.7. Cu thé thém R = 10, chiéu day vo h =
0.04, md dun Young E = 6.825x107, hé¢ s6 Poisson [ = 0.3. Bang 6.4 trinh bay cac két
quéa chuyén vi hudng tim tai nit A thong qua phan tir SQ4P véi cac ludi chia 8 x 8, 12 X
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12, 16 x 16 va 20 x 20. Két qua thu duoc hoi tu dén két qua mo phong boi phan mém
Ansys dua trén phan tir vo 4 nit Shell63 véi bac tu do xoay trong mit phang phan tir.

AZ

18°

F——f|

1]

Hinh 6.7: V6 ban cau c6 khoét 16 18° va bién dang sau khi chiu luc

Bang 6.4: Gia tri chuyén vi huéng tim tai diém A (m) ctia vo ban cau c6 khoét 16

Chia luéi SQ4P Ansys
8x8 0.06573 0.09400
12x12 0.08579 (10000 elements
16x16 0.09137 61206 dofs)

20x20 (22326 dofs)  0.09385

6.4.1.3 Nita vé yén ngua dang hwéng chiu lyc tdp trung
Tiép theo két cAu mot nira vo yén ngua chiu lién két va tai trong nhu Hinh 6.8. Phuong

trinh biéu dién dang hinh hoc cho vo nay
z=x"-y?, XE[——,%} ye[O,L} (5.40)

Mot vai thong sé khac duoc gidi thiéu nhu chiéu dai L = 1, chiéu day vé h = 0.001, md
dun Young E = 2x10", h¢ s6 Poisson p = 0.3 va gi4 tri tai trong P = 1.
Tuong tu vé ban cau khoét 16 18° & trén, Bang 6.5 trinh bay cac két qua chuyén vi ding
tai diém A thong qua phan tir SQ4P vdi cac ludi chia 12 x 6, 16 x 8, 20 x 10 va 24 x 12.

Két qua thu dugc hoi tu dén két qua thu dugce khi md phong bang phan mém Ansys dua
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trén phan ttr vo 4 nGt Shell63. Tong sb bac tu do cua phan tir SQ4P tng vé6i luéi chia 24 x
12 14 16206 dofs trong khi ciia Ansys v6i phan tir Shell63 12 60066 dofs nhu Bang 6.5.

Hinh 6.8: Két ciu nira vo yén ngua va bién dang sau khi chiu luc

Bang 6.5: Gia tri chuyén vi dung tai diém A (m) ciia vo nira yén ngua

Chia ludi SQ4P Ansys
12x6 0.00649 0.01049
16x8 0.00862 (9800 elements

20x10 0.00981

24x12 (16206 dofs)  0.01037 60066 dofs)

6.4.2 Phan tich uon tinh

Tam vudng tya don (SSSS) FGP gia cuong boi GPLS va chiu tai phan bd hinh sin
duoc xem xét trong muc nay. Kich thuéc hinh hoc ctia tim a = b = 1 m, d6 day h = 0.05
m. Dic trung vat liéu trinh bay trong Bang 6.6. Cu thé, tai trong phan b theo quy luat
q=0q,sin(zx/a)sin(zy/b) vdi q, =10°Pa. B vong chinh gilta tam duoc chuan hoa theo
cong thirc W' =w__.., /h. Két qua thu duoc caa phan tir SQ4P véi ludi chia 6 x 6 trén toan
mién cho thiy su xap xi voi két qua tham khao dua ra boi tac gia Nguyen-Xuan va cong
su [79] dua vao 648 phan tir da giac cho vat liéu t6 hop (GPL-S & P-S) nhu thé hién
trong Bang 6.7.

Bang 6.6: Dic trung vat liéu FGP-GPLs

E, =130 GPa E., =101 TPa
4, =0.34 Jigp, =0.186
p, =8960 kg/m? Pep. =1062.5 kg /m®

lepp =25 pum, wg =15 pm, t,, =15 nm
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Thay d6i vat liéu to hop tir (P-S & GPL-S) sang cac t6 hop khéac nhu (P-S & GPL-A),
(P-S & GPL-U), (P-A & GPL-S), (P-A & GPL-A) va (P-A & GPL-U), két qua do vdng
chuan hoa mg véi cac gia tri khac nhau cia hé sé xbp eo ciling nhu cia WF g, (WE.%)
duogc trinh bay & Bang 6.8.
Bing 6.7: Gia trj W cuia tim FGP-GPLs tya don (SSSS) g véi t6 hgp GPL-S & P-S

P-S & GPL-S
WF o, (WL%) =00 e=01 =02 =03 e=04 =05 =06
1o 91 17983 - 1.9537 - 2.1413 - 2.3767
~ SQ4P 17977 1.8717 1.9523 2.0406 2.1383 2.2474 2.3707
075 L . ) ) i ) ) i
' SQ4P  2.0205 2.1035 2.1938 2.2926 2.4016 2.5228 2.6592
o5 [L° ) ) ) ) ' ) ’
® SQ4P  2.3206 2.4158 2.5190 2.6317 2.7554 2.8923 3.0455
025 L7 ) . ) . ' ) i
' SQ4P  2.7473 2.8595 2.9808 3.1125 3.2564 3.4146 3.5900
0o 791 33979 - 3.6841 - 4.0181 - 4.4149
"~ SQ4P  3.4023 3.5400 3.6882 3.8481 4.0212 42094 44149
Bang 6.8: Gia tri W ctia tim FGP-GPLs twa don (SSSS) g véi nhiéu loai t6 hop
P-S & GPL-A
WF o, (WE2%) 5= 0.0 0.1 0.2 03 0.4 0.5 0.6
1.0 2.3115 2.4080 2.5126 2.6264 2.7510 2.8882 3.0404
0.75 2.4716 2.5736 2.6839 2.8037 2.9344 3.0779 3.2365
0.5 2.6803 2.7897 2.9078 3.0358 3.1750 3.3273 3.4950
0.25 2.9923 3.1132 3.2432 3.3836 3.5356 3.7008 3.8813
0.0 3.4023 3.5400 3.6882 3.8481 4.0212 4.2094 4.4149
P-S & GPL-U
WF g, (WE%) ey =0.0 0.1 0.2 0.3 0.4 0.5 0.6
1.0 2.2435 2.3336 2.4306 2.5353 2.6488 2.7721 2.9069
0.75 2.4390 2.5372 2.6428 2.7568 2.8803 3.0146 3.1613
05 2.6720 2.7802 2.9065 3.0321 3.1681 3.3160 3.4775
0.25 2.9685 3.0887 3.2183 3.3583 3.5102 3.6758 3.8573
0.0 3.4023 3.5400 3.6882 3.8481 4.0212 4.2094 4.4149
P-A & GPL-S
WF o, (WE2%) 5= 0.0 0.1 0.2 03 0.4 0.5 0.6
1.0 1.7977 1.9173 2.0592 2.2313 2.4466 2.7263 3.1100
0.75 2.0205 2.1552 2.3148 2.5081 2.7492 3.0618 3.4890
0.5 2.3206 2.4758 2.6591 2.8806 3.1563 3.5126 3.9975
0.25 2.7473 2.9314 3.1483 3.4097 3.7339 4.1512 4.7162
0.0 3.4023 3.6305 3.8988 4.2209 4.6185 5.1274 5.8119
P-A & GPL-A
WF o, (WE%) ey =0.0 0.1 0.2 0.3 0.4 0.5 0.6
1.0 2.3115 2.4814 2.6830 2.9273 3.2315 3.6238 4.1537
0.75 2.4716 2.6509 2.8635 3.1209 3.4411 3.8538 4.4113
05 2.6803 2.8714 3.0977 3.3711 3.7109 4.1483 4.7388
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0.25 29923 31926 34281 37131 40776 45459 51775

0.0 34023 36305  3.8988  4.2209 46185 51274 58119
P-A & GPL-U

WF e, (WL%)  €5=0.0 0.1 0.2 0.3 0.4 05 0.6
1.0 22435 23929 25685 27794 30399 33733  3.8218
0.75 24390  2.6017 27929  3.0226  3.3061  3.6692  4.1575
0.5 26720 28612 30719  3.3248 36372 40370 45748
0.25 29685 31751 34190  3.7108  4.0599 45067  5.1077
0.0 34023 36305  3.8988  4.2209 46185 51274 58119

Hinh 6.9 va Hinh 6.10 mé ta anh hudng cta phan trong legng GPL va hé sb xbp eo 1én do
vong chuan hoa tai diém chinh giita ctia tim vudng FGP-GPLs cho hai nhém vat ligu to
hop (P-S & GPL-S, P-S & GPL-A, P-S & GPL -U) va (P-A & GPL-S, P-A & GPL-A, P-
A & GPL-U) tuong tmg. C6 thé thdy rang d6 vong niy ting dan khi ting hé sé x6p eo.
Nhan xét trén c6 thé duoc dién gidi boi sy xuat hién cta cac 16 rong bén trong két cau véi

mat d6 cao hon va kich thudc 16n hon dan dén giam d6 ctng cia tAm.

WAL WAL

+4 41E-003 +1.41E-003

++3.89E-003

~+3.76E003 PP

gl e L dbams T
{+3.11E003 = L O A Ek -1

Lo ; 2 45E-003
. 17977 I+ 0a
1
+1.80E-003

25 L
15k . +2.84E-003
08
1I
2 31E-003
0 WF g, 0o WE e ¥
(a) GPL-S (b) GPL-A
vaL
e +4 41E003
15 s el v F dvasrEnne

241497

44 L SRS T 1 - D
2 L SN b d+3.33E-003

h +2.79E-003
22435,
0s
+2 24E-003
0q WFGPL

(c) GPL-U
Hinh 6.9: Anh hudng clia €0 va WF ¢, (Wt.%) 1én d¢ véng cta tim FGP-GPLs v6i phan b6 P-S
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= : e ; T +4 81E-003 . L i s : +4.94E-003
5 v =
o4l :
++3.80E-003 2 ++4.06E-003
3 .
b 3115
+2.50E-003 24 +3.19E-003
0.5

05
+1.B0E-003 +2.31E003
00 WFGPL
WAL
+5.A1E-003
wig® e 5 I
58118 17 g P -+4.92E-003
5 v e aEe
2 -+4.03E-003
3l

+3.14E-003

05
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(c) GPL-U
Hinh 6.10: Anh hudng ciia eo va WF,,, (Wt.%) 1én dd vdng ctia tim FGP-GPLs véi phan b6 P-A

GPL

6.4.3 Phéan tich dao dong tw do
Tam vudéng FGP-GPLs tira don (SSSS) hodc ngam (CCCC) véi chiéu day h va chiéu

dai a = b dugc xem xét. Pic trung vat liéu cho tim nhu & Bang 6.6. Tan sd dao dong

duge chuan héa boi cong thire " =w,a,p, (1-2)/E, . Bang 6.9 trinh bay anh huong
clia ty s6 a/h 1én tan s6 dao dong chuan héa mode 1 cua tam FGP-GPLs twa don (SSSS)
hodc ngam (CCCC) véi WF, , =1.0wt.% va eo = 0.5. Két qua thu dugc dua trén ludi chia
6 X 6 phan tir SQ4P x4p xi tot voi cac két qua tham khao khac tir phuong phap IGA két
hop 1y thuyét bién dang cit bac cao ba bién [141] véi 225 diém diéu khién dén phuong
phap Ritz cua nhom tac gia Yang va cong su [142] dua trén s luong 8 x 8 da thiic

Chebyshev str dung trong ham thir 2D.
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Anh hudng cta hé sd x8p eo [én tan sé dao dong chuin hoa mode 1 ciing duogc tinh toan

va thé hién & Bang 6.10.

Bang 6.9: So sanh tan sd dao dong chuan hoa mode 1 cho tim FGP-GPLs
P-S P-A

alh GPL-S GPL-A GPL-U GPL-S GPL-A GPL-U
[141] 0.6940 0.6191 0.6318 0.6394 0.5681 0.5767

20 [142] 0.7022 - 0.6366 0.6456 - 0.5814
SQ4P 0.7042 0.6241 0.6366 0.6420 0.5598 0.5795

[141] 0.4767 0.4220 0.4307 0.4365 0.3854 0.3912

30 [142] 0.4783 - 0.4324 0.4387 - 0.3938
ccee SQ4P 0.4796 0.4235 0.4323 0.4359 0.3786 0.3923
[141] 0.3615 0.3191 0.3257 0.3302 0.2908 0.2953

40 [142] 0.3616 - 0.3265 0.3313 - 0.2971
SQ4P 0.3625 0.3197 0.3264 0.3291 0.2854 0.2959

[141] 0.2907 0.2562 0.2616 0.2653 0.2333 0.2369

50 [142] 0.2904 - 0.2620 0.2659 - 0.2383
SQ4P 0.2911 0.2566 0.2619 0.2641 0.2289 0.2373

[141] 0.3958 0.3497 0.3570 0.3620 0.3188 0.3238

20 [142] 0.3958 - 0.3574 0.3627 - 0.3252
SQ4P 0.3969 0.3506 0.3573 0.3680 0.3272 0.3296

[141] 0.2663 0.2346 0.2396 0.2430 0.2136 0.2169

30 [142] 0.2657 - 0.2397 0.2433 - 0.2179
SSSS SQ4P 0.2664 0.2318 0.2396 0.2468 0.2160 0.2208
[141] 0.2004 0.1764 0.1801 0.1827 0.1605 0.1629

40 [142] 0.1997 - 0.1801 0.1828 - 0.1637
SQ4P 0.2002 0.1717 0.1801 0.1855 0.1598 0.1659

[141] 0.1606 0.1413 0.1442 0.1463 0.1285 0.1304

50 [142] 0.1600 0.1442 0.1464 0.1311

SQ4P 0.1604 0.1355 0.1442 0.1485 0.1259 0.1328

Bang 6.10: Anh hudng cua €o lén tin s dao dong chuan héa mode 1 ctia tim vudng FGP-GPLs
tua don (SSSS) voi WFg,, =1.0wt.% va a/h = 20

P-S P-A P-U
GPLS GPLA GPLU GPLS GPLA GPLU GPLS GPLA GPLU
[141] 07062 0.6286 0.6386 0.6986 0.6199 0.6312 0.6973 0.6205 0.6299

€o

0.1 SQ4P  0.7128 0.6315 0.6412 0.7047 0.6225 0.6335 0.7029 0.6227 0.6319
0.2 [141] 0.7028 0.6256 0.6361 0.6861 0.6068 0.6201 0.6840 0.6085 0.6177
' SQ4P 0.7100 0.6288 0.6390 0.6921 0.6094 0.6224 0.6892 0.6104 0.6194
03 [141] 0.6995 0.6229 0.6340 0.6721 0.5924 0.6077 0.6701 0.5959 0.6049
' SQ4P 0.7075 0.6266 0.6374 0.6778 0.5949 0.6099 0.6747 0.5974 0.6062
04 [141] 0.6966 0.6207 0.6325 0.6561 0.5763 0.5938 0.6553 0.5825 0.5913
' SQ4P  0.7055 0.6250 0.6365 0.6614 0.5786 0.5959 0.6593 0.5836 0.5922
05 [141] 0.6940 0.6191 0.6318 0.6372 0.5578 0.5777 0.6394 0.5681 0.5767

SQ4P  0.7042 0.6241 0.6364 0.6420 0.5598 0.5795 0.6427 0.5688 0.5771
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Hinh 6.11a va Hinh 6.11b chi ra su hoi tu ctia két qua dya vao phan tir SQ4P va két qua
dua vao IGA két hop Iy thuyét bién dang cat bac cao ba bién ciia nhém tac gia Nguyen-

Xuan va cong su [141] cho moi loai t hop vit liéu.

0.74
o7s| O P-5&GPLS, S04P
0.72 P-5 & GPL-5, Mguyen-¥uan & c.s.
O P-3 & GPL-A, SQ4F
07 M\Q\a\() P-S & GPL-A, Nguyen-xuan & c.s.
07 P-5 & GPL-U, S04P
0Es P-5 & GPL-U, Mguyen-Huan & c.s.
066 F
* *
w 0.64 5 DE5|
0.62 l\D\O\G“o
@ PS5 &GPL-S, S04P
uEr P-5 & GPL-S, Nguyen-xuan & c.s. 06t
nsal @ P-S & GPL-A, S04P
’ P-5 & GPL-A, Nguyen-Huan & c.s.
056 | P-S & GPLU, 504P
P-5 & GPL-U, Nguyen-Xuan & c.s. 085+
D 5‘,1 L L L | L L L | 1 L 1 1 1 1 L 1
o 015 02 025 03 03 0 04 045 05 01 g5 02 0% 03 03 D4 045 D5
a0 el
7 @) . , (),
N . , ) A A A A 2 , . A ‘e
Hinh 6.11: Anh huong cua eg 1én tan s6 dao dong chuan héa mode 1 cua tam FGP-GPLs vai a)
P-Svab) P-A

6.4.4 Phan tich 6n dinh
6.4.4.1 Khdo sat anh hwong cia ty sé a/h dén sw on dinh cia tam vuéng FGP-
GPLs dudi tac dung tai don truc hay da truc
Tam vubng FGP-GPLs nhu muc 6.4.2 dugc xem xét lai ¢ day. Luc toi han duoc chuan

hoa boi cong thirc P* =P, (1-42)/(hE, ). Bang 6.11 va Bang 6.12 trinh bay anh huong

cta ty s a/h 1én gia tri chuan hoa nay. Két qua tir SQ4P véi ludi chia 6 X 6 dugc so sanh
v6i két qua tham khao dwa vao IGA va 1y thuyét bién dang cit bac cao ba bién [141] dira
trén 15 x 15 diém diéu khién ciing nhu két qua tham khao dua vao phuong phap Ritz
[142] dwa vao s luong 8 x 8 da thuc Chebyshev st dung trong ham thir 2D. Hinh 6.12a
va Hinh 6.12b thé hién su x4p xi ctia két qua tir SQ4P va xac lap do tin cay khi sir dung
phan tir SQ4P dé phan tich két cau tAm/vo.
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Bang 6.11: Anh hudng cta a/h I8n lyc téi han don truc chudn hoa cia tAim vudng FGP-GPLs véi
WFgp, =1.0(Wt.%) va eo = 0.5

ah P-S P-U
GPL-S GPL-A GPL-U GPL-S GPL-A GPL-U
CcccC

[141] 0.02840 0.02274 0.02369 0.02414 0.01911 0.01970

20 [142] 0.02899 - 0.02384 0.02452 - 0.01990
SQ4P 0.02896 0.02275 0.02368 0.02431 0.01905 0.01961

[141] 0.01338 0.01051 0.01095 0.01121 0.00875 0.00901

30 [142] 0.01343 - 0.01098 0.01130 - 0.00911
SQ4P 0.01348 0.01055 0.01100 0.01121 0.00872 0.00898

[141] 0.00769 0.00600 0.00625 0.00640 0.00497 0.00512

40 [142] 0.00767 - 0.00625 0.00644 - 0.00518
SQ4P 0.00771 0.00601 0.00627 0.00639 0.00496 0.00511

[141] 0.00497 0.00386 0.00403 0.00413 0.00320 0.00330

50 [142] 0.00494 - 0.00403 0.00415 - 0.00333
SQ4P 0.00498 0.00387 0.00403 0.00411 0.00319 0.00328

SSSS

[141] 0.01219 0.00952 0.00993 0.01017 0.00790 0.00814

20 [142] 0.01217 - 0.00992 0.01022 - 0.00822
SQ4P 0.01221 0.00910 0.00992 0.01012 0.00809 0.00827

[141] 0.00551 0.00428 0.00446 0.00457 0.00354 0.00364

30 [142] 0.00547 - 0.00445 0.00459 - 0.00368
SQ4P 0.00550 0.00424 0.00445 0.00454 0.00351 0.00362

[141] 0.00312 0.00242 0.00252 0.00258 0.00199 0.00206

40 [142] 0.00309 - 0.00251 0.00259 - 0.00208
SQ4P 0.00311 0.00246 0.00251 0.00256 0.00205 0.00209

[141] 0.00200 0.00155 0.00161 0.00166 0.00128 0.00132

50 [142] 0.00198 - 0.00161 0.00166 - 0.00133
SQ4P 0.00199 0.00157 0.00161 0.00164 0.00124 0.00131

Bang 6.12: Anh huong cua a/h 1én lyc t&i han da tryc chuan héa cua tam vuong FGP-GPLS Vi

WFgp, =1.0(Wt.%) va eo = 0.5

a/h P-S P-A

GPL-S GPL-A GPL-U GPL-S GPL-A GPL-U

CCCC
20 [141] 0.01528 0.01216 0.01266 0.01285 0.00983 0.01055
SQ4P 0.01548 0.01218 0.01269 0.01289 0.00976 0.01049
50 [141] 0.00263 0.00204 0.00212 0.00217 0.00163 0.00175
SQ4P 0.00263 0.00204 0.00212 0.00216 0.00162 0.00175

SSSS
20 [141] 0.00609 0.00476 0.00496 0.00506 0.00381 0.00409
SQ4P 0.00612 0.00465 0.00496 0.00524 0.00401 0.00421
50 [141] 0.00100 0.00077 0.00081 0.00082 0.00062 0.00066
SQ4P 0.00100 0.00078 0.00081 0.00085 0.00064 0.00068
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0.04 - 0.016

—P-5 & GPL-5, Yang &c.s. —P-3 & GPL-5, Yang & c.s.
noas - ———P-5 & GPL-S, Nguyen-¥uan & c.s. 0014 - ———P-5 & GPLS, Nguyen-¥uan & c.s.
o P-5 & GPLS, SC4P O P-5A&GPLS, B04P
005k P-5 & GPL-U, Yang & c.s. 0.0124 P-3 & GPL-U, Yang & c.s.
g P-5 & GPL-U, Nguyen-¥uan & c.s ) P-5 & GPL-U, Nguyen-¥uan & c.s.
AN P-5 & GPL-U, 504P P-5 & GPL-U, 504P
0.0254 ——P-U & GPL-S, Yang & c.s. 0014 ——P-U & GPL-S, Yang & c.5.
= ==P-U & GPL-5, Nguyen-¥uan & c.s. = ==P-U & GPL-S, Mguyen-¥uan & c.s.
E_. 0.024 o P-U&GPLS, SC4P E_‘ .04 O P-U&GPLS, S04P
P-U & GPL-U, Yang & c.s. P-U & GPL-U, Yang & c.s.
ooisk == =P-U & GPL-U, Nguyen-xuan & c.s. 0.008 == =P-U & GPLU, Nguyen-¥uan & c.s.
2 P-U&GPLU, SC4P o P-U&GPLU, SQ4P
001 0.004 -
0.005 - 0.002 -
D Il 1 1 1 1 1 D 1 1 1 Il 1 1
20 25 30 35 40 45 50 20 25 30 35 40 45 a0
alh (CCCT) afh (5555
(a) CCCC (b) SSSS

Hinh 6.12: So sanh luc t6i han don truc chuan hoa cta tim vuéng FGP-GPLS véi
WF e, =1.0(Wt.%) va eo = 0.5

6.4.4.2 Khdo sat anh hieong cia hé sé xop eo dén si on dinh ciia tam vuéng FGP-

GPLs dwoi tac dung tai don truc hay da truc

Bang 6.13: Anh hudng ciia eo 1én luc tdi han chuan hoa cta tim vuéng FGP-GPLS véi
WF o, =1.0(wt.%) va a/h = 0.5

& P-S P-A
GPL-S GPL-A GPL-U GPL-S GPL-A GPL-U
Pon truc, CCCC
0.1 [141] 0.03476 0.02763 0.02851 0.03401 0.02687 0.02786
' SQ4P 0.03494 0.02765 0.02852 0.03441 0.02686 0.02784
0.3 [141] 0.03165 0.02521 0.02612 0.02925 0.02280 0.02399
' SQ4P 0.03198 0.02530 0.02619 0.02959 0.02279 0.02397
05 [141] 0.02840 0.02274 0.02369 0.02401 0.01846 0.01981
' SQ4P 0.02896 0.02275 0.02368 0.02424 0.01843 0.01977
Pa truc, CCCC
0.1 [141] 0.01863 0.01473 0.01520 0.01822 0.01431 0.01484
' SQ4P 0.01874 0.01467 0.01514 0.01831 0.01425 0.01477
0.3 [141] 0.01699 0.01345 0.01394 0.01566 0.01214 0.01278
' SQ4P 0.01708 0.01343 0.01391 0.01574 0.01209 0.01272
05 [141] 0.01528 0.01216 0.01266 0.01285 0.00983 0.01055
' SQ4P 0.01548 0.01218 0.01269 0.01289 0.00976 0.01049

Khi xét dén anh huong ctia eo 1én luc t6i han don truc hay da truc chuan héa cho tim
FGP-GPLs, Bang 6.13 va Hinh 6.13 ciing cho thay sy hoi tu tot giita két qua dua vao
SQ4P va két qua tham khao cua nhom tac gia Nguyen-Xuan va cong sy [141] dua vao

IGA va 1y thuyét bién dang cit bic cao ba bién. Luu y sb luong phan tir SQ4P va sb
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lwong diém diéu khién trong tai liéu tham khao giit nguyén nhu muyc 6.4.4.1 cho phan

tich nay.
- = -P-8 & GPL-S, Nguyen-Xuan & ¢.s.
O P-S &GPL-S, SQ4P
0.036 - - -P-S & GPL-A, Nguyen-Xuan & c.s
Q O P-S & GPL-A, SQ4P
, Tt e L - - -P-S & GPL-U, Nguyen-Xuan & c.s
0.034 AT © P-S & GPL-U, SQ4P
Teeal P-A & GPL-S, Nguyen-Xuan & c.s
0.032 - Teel L P-A & GPL-S, SQ4P
: T-o._ . P-A & GPL-A, Nguyen-Xuan & c.s
Teeell P-A & GPL-A, SQ4P
0.03 - = = |- - -P-A & GPL-U, Nguyen-Xuan & c.s
. O P-A&GPL-U, SQ4P
S “--~.0
0.028 “--a.
g Sa, e
o i
0.026 - TSIl Tt
-.__‘--. _"-Q___ ‘--._,__‘_*—
0.024 |- ol T - T ---118
Tl T )
0.022 - Sl
0.02 - o
0 018 1 Il 1 Il 1 Il 1 I}
0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 0.5
€0 (CCCC)
(a) Pon truc
= = =P-S & GPL-S, Nguyen-Xuan & c.s
O P-S & GPL-S, SQ4P
0.01 9( = = =P-S & GPL-A, Nguyen-Xuan & c.s
e O P-S&GPL-A SQ4P
Te-all - - -P-S & GPL-U, Nguyen-Xuan & c.s
0.018 Tl O P-S&GPL-U, SQ4P
Tr-ell P-A & GPL-S, Nguyen-Xuan & c.s
0.017 - Tte.l0 P-A & GPL-S, SQ4P
’ Teeell P-A & GPL-A, Nguyen-Xuan & c.s
DT P-A & GPL-A, SQ4P
0.016 - ~ 9= - -P-A & GPL-U, Nguyen-Xuan & c.s
O P-A&GPL-U, SQ4P
“--0
0.0157 "=~
N Treee Ll
& 0.014 TNl el
BT "“*o-_-__ el
0.013 |- Teell 0 TTEealL . el
o~ . Teeel. e -8
~a. .. S =a -0
0.012 - ...
0.011 TTeell
o
0.01F
0009 | 1 1 | | | 1 |
0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 0.5
e (CCCC)
(b) Pa truc
Hinh 6.13: So sanh lyc toi han chuan hoa cta tam vuéng FGP-GPLS v&i WF g, , =1.0(wt.%)
vaa/h=0.5
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6.5 Kétluan

Phan tir SQ4P d3 duoc thiét 1ap va str dung dé phan tich tinh, dao dong tuy do va 6n
dinh cho két cdu dang tim/vo 1am biang vat liéu xp phan cép chic ning c6 gia cudng
tiéu cau graphene. Két qua dat duoc khi str dung phan tir SQ4P 1a chap nhan duoc vi sai
s6 khong dang ké gita né véi cac két qua tham khao dang tin ciy khac. Phan tir SQ4P
vbn dua vao da thirc Chebyshev v6i nhidu dic tinh chuyén biét nhu c6 thé diéu chinh bac
cta da thire dé ting do chinh xac cua két qua du chia lugi thd. Phan tir ndy c6 thé tiép tuc
dugc ap dung dé phan tich cac két cau cd hinh dang phtc tap hay phan tich twong tac da
truong vat 1y tham chi phan tich phi tuyén hinh hoc hodc phi tuyén vat liéu trong twong
lai. Viéc danh gi4 sai s6 cu thé hon khi 4p dung phan tor SQ4P dugc tién hanh & chuong

CUOi cua luan an nay.
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Chuong 7
PANH GIA SAI SO CHUNG GIUA
CAC PHAN TU

7.1 Giéi thiéu

Trong chuong cudi ndy, luan an trinh bay danh gia sai s6 chung ciing nhu so sanh thoi
gian tinh toan gitra cac phan tir SQ4H, SQAT, SQ4C va SQ4P dé tir d6 dua ra nhiing
nhan xét vé uu khuyét diém cua timg phan tr va pham vi ap dung caa ching trong phan

tich két cdu dang tim/vo.
7.2 Tam ding hwéng chiu tii phan bd déu

Khao sat tim vudéng nhu Hinh 7.1 lién két twa don (SSSS) va lién két ngam (CCCC)
dudi sy thay doi ty s6 gitra chiéu dai va chiéu day tim a/h = 10, 100, 1000, 10000. Tam
chiu tai phan bd déu q véi cac dic trung vat liéu nhu hang s md dun Young E = 1.092
MPa va hé s Poisson p = 0.3. o vdng ngay chinh giira tim dugc xac dinh theo cong
thire W™ = (100Eh*w,) /[120a* (1- #%)]. Tién hanh so sanh sai s6 két qua phan tich do vong
khi sir dung bén phan tir SQ4H, SQ4T, SQ4C va SQ4P. Nghiém chinh xac duge tham

khao tur tai li¢u [140] cua tac gia Taylor va cong su.

Hinh 7.1: TAm vudng chiu tai phan bd déu
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Cac Hinh 7.2a-h thé hién db thi so sanh sai s theo logio va theo % véi cac luéi chia 6

X 6,8 x 8, 10 X 10, 12 X 12 va 14 x 14 tmg véi truong hop lién két tra don (SSSS) va ty
s a/h = 10, 100, 1000 va 10000.
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- —2 . -~
3 B - 002 -
5 3 e
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= 2 """
3 S |
= 3 i\g \
= = 0 e o
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) % —&—504C
g T O o
7h 6— S04P
i ———Chinh xac
1 L L 1 L L L ) -0.03 L L . L L L L L L .
P15 41 106 1 09% 09 08 08 075 005 009 01 011 012 013 014 015 0% 017
Logo(kich thudc phan tir) Kich thude phan t
(a) a/h=10, SSSS (b) a/h =10, SSSS
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F\-§ M § 0 . - -~ £
£ 35 s 3
N ) s o001
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Loguo(kich thirde phan i) Kich thuée phan tie
(g) a/h=10000, SSSS (h) a/h=10000, SSSS
Hinh 7.2: So sénh sai s0 d¢ vong cta tam vuodng lién két tua don
vai a/h = 10, 100, 1000 va 10000
-1 008
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05 012r
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. £ 2t .§ 008
2 25} S
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= al -
- 3 = SQ4H
% asf F004 —e—S04C
*; S S - —+—SQ4T
oy — g e — e coap
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S04 51 A_}f-‘( gc\»‘
ST o —&— s04C o .
51 A —4— S04T Ofe & & o —
" —6— SQ4P
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Logefkich thuée phcfn ir)

(c) a/h=10000, CCCC

Kich thudc phan tir

(d) a/h = 10000, CCCC

Hinh 7.3: So sanh sai s6 46 vong cua tim vudng lién két ngam
vai a/h =10 va 10000

115



i
Bang 7.1 trinh bay gia tri d6 vong thu dugc khi dung bdn phan tir cua ludn &n. C6 thé
thay két qua do vong chinh gitra tim dat dugc boi phan tir SQ4P tt nhat, tiép dén 1a phan
tir SQ4H va sau d6 13 hai phan tir con lai SQ4C va SQ4T.

Bang 7.1: So sanh do vong chinh giira tim vudng lién két tua don (SSSS)

W~ (SSSS)
Ludi chia 6x6 8x8 10 x 10 12 x 12 14 x 14
a’h =10
SQ4H 0.428705 0.428053 0.427756 0.427607 0.427517
SQ4T 0.416173 0.422814 0.425944 0.427656 0.428687
SQ4C 0.439931 0.434335 0.431777 0.430397 0.429568
SQ4P 0.427287 0.427285 0.427284 0.427284 0.427284
a’h = 100
SQ4H 0.406833 0.406661 0.406582 0.40654 0.406515
SQ4T 0.392431 0.398544 0.401415 0.402984 0.403928
SQ4c 0.418631 0.413238 0.410774 0.409444 0.408646
SQ4P 0.406494 0.406459 0.406451 0.406448 0.406447
a’/h = 1000
SQ4H 0.406614 0.406447 0.40637 0.406329 0.406305
SQ4T 0.392193 0.398301 0.40117 0.402737 0.403680
SQ4c 0.418418 0.413027 0.410564 0.409235 0.408436
SQ4P 0.406293 0.406254 0.406244 0.406241 0.406239
a’h = 10000
SQ4H 0.406612 0.406445 0.406368 0.406327 0.406303
SQ4T 0.392191 0.398299 0.401167 0.402735 0.403678
SQ4C 0.418416 0.413025 0.410561 0.409233 0.408434
SQ4P 0.406291 0.406253 0.406242 0.406239 0.406237

Tuong tu, truong hop tam lién két ngam (CCCC), Bang 7.2 trinh bay gia tri d6 vong thu
duogc khi dung bon phan tir ciia luan 4n dong thoi cac Hinh 7.3a-d tiép tuc thé hién do thi
danh gia sai s6 chung gitta bén phan tir SQ4H, SQ4C, SQAT va SQ4P. Phan tir SQ4P van
cho két qua kha quan nhat, tiép dén 1a phan tir SQ4H va sau cung la hai phan tir con lai
SQ4C, SQAT. Pic biét trong mot sé truong hop thé hién sy khong 6n dinh trong két qua
thu duoc boi phan tir SQ4T nhu ¢ Hinh 7.2a va Hinh 7.3a lién quan dén viéc tinh toan
thdng qua mién anh hudng 14n can phan tir dang xét. Panh gia ki hon vé van dé nay co

thé dugc xem nhu mot dinh huéng phét trién twong lai cia luan an.

Bing 7.2: So sanh d¢ vong chinh giira tim vudng lién két ngam (CCCC)

w~ (CCCC)
Phan tt 6x6 8x8 10 x 10 12 x 12 14 x 14
a/h =10
SQ4H 0.149973 0.150578 0.150268 0.150302 0.150256
SQ4T 0.158590 0.154636 0.152279 0.150808 0.149836
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SQ4C 0.161212 0.156231 0.153900 0.152630 0.151863
SQ4P 0.150448 0.150458 0.150461 0.150462 0.150462
a’/h =100
SQ4H 0.126546 0.126640 0.126684 0.126716 0.126731
SQ4T 0.140491 0.135932 0.133233 0.131559 0.130452
SQ4C 0.139258 0.133919 0.131395 0.130004 0.129159
SQ4P 0.126763 0.126776 0.126781 0.126783 0.126784
a/h = 1000
SQ4H 0.126300 0.126382 0.126433 0.126461 0.126479
SQ4AT 0.140306 0.135739 0.133036 0.131359 0.130251
SQ4C 0.139034 0.133691 0.131163 0.129770 0.128923
SQ4P 0.126510 0.126524 0.126530 0.126532 0.126533
a/h = 10000
SQ4H 0.126297 0.126379 0.126430 0.126459 0.126477
SQ4AT 0.140304 0.135737 0.133034 0.131357 0.130249
SQ4C 0.139032 0.133688 0.131160 0.129768 0.128921
SQ4P 0.126508 0.126522 0.126527 0.126529 0.126531
Bang 7.3: So sanh thoi gian tinh toan theo gidy (s)
SSSS, a/h =10
14 x 14 6X6
SQ4H SQ4T SQ4C SQ4P SQ4P
(1575 dofs) (1125 dofs) (1125 dofs) (9245 dofs) (1805 dofs)
0.47674 s 11.2697 s 2.2078 s 81.9208 s 2.8599 s
SSSS, a/h = 10000
14 x 14 6X6
SQ4H SQ4T SQ4C SQ4P SQ4P
(1575 dofs) (1125 dofs) (1125 dofs) (9245 dofs) (1805 dofs)
0.47621 s 11.6926 s 2.7641 s 83.1269 s 2.9227 s
CCCC,a/h=10
14 x 14 6X6
SQ4H SQ4T SQ4C SQ4P SQ4P
(1575 dofs) (1125 dofs) (1125 dofs) (9245 dofs) (1805 dofs)
0.7518 s 11.0411s 2.4872 s 83.3733 s 2.9587 s
CCCC, a/h = 10000
14 x 14 6X6
SQ4H SQ4T SQ4C SQ4pP SQ4P
(1575 dofs) (1125 dofs) (1125 dofs) (9245 dofs) (1805 dofs)
0.7202 s 11.3438 s 2.9373s 83.7899 s 2.9251s

Trén co s& may tinh véi cac théng s6 Intel ® Core ™ i7 @ 2.80 GHz, 8.00GB RAM,

viéc so sanh thoi gian tinh toan giita cac phan tir dugc trinh bay & Bang 7.3. Néu dua vao

s6 luong phan tir trong duong nhau, c6 thé thiy thoi gian tinh toan theo gidy (s) cua phan

tr SQ4P 14 16n nhat. Tuy nhién viéc sir dung bac p1=p2=3 cho phan tir SQ4P khién tong

s6 bac tu do (dofs) cua phan tir ndy 16n hon nhiéu so véi cac phan ta con lai. Viée so

sanh thoi gian duya trén tong s6 bac tu do xap xi nhau cho thay thoi gian tinh toan cua

phan tar SQAT 14 16n nhat. Diéu ndy ciing duge trinh bay trén Bang 7.3.
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7.3 Tam ding huéng dao dong tw do

O muyc nay, luan an dé cap dén phan tich dao dong tu do cia tAm vudng mong (a/h =
200) va day (a’h = 10) v6i hai diéu kién bién 13 tira don (SSSS) va ngam (CCCC). Pic
trung vat liéu E = 200 GPa, hé sb Poisson p = 0.3 va mat do khéi lwong p = 8000 kg/m?®.

Bang 7.4: So sanh gi4 tri bn tin s6 dao dong ddu tién ciia tim vudng dang hudng

Dang dao dong a/h =10, (SSSS)
SQ4H SQ4T SQ4C SQ4P Chinh xéac
1 4.373 4.368 4.369 4.366 4.37
2 6.787 6.757 6.772 6.744 6.74
3 6.787 6.757 6.772 6.744 6.74
4 8.028 8.391 8.379 8.354 8.35
Dang dao dong a/h =10, (CCCC)
SQ4H SQ4T SQ4C SQ4P Chinh x&c
1 5.726 5.738 5.715 5.703 571
2 7.960 7.991 7.932 7.876 7.88
3 7.960 7.991 7.932 7.876 7.88
4 9.414 9.533 9.378 9.325 9.33
Dang dao dong a’/h = 200, (SSSS)
SQ4H SQ4T SQ4C SQ4P Chinh xac
1 4.450 4.455 4.445 4.443 4.443
2 7.074 7.074 7.055 7.025 7.025
3 7.074 7.074 7.055 7.025 7.025
4 8.948 8.987 8.909 8.885 8.886
Dang dao dong a’/h =200, (CCCQ)
SQ4H SQ4AT SQ4C SQ4P Chinh x&c
1 6.024 5.986 6.000 5.998 5.999
2 8.671 8.576 8.610 8.567 8.568
3 8.671 8.576 8.610 8.567 8.568
4 10.522 10.451 10.419 10.403 10.407
e 10r
ol e ol P
- 1

SC4H EEE8

4 —6—S504T 5555
¥ | ——S04C,5558

—S—504P 5555
Chinh xac, 5558
SQ4H.CCCC
—& — 54T .CCoe
—+ —50Q4C CCCC
—& —5Q4P,CCCC
— — —Chinh xac,CCCC

3

4

S04H, 5558
—&— SMT,5555
—+— 5040 3588
—o— 504P 5555
— Chinh x4c, 5558

SE4H.CCCT
—& — SQ4T.CCCC
—H# — Q4G CCCT
—o—30Q4P CCCC
———Chinh xac,CCCC

3

4

(a) TAm mong o ) (b) Tam day
Hinh 7.4: So sanh tan s6 ctia bon dang dao dong dau tién

118



[ e e e o e T
) N 4 n PO 2 p . 4 2 2\ V4 N
Bon gia tri tan s6 dao dong dau tién chuan hoa o = [12a)vibpa (l—,u )/(Eh )] dya vao

bbn phan tir SQ4H, SQ4T, SQ4C va SQ4P ting véi ludi chia 8 x 8 dugc trinh bay ¢ Béang
7.4 va Hinh 7.4. Cac két qua nay duoc dem so sanh véi két qua chinh xéc trich xuat tir tai
liéu cua tdc gia Abbassian va cong su & [143]. Bén canh d0, thoi gian tinh toan cling
dugc ghi nhan lai giira cac phan tir voi tong sb bac ty do xap xi 1600 dofs trén toan mién

roi rac. Bang 7.5 cho thay thoi gian tinh todn cua phan tir SQ4T van 16n nhat.

Bang 7.5: So sanh thoi gian tinh toan theo gidy (s)
SSSS, a/h = 10, = 1600 dofs

SQ4H SQ4T SQ4c SQ4P
19.4063 s 30.2069 s 17.1924 s 10.6400 s
CCCC, a/h = 10, = 1600 dofs
SQ4H SQ4T sQ4c SQ4pP
13.3436 s 27.0411 s 13.9900 s 10.3403 s
SSSS, a/h = 200, = 1600 dofs
SQ4H SQ4T sQ4c SQ4pP
18.2277 s 30.4165 s 16.7336 s 10.3201 s
CCCC, a/h = 200, = 1600 dofs
SQ4H SQ4T SQ4c SQ4P
12.3259 s 26.2291 s 13.6833 s 10.1188 s

7.4 Vb cau ding huéng chiu tai phan bd déu

Mot vo cau tua don trén bdn canh bién va chiu tai phan bd déu g nhu Hinh 7.5 tiép tuc

dugc phén tich va so sanh két qua d6 vong ngay diém chinh gitra vo.

Hinh 7.5: Vo cau ding hudng twa don chiu tai phan bb déu
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Bang 7.6: So sanh gi tri d6 véng ngay chinh gitra vo cau tya don

So sanh Ludi chia w
SQ4H 8x8 0.3299
12x12 0.3269
16 x 16 0.3236
SQ4AT 8x8 0.2699
12x 12 0.2744
16 x 16 0.2824
8x8 0.3108
SQ4C 12 x 12 0.3124
16 x 16 0.3129
8x8 0.3129
SQ4P 12x 12 0.3131
16 x 16 0.3132
HBQS [6] 0.3104
KUMBA [144] 0.3304
Giai tich (Reddy) [119] 0.3138

Két cau nay c6 cac dac trunga =32, R =96, h=0.32, E =107, u = 0.3 vaq=100. Mb
hinh ¥4 vo v6i ludi chia 8 x 8, 12 x 12 va 16 x 16 duoc sir dung dé tinh toan két qua do
vong dua trén cac phan tir SQ4H, SQ4T, SQ4C va SQ4P. Bang 7.6 thé hién két qua thu
dugc ing voi 4 phan tor SQ4H, SQAT, SQAC va SQ4P dong thoi thé hién két qua tham
khao tir tai liéu [6] cua tAc gia Darilmaz va cong su voi 12 x 12 phan tir vo 8 nit HBQS,
tai liéu [144] cia tac gia Kumbasar va cong sy v6i 16 X 16 phan tir vo cong KUMBA va
tai liéu [119] cua tac gia Reddy véi nghiém giai tich. Theo Bang 7.6, khi so sanh vai
nghiém giai tich cho boi tac gia Reddy, két qua thu duge bai 3 phan tir SQ4T, SQ4C va
SQA4P theo xu huéng can dudi trong d6 két qua t6t nhat 1a caa phan tir SQ4P tiép theo 1a
ctia phan tir SQ4C. Véi phan tir SQ4T, két qua sai s6 nhiéu lién quan dén qua trinh xac
dinh mién anh hudng bao quanh phan tir dang xét, nhat 1a ddi véi két cu vo cong hai
phuong, din dén phuc tap trong qua trinh tinh todn ma tran do cting tong thé cling nhu
ctng hoa két cau kéo theo sai s6 16n. Ngoai ra, két qua thu dugc boi phan tir SQ4H theo

xu huéng can trén nhu thé hién ¢ Bang 7.6.
7.5 Kétludn

Céc phan tir SQ4H, SQ4C, SQ4P d3 thé hién kha ning Gmg dung tét trong phan tich
két cau tim/vo, riéng phan tir SQ4T con kho khin khi phét trién phan tich két cau vo co

d6 cong Ion hay vo cong hai phuong. Nguyén nhan nay c6 thé xuat phat tir cach thiét lap
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phan tir SQ4T dua vao ky thuit ndi suy kép ma & dé c6 ké dén anh huéng cua cac ndt 1an
can lén phan tir vo dang xét. Dbi voi két cu tAm, trong mot sé truong hop phan tich,
phan tir SQ4T ciing cho két qua khong dugc 6n dinh so véi cac phan tir khac da phat
trién.

Nhin chung, dwa vao nhitng két qua s6 dd dat duoc nhu d4 trinh bay & cac muc cua
chuong ndy ciing nhu cac chuong trude, cac phan tir duge xay dung va phét trién trong
luan &n 1 c&c phan tir tir gidc don gian va hiéu qua trong phan tich két ciu dang tim/vo
S0 V6i cé&c loai phan tir khac dang hién hanh.
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Chuong 8
KET LUAN VA HUONG PHAT TRIEN

8.1 Kétluan

Trong luan &4n ndy, nhém phan tr SQ4H, SQ4T, SQ4C va SQ4P lan dau tién duoc
thiét 1ap dé phan tich két ciu dang tAm/vo. Cu thé, phan tir SQ4H dugc hinh thanh dua
vao k¥ thuat tron bién dang trén mién con két hop 1y thuyét bién dang cit bac ba dang C°,
phan tir SQ4T dya vao k¥ thuat noi suy kép, phan tar SQ4C dua vao k¥ thuat to hop bién
dang va phan tr SQ4P duoc xay dung dwa trén da thirc Chebyshev. Két qua caa nghién
ctru hién tai bao gom:

e Phan tir phang t giac (SQ4H) dung dé md phong két cau tam phang va tam gip

nhiéu 16p, phan tir ndy cai thién do chinh x4c cia mo hinh va giam bét su bat 6n vé sd

d6i voi phan tich hinh hoc phi tuyén tinh.

e Phan tir phang ttr giac dua trén ky thuat noi suy kép (SQ4T) dé md phong két ciu

tam/v6 nhiéu 16p hay tAm phan cép chirc ning. Vi viée xay dung ham ndi suy bac cao

dwa vao gia tri n(t 1an gradient trung binh ndt trong pham vi mién anh huong, phan tir
nay cai thién duoc yéu té bat lién tuc ciia bién dang va Gng suat qua bién cua no.

e Phan tir phang tir gidc dua vao k¥ thuét to hop bién dang (SQ4C) dung dé tinh

toan két cau tam/vo nhiéu 16p c6 hoic khdng ¢ sudn gia cudng. Phan tir ndy cai thién

dugce d6 chinh xac cia mo hinh va giam bét su bat 6n vé két qua sé 1ién quan dén hién
tuong khoa mang khi phan tich két cau vo.

e Phan tir phang tt giac dya vao da thire Chebyshev (SQ4P) dung dé phan tich két

cau tAm/vo 1am bang vat lidu xop phan cip chic niang c6 gia cudng tiéu cau graphene.

Két qua phan tich khong chi phu thudc vao ludi chia ma con phu thudc vao bac cia da

thirc Chebyshev.

e Cac phan tir déu dugc thiét lap tir Iy thuyét don 16p tuong duong ESL (equivalent

single layer) nén d& dang diéu chinh dic trung vat liéu tir vat liéu dang huéng dén vat

liéu composite nhiéu lép, vat lidu phan cap chirc nang, vat liéu x6p co gia cuong. ..
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e CAac ma tran do cirmg mang, udn, cit va hinh hoc déu duoc thiét lap dé tir d6 xéc
dinh ma tran d6 cing tong cua phan tir. Pac biét véi cac phan tir SQ4H va SQ4AC, viéc
tinh toan ma tran do cing mang, uén va hinh hoc dugc thuc hién béi tich phan doc
bién mién con cua phan tir thay vi tich phan truc tiép trén mién con nhu ki thuat
truyén théng.

e CAc phan tir déu khic phuc dugc hién trgng khoa cit (shear locking), khéa mang
(membrane locking), dic biét khic phuc hién tuong dong hd cét (hourglass
phenomena hay con goi 1a spurious zero energy modes) khi phén tich dao dong tu do.

e C4c phan tir déu c6 vu va nhuoc diém lién quan dén cach thirc thiét 1ap tuy nhién
theo y kién cha quan chlng c6 thé dugc xem xét nhu 12 cac phan tir tr gidc don gian
trong ap dung.

e Cin cir viéc so sanh két qua phan tich dya trén 4 phan tir SQ4H, SQA4T, SQ4C va
SQ4P véi cac két qua dugce trich xuat tir c4c tai lidu uy tin va dang tin cay, ching nén

dugc mo rong sang cac hudng phan tich khac trong tuong lai.
8.2 Huéng phat trién

Trén nén tang da duoc thiét 1ap va xac minh, cac phan tr SQ4H, SQ4T, SQ4C va
SQA4P ¢6 thé duogc sir dung dé tiép tuc phat trién theo cac dinh hudng sau:

e Cai tién k¥ thuat sdu hon, ap dung cc cong cu tinh toan hién dai hon, chuyén d6i
ly thuyét tinh toan hop ly hon.

e Danh gia ki hon cac dic tinh vé phuong phap tinh cua cac phan tir d& xuat nhu:
téc do hoi tu, sy don gian trong chia ludi, sy twong thich va 6n dinh cua két qua
s6 cling nhu chi phi tinh toan.

Ngoai ra, cac phan tir d& xuat cd thé tiép tuc duoc mé rong pham vi phan tich sd cho
cac bai toan co hoc khac nhu:

e Phan tich tuyén tinh va phi tuyén hinh hoc cho két cAu tim/vo cé tich hop 16p ap
dién.

e Phan tich tuyén tinh va phi tuyén hinh hoc cho két ciu tam/vé 1am bang vt liéu
x6p.

e Phan tich twong tac ran-long, ...
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e Nghién ctru tmg xir ciia két cdu tim/vo dudi tac dung tong hop co-thuy-nhiét.
e Phan tich cau trdc vi mé trén co so két hop véi ly thuyét dan hdi phi cuc bd.
e Phan tich tmg xur dan déo ciia két cau composite.

e Nghién cru phi tuyén vt liéu.
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