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TOM TAT

Luan an nay trinh bay viéc xay dyng mot md hinh s thiét 1ap chuong trinh thyc nghiém
dé khao sat sy 6n dinh dam bom hoi duoc 1am tir vat liéu composite.

Trong phan phan tich s, phuong phap diang hinh hoc (Isogeometric Analysis (IGA))
duoc sir dung dé phan tich hién trgng mat 6n dinh cua dam bom hoi chiu lyc nén doc truc va
du doan tai trong ma tai do su phé hoai dau tién xay ra. Ly thuyét dim Timoshenko dugc sir
dung dé xay dung mo hinh dam 1am bang vat liéu bat dang huéng. Yéu té phi tuyén tinh hinh
hoc dugc xem xét bang cach s dung khai niém ning luong, tir d6 giai thich cho sy thay doi
cta luc mang va nang lugng bién dang khi dam chiu uén. Bang cach ap dung Iy thuyét Lagrange
va dinh luat cong 4o, cac phuong trinh can bang phi tuyén da duoc rdt xay dung. Cac phuwong
trinh nay sau d6 dugc roi rac bang cach st dung cac ham noi suy NURBS ké thira tir phuong
phap IGA dé xay dung cic phuong trinh phi tuyén. Thuat toan Newton-Raphson sau d6 duoc
st dung dé tim 15i giai cho cac phuong trinh phi tuyén trén. Cac két qua s6 thu duoc tir qua
trinh phan tich dwoc so sanh voi két qua thi nghiém va cho thdy mét su twong ddng giita két
qua thu dugc tir IGA va két qua thuc nghiém. M6 hinh sé sau d6 duoc sir dung dé khao sét sy
anh huong cua cac thong sb vat lidu va hinh hoc déi voi kha ning chiu lec cua dam hoi chiu
luc nén dtng tam.

Trong phan thuc nghiém, cac tinh chit co hoc cua vat liéu vai dét composite duoc st
dung dé ché tao dam bom hoi dugc xac dinh théng qua céc thi nghiém kéo doc truc va hai truc.
Céc thi nghiém xac dinh kha nang chiu lyc cua dam hoi dugc thuc hién dudi &p luc duge bom
khac nhau, tir d6 phan tich su anh huong cua cac dic trung vat liéu va ap luc bom dén ung xu
6n dinh cua dam hoi chiu nén ding tim. Cac duong thuc nghiém thé hién quan hé luc nén va
bién dang duoc ghi nhan va minh hoa, ngoai su pha hoai (s xuat hién caa cac nép nhan) khi
dam hoi khi bit dau chiu lyc dén IGc dam bi phé hoai ciing duoc ghi nhan. Tir d6, kha ning
chiu lyc cua dam hoi qua céc giai doan 1am viéc duoc ghi nhan.



CHUONG 1: GIOI THIEU

1.1 Loi mé dau

Céc két cdu dang hoi hién dang duoc si dung phd bién trong cac du an cong nghiép va
dan dung, chang han nhu nha phao trong khu vui choi tré em, cong chao, hinh anh dong vat,
V.v... Tai Viét Nam, viéc sir dung cac két cau bom hoi 1a mét linh vuc twong déi méi. Noi
chung, viéc thiét ké va phan tich cac két ciu bom hoi cho cac dy an 16n da va dang phai ddi
mit véi nhitng thach thirc khé khan. Diéu nay la do thyc té 1a ang xir cua két ciu bom hoi phu
thudc vao ap suat bom va vat liéu bén ngoai cua két cau. Ngoai ra, su thiéu hut trong cac nghién
ctru thuc nghiém vé két ciu bom hoi ciing han ché viéc ap dung két cdu nay vao thyc té. Mot
s6 nha nghién ctru da nghién ciru cac tng dung caa két ciu bom hoi cho muc dich thyc té dya
trén cac md hinh giai tich va phuong phap s6. Tuy nhién, viéc sir dung phuong phap giai tich
thong thuong hoac phuong phap phan tir hiru han truyén thdng van c6 nhitng gisi han riéng.
1.2 bong luc cia nghién ciru

Viéc sir dung vat liéu vai dét composite da trg nén phd bién hon trong thoi gian gan day,
chinh vi vay nhu cau phan tich va thiét ké cac két ciu bom hoi trd nén quan trong hon bao gid
hét. Chinh vi vay, nghién ctru nay duoc thuc hién dé tim hiéu su 1am viéc cua két ciu cua dam
hoi ché tao bang vai dét composite dudi tac dung luc nén dung tam, trong d6 ca phuong phap
md hinh s6 va thuc nghiém déu duoc tién hanh. Bén canh do, viéc &p dung phuong phap IGA
dé phan tich &ng xtr 6n dinh cua dam hoi chwa ting dugc nghién ctru cu thé trude day, do d6
viéc dé& xuit mot cach tiép can mai dua trén phuong phap IGA dugc tién hanh.

1.3 Muc tiéu va pham vi nghién ciu

Muc tiéu chinh ctia nghién cau nay la phan tich sy 1am viéc cua dam hoi lam bang vai dét
composite bang phuong phap md phong s6 va thuc nghiém, qua d6 tim gia tri lyc toi han va co
ché pha hoai cua két cdu. Cac muc tiéu cu thé cua nghién cuu nay c6 thé dugc tom tat nhu sau:

1) Phat trién mot chuong trinh thyc nghiém dé phén tich cac hién tuong mat 6n dinh cua
dam hoi khi chju tai nén dung tam.

2) Ap dung phuong phap "Pang tham s - IGA" dé phat trién mot chwong trinh s6 nham
phan tich hién twong mat 6n dinh cua dam hoi, qua d6 xac dinh tai trong toi han cia dam hoi
Véi cac diéu kién ap suat, vat liéu khac nhau.

3) So sanh cac két qua thuc nghiém va nhirng két qua thu duoc tir cach tiép can sé dé xac
thuc tinh chinh xéac cua chuong trinh duoc phét trién.

1.4 Phwong phap nghién ciru

Dé dat duoc cac muyc tiéu nghién ctru néu trén, luan an nay da sir dung mot sé phuong
phap cu thé nhu sau:

- Nghién ctru, tim hiéu cac cong trinh nghién ctru trudc day & trong nudc ciing nhu trén
thé gidi vé cac chu dé cua vat liéu vai dét composite va két cdu bom hoi.

- Tham khao, nghién ctru va tong hop cac md hinh va phuong phap tinh todn cua két cau
bom hoi lam bang vai dét composite, tir @ chon mdt mo hinh phu hop dé phat trién mé hinh
s6 dya trén phuéng phap IGA.

- Xay dyng chuong trinh thye nghiém va phat trién mé hinh sé duwa trén nén tang kién
thure co hoc.

1.5 B cuc cia luan an

Noi dung cua luan an nay duoc trinh bay trong 6 chuong nhu sau:

- Chuong 1 gidi thiéu cac thong tin co ban cua luan an.

- Chuirong 2 gidi thiéu cac nghién ctu gan day vé két cau bom hoi dya trén phuong phap
thuc nghiém va phuong phap mé phong sb.

- Chiong 3 trinh bay cac dic trung co ban cua IGA va phét trién cac phuong trinh co ban
cho bai toan 6n dinh cua dam hoi.

- Churong 4 trinh bay qué trinh xay dung mé hinh s duya trén phuong phap 1GA.
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- Chirong 5 trinh bay quéa trinh xay dung mé hinh thuc nghiém, bao gom viéc lya chon
vat liéu, ké hoach tao mau, qua trinh thi nghiém. Céc két qua thi nghiém ciing duoc trinh bay
trong chuong nay.

- Chuong 6 tong hop nhitng y chinh trong luan an ciing nhu tom tit nhitng déng gop chinh
va két qua chinh trong nghién ctru nay. Cac két luan va phét hién quan trong ciing duoc dé cap
trong chuong nay.

CHUONG 2: TONG QUAN

2.1. Phwong phap giai tich

Cac nghién ciru V& ing xir co ban cua két cau bom hoi da dugc thyc hién rong réi bai cac
nha nghién ciru khac nhau bang cach str dung phuong phép giai tich. Mot sb tac gia p dung ly
thuyét dam Euler Bernoulli dé md hinh hda dam hoi, cac nghién ciru tiéu biéu co thé ké dén
nhu Comer, R. L., & Levy, S. cho ddm hoi 1am bang vat liéu ding huéng. Sau do, nghién ctu
cuia Comer va Levy da dugc Webber, J.P.H. mé rong dé dy doan tai trong phé hoai cua cac dam
hoi dang cong xn. Ngoai ra, Main et al. ciing di thuc hién cac nghién ctiru cho mét dam hoi
dang x8ng xon dang huéng. Sau do, Suhey et al. xem xét ang xir cua mot Ong diéu ap dudi tc
dung cua tai phan phéi déu. Bang cach ap dung ly thuyet dam Euler-Bernoulli, vat liéu cia dam
duoc cho 1a dang hudéng va két qua Chuyen vi cua dam thu dugc tr phuwong phap giai tich. Ly
thuyét dam Timoshenko duoc mét sb tac gia khac sir dung va cho rang dé 1a ly thuyét hitu hiéu
dé ap dung cho bai todn khi thong s6 &p suat khong xuat hign trong loi giai nhu dugc dé cap
trong céc bai todn sir dung Iy thuyét Euler Bernoulli. Mot Chu01 cac phuong trinh phi tuyén
duoc xay dung boi Fichter dé phan tich bai toan ubn va xoan cua cac dam hoi hinh try. Cac
phuong trinh nay duoc thiét Iap dua trén ba gia dinh quan trong sau: mat cit ngang cua dam
hoi khong thay d6i dudi tac dung cua tai trong; thir hai, chuyén vi va goc xoay mit cat ngang
nho; va bién dang theo chu vi 1a khong déang ké va c6 thé bo qua. Ly thuyét Timoshenko va
phuong phap cuc tiéu nang luong duoc sir dung.

Sau d6, Topping, A.D. va Douglas, WJ da phan tich d6 cing két cdu caa mot dim bom
hoi cong x6n hinh tru bi anh huéng bai bién dang 16n. Ly thuyét dan hoi hitu han va Iy thuyét
vé bién dang nho d duoc sir dung dé c6 dugc két qua phan tich rd rang. Céac phan tich cua ho
cling giai thich cho nhiing thay doi cua hinh hoc va vat liéu xay ra trong qua trinh bom hoi.
Wielgosz va Thomas phat trién cac nghiém giai tich cho bai toan cac tam hoic 6ng bom hoi
dya trén ly thuyét Timoshenko, cac phuong trinh cin bang ¢ trang théi bién dang cua dam hoi
duoc thlet lap dé tinh dén d6 ctiing hinh hoc va hiéu ang lyc do &p suat bén trong gay ra. Ho da
chi ra rang kha nang chiu lyc t&i han ty 1& thuan véi dp suat bom va va chuyén vi ty 1& nghich
Vi tinh chat vat liéu ché tao &p suat 4p bom.

Wielgosz va Thomas da trinh bay két qua thyuc nghiém va tinh toan vé chuyen Vi cua Cac
ong hoi chiu moment ubn. Céc thi nghiém d chi ra rang rng xur ong trong glong nhu cua cac
tam bom hoi. Phuong trinh cén bang duoc viét ¢ trang thai bién dang dé tinh dén d6 cang hinh
hoc. So sanh giita két qua thuc nghiém va gidi tich da chirmg minh d¢ chinh xac cua ly thuyét
dam dé giai quyét cac van dé lién quan dén bai toan dam hoi chiu uén. Le va Wielgosz da sir
dung nguyén ly cong o ¢ dang Lagrang va gia thuyét Saint Venant Kirchhoff thong thuong
VGi sy chuyén vi va quay hiru han dé rat ra cac phuong trinh phi tuyén caa dam hoi dang huong.
Cac phuong trinh can bang phi tuyén da dugc tuyen tinh hoa dua trén tham chiéu hinh dang
dam ¢ dang tng suat truge. Cac phuong trinh tuyén tinh nay da cai thién ly thuyét caa Fichter.

Mic du rat nhiéu nha nghién cau da thuc hién nhiéu nd lyc trong viéc phat trién mot md
hinh giai tich trong nhiéu nim qua dé giai quyét bai toan dam hoi, tuy nhién c6 thé thay gan
nhu ho chi tap trung vao loai vat liéu vai ding huéng.



2.2. Phwong phap sé

Ngay nay, tinh ton va thiét ké dam hoi dam dat ra nhiing thach thire dang ke, dac biét 1a
trong truong hop cac mo hinh gidi tich thuong khong the ap dung trong cac truong hop t6ng
quat vé tai trong va diéu kién bién. Chinh vi vay, mét sb cac nghién ciru vé dam hoi bang céch
su dung cac phuong phap s6 ciing da duoc tién hanh. Steeves di sir dung phuong phap nang
lugng cuc tleu dé rat ra mot tap hop cac phuong trinh vi phan thé hién chuyen vi ctia ddm bom
hoi. M6t x4p xi don gian hoa, trong do gia su rang cac mat cat ngang cia dam khéng thay doi
dugc sir dung dé dua bai toan vé dang mat chiéu, mot diéu quan trong khac 1a phuong phap
nay cho phép bao ham &p suat vao do cing cua dam. Quigley et al. va Cavallaro et al. da su
dung phuong phap phan tir hitu han dé du doan (ng xu tuyén tinh dam vai bom hoi. Tuy nhién,
&p suat trong duoc xem nhu nhu mot lyc cang trude va dugc &p dung bén ngoai dam. Tuy nhién,
phuong phap nay dan dén su gia ting khong gi6i han do cung cua dam hoi khi 4p suat bom
tang. Wielgosz va Thomas da nghién ciru ang xu uén cua cac ong va tam vai bom hoi, tir 6
phat trién mot phan tir dam dua trén ly thuyét Timoshenko. Trong cach tiép can caa ho, luc
duoc tao ra boi ap luc bom bén trong ké dén cho sy ting do cirng caa dam. Tuy nhién, phan tir
nay khong xem xét nép gap vai khi dam chiu lyc. Bouzidi et al. da phét trién Iy thuyét va phuong
phap s cua cho bai toan uén hinh tru cia mang dang hudng diéu &p. Tai trong bén ngoai chu
yéu 12 mét &p luc binh thudng cho mang va sy phat trién da dugc thuc hién theo céc gia dinh
cuia ap suat bom, chuyén vi 16n va bién dang hitu han. Bai toan duoc giai dya trén Iy thuyét cuc
tiéu nang luong. Suhey et al. ciing trinh bay mot nghién ciru vé md phong s6 va thiét ké cua
mat 16ng nudi trong thuy san m¢ dai duong bang cach st dung phuong phap phan ti hitu han
cho ly thuyet mang dang huéng. Su khong on dinh cho két qua sé gay ra boi lyc mang da duoc
loai bo bang cach thém maot phan tr (shell)) vo nhan tao véi do citng nho. M hinh nay sau d6
da dugc so sanh véi két qua tir thuyét dam sira doi cho két cau bom hoi, két qua cho thay ket
qua s6 va ly thuyét tuong quan v&i nhau. Le va Wielgosz da roi rac cac phuong trinh phi tuyén
thu dugc trude do dé xay dung mot md hinh phan tur hitu han cho cac bai toan tuyen tinh cua
dam vai dang huéng c6 d6 bom hoi cao. Két qua sé cua ho thu dwoc dua trén cac phan tir dam
da duoc chirng minh 1a gan nhu twong tu phwong phap moé phong dam bang phan tir 3D dang
huéng, ciing nhu két (Qua phan tich thu duoc trong Le va Wielgosz. Davids va Davids va Zhang
da xay dung mot phan tr dAm hoi dya trén ly thuyét Timoshenko dé phan tich chuyén vi phi
tuyén cua dam vai dang hudng diéu ap, cling nhu khao sat sy anh huong cua ap lyc bom lén
rng xu cua dam. Co sé cna viéc xay dung phan tir trén 1a xem xét sy gia ting ctia cong 40 khi
c6 su xuit hién cua ap suat bom. Cac nghién ctu tham sb ciing di duoc phan tich dé chang
minh tam quan trong cua viéc ké dén ap lyc trong cac mé hinh cua ho. Gan day, Malm et al. da
str dung phan tir mang vai dang huéng 3D dé du doan tng xir cia dam hoi. So sanh giita cac
két qua thu duoc tir phuong phap sé vai cac két qua ly thuyét, thuc nghiém cho thay d6 chinh
xéc cua ly thuyét dam thong thuong dung dé dé mé hinh hdéa dam hoi lam bang vai dang hudng.
Trong hau hét cac nghién ctru trude day, vai ludn duoc cho 13 vat liéu ding hudng. Tuy nhién,
mét s6 nhdm nghién ctru cling da dé cap dén sy 1am viéc cua dam hoi 1am bang vai bat ding
huéng. Plaut et al. d& nghién ctru anh hudéng cua tai trong tuyét va gio trén mot vom bom hoi
trong gia dinh ly thuyét vo mong tuyén tinh caa Sanders. Ho da sir dung ly thuyét nay dé xay
dung cac phuong trinh diéu chinh, bao gdm hiéu &ng cua cac ng suat mang ban dau. Vat liéu
dugc gia dinh ¢6 (ng xir dan hoi tuyén tinh, khong dong nhat va tryc hudng, ngoai ra cac ket
qua xap xi thu duoc bang phuong phap Rayleigh-Ritz. Plagianakos et al. cling da nghién ctru
viéc ap dung ap suit thap trén cac dam hoi dé udc tinh kha ning lam viéc caa né di v6i cac
g dung ké dén tai trong nén doc truc. Cac thi nghiém nén da duoc tién hanh trén mot sé cot
hinh tru véi hai dau 1a cac géi tua, chuyen vi cua két cau dugce do & mot s6 vi tri doc theo nhip,
trong khi cac lyc doc truc duge xac dinh thyc nghiém thong qua céc phép do bién dang. Két
qua so sanh cho thay su tuong quan tét giira két qua md phong so va két qua thuc ngh1em Bén
canh d6, Nguyen et al. dd nghién ciru mot cach tiép can giai tich dé tim tai trong nén t6i han
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cho dim bom hoi dya trén ly thuyét 3D Timoshenko. Vé tng mét 6n dinh, mo hinh dam bom
hoi dwgc dé xuat da chiing minh sy diéu chinh hiéu qua so Vi cac md hinh trude ddy, trong do,
phuong phap Lagrangian tong cua dong hoc, ly thuyét Timoshenko, va cac ly thuyét cong ao
da duogc ap dung dé xay dung céc phuong trinh co ban cua dam hoi.

Nhin chung, c6 the thay mot s6 luong I6n cac nghién ciru trude do da duoc tlen hanh dé
phat trién cac mo hinh sé dé giai quyét bai todn dam hoi, tuy nhién, nghién ctu vé anh hudng
ctia vai composite trén tng xtr két ciu van chwa dwoc nghién ctru. Bén canh do, tat ca cac nghién
ctru trude day chi phat trién dya trén phuong phap phan tir hitu han truyén théng.

CHUONG 3: COSO LY THUYET

3.1 Téng quan phwong phap dang hinh hec IGA

Trong chuong nay, cac kién thuc tong quan vé ham NURBS duoc tap trung mo ta. Nhirng
thdng tin co ban vé IGA va ham noi suy NURBS c6 thé dugc tim thiy trong cac cudn sach cua
Piegl. Thuat ngit phan tich dang hinh hoc (IGA) duoc dé xuat boi TJ R. Hughes va céc cong
su, ¢6 nghia 1a mo hinh phan tich st dung cac céng cu noi suy dua trén cac cong cu mo ta hinh
hoc vat thé va c6 thé hiéu nhu 12 mét cai tién cua phan tich isoparametric. Y tudng cbt 16i cua
phan tich dang hinh hoc 1a cac ham dwoc sir dung cho mé ta hinh hoc trong CAD duoc st dung
lam c&c ham dang trong phuong phap sb truyén thong. Bang cach nay, toan bo qua trinh chia
lué6i 6 thé duoc luge bo va hai mé hinh dé thiét ké va phan tich hop nhat thanh mot.
3.2 Phwong trinh 6n dinh dwa trén ly thuyét co hoc vét rin bién dang vé cac van dé 6n
dinh cia dam hoi
3.2.1 M6 ta toan hoc vé dam hoi

Trong nghién ciu nay, ly thuyét dam Timoshenko lam tir vat liéu tryc hudng duoc tap
trung nghién ctru. Di voi cac két cu bom hoi, tai duoc 4p dung trong hai giai doan: Dau tién,
dam bi bom hoi lén &p suat p va cac luc bén ngoai khac 1én dam. O budc dau tién, ap suat bén
trong bang khong va dam & trang thai ban dau Hinh 3.1a. Cau hinh tham chiéu twong ¢ng voi
giai doan dau tién duoc minh hoa trong Hinh 3.1b. C4c tng suat Green-Lagrange duoc sir dung
dé ké dén cac phi tuyén hinh hoc.
re4

Hinh 3.1 Dam bom hoi: (a) ¢ trang thai ban dau va (b) trong cu hinh tham chiéu (trang théi
bom hoi)



Hinh 3.1 cho thiy mét dam hinh try bom hoi, trong d6 1, R,,t,, A, thé hién chiéu dai,
ban kinh bén ngoai, do day vai, mat cat ngang va moment quan tinh 1, xung quanh cac truc
chinh ctia quan tinh Y va Z caa dam. A,va dugc |, cho boi

Ay =27Rt, 3.1
I, = LROZ 3.2
2

trong d6 kich thudc tham chiéu |, R, va t,phu thudc vao ap luc bom va tinh chat co
hoc cua vai Apedo [45]:

PR |
=1, +—=—2(1-2v,) 3.3
2EL, '
PR;
R, =R, + 2—-V, 3.4
0 25%( )
3pR
tO :t¢ '|'2—Et¢V|t 35

trong d6 |, R, va t, twong g la chiéu dai, d6 day vai va ban kinh bén ngoai cia dam &
trang thai ban dau. q

Ap suat bén trong p duoc gia dinh 1a khong doi, gitp don gian hoa viéc phan tich va phu
hop vai cac quan sat thuc nghiém trong cac nghién ctru trudce day. Ap luc ban dau dién ra trudc
khi tai trong bén ngoai dugc ap dung.

Ty 1€ @6 manh la A, =— véi L= ,ulola chiéu dai dam va p la ban kinh quan tinh cua

Yo,
N I
dam, lay bang p = e
\ A

M la mot diém trén mat cat ngang hién tai va G, trong tm cta mat cat ngang hién tai
nam trén truc X. Hai gia dinh don gian hoa cta Fichter dugc ap dung nhu sau:

- Mit cat ngang cia dam bom hoi dang dugc xem xét duoc gia dinh 1 hinh tron va duy
tri hinh dang cua n6 sau khi bién dang, do d6 khong c6 bién dang va mat 6n dinh cuc bo;

- Cac goc quay xung quanh cac truc quan tinh chinh caa dam nhé va géc quay xung quanh
truc dam 1 khong déng ke.
3.2.2 Phwong trinh Iy thuyét
3.2.2.1 Quan h¢ dong hec

Vit liéu duoc gia dinh la truc hudng va hudng doc cua vai dugc gia dinh trung vai truc
dam. Mb hinh ¢6 thé duoc diéu chinh cho phl hop vai truong hop khéc ¢ cac truc theo cac
hudéng khac nhau. Trong truong hop ndy, mot géc quay bo sung cé thé duoc sir dung dé lién
két cac hudng truc huéng va cac tryc dam. Truong hop nay khong duoc giai quyet & day bai vi
phan 16n cac hudng chinh truc ‘huong trung véi huong doc va chu vi cua dam duoc sir dung
trong thuc té. Vai cac gia thuyét duoc dé xuat bai Fichter, cac thanh phan chuyén vi caa mot
diém tay y M(X, Y, Z) trén dam la:

u) [u(x)] (z6.(X)] [~ve(x)
u(M)=quy p=5Vv(X)+ 0 + 0 3.6

u, w(X) 0 0



Trong dé Uy, Uy U, 1a cac chuyén vi theo cAc truc toa do, U( X ),v( X )va w( X ) tuong
(tng véi su chuyén vi caa trong tam cia mit cit hién tai tai truc X, lién quan dén (X, Y, 2);
6, (X )va 6, (X )la cac goc quay cua cia trong tm xung quanh ca hai truc quan tinh chinh
cua dam. Tir d6, mot chuyén vi a0 tly y tai vi tri hién tai cua diém vat lieu M 1a0U , véi
su(X)) [zs6,(X)) [-Yo8,(X)

Su=46V(X)r+ 0 + 0 3.7
SwW(X) 0 0
Dinh nghia cua bién dang tai mot diém tiy ¥ nhuw mot ham cua chuyén vi la:
E - EI + Enl 3.8

trong d6 E, va E,, twong ung l1a cac bién dang tuyén tinh va phi tuyén tinh Green-
Lagrange. Thuat ngit phi tuyén c6 tinh dén céc phi tuyén hinh hoc. Céac truong @ng suat phy
thudc vao cac truong chuyén vi nhu sau:

ou 1+
6)2( E!,x U x
ou 1+
8_YY EngY
ou 1
6_22 EQ,TZ Q,Z
E = E = 3.9
I ECEESEETR I L TS S o
Y X 2 TR
ou, ou, 1 ¢ 1 +
—X 4z ~u,u,+=u,u
oz  oX 2= X7 =
ou, ou, 1 ¢ 1
— +—=Z ~u,u,+>-U,U
oz oY Zanii R
Cac thuat ngir phi tuyén cé thi tu cao hon 1a tich ctia cac vecto dugc dinh nghia nhu sau
uX,X l'IX,Y uX,Z
Ux =qUyx (pUy =qUy Uz =1Uy; 3.10
uZ,X uZ,Y uZ,Z

3222 Quan h¢ ing suat— biéndang
Trong phan nay, moi quan hé ang suat — bien dang cho vt li¢u truc husng theo dinh ly
Saint Venant-Kirchhoff dugc st dung. Phuong trinh nang lugng lién quan dén truong hop nay

duoc goi la phuong trinh nang luong ty do Helmholtz. ;. = CD(E) . Pé mé ta ang xtr cua dam

bom hoi, hai hé toa do can duoc xac dinh: Mot hé toa do huéng doc va hé toa do ngang cuc bo
lién quan dén tirmg diém ctia mang tring véi hudng chinh caa vai nhu Hinh 3.2a. Con lai 1a hé
toa do Cartesian gian vao dam nhu Hinh 3.2b. Céc thanh phan cua tensor Piola-Kirchhoff thir
hai dugc dua ra boi cc mdi quan hé ang suat phi tuyén S

o 0D o
S=5"+2—=5"+CE
=2 +CE 3.11



[
NG

T,
by Ryr . 1, G,

M

Hinh 3.2 (a) Hé toa d6 cuc bg, (b) Hé toa do Cartesian vai ap §° la tensor &g voi ap suat
bom.
Trong d6

0 . , o 4 A
- S latensor ang voi ap suat bom ban dau

- Tensor Piola-Kirchhoff thir hai dwgc viét trong hé toa d6 dam nhu sau

SXX SXY SXZ
S= Syw Sy, 3.12
symmetrical S,,

- C la tensor dan hoi bac bon.

Nhin chung, tensor &p suat bom ban dau dugc gia dinh c6 dang cau va diang hudng
S =S°l 3.13

Trong do | latensor don vi bac hai va S° = —2 lagia tri vo hudng the hién gia tri ung

suit trudc. CAc tensor thé hién trong toa do truc dam cd thé duoc tinh toan tir tensor dan hoi
truc hudng cuc bo bang céch sir dung ma tran quay R:

Ci = RuRiRRiCoreg 3.14
Voili, j,k,mn,p,g=1,..,3, trong d6
1 0 0
R=[0 cosp -sing 3.15
0 sing cose
va
Cll ClZ 0
c”*=|C, C, 0O 3.16
- 0 0 Cg
Tensor cudi cung dugc thé hién trong toa do truc dam thu dugc nhu
- C, ¢®C, sC, ¢C, O 0 |
¢‘C,, c’s’C,, c%C, 0 0
s‘C,, ¢s°C,, O 0 217

o
I

c’s’C,, 0 0
2
$°Cy  CSCy
| symmetrical c’Cy




Trong d6 C=C0S¢ va S=sing, vsi ¢ =(e,,n)la goc giira truc Z va vector phap
tuyén ctia mang. Céc thanh phan cua tensor duoc cho nhu sau

E (=AY
Cll:1—vtv ;C”:l—lvtl/ ;

ItV ItV

E E E
C22:1 VtV ,Ces =Gy and V—I':V—t

eV t tl
3.2.3 Nguyénlycongao ‘
Cac phuong trinh can bang cua dam bom hoi dugc Xay dung dya trén nguyén ly céng ao
(VWP). VWP ap dung cho dam ¢ trang thai ban dau cia né duoc thé hién nhu sau
OW . =W + oW, Vu 3.18

N j S:SEdV, = j f.oudV, +{Rou} + j tSUudA, vSu 3.19
Vv, = = V, N,

trong do6 f va t 1a lyc trén mdi don vi thé tich va mang, duoc thé hién nhu bén trai cua
phuong trinh 3.18, chiing dugc xay dyng tu tensor Piola-Kirchhoff S va bién dang Green5E

Tensor tng suat Green duoc viét trong hé toa do dam nhu sau

OE=0E, +JE, 3.20
Trong d6
)
OE =|0E, OF, OE, OF, OEy OEy ] 3.21
T
OE,=|0E} OEy OE), OEj OEj OE} | 3.22
Vi
SE\y =5U, +256, , —Y 50,
SEl, =0
SE,, =0
” 3.23
SElL, =0
SE\, =ow, +56,
SEyy =6V, — 60,
va

SEgy =(Uy +Z6,x —Y 0,4 )oUy +V, 0V,

Wy Wy +Z(Uy +26, x —Y 0,4 )56,
Y (Uy +26, 4 ~Y6,,)50,

SEN = 0,60,

SEN = 0,66,

SEp =(6,50, +6,50,)

SER, =6,6uy +(Uy +26,, —Y6, )50,

+26,50, , —Y 0,86, ,



SEy =-0,0u, —Z26,50, ,

~s(uy +26,, -Y6,, )56, +Y0,50, ,

3.24

Cac lyc va moment két qua tong quat tac dong 1én mat cat tham chiéu A, dugc thé hién

thong qua céc tmg suat trong dam bang nhu sau (Q; (i =1,...,10))

N

-

y

—

<

—

< <Z

z

-YZS,,
Z°S,,
—ZS,,

ZS,,
Y?S,
Q= I Al YS,,
-YS,,
Syy
Sz
_SYZ

Sxx

Sy

Sz
ZS,,
-YS,«

dA,,

I=1..

3.25

3.26

trong do, N twong ung Vi luc truc, T, va T, Ia lyc cat theo huéng Y va Z tuong tng, M y

va M 1a moment uén quanh truc Y va Z. Sé luong céc gia tri Q, phu thudc vao hinh hoc ban

dau cua mat cat ngang:

Ao

300+ 01) | A+ 31 (0 40 )

1

- oL v
A

1

Tz = /1[ szdA = Ekz Aocee

M, =[S, dA=(L+U, )Cyf, 1,
A

Véi

10

N :ISXXdA: N°+{Cn[u’X +%(U’ZX +VA A+ W )}

(W, =6, (1+u,)]

M, = [ 28,4 dA=(1+u,)Cyf, 1,
A

3.27

3.28

3.29

3.30

3.31



1

Q1 = _IYZSXX dA= Z IO (C11R0292,X0Y,X _C12920Y )
Ao

0

Q,= J.Zzsxdi:{NE"'Cn [u,x +%(u,2x +V5 +W2x)
A

+% Ry (367  +0: )}%cu (363 +9Y2)} 1,
1
Q= __[ 23, dA = Zceelo (3920Y,x _‘9\(02,)( )
A

1
Q, = IZSXZdA:ZCGGIO(QYHY,X _ezgz,x)
A

0

Qs = J.stxdi:{NK"'Cn{u,x +%(u,2x +V5 +W2x)
A

+% Ry (67 +36 4 )}%cu (63 +39Y2)} 1,
1
Q= JYSXYdAzzcselo(Hzez,x _HYQY,X)
A

1
Q= _JYszdA: Zceelo (BQZ,XHY —(92(9”( )
A

Q= [s,an=nt s Tafcu o, But v )
A
1 2 2 1 2 2
+§c:22(3¢9Z +6;) +§c:12|0(3¢9Y,X +6; )
Q= Iszsz: N° +%A}{C12 |:u,>< +%(U,ZX +V,2x +W2X )}
A
1 2 2 1 2 2
+§C22(36?Y +6;) +§C12I0(302’X +6; )

1 1
QlO = _I SdeA = gczzpbevez _chzlo‘gv,xgz,x
Ay

sau do, cong viéc a0 co thé duoc viét nhu sau

11

3.32

3.33

3.34

3.35

3.36

3.37

3.38

3.39

3.40

341



I

=

Vi cac giatri A (X ), B, (X),

0>

Tl

Q)

._‘”I
— A~ NN~

X X X X X X X X

< < =

QlO

ou
OV
OW
x4 00,
59Y,X
o0,
592,X

_'\_/\_/-—v\_/v\_/\_/

1+ Uy

12

dX

D,(X),E(X),R(X) va Hy(X)

3.42

3.43

3.44

3.45

3.46

3.47

3.48



M, 1+u,
QS HZ,X
H (X)=4Q, t x5 6, 3.49
Qs o,
Q &

Cong 4o cua ngoai luc oW,,, duoc gy ra bai trong luc (tinh tai) va tai trong ngoai.

Tinh tai, c6 thé bao gom tai trong va moment tap trung cling nhu tai trong phan bd, hoat
dong giong nhu Jlice thé tich. Ap luc bom dong mot vai tro nhu luc kéo tac dong 1én be mat hinh
tru va ¢ ca hai dau dam. Dai lugng dau tién ¢ phia bén phdi cua phwong trinh 3.19 c6 the dugc
viét lai dudi dang nhu sau

3.50

Trong do, f,, f va f,tuonging la tai trong phan bé doc theo truc X, Y va Z, trong khi
F,(b) va M_(b)(véi a=X,Y,Z;b=X,,..., X, ) Ia cac phan lyc tir c4c gdi tura va tai trong

va moment bén ngoai.

bai luong thir hai ¢ phia bén phai ctia phwong trinh 3.19 1a cdng ao gay ra bai &p luc
bom. Cong 40 ndy bao gdm cong 4o 4p lec trén bé mat hinh tru 5WC$, va ¢ ca hai dau dam
OW.", . Hinh 3.3 thé hién mot dim bom hoi v6i cau hinh tham chiéu hinh tru c6 ap suat dong
déu p tac dong Ién bé mat hinh tru A, vai vector phap tuyén 1a N . Luc bé mit t trong phwong

trinh 3.19 dugc thé hién 1a cong 4o do ap luc bom SW.5
OWP =W + W, =jA pn.SudA 3.51

ext cyl end

n Ey

dl

(7A\/>

Hinh 3.3 Ap sut phan bé 1&n bé mat hinh try

13



Dé xdc dinh cong o cua thanh phan &p suét p (MW, (&,77)) toa dd cong duoc st nhu

trong hinh Hinh 3.4:
{5 =R 3.52
n=X
Trong d6 « 1a géc giira vector phéap tuyén N & vi tri hién tai X va e, . Toa d9 cua mot
diém vat liéu duoc dua ra boi M 1a
X
OM,=X=|R,coscx 3.53
R, sina
Vecto vi tri tai cau hinh hién tai sau d6 dugc tinh nhu sau
X +u(X)-R,8,cosa+R0,sina
OM=x=X+U=v(X)+R,cosa 3.54
w(X)+R;sina
Bang cach tham sé hoa céc théng sb, cac thanh phan vector phép tuyén va va dién tich co

. - . x . OX . OX
thé duoc thé hién dudi dang cac vecto tiep tuyén — va —
o5 on

Hinh 3.4 Dinh nghia cua hé toa d6 cong

Trong d6
OX  OX oX  OX
o on  Roa X
n= = 0 '
"Tax o] Tox_ox 3.55
o¢ 0On R,0a 0OX
va
dA =%« Xl sy
g on
3.56
= X ><ﬁ R,dadX
R,0a

Sau do, éVVC; c6 thé dugc tinh nhu sau:

14



SW5 —j p.é‘g(%x%jdfdn 3.57
o0& on
oV
:prlo[—gzx O x —Wy Vy|x L ix 3.58
o L TZx x XA se,

50,
Cong 40 cua ap suat ¢ hai dau dam c6 thé dugc xac dinh mot cach tuong tu: bé mat tron
tham chiéu (X =0va X =1,) c6 thé duoc thé hién bing toa do cong (&,77) =(r, rer)

oW}, =] pn.ou(l,)dA-| pn.su(0)dA 359
3.60
E;
Hinh 3.5 Dinh nghia toa d6 co s& cong & dau dam
Tu phwong trinh 3.57 va phwong trinh 3.59, SW_ | duoc dua ra bai
ov
W =F _[ |: O x Oy —W,y V,x]x

592 3.61

su(X,)]|

+[1 6,(X,) —6,(X,)]x 5v(xo)

ow(X,)] |,

véiF, = PIIR? 14 lyc gay ra do &p luc bom.

6] day nén luu y rang phuong trinh 3.61 hiéu (ng luc cua tdi trong bén ngoai do ap luc
bom phu thudc vao chuyén vi va goc quay tai vi tri diém dang xem xét.

15



CHUONG 4: PHAN TICH HIEN TUQNG MAT ON
DPINH CUA DAM HOI DUA TREN PHUONG PHAP
PANG HINH HQC IGA

4.1 Gi6i thigu

Trong thoi gian gan day, chi c6 mot vai nghién ctu lién quan dén bai toan phan tich 6n
dinh cua cac két cau bom hoi, trong d6 gan nhu khéng cé nghién ciru nao st dung cac phuong
phap sé tién tién, chang han nhu phuong phap IGA, dé phan tich tng xtr mét 6n dinh cia dam
bom hoi composite. Do d6, nghién ciru ndy tap trung vao viéc phan tich mat 6n dinh tuyén tinh
va phi tuyén tinh ctia dim bom hoi.
4.2 Phét trién cong thirc cho bai toan mét 6n dinh dwa trén phwong phap IGA
4.2.1 Bai toan mat 6n dinh tuyén tinh

Trong bai toan phan tich mat on dinh tuyén tinh, dim chiu tensor 4p suat du tng luc ban

dau §0 . Trong budc tinh toan dau tién, dam dugc gan mac tai tham chiéu tdy y {Fref} va thuc
hién phan tich tuyén tinh tiéu chuan dé x4c dinh &ng suat trong phan tir trén dam. Ma tran do
ciing tng suat [ka] va ma tran do cung dan hoi [k] cling dugc thiét 1ap. Nang luong bién

. < . 1
dang cua dam trén moi don vi thé tich la > SE Nhu d3 trinh bay trong truong trudc, cac

phuong trinh can bang dwoc phét trién dua trén nguyén tic cng viéc 40. Bang cach lay tich
phan d6i véi mién thé tich caa dam va ddi véi phan dién tich mat cat ngang A, va chiéu dai
|, , biéu thirc nang lugng bién dang 4o ciia dAm bom hoi 6 thé dugc trién khia nhu sau:

sU, = jv {(§°)T SE+ gT.g.ag}dvo =5U_+6U, 4.1

Trong d6 U, va U, 1a nang luong bién dang mang va ning lugng bién dang uén.
Thanh phan ning lugng bién dang SU  caa dam c6 lién quan dén ma tran d6 cang tng

sut [K, ] va U, lién quan dén do cing dan hdi [K]

U, =] ad" [k, ][d] 4.2

dU, =[ &d" |[k][d] 43
Bing céach ap dung quy trinh rai rac hoa, hé phuong trinh tong quat thu dugc nhu sau
0, = (o) (k] 2k,

Trong do A lahésdtyle, véi F = AF

¢ 12 luc nén doc tryc.

Céc phuong trinh can bang ¢6 thé thu duoc bang cach &p dung nguyén tac cuc ticu ning
lugng. Tur do, bai toan mat 6n dinh tuyén tinh dugc thé hién dudi dang bai toan tri riéng nhu
sau:

([K]+ﬂ’i|:Kref ]){5D}:O 45
4.2.2 Bai toan mét on dinh phi tuyén 7 ‘

Dua trén phuong phép Lagrangian tong, trong d6 chuyén vi ciia dam dugc tinh toan dua
trén cau hinh ban dau, bai todn phi tuyén hinh hoc ctia dam hoi dugc thiét 1ap dé phan tich hién
tuong mat on dinh cua dam khi chiju nén dung tim. Mot ma tran d6 cang tiép tuyén [KT ] , bao

16



gom cac hiéu Gmg thay di hinh hoc ciing nhu anh huéng cua &p suat bom duoc thiét lap. Tai
trong doc trong tng véi busc tai i dwoc biéu thi bing cong thac sau:

(0= {1, +i{ar]

Véi mot phan tir da biét, phuong trinh cin bang phi tuyén cé thé duoc xay dung dudi

dang
[k, J{Ad) =1 7

Trong d6 [k ] la ma tran d6 cung tiép tuyén caa phan tir, va {fi} va {Ad} 1a vecto tai
gia tdng va vector chuyén vi can tim. Sau khi lap ghép cac ma tran phan ti, phuong trinh can
bang cua bai toan dugc thé hién nhu sau:

[K; J{aD} ={F} 48
Phwong trinh 4.8 cé thé duoc giai bang thuat toan Newton vai cac budc diéu chinh tai
{AF}, vacap nhat ma tran [KT] sau mdi budc tai. O day, vecto chuyén vi thu duoc sau moi
budc lap la {D}i = {D}i_l +{AD}, vsi {AD} la phan gia ting chuyén vi x4c dinh ¢ budc tai i
va {D}Hlé vecto chuyén vi & budc tai truée d6. Biéu kién hoi tu duoc liy nhu sau

1

|{aD} | = ({aD}; {aD}, ? <0.0001 4.9
hoac
(R} =({R}; {R}i); <0.0001 4.10
véi {R}, ={R(D,,)} =[K; ]{AD;} 1a vecto lyc du khong can bang. Khi mét diém gioi han
duoc tiép can {AD}, gia tang chuyen vi tré nén rat lon. Tai mot diém han ché hoac diém phan

chia, [KT ]trc”y nén suy bién.

Qui trinh chung cua thuat toan & cap do phén tir (quy trinh tich hop sé dé tinh toan ma
tran d6 ciing o phan tur thir j™) duoc mo ta nhu sau:
Thong sé tinh toan: Vector chuyén vi gia tang {AD;} cua phan tir thir j.

Céc thdng sé can tinh: Ma tran do cing phan tir [Kﬂ, vecto tai phan tir {F,ﬁt} a

{Foe}-

Luc hién vong lap dya trén s6 diém Gauss theo hudng ¢&:

Cho m =1 dén 3, thuc hién ’
bat & = &n va lay trong so twong tng Wi,
Goi chuong trinh con dé tinh ham dang, ma tran phén tir [ B ] va toan tir Jacobian
J, tai tit ca cac diém ¢&n.
Tinh [[B]T ([P |- [Wer ])[B]-W, ] va cong don vao ma tran [K.er]
Tinh toan h¢ s6 tai noi b ctia phan tir {Tmt} ‘W, va cong don vao {F,fn}

Tinh todn hé s tai bén ngoai phan tur ({Text} + {Text }) W, va cong ddn vao {Feext}
két thac vong lap

17



43Vidusé , , ,

Trong phan nay, mot so vi du s6 duoc thuc hién trinh bay két qua thu dugc tir chuong
trinh tinh dugc thiép 1ap & phan truéc. Ty 1& d6 manh dugc dinh nghia la A4, =L/ p, trong d6
chiéu dai tinh toan dugc x4c dinh theo L = ul
4.3.1 Phan tich mét én dinh tuyén tinh ,

Céc théng so ve vat liéu, hinh hoc va gié tri ap suat dugc sir dung trong vi du nay dugc
trinh bay trong Bang 4.1. o 9

Bang 4.1 thdng s6 dau vao dé moé hinh héa mé hinh LFEIB

t,(m) 125%10°°
K, 05
Diéu kién bién Dam don gian Dam cdng xon

R, (m) 0.08 0.08

l,(m) 1.15 0.65

Mo dun dan hdi (MPa) E 250 250
Hé so Poisson, V 0.3 0.3
p1 10

Ap suét bom (kPa P2 20
p suat bom ( ) . 20
Pa 40

Hinh 4.1 Md hinh caa mét dim bom hoi dugc hd trg don gian chiu tai nén truc.

Trong Hinh 4.1 mét dam hoi composite hinh tru lién két khép hai dau va chiu tai nén doc
truc. Cac thdng sé dau vao duoc trinh bay trong Bang 4.1. Diéu kién bién @i véi dam don gian
c6 thé dugc dién ta nhu sau

u=v=0 tai vatai x=0v=0x=1,

60

" "
L L

. "
2 L

50

e
(=]

[
=]

Normalized critical load

%]
=]

10 4—FEM,p1  —E-FEM.p2  —©-FEM.p3  —&—FEM, pi

=G4, p1 #—1Ga, p2 —8=|GA, p3 —h—|GA, pé

0 2 4 ] 8 10
Number of element

Hinh 4.2 Bai toan mat 6n dinh tuyén tinh: kiém tra hoi tu va so sanh vai két qua FEM véi hé
s6 tai mét 6n dinh cho m hinh dam don gian LFEIB.(K{ =10°x o, / E,, )
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Bang 4.2 Hé sd tai trong mat 6n dinh cia dim don gian LFEIB

A 14 Nghiém Sai s6 (%)
A(‘f(;‘;?t chinhxac FEM(2) IGA (3)
O @& (3 &)
10 2531 2311 2312 8.6 8.65
20 33.48 31.42 31.43 6.15 6.12
30 43.27 42.22 42.22 243 243
40 54.72 31.15 56.18 43.07 267

Nhu trong hinh Hinh 4.2, céc bai toan héi tu cho thiy 4 phan tir dam Timoshenko dwa
trén ham NURBS bac hai 1a du dé c6 duoc két qua hoi tu toi vu. Két qua thu dugc tir IGA ciing
kha twong dong vai két qua co dugc tir phan tir 3 nit tiéu chuan Timoshenko FEM cua 6ng
Nguyén.

4.3.2 Phan tich mat én dinh phi tuyén

Tai trong t6i han dugc tinh toan trong phéan tich mat 6n dinh tuyén tinh ¢ trén chi thich
hop trong trueong hop cO rat it hoac khong co sy lién hé truc tlep gitta bién dang mang va bién
dang ubn. Véi sy xuat hién caa nhirng khuyét ban dau cua dam, khi luc nén tac dung Ién dam,
bai todn (rng xur thurc té nén duoc xem Xét 1a bai toan chuyén vi 16n hon 1a bai ton mat 6n dinh.
Do d6, phan tich mat 6n dinh tuyén tinh c6 thé dua ra 10i giai khong ding cho bai toan mét 6n
dinh. Vi vay, bai toan mat 6n dinh phi tuyén cia mot dam bom hoi véi diéu kién bién 1a cac goi
tua don chiu tai trong nén truc F dugc phan tich.

Hinh 4.3 minh hoa sy thay di cua ty 1é udn cong trén béan kinh va ty 1& chiéu dai trén
ban kinh véi gia s tham s6 tai chuan hda K trong hai tredng hop vat liéu khac nhau. O cac
trudmng hop ¢ ap suat cao, cac hé s6 tng xir ty 1€ R, gan nhu tuyén tinh. Cac duong cong try
nén phi tuyén dan dan & mic cao hon caa K™,

Anh huong cia diéu kign bién va tinh chét vat ligu dugc minh hoa 16 rang bang ng xu
ciia dam bom hoi don gian (SS). Trong truong hop vat liéu 1 ¢6 mé dun dan hdi thap, mat én
dinh cua dam SS nhay hon & mac 4p suat bén trong cao. N6 xuat hién ché d6 nhay ng xir khi
dam chiu duoc tai nén doc truc tang 1én. Nguoc lai, su bién dang trong d¢ Iéch tai khong xay
ra trong treong hop ciia dam bom hoi voi diéu kién bién ngam.

p1=10 kPa
p2 = 20 kPa
08 p3 = 30 kPa |
p4 = 40 kPa

C

: Material 1

Load coefficient, K™

0z E

0.1 E

il I 1 I 1 I
0 0z 04 06 0B 1 12

Flexio-to-radius ratio, Rfr
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Hinh 4.3 Mat 6n dinh phi tuyén: ty ¢ flexion-to-radius (Rfr =D,/ RO) v6i tham s6 tai phi
tuyén chuan héa (KC“' =10°x F, /(Eeq'%)) cho md hinh dim don gian NLFEIB.

07 T T T T T

—©-p1=10kPa

p2 = 20 kPa
05 - p3 = 30 kPa |
p4 = 40 kPa

05~ -

c

04k 4

Load coefficient, K™

Material 1

__,!1-5 1 | 1 | 1
a 3 10 14 20 24 a0

Length-to-radius ratio, R

Ir
Hinh 4.4 M4t 6n dinh phi tuyén: ty I¢ chiéu dai trén ban kinh (R, =D, / R;) vei tham s6 tai
phi tuyén duoc chuan héa K cho mé hinh dim don gian NLFEIB.

CHUONG 5: THI NGHIEM MAT ON PINH CUA DAM
HOI

5.1 Giéi thigu

Trong chuong nay, cdc phuong phap lya chon vat lidu va quy trinh tao mau thi nghiém
dam hoi dugc trinh bay. Mot chuong trinh thuc nghiém dé khao sat &ng xir mat 6n dinh cuoa
dam bom hoi duoc ché tao tir vat liéu vai dét composite dugc trinh bay, trong dé cac gid tri
khac nhau ctia p suat bén trong ciing duoc xem xét dén.
5.2 Tinh chit vt liéu va lwa chon vai

Cac tinh chét co hoc cuia vai dét duoc kiém tra trude khi ché tao dam bom hoi. Quy trinh
kiém tra dua trén tiéu chuan STM-D638/Mau V.

Mot mau thi nghiém dang xwong ché cho thi nghiém kéo c6 kich thuéc hinh hoc dugc
trinh bay nhu trong Hinh 5.1.
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Hinh 5.1 Mau thi nghiém chiju kéo

Quy trinh thuc nghiém tun theo hudng dan cua tiéu chuin ASTM D638, bao gém viéc
xac dinh cac tinh chat kéo cua vat liéu dugc thi cong va gia b dudi dang mau thi tiéu chuan.
5.3 Miu dam bom hoi

Viéc ché tao mau dam bom hoi doi hoi phai quan tdm nhiéu hon dé tranh ro ri khéng khi.
Tha nhét, than dam duoc ché tao bang cach ni vai doc theo chiéu dai cia dam véi dan PVC
2,5 cm. Céc thdng s6 hinh hoc cua cac mau dam véi dang hinh tru c6 cac thdng s6 nhu sau:

Chiéu dai ban dau: L = 200cm (khéng bao gom 2 mil & 2 dau)

Ban kinh ngoai: R = 10cm

Theo dit liéu cua thi nghiém, vat liéu cia mau 1 (soi mau vang) da duoc chon dé thiét ké
cac mau dam bom hoi. Két ciu cia 2 van bom va ap ké & vi tri cach cudi dam 20cm. Mat 15
nén duoc dit xa 15 con lai theo mot goc (60°-90°).

J )

Hinh 5.2 Thiét ké dam bom hoi

o WD)

i
wooe
T
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Measuring pressure valve

Pneumatic valves

Hinh 5.3 Van bom va ap ké

5.4 Thiét 1ap thi nghiém kiém tra mét én dinh

Trong nghién cau nay, ba dam bom hoi hinh try dwoc ché tao voi ban kinh R = 100mm
va chiéu dai cua L = 2m. Tai nén F duoc ting dan & mot dau dam: lac dau, mot dau dam dat lai
tai F vé khong, va sau d6 tang dan dén F. Bé hinh dung cac d6 léch bén cua dam trong qué trinh
&p luc nén doc truc, mot may do tdc do do chinh xac 13 1 mm da dwogc sir dung. Trinh ty nay
duoc lap lai cho dén khi cac nép gap dau tién xuat hién, va duoc goi la diém pha hoai. Pau tién,
dam phai chju &p suét bén trong p, theo do dam & trang thai du tng luc. Tai trong bén ngoai F
duoc &p dung boi mot ngan xép theo hudng truc cua dam.

HOWF inflatable beam

1.R, A1,

Load cell type Z

5100B Load
Cell Scanner

F v
T | Jadever TWI-30000 I:,' Computer |

Incremental load
Hinh 5.4 So d6 cua dam bom hoi HOWF don gian va thiét bj do luong dé kiém tra mat 6n
dinh cua dam
Sau khi thiét lap cac thiét bi do, dam duoc bom hoi 1én dén mot &p suat nhit dinh dé duy
tri hinh dang cua dam, sau d6 dat dam vao khung thuc nghiém. Dam sau dé duoc bom hoi Ién
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dén ap suét thiét ké. Vi duong kinh ciia dam dwoc me rong khi tang 4p suat khong khi, cac vong
trén va dudi can dugc diéu chinh dé phu hop vaéi dam (Error! Reference source not found.)

Hinh 5.5 Vong dinh vi c6 thé dugc diéu chinh dudng kinh
Sau khi bom hoi dam, tai trong nén truc duoc tang dan & dau dudi cung. Gia tri tai duoc
theo ddi théng qua viéc thu thap dir liéu dé kiém soat toc do tai. Mot mau dam s& duoc thuc
nghiém vai bon gia tri khac nhau cua ap suat bom, 20 kPa, 40 kPa, 60 kPa va 80 kPa. C6 thé
thay trong Hinh 5.6, cac nép gap xuat hién & cing mot vi tri ciia dam va khéng phu thudc vao
gia tri 4p suat bom.

Hinh 5.6 Vi tri nép gap dau tién xuat hién
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Hinh 5.7 Nhu:ng nép gap dau tién xuat hlen

Nép gip dau tién cho thiy hinh dang pha hoai khi dim bi mat 6n dinh va chuyén vi Ién
nhat Xay ra ¢ vi tri nép gap.
5.5 Két qua thi nghiém

Mot thi nghiém dién hinh bao gom céac budc sau:

1) Gia tai ddm cho dén khi cac nép gip dau tién xuat hién, sau d6 gid tai.

2) Gia tai d& tai cho dam cho dén khi hién twong mét 6n dinh dau tién xay ra nhiéu lan.

3) Gia tai dam cho dén khi dam sup d6 hoan toan.
5.5.1 Quan hé tai trong va chuyén vj u cia dam & &p suat
5.5.1.1 Quan hé tai trong va chuyén vi ciia dam ¢ 4p suét 20 kPa va 80 kPa

Két qua thi nghiém xac dinh mdi quan hé chuyén vj va tai trong caa dam bom hoi v6i 4p
suat khong khi 20 kPa va 80 kPa dwoc minh hoa trong Hinh 5.8 va Hinh 5.9. C6 thé thay rang
d6 léch 16n nhat khoang 4,7% xay ra ngay khi xuat hién nép gap. Do Iéch nho nhu vay cho thay
mot phwong phap do dac tét dwoc tién hanh. Ngoai ra, ¢6 thé thay rang su chuyén vi doc truc
tang tuyén tinh véi lyc nén va d6 ciing cua dam tang lén khi tang ap suat bom tang. Nép gap
dau tién xuat hién khi chuyen vi doc truc khoang 70 mm. Nép gap dau tién cua dam cho thay
su mat 6n dinh cua dam, dan dén giam dang ké kha ning chiu tai caa dam bom hoi. Nép gap
Xay ra & mot vi tri tuong ty trong cac dam khéc, vi du nhu ¢ phan giita. Diéu nay c6 thé duoc
giai thich rang ap suat khéng khi trong dam lam ting kha ning chiu tai cia nd, nhung ap suat
khong khi khdng anh hudng dén dang mét 6n dinh cua dam.

a) p =20 kPa
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Beam 1 pressure of 20 kPa

Beam 2 pressure of 20 kPa
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Beam 3 pressure of 80 kPa
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Hinh 5.9 Tai trong va chuyén vi caa dam & &p suat p = 80 kPa

5.5.1.2 Dam hoi véi ap suat bom khac nhau
Hinh 5.10 cho thay kha ning chiu hrc cia ddm phu thudc vao ap suat bom vao dam. Khi

&p suat tang 1én, kha ning chiu tai ciing ting I&n twong wng.
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Axial displacement, u (mm)
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Hinh 5.10 Quan hé luc va chuyén vi cua dam & cac ap suat khac nhau
Theo két qua thue nghiém, khi kha nang chiu luc doc truc caa dim cao hon, gié tri ap suat
bom ciing dic biét tang 1én. Khi ap suat bom dat 80 kPa, kha ning chiu luc trung binh cua ba
dam cd thé dat duoc gia tri toi da 2342 kN. B¢ léch cao nhit cua gia tri ndy trén cac dam so Vi
gia tri trung binh la khoang 5,85%. Két qua nay cho thiy tinh ddng nhat cia mau vat trong qué
trinh ché tao. Cac dam duoc ché tao bang cach dan bang phuong phap nhiét ciing cho két qua

tuong tu.

5.5.1.3 So sanh wng xir ciia 3 dam hoi & &p suat p = 80 kPa

Hinh 5.11 so sanh &ng x&r mét 6n dinh cua cac dam hoi véi 4p suat nhu nhau, diéu nay
chang to rang &p suat khdng khi anh huong 1on dén sy 6n dinh ciia dim bom hoi. Thi nghiém
cling cho thay kha ning chiu tai tdi da twong tng véi ap suat bom.
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p=80kPa
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Hinh 5.11 So sanh 3 dam & &p suét p = 80 kPa
5.5.2 Quan h¢ tai trong va chuyén vi quan hé cha dam ¢ &p suat
De danh gia anh huong cua méi quan hé giira tai trong va chuyén vi cua dam & ap suét

thap, mdi dam dugc kiém tra twong wng vai gia tri 4p suat bom la 20 kPa. Thi nghiém dugc
thuc hién bén lan. Két qua thi nghiém dugc trinh bay trong Hinh 5.13. Két qua thi nghiém ciing
cho thay khi &p suét tang 1én, kha nang chiu tai ting dong thoi.

Beam 1 pressure of 20 kPa
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Hinh 5.12 Quan hé tai trong va chuyén vi caa cac dam & &p suat p = 20kPa
5.6 So sanh giira cac phwong phap sb thir nghiém va IGA

Hinh 5.13 va Hinh 5.14 Error! Reference source not found.so sanh két qua thuc nghiém
va két qua sd thu dugc tr IGA. Nhin chung, c6 thé thy rang két qua thu duoc tir cac thi nghigm
va két qua tir IGA ¢ phan glong nhau trong ung xu két Cau ctia dam hoi khi chiu hrc nén dung
tam. D4i voi cac dam cd ap suat bom thap, c6 thé thay rang két qua thuc nghiém va két qua
mo hinh hoa khong cd su twong dong t6t. Tuy nhién, néu &p suat trong dam tang lén, dy doan
cia md hinh IGA tro nén gan vai két qua thuc nghiém. Hién tuong nay cé thé duoc giai thich
nhu sau:

- Trong qué trinh thuc nghiém, trong khi cac dam dwoc bom hoi va tién hanh céc thi
nghiém & &p suat thap, dam khong di cang dé n6 co thé gitr cho dam viing chac tai thoi diém
gia tai.

- Su thay ddi hinh dang dam theo phuong "u™ 1am cho ban kinh dam ting 1én. Két qua c6
thé thay Ia trong cac giai doan dau cua céc thi nghiém, cac cam bién thudng nhan két qua som
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hon. Tuy nhién, khi tang 4p sut bom trong dam, c thé thy rang két qua s va thyc nghiém
kha twong dong nhau.
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Hinh 5.14 So sanh két qua IGA véi két qua thuc nghiém (véi &p suit bom l1a 20 kPa va 80
kPa)

Su khac biét gitra két qua thuc nghiém va két qua sé cho dam c6 ap suat bom thap c6 thé
duoc giai thich do mot s6 khia canh, dwoc tém téit nhu sau:

- Su thiéu hut théng tin vat liéu thuc té va sai sot trong qua trinh ghi nhan két qua c6 thé
gay ra nhiing sai sot dang ké trong két qua thuc nghiém.

- Két qua mo phong sb khong tinh dén sy pha hoai cua vt liéu, d6 c6 thé I1a ly do chinh
trong trudng hop ap suit bom thap.

- Cac mo hinh vat liéu dugc st dung trong cach tiép can s6 c6 thé khéng pha hop véi viéc
sir dung vt liéu vai composite, diéu nay can duoc phan tich toan dién hon nira.

CHUONG 6: KET LUAN

Trong nghién ctru nay, mot mo hinh sé dya trén phwong phap dang hinh hoc IGA va mot
chuong trinh thuc nghiém da duoc xay dung dé phan tich (ng xtir mat 6n dinh ctia dam hoi 1am
tur vat liéu composite.

Viéc md sb dugc thuc hién dua trén phuong phap IGA, trong d6 mé hinh dam dugc phét
trién dua trén Iy thuyét dim cua Timoshenko. Cac phwong trinh can bang dugc xay dung dua
trén phuong phap Lagrange tong, trong dé6 (ng suit mang va tng suat udn dugc xem xét dong
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thoi. Cac ham co s& NURBS cuia phuong phap IGA duoc sir dung dé roi rac cac phuong trinh
vi phan can bang va xay dung cic phuong trinh dang yéu. Phan tich mat 6n dinh tuyén tinh va
mét 6n dinh phi tuyén déu duoc thuc hién. Trong phan tich mat 6n dinh phi tuyén, thuat toan
Newton-Raphson dugc 4p dung dé tim ra cac quan hé luc va chuyén vi. Bai toan xéac thuc va
cac nghién ctru tham sb khac ciing duoc tién hanh dé cho thay d6 tin cay cua phuong phap va
nghién ciru anh hudng cua ap suat bom dén tng xtr cua dam.

Trong nghién ctiru thuc nghiém, céc tinh cht co hoc cua vat liéu vai composite duoc do
dac. Sau d6, cac thi nghiém mat on dinh dwgc thuc hién dé nghién ctu ang xir cua dam hoi dam
VGi cac ap suat bom khéc nhau. Két qua thuc nghiém ciing duoc so sanh véi nhitng két qua
dugc tir phuong phap mé phong sb.

Mot s6 két luan chinh rat ra tir nghién ciru ndy cé thé duoc tém tat nhu sau:

- Mot céch tiép can sé dua trén IGA d3 duoc phét trién thanh cong dé phan tich su 6n
dinh caa dam hoi chiu nén dang tam.

- Két qua thu duoc tir phuong phap IGA 1a phu hop voi két qua tir FEM truyén théng.
Ngoai ra, phuong phap tiép can duya trén IGA c6 ty 18 hoi ty tét hon FEM.

- Tir md hinh sé va két qua thue nghiém, ¢6 thé thay rang kha ning chiu hec ciia dam bom
hoi ting theo ap suat bén trong.

- Céc dy doan thu dwoc tr m hinh s6 dya trén IGA cho thay do tin cdy cao trong trudng
hop ap suit bom tuong ddi 1on, d6i véi cac trudng hop c6 ap suat bom thap, két qua tir mé hinh
s6 cho xu hudng du doan tuong tu véi két qua thi nghiém, nhung cuong d6 du doan nho hon
so véi két qua thuc nghiém.
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ABSTRACT

This thesis presents a numerical modeling and an experimental program approach to
investigate the buckling behavior of inflatable beams made from woven fabric composite
materials.

In the numerical study, the Isogeometric Analysis (IGA) is utilized to analyze the
bucking response of inflatable beams subject to axial compressive load and predict the critical
load at which the first wrinkle occurs. In the numerical model, the Timoshenko’s kinematics
principle is used to build a 3D model of inflating orthotropic beams. In this modeling process,
geometrical non-linearity is considerated by using the energy concept that accounts for the
change in membrane and strain energies when the beams are bent. By using Lagrangian and
virtual work principles, nonlinear equilibrium equations were derived. These equations are
then discretized by using NURBS basis functions inherited from IGA approach to derive the
global nonlinear equation. The well-known Newton-Raphson algorithm is then used to solve
the nonlinear equation. The numerical results are then calibrated with the experimental one. It
was found that a good agreement between IGA predictions and test results is achieved. The
numerical model could be used for other parametric studies to investigate the influences of
material and geometrial parameters on the buckling behaviour of inflatable beams.

In the experiment study, the mechanical properties of the woven fabric composite
material used in frabrication of inflatable beams are determined and the biaxial buckling test
is carried out. The experimental studies are performed under various inflation pressures to
characterize the orthotropic mechanical properties and the nonlinear buckling behaviors. Load
versus deflection curve of inflating beams beam with different air pressures obtained from the
experimentsare are illustrated., and the first wrinkles of the beams when buckling happens is
also monitored. Therefore, the maximum load carrying capacity of the inflating beam with
respect to the appearance of the first wrinkle is totally found. In addition, the critical buckling
load is determined through distinct load cases. Then, the discrepancy is evaluated among the
proposed orthotropic and isotropic models in literature.



CHAPTER 1: INTRODUCTION

1.1 Background information

The inflating structures are common structures which are currently used in amusing
and performing projects, such as buoy houses in children's play areas, welcome gate, animals
images, etc. In Vietnam, the inflating structures are a relatively new field. In general,
designing and analyzing of the inflating structures for large projects have been facing difficult
challenges. This is due to the fact that the structural responses of inflating structures
considerbly depends on the infilled air and material of the skin. In addition, there is a shortage
in the experimental studies of of inflating structures. Some researchers haved studied the
applications of inflating structures for practical purposes based on analytical and numerical
modeling approaches. However, the use of analytical approach or traditional finite element
method still has their own limits.

1.2 Motivation of the thesis

As the use of woven fabric composite materials have become more popular nowadays,
the need for investigating their applications in inflating structures becomes crutial. Therefore,
this study is devoted to find out the structural performacne of woven fabric beams under
compressive loads in both experiemtnal and numerical modelling approaches. In addition, the
application of IGA technique to investigate the stability behaviour of inflating havenot been
conducted elsewhere before, therefore a new numerical approach based on IGA is worthly
conducted.

1.3 The objectives and scope of the study

The main objectives of this study is to investigate the critical loads of inflating beam
made from composite textiles in both experimental and numeriacl modeling approaches.
There for the goals of this study could be summarized as follows

1) Develope an experimental program to investigate the buckling phenomena of
inflatable beam structure.

2) Apply the "Isogeometric Analysis - IGA" technique develope a numerical program
to determine the critical load for the composite woven fabric's inflating beam with different
boundary conditions.

3) Compare the experimental results and those obtained from the numerical approach
to validate the accuracy of the developed program.

1.4 Methodology

In order achieve the study scopes, this thesis have used several methods as follows:

- Studying literature review related to the subjects of textile composite materials and
inflating structures.

- Refer, study and synthesize critical load calculation models for inflatable beam
structures of composite textiles to choose a suitable model for analytical equations and finite
element calculation models.

- Derive theories for nonlinear buckling analysis of inflating composite structures
under the IGA framework and investigate numerical models.

1.5 Outline of the thesis

The contents of this thesis are briefly organized as follows:

- Chapter 1 discusses a general introduction to background information.

- Chapter 2 gives a brief review of fibous compiste materials and their applications.

- Chapter 3 is presented to discuss about basic features of IGA and theoretical
development of stability governing equatuons of buckling problems. The remaining part of
this chapter is about the theoretical development of stability governing equations of the
buckling problem.



- Chapter 4 is devoted to the developments of the IGA-based numerical model.

- Chapter 5 presents materials selection, prototyping plan, besides also checks
buckling, the relationship between load and curve by varying pressure, etc. An experimental
program for buckling behavior of inflating beams fabricated from woven fabric composites is
presented.

- Chaper 6 addresses and summaries on research contributions and achievements of
this work is presented. Important conclusions and findings are also drawn in this chapter.

CHAPTER 2: LITERATURE REVIEW

2.1 Analytical approach

The studies on behaviour of inflating structures have bees widely conducted by
various researchers by using the analytical approach. Some authors have also applied Euler
Bernoulli’s kinematics to modelling the inflating beams. For example, load deflection theory
was derived Comer, R. L., & Levy, S. for an inflating isotropic beam. After that, Comer and
Levy’s work was extended by Webber, J.P.H. to predict distructing loads in cantilever beams
that was inflating. Also, Main et al. did experiments on a cantilever isotropic beam and then
Comer’s theory was improved typically. Continuously, Suhey et al. considered a tube
pressurized under uniformly distributed loads. By the means of the Euler-Bernoulli’s
kinematics, material of beams was supposed to be isotropic and their results was obtained
theoreticaly for deflection. The Timoshenko’s kinematics is determined by some other authors
have that it is the best adapted theory for structures as pressure load does not appear in
solution of deflection, which is mentioned in the Euler Bernoulli’s kinematics situation. For
instance, a seri of nonlinear equations was derived by Fichter for the bending and twisting of
inflating cylindrical beams. This derivation was based on three following significant
assumptions: cross section of the inflating beam, which is the first issue, remains undeformed
under the applied loading; secondly, the cross-sectional translation and rotations are small;
and the negligible characteristic of circumferential strain is the third assumption. He used the
Timoshenko kinematics and energy minimization approach.

A homogeneous isotropic fabric is supposed to apply on the beam. Later Topping,
A.D. and Douglas, W.J. have investigated the structural stiffness of an inflating cylindrical
cantilever beam that was influenced by large deformations. The finite theory of elasticity and
the theory of small deformations have been employed to obtain explicit analytical results.
Their analyses also account for the changes of geometry and material properties that occur
during the inflation process. Wielgosz and Thomas have derived analytical solutions for
inflating panels and tubes by using the Timoshenko kinematics and by writing the equilibrium
equations in the deformed state of the isotropic beam in order to take into account the
geometrical stiffness and the follower force effect due to the internal pressure. They have
shown that the limit load is proportional to the applied pressure and that the deflections are
inversely proportional to the material properties of the fabrics and to the applied pressure.

Wielgosz and Thomas and Thomas and Wielgosz have presented experimental,
analytical and numerical results on the deflections of highly inflating fabric tubes submitted to
bending loads. Experiments have been displayed and they have shown that the tube behaviour
looks like that of inflating panels. Equilibrium equations have been once again written in the
deformed state to take into account the geometrical stiffness and the follower forces.
Comparisons between experimental and analy tical results have proven the accuracy of their
beam theory for solving problems on the deflections of highly inflating tubes. Le and
Wielgosz have used the virtual work principle in Lagrangian form and the usual Saint Venant
Kirchhoff hypothesis with finite displacements and rotations in order to derive the nonlinear
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equations for inflating isotropic beams. The nonlinear equilibrium equations have been
linearized around the pre-stressed reference configuration which has to be defined as opposed
to the so-called natural state. These linearized equations have improved Fichter’s theory.

Although a lot of research groups have made much efforts in developing the analytical
methods over many years but almosts they have focused on isotropic fabric materials. Until
now, there has a few work that focuses on the case of orthotropic fabric material.

2.2 Numerical approach

Nowadays, inflating beams pose significant challenges to the analysts, especially in
cases where the analytical solutions are difficult to find in gernalized cases of loadings and
boundary conditions. In the numerical modelling of inflating beams, significant prior
researches have been conducted. Steeves has used the principle of minimum potential energy
to derive a set of governing differential equations for lateral deformation of inflating beams. A
simplifying approximation, assuming that the cross sections of the beam remain undeformed,
has then been employed to reduce the dimensions to one dimension: This beam element has
included a pressure stiffening term. Quigley et al. and Cavallaro et al. have used the finite
element approach to predict the linear load-deformation response of inflating fabric beams.
However, the pressure stiffening term in Steeves’s element has treated the axial pressure
resultant as an externally applied stiffening tension force. This formulation has predicted an
unbounded increase in beam stiffness with increasing inflation pressure. Wielgosz and
Thomas and Thomas and Wielgosz have studied the load-deflection behaviour of highly
inflating fabric tubes and panels, and have developed a specialized beam finite
elementingusing Timoshenko beam theory. In their approach, the force generated by the
internal pressure has beeen treated as a follower force which has accounted for pressure
stiffening effects. However, the element formulation did not consider the fabric wrinkling.
Bouzidi et al. have presented theoretical and numerical developments of finite elements for
azisymmetric and cylindrical bending problems of pressurized isotropic membranes. The
external loading has been mainly a normal pressure to the membrane and the developments
have been made under the assumptions of follower forces, large displacements and finite
strains. The total potential energy has been minimized, and the numerical solution has been
obtained by using an optimization algorithm. Suhey et al. have presented a numerical
simulation and design of an inflating open-ocean-aquaculture cage using nonlinear finite
elementinganalysis of isotropic membrane structures. Numerical instability caused by the
tension-only membrane has been removed by adding an artificial shell with small stiffness.
The finite elementing model has been compared with a modified beam theory for the inflating
structure. A good agreement has been observed between the numerical and theoretical results.
Le and Wielgosz have discretized the nonlinear equations obtained in Le and Wielgosz to
carry out a finite element formulation for linearized problems of highly inflating isotropic
fabric beams. Their numerical results obtained with the beam element have been shown to be
close to their 3D isotropic fabric membrane finite elementingand analytical results obtained in
Le and Wielgosz. Davids and Davids and Zhang have derived a Timoshenko beam finite
elementingfor nonlinear load-deflection analysis of pressurized isotropic fabric beams and the
numerical examination of the effect of pressure on the beam loaddeflection behaviour. The
basis of their element formulation has been an incremental virtual work ezpression that has
included explicitly the work done by the pressure. Parametric studies have been also
investigated to demonstrate the importance of including the work done by the pressure in their
models. More recently, Malm et al. have used 3D isotropic fabric membrane finite elementing
model to predict the beam load-deformation response. Comparison between the finite
elementing model load-deflection responss and beam theory has shown the accuracy of the
conventional beam theory for modelling the isotropic fabric airbeam. Most of the former
works, the fabric was always supposed to be isotropic. Considering the inflating beams made
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of orthotropic fabric materials, several research groups have been conducted, Plaut et al. have
studied the effect of the snow and wind loads on an inflating arch in the assumption of linear
thin-shell theory of Sanders. They have used this theory to formulate the governing equations,
which include the effect of the initial membrane stresses. The material was assumed to have a
linearly elastic, nonhomogeneous and orthotropic behaviour. Approzimate solutions have
been obtained using the Rayleigh-Ritz method. Plagianakos et al. have studied a low pressure
Tensairity in order to estimate its potential towards applications including axial compressive
loads. Compression experiments have been conducted on a simply-supported spindle-shaped
Tensairity column and displacements have been measured in several positions along the span,
whereas axial forces have been experimentally determined by strain gauges measurements.
Comparisons has been made between experimental results, finite elementingand analytical
predictions they have already developed, and a good agreement has been found. Moreover,
Nguyen et al. studied an analytical approach to approximate the critical load for an HOWF 3D
Timoshenko. Regarding the buckling behavior, the model of proposed inflatable beam proved
a prosperity adjustment with the previous models in literature. The total Lagrangian form of
Timoshenko kinematics and virtual work principles were applied to formulate the beam’s
governing equations.

Overall, it is seen that a great number of studies have been conducted recently to
development of numerical model to the infalting beam structures, however, the study on the
influence of orthotropic fabric on the structural behaviour has not been handled yet.
Moreover, all previous studies only developed based on traditional finite element approach.

CHAPTER 3: THEORETICAL FORMULATIONS

3.1 Overview and basics of Isogeometric Analysis

An overview of NURBS theory focusing on the mathematical description of free-form
curves is reviewed in this chapter. Most of the basics of IGA and more details on NURBS-
based modelling can be found in the books of Piegl. The term isogeometric analysis was
proposed by T.J.R. Hughes and means that the analysis model uses the same mathematical
description as the geometry model. It is an enhancement to isoparametric analysis. The core
idea of isogeometric analysis is that the functions used for the geometry description in CAD
are adopted by the analysis for the geometry and the solution field. By this, the whole process
of meshing can be omitted and the two models for design and analysis merge into one.

3.2 Cotinuum-based governing equations of stability problems of inlfating beams

3.2.1 Mathematical description of inflating beams

In this study, we focused our work on the Timoshenko beams made from orthotropic
material. For inflating structures, the load is applied in two stages: First, the beam is inflating
to the pressure p, and other external forces are applied. At the beginning of the first step, the
internal pressure is zero and the beam is in its natural state Figure 3.1la. The reference
configuration corresponds to the end of the first stage Figure 3.1b. The Green-Lagrange
strain measure is used due to the geometrical nonlinearities.



Figure 3.1 HOWF inflating beam: (a) in natural state and (b) in the reference configuration
(inflating state)

Figure 3.1 shows an inflating cylindrical beam made of an HOWF. |,,R,,t,, A, and
|, represent respectively the length, the external radius, the fabric thickness, the cross-section

and the second moment of inertia around the principal axes of inertia Y and Z of the beam in
the reference configuration which is the inflating configuration. A, and |, are given by

A, =27Rt, 3.1
2
| =% 32

where the reference dimensions |,, R, and t, depend on the inflation pressure and the
mechanical properties of the fabric Apedo (2009):

PRI,
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in which I¢,R¢ and t, are respectively the length, the fabric thickness, and the

external radius of the beam in the natural state.

The internal pressure p is assumed to remain constant, which simplifies the analysis
and is consistent with the experimental observations and the prior studies on inflating fabric
beams and arches. The initial pressurization takes place prior to the application of
concentrated and distributed external loads, and is not included in the structural analysis per
se.



P
the beam radius of gyration. The coefficient x takes different values according to the

boundary conditions of the beam.
M is a point on the current cross-section and G, the centroid of the current cross-

section lies on the X - axis. The beam is undergoing axial loading. Two Fichter’s simplifying
assumptions are applied in the following:

- The cross-section of the inflating beam under consideration is assumed to be
circular and maintains its shape after deformation, so that there are no distortion and local
buckling;

- The rotations around the principal inertia axes of the beam are small and the
rotation around the beam axis is negligible.

3.2.2 Theoretical formulation

3.2.2.1 Kinematic relations

The material is assumed orthotropic and the warp direction of the fabric is assumed to
coincide with the beam axis; thus the weft yarn is circumferential. The model can be adapted
to the case where the axes are in other directions. In this case, an additional rotation may be
operated to relate the orthotropic directions and the beam axes. This general case is not
addressed here because, for an industrial purpose, the orthotropic principal directions coincide
with the longitudinal and circumferential directions of the cylinder. With the hypotheses
proposed by Fichter were applied, the displacement components of an arbitrary point M(X, Y,
Z) on the beam are:

L / I
The slenderness ratio is A, =— where L = ul; is the beam length and o = K(i is

Uy u(X) ZQY(X) —YHZ(X)
U(M)=<quy p=sVv(X)r+3 0 ¢+ 0 3.6
u, w(X) 0 0

Where u,,U, and u, are the components of the displacement at the arbitrary point
M, whilst u(X),V(X) and W(X) correspond to the displacements of the centroid G, of

the current cross-section at abscissa X, related to the base (X, Y, Z); 6, (X) and 6, (X) are
the rotations of the current section at abscissa X around both principal axes of inertia of the
beam, respectively. Let dU denote an arbitrary virtual displacement from the current position
of the material point M:

su(X)] (zs6, (X)) [-Ys,(X)

Su=1q06v(X)+ 0 + 0 3.7
sw(X) 0 0
The definition of the strain at an arbitrary point as a function of the displacements is:
E=E +E 3.8

= = =nl

where E, and E,, are respectively the Green-Lagrange linear and nonlinear strains. The
nonlinear term E_, takes into account the geometrical nonlinearities. The strain fields depend
on the displacement fields as following:
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The higher-order nonlinear terms are the product of the vectors that are defined as
follows

Uy x
Uy =q9U x (rUy = 3.10

Uy v Uy ;
Uy rsUz; =qUy
u; x U,y u;

3.2.2.2 Constitutive equations
The Saint Venant-Kirchhoff orthotropic material is used in recent work. The energy

function ® = ®(E) related to this case is known as the Helmholtz free-energy function. To

describe the behavior of the inflating beam, we define two coordinate systems: A local warp
and weft direction coordinate system related to each point of the membrane coincident with
the principal directions of the fabric Figure 3.2a. And the other is the Cartesian coordinate
system attached to the beam Figure 3.2b. The components of the second Piola-Kirchhoff
tensor S are given by the nonlinear Hookean stress-strain relationships
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Figure 3.2 (a) Fabric local coordinate system, (b) Beam Cartesian coordinate system
where §° is the inflation pressure prestressing tensor.
where
- 20 is the inflation pressure prestressing tensor.
- the second Piola-Kirchhoff tensor is written in the beam coordinate system as



SXX SXY SXZ
S= Sy Sy, 3.12
symmetrical S,,
- C isthe fourth-order elasticity tensor expressed in the beam axes.
In general, the inflation pressure prestressing tensor is assumed spheric and isotropic

Wielgosz. So,
$°=5°1 3.13

. L N, . .
Where L is the identity second order tensor and S° = —2 is the prestressing scalar.

The elasticity tensor expressed in the beam axes can be calculated from the local orthotropic
elasticity tensor using the rotation matrix R (see Apedo):

Cit = RinRinRpRComeg 3.14
Withi, j,k,m,n,p,g=1, ..., 3, where
1 0 0
R=[0 cosp -sing 3.15
0 sing cose
and
Cll ClZ 0
c*=|C, C, O 3.16
- 0 0 Cg
The elasticity tensor in the beam axes then obtained as
- C, ¢’C,, sC, ¢sC, 0 0 |
c'C,, c’s’C,, c%C, O 0
c- s'C,, 02332(322 0 0 217
= csC, O 0
s°Cy  CSCqq
| symmetrical C’Chs |

Where ¢ =C0S¢ and S=Sin@ with ¢ = (eZ , n) being the angle between the Z-axis
and the normal of the membrane. The components of the elasticity tensor are given by

E Ev
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3.2.3 Virtual work principle
The balance equations of an inflating beam come from the virtual work principle
(VWP). The VWP applied to the beam in its pressurized state is

OW = OWS + WP, Véu 3.18

ext ext?



N j S:SEdV, = j f.5gdv0+{R.5g}+j tsudA Véu 3.19
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where f and t are the body forces per unit volume and the traction forces per the left-hand-side
of Eq. 3.18 is formulated from the second Piola-Kirchhoff tensor g and the virtual Green

strain OE .
The virtual Green strain tensor is written in the beam coordinate system as
SE =9E, +E, 3.20
where
.
OE =|0Ey OE, OE, OE, OE, OE, | 3.21
T
OE,=|0Ey OEy OEj OEj OEj OER | 3.22
with
SE =0Uy +Z256,  —Y 356, ,
SE}, =0
SE), =0
= 3.23
SE;, =0
SEy, =Wy +56, 4
SEyy =6V, — 56,
and
SEgy =(Uy +Z6, —Y O, )oUy +V, 0V,
Wy W,y +Z (Uy +26,  —Y 0, )50, 4
Y (Uy +2Z6, 5 =Y6,,)50,
SEN = 6,00,
SEN =6,60,
SEf, =(6,66, +6,50, )
SER, =0,0u, +(uy +26,, -Y0,, )b,
+260,56, =Y 6,60,
SEp, =-0,0u, —26,56, ,
3.24

=S(Uy +20,, —Y0, 4 )50, +Y 6,56,
The generalized resultant forces and moments, and the quantities Q, (i :1,...,10) acting over
the reference cross-section A, can be related to the stresses in the beam by
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_Ysz
Syy
Sz
=Sy

where, N corresponds to the axial force, T, and T, to the shear force in Y and Z directions
respectively, My and M, to the bending moments about the Y and Z-axis. Quantities Q,
depend on the initial geometry of the cross-section:

N = ISXXdA: N°+{Cn[uX +1(u2X +V2 + WS )}
Ay B

3.27
+%C12((9Y2 -ngz)}Ab +%C11|0(0Y2,Z +‘922,X)
1
T, = Sy 0A= K, A [V -6, (1+uy)] 3.28
A
1
T, = [S0A="kACy[ Wy 6, (1+uy)] 3.29
A
M, = [ ZS,dA=(1+uy )C,6, ], 3.30
A
M, Z—IYSXXdA:(1+u,x)C11‘92,X Iy 3.31
A
and
1
Q =—[VZ5,,dA= 2 10(CuR06, <8, x ~C. 858, 3.32
A
Q= [ 278, dA= N e [u +1(u2 +V + W ) 3.33
2 : XX Ao 11| Y, X 2 \X X X )
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1
Q= ZSXYdA=ZCee'o(39z‘9v,x ~6,0, ) 3.34
A
1
Q,= jzsxszzzceslo(evev,x _ezgz,x) 3.35
A

0

Q, = IYZSxdi:{Nx+Cﬂ{UVX +%(u'2X +V + W)
A

3.36
+%R§(9Y%X +362, )}%clz(eg +39Y2)} 1,
1
Qs = IYSXYdA:ZC%Io(‘gzez,x _QYQY,X) 3.37
A
1
Q :_IYszdA:ZC%Io(BQZ,xe\( _ez‘gv,x) 3.38
A
Q= ISYYdAz N° +%AJ{C1{U1X +%(uy2X VW )}
Ay 3.39
+%c22 (36; +6; )}%culo(sejx +0; )
Q, = ISZZdAz N© +%A\){C12|:U,X +%(u§( +V5 + W5 )}
A 3.40
+%c22 (367 + 6 )}+%clzlo(3egx +6; 4 )
1 1
Qp = _I Sy, dA = gczzpbgvez _chzloev,xez,x 3.41
A
Then the internal virtual work may be written as:
A(X)] [ 6uy
B,(X) OV
C,(X) SW
IU
—OW, = [ "D, (X)) x4 &8, (dX 3.42
E,(X) 60, «
F(X) 00,
H,(X) 60,
With the terms A (X ),B,(X),C,(X),D,(X),E,(X),F(X) and H,(X):
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Tz gY

o]
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T, 1+u,
Q, ev,x
D(X)=1Q, ¢ x5 6,, 3.46
Qo 6,
QlO 92
M,)" [l+u,
Ql ez,x
E.(X)=9Q, ¢ X3 6, 3.47
Q3 92
Q, &
—Ty ’ 1+uy
QS QY,X
Fl(x): Qs X ez,x 3.48
Qs o,
QlO HY
M, ! 1+uy,
QS HZ,X
H (X)=9Q, ¢ %7 6y 3.49
Qs 0,
Q &,

The external virtual work oW, is due to the dead loads and to the pressure load.

The dead loads, which may include concentrated loads and moments as well as
distributed loads, act like the body forces. The inflation pressure plays a role of a traction
force acting on the cylindrical surface and on both ends. The first term on the right side of
Eq. 3.19 can be rewritten as
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In which f,, fy and f, are respectively the distributed loads along the X, Y, and Z

axes, while F,(b), and M, (b) (With a=X,Y,Z;b=X,,.., X, ) are the external support

reactions and the external loads and moments.
The second term on the right side of Eq. 3.19 is the external virtual work due to the

inflation pressure. This virtual work includes the pressure virtual work on the cylindrical
surface oW, and on both ends OW,},, Figure 3.3 shows a reference cylindrical inflating
beam with an applied uniform pressure p acting on the cylindrical surface A which has a

pointwise normal N in the current configuration. The traction force vector t in Eq. 3.19 is

therefore pn and the virtual work due to the inflation pressure OW.} is then given by
OWP =W + W, =jApg.5gdA 3.51

ext cyl end

n €y

dl

04_p>

Figure 3.3 Uniform pressure on the cylindrical surface (Nguyen)
To determine the pressure virtual work éWC?, , the curvilinear coordinates (§ ,77) are
used Figure 3.4:

3.52

E=Ra
{77 =X

where « is the polar angle between the normal N at a current position X and the e, .
The coordinates of a material point M are given by
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X
OM,=X=|R,cosc 3.53
R, sina
The position vector at the current configuration is then given by
X +u(X)-R., cosa+R.6,sina
OM=x=X+U=|v(X)+R,cosa 3.54
wW(X)+R;sina
By using an arbitrary parameterization of the surface as shown in Figure 3.3, the

Figure 3.4 Definition of the curvilinear coordinate system

N OX
normal and area elements can be obtained in terms of the tangent vectors % and

x x o ax o
o0& on _ Roa oOX

n= = :
o o o _ox 3.5
¢ on R,0a 0oX
and
dA=| 2 Xldzdy
s on
3.56
%« TR dardx
Roa  oX
Then oW, is:
SW) =j p.ou X K dédn 357
St Frare
ov
I oW
:ijo [_ez,x O x —Wx V,x]X 56, dX 3.58

56,
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The pressure virtual work at the ends of the beam can be determined in the same way:
the reference circular end surfaces (X =0 and X =1,) can be represented by the curvilinear

coordinates (&,7)=(r,ra) Figure 3.5. Then,

OWP, =J'A pn.b‘g(lo)dA—J'A pn.6u(0)dA 3.59
= 3.60
E;
Figure 3.5 Definition of the curvilinear basis at the beam ends.
From Eq. 3.57 and Eq. 3.59 6W.}, is given by
ov
SWS =F j"’[—e Ox —Wy Vy]x W ix
ext p 0 Z,X Y, X X X 50\(
00, 3.61
su(x,)| ]’
+[1 6,(X,) =6 (X,)]x3ov(X,)
sw(X,)

where Fp = pHR(f is the pressure force due to the inflation pressure.

One can note that, according to Eq. 3.61, the follower force effect of the external load
due to the inflation pressure depends on the displacements and the rotations.

CHAPTER 4: IGA-BASED BUCKLING ANALYSIS OF
INFLATING COMPOSITE BEAMS

4.1 Introduction

Recenlty, there are only a few works regarding to stability of inflating structures, and
there is no work using the advanced numerical method, such as IGA, to investigate the
buckling behavior of inflating composite beams. Therefore, this study has devoted linear and
nonlinear buckling analysis of inflating beams where isogeometric analysis used to make
orthotropic technical textiles...
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4.2 IGA-based formulations for the buckling problems of inflating composite
beams

4.2.1 Linear eigen buckling

In linear buckling analysis situation, the beam is subjected to the inflatedly

prestressing pressure §0 tensor. The very first step is to load the inflating beam by arbitrary

reference level of external load, {Fref} and to perform a standard linear analysis to determine
the finite elementing stresses on the beam. It is also desired to have a general formula for
finite elementingstress stiffness matrix [ka] and finite elementing elastic stiffness matrix

1
[k] . The strain energy of beam per volume unit is EgTE As discuss in the previous chapter,

the governing equations are derived based on the principle of virtual work. By integrating
through the volume of the beam with respect to cross-sectional area A, and the length |, an

expression for the virtual strain energy of a finite inflating beam is:
T
oU, :IVO{(§0) 5E+ET'g-5g}dV0 =5U_+6U, a1

where U, and U, is membrane changing energy and the strain bending energy,

sequently.
The strain energy component oU . of the beam is associated with the stress stiffness

matrix [ka] and oU, relates to the conventional elastic stiffness [k] of the beam, as

8U, =[&d" |k, ][d] 4.2
oU, =[ &d" |[k][d] 43

By applying the discretization procedure, the gclobal equation is obtained as follows
U, = {d}" ([k]+ Ak, ) 44

where A is the proportionality coefficient such as F = AF . , with F is the axial load.

ref »
The structural equilibrium equations can be obtained by applying the principle of
minimum potential energy. This is expressed in in the form of eigenvalue problem:

([K]+4[K ]){sD} =0 45

4.2.2 Nonlinear buckling
The total Lagrangian approach is adopted in which displacements refer to the initial
configuration, for the description of geometric nonlinearity. Accordingly, we can display a

tangent stiffness matrix [KT ] which includes the effect of changing geometry as well as the

effect of inflated pressure. The axial load at i" is signified in following formula:

{fif ={f..) +1{Af} 4.6
With a known element, the nonlinear equilibrium equation is able to be formulated as
(ke J{ad} = {f;} 47

where [kT] is symbol of element tangent stiffness matrix, {fi} and {Ad} are typically the

external load increments vector of an element and an unknown displacement increment needs
to be solved. After all the elements are assembling in the model, the below equi- librium
equation is shown:
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[ }{aD} = {F} 8
EQ. 4.8 can be interpreted by an incremental scheme that based on the straightfoward Newton
method by using nodal load increments {AF}, with load correction terms and updates of

[KT] after each incremental step. Here, the model displacement vector
{D}. ={D}.,+{AD}, where {AD} is the unknown node displacement increment at
increment step i and {D}.

i-1
step. The equilibrium solution tolerance was taken as

IS node-beam displacement vector from the previous solution

1
|{aD} [ = ({aD}; {aD}, |* <0.0001 4.9
or
1
[(R}]=({R} {R}, )" <0.0001 4.10
with {R} ={R(D,)}=[K;]{AD,} being the globally unbalanced residual force vector
from the previous increment. As a limit point is approached, displacement increments {AD}

become very large. Either at a limited point or bifurcationpoint, [KT] becomes singular.

The outline of the algorithm at element level (numerical integration procedure for
calculating the element stiffness matrix at the jth element) is describe as follows:

Require: Nodal unknown displacements{ADi}, element number jth, model
description.

Ensure: Element stiffness matrix [Kﬁ],element load vectors {Fifn} and {F:XI} .

Loop on 1D Gauss integration m point(s) in the ¢ direction:

form=1to3do
Set sampling point location ¢ = &y and associated weight factor Wi,

Call shape function subroutine to calculate element matrix [B] and Jacobian operator
J, all at point &p.
Calculate product [[B]T ([ ]-[Weo ])IBI ~Wm] and add it to array [Ki]

Calculate element internal load factor and {Tifn} ‘W, add it to {Fifn}

Calculate element external load factor ({Te‘it} + {Teft })Wk and add it to array {Feext} :

end for

4.3 Numerical examples

In this section, some numerical examples are carried out and the results are presented.
The slenderness ratio is A, = L/ p where L = ul, is the beam effective length.

4.3.1 Linear buckling analysis
The material, geometric parameters and pressure values used in this example are given
in Table 4.1.
Table 4.1 Input parameters for modeling LFEIB model

Natural thickness, t, (m) 125x10°®
Correction shear coefficient, k, 0.5
Boundary condition Simply-supported  Fixed-free
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Natural radius, R, (m) 0.08 0.08

Natural length, 1, (m) 1.15 0.65

Young modulus, E (MPa) 250 250
Poisson ratio, V 0.3 0.3

p1 10

Internal pressure (kP P2 20
P ( a) P3 30

40

Figure 4.1 Model of a simply-supported inflating beam subjected to axial compression load.
Figure 4.1 illustrates a cylindrical inflating composite beam under simply-supported
constrains and subjected to axial compression load. The input paremeters are presented in
Table 4.1. Simply-supported boundary condition is assigned by,
u=v=0at x=0and v=0 at x =1,

60

50

Normalized critical load

10 4—FEM,pi = —B-FEM,p2z = —©-FEM,p3  —A—FEM,pt

“=1GA, p1 B-1GA, p2 —8=\CA, p3 —h—|GA, pd

0 2 4 ] 8 10
Number of element

Figure 4.2 Linear eigen buckling: mesh convergence test of normalized linear buckling load
coefficient (Kl =10°xo, / Eeq) for a simply-supported LFEIB model.

Table 4.2 Normalized critical loads K of simply-supported LFEIB inflating beam

Closed-form 0
Pressure 52] FEM(2) IGA(@3) Error (%)
(kPa) ) @&l (3)&()
10 25.31 23.11 23.12 8.69 8.65
20 33.48 31.42 31.43 6.15 6.12
30 43.27 42.22 42.22 2.43 2.43
40 54.72 31.15 56.18 43.07 2.67

*(2) & (1) denotes the differences between FEM and closed-form solutions,

(3) & (1) denotes the differences between IGA and closed-form solution
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As shown in Figure 4.2, the convergence studies on the normalized buckling
coefficient K! of LFEIB model reveal that about 4 quadratic NURBS-based Timoshenko

elements are sufficient to obtain converged results. These results are in a good agreement with
those derived by standard 3-node Timoshenko element used by Nguyen.

4.3.2 Nonlinear analysis

The critical load calculated in the linear buckling analysis above is appropriate only if
there is little or no coupling between membrane deformation and bending. With the increase
of the initial imperfections, the beam implies large displacements rather than buckling. Hence,
a linear bifurcation analysis may overestimate the actual collapse load. In this problem, the
nonlinear buckling of a simply supported inflating beam subjected to an axial compressive
load F is investigated.

Figure 4.3 show the variation of flexion-to-radius ratio and length-to-radius ratio with
increments of normalized load parameter K™ in two cases of material. At higher pressures,

the R, ratio responses are quasi-linear for low increments of K. The curves become
nonlinear gradually at higher K.

The effects of boundary condition and material properties are clearly illustrated by the
responses of simply-supported (SS) inflating beams. In case of material 1 which has low
elastic modulus, the buckling of SS beam is more sensitive at high level of internal pressure.
It appears mode jump behavior when the beam withstanding increasing axial compression

loads. In contrary, the distortion in load-deflection does not happen in the configuration of
clamped inflating beams.

T
p1=10 kPa
p2 = 20 kPa
06 p3 = 30 kPa |
p4 = 40 kPa

[

Material 1

Load coefficient, K™

o

I ! L L |
a 02 04 06 08 1 12
Flexio-to-radius ratio, F{fr

Figure 4.3 Nonlinear buckling: variation of flexion-to-radius ratio (Rfr =D,/ Ro) with

increasing normalized nonlinear load parameter (K" =10°x F, / (E,,A, )) for a simply
supported NLFEIB model.
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T
—&—-p1=10kPa
p2= 20 kPa
p3 =30 kPa |1
p4 = 40 kPa

©

Material 1

Load coefficient, K™

| | L
o 5 2J 25 30

Length -to- radlus ratio, R

Figure 4.4 Nonlinear buckling: variation of length-to-radius ratio ( =D, /R ) with
increasing normalized nonlinear load parameter K for a simply supported NLFEIB model.

CHAPTER 5: BUCKLING EXPERIMENTS OF
INFLATING BEAMS

5.1 Introduction

This chapter presents methodologies of materials selection and prototyping procedure.
An experimental program for buckling behavior of inflating beams fabricated from woven
fabric composites is presented, in which various values of internal pressure is also considered.

5.2 Material properties and selection of fabrics

The mechanical properties of woven fabrics are examined prior to fabricating
inflatable beams. The test procedure is based on ASTM-D638/Form 1V.

The dog-bone shape coupon for tesile test has the geometric dimensions presented in

Figure 5.1.
\_+_/ T
wo
i J ¥ |
R
—> <—T
D |
& Lo >

Figure 5.1 Samples after made looked like barbel
The testing procedure is following the guidance of ASTM D638 which covers the

determination of the tensile properties of unreinforced and reinforced plastics in the form of
standard dumbbell-shaped test specimens.

5.3 Inflatable beam specimens

The fabrication of specimens requires extra cares to avoid air leaking. Firstly, the
beam body is constructed by joining the fabric along the length of the cylinder with the glued
PVC 2.5 cm joint. To connect the cap of the beam to cylinder body is more complicated. The

geometric dimnesions of the inflatable beam specimens with cylinder form has parameters as
below:

Natural length: L = 200cm (excluding 2 caps at its 2 ends)
21



Natural outer Radius: R = 10cm

Following tensile and stick experiment’s data, sample 1’s material (yellow fiber) was
chosen for processing design of Inflatable beam samples. Structure of 2 valves of pumping
and manometer at the position 20cm from beam’s end. One should be located far from
another (60°-90°).

{ )

= W7 0 -

i
wooe
Y

Figure 5.2 Design of inflatable beam

Measuring pressure valve

Pneumatic valves

Figure 5.3 Valves of pumping and manometer

5.4 Buckling test set-up

In this study, three cylindrical inflatable beams are fabricated with the radius of
R=100mm and the length of L=2m. A compressive load F is applied incrementally at one
beam end: at first, one resets the load F to zero, and then gradually increases F. To visualize
the lateral deflections of the beam during its axial compression loading, a tachometer with the
precision order of 1 mm was used. This sequence is repeated until the first wrinkles appear
which is called the critical point.

The beam is subjected to an internal pressure p first under which the beam is in a
prestressing state. An external load F is applied by a winch stacker at the end in the axial
direction of the beam.
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HOWEF inflatable beam

1R, 4.1,

Load cell type Z

5100B Load
Cell Scanner

F
T | Jadever JTWI-30000 I:,' Computer |

Incremental load

Figure 5.4 Schematic diagram of simply supported HOWF inflatable beam and
instrumentation for buckling test
After setting up the measuring equipments, the beam is inflated up to a certain
pressure to maintain the shape of the beam, then position the beam into the test frame. The
beam is then inflated to the designed pressure. As the diameter of the beam is enlarged when

increasing air pressure, the top and bottom rings need to be adjusted to fit the beam, see
Figure 5.5.

Figure 5.5 The locator ring can be adjusted in diameter
After inflating the beam, the axial compressive load is gradually applied at the bottom
end. The load value is monitored via data acquisition to control the load rate. A beam
specimen will be tested with four different values of air pressure, i.e. 20 kPa, 40 kPa, 60 kPa
and 80 kPa. It can be seen in the Figure 5.6 that the wrinkle appears at the same positon of
the beam indepentable to the air pressure values.
|

Figure 5.6 Position wrinkles begin to appear
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( N ":' |
Figure 5.7 The first wrinkles appears

The first wrinkle indicates the instability configuration of the beam and the largest
deflection occurs at the wrinkle position.

5.5 Experimental results and discussion

A typical test included the following steps:

1. Loading the beam until the first wrinkles of the skin appeared. Releasing the load.

2. Loading and unloading the beam above the first buckling load several times.

3. Loading the beam until collapse.

5.5.1 Load vs displacement u relation of beam at pressure

5.5.1.1 Load vs displacement u relation of beam at pressure of 20 kPa and 80
kPa

The experimental results determine the load-displacement relation of the inflatable
beams with air pressures of 20 kPa and 80 kPa shown in Figure 5.8 and Figure 5.9
respectively. It can be seen that the largest deviation is about 4.7% occuring as soon as the
occurrence of the wrinkle. Such a small deviation indicates a good measurement method. In
addition, it can be seen that the axial displacement increases linearly with the applied load,
and the stiffness of the beam increases with the increase of the air pressure. The first wrinkle
appears when the axial displacement being about 70mm. The first wrinkle of the beam
indicates the instablity of the beam, and soon enough the beam would buckle, leading to the
significant decrease of load-carrying capacity of the inflatable beam. The wrinkle occurs at a
similar location in the beam, e.g. at the middle section. This can be explaned that the air
pressure in the beam increases its load-carrying capacity, but the air pressure does not affect
the buckling mode of the beam.

a) p =20 kPa
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Beam 2 pressure of 20 kPa
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Figure 5.8 Load vs displacement relation of beam at pressure p = 20 kPa
b) p = 80 kPa
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Beam 3 pressure of 80 kPa
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Figure 5.9 Load vs displacement relation of beam at pressure p= 80 kPa
5.5.1.2 Beams inflated with different air pressures
The following Figure 5.10 shows that carrying capacity of beams depends on
pressure. The pressure increases, the loading capacity typically increases.

—a— Test 1
—eo— Test 2
—i— Test 3
—vy—Test 4
Average

Axial compression load P(N)

Beam 1

3500
snionn —a— p=20kPa
Z —e— p=40kPa
o= —+— p=60kPa
E 2500 - —y—p=80kPa
&
O 2000 |-
[
0
o
[ 5
g 1500
o]
o
© 1000 |
<

500

0 L 1 1 1 1 1 1 1 1

0 10 20‘30‘40 50 60A70A80 9 100
Axial displacement, u (mm)
Figure 5.10 Load vs displacement relation of beam 1 at different pressures
According to the experimental results, when the axial load-carrying capacity of the
beam get higher, the air-pressure maginitude particularly increases. When the air pressure
reachs 80 kPa, the average load of three beams is able to withstand a maximum load of 2342
KN. The highest deviation of this critical load on the beams which compared to the average
value is approximately 5.85%. This result indicates the uniformity of the specimen during the
fabrication process. In summary, the beams with this result are fabricated by gluing with heat
method... that give a similar result.
5.5.1.3 Comparison of 3 beams at pressure p = 80 kPa
The Figure 5.11 compares the buckling behaviour of the inflatable beams with
different pressure applied, which demonstrates that the air pressure largely affects the stability
of the inflatable beam. The experiment also shows that the maximum load-carrying capacity
is proportion to the applied pressure.
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p=80kPa
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Figure 5.11 Comparison of 3 beams at pressure p = 80 kPa
5.5.2 Load vs displacement v relation of beam at pressure
To evaluate the influence of relationship between the load and displacement horizontal
direction, each beam was examined respectively with pressure value of 20 kPa. The
experiment was performed four times. Experimental results are presented in Figure 5.13.
These results also show that when the pressure increases, the load capacity increase
simultaneously and the displacing value before cracking also increases respectively.
Beam 1 pressure of 20 kPa

2000

z
2 1500 |
el
©
ko]
=
Q
(]
@ 1000 | —a— Test 1
g —eo— Test 2
(54 —a— Test 3
© —v— Test 4
25 S0 —o— Averge

O A L i L A

0 50 100 150 200

Lateral displacement, v (mm)

Figure 5.12 Load vs displacement relation of beam at pressure p = 20kPa

5.6 Comparison between experimental and IGA numerical methods

Figure 5.13 and Figure 5.14 compare the experimental results and numerical results
obtained from IGA. In general, it is seen that the results obtained from experiments and those
from IGA are somewhat similar in the structural response of inflating beams. For the beams
with low pressure, it can be seen that the experimental results and modelling results are not in
good agreement. However, if the pressure in the beam increases, the prediction of IGA model
becomes close to the experimental results. This phenomenon can be explained as follows:

- In the experimental process, while we inflate and conduct experiments at low
pressures, the beam is not tension enough so that it can keep the beam firm at this time.

- The formation according to “u” changes that make the beam radius increases. The
result was that we can see initial stages of experiments, the sensors often earlier receive the
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results on the diagrams. However, when increasing the pump pressure in the

beam, we

observe that the numerical and experimental results are converged.
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Figure 5.13 IGA prediction vs Experimental results, in axial displacement u with air pressure

20 kPa and 80 kPa
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Figure 5.14 IGA prediction vs Experimental results, in transverse displacement v with air
pressure 20 kPa, 40 kPa, 60 kPa and 80 kPa

The discepancy between experimental and numerical results for low-pressure beam
might be explained due to several aspects, which are summarized as follows:

- The shortage in the real material information and errors in experiemental procedures
might caused significant errors in the experimental results.

- The numerical silmulation dose not account for the failure of material, which might
be the main failure reason in case of low pressure inflating beams.

- Material models used in the numerical approach might not appropriate for the use of
composite fabric material, this need further comprehensive investigations.
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CONCLUSIONS

In this study, a numerical modelling technique and an experimental program are
conducted to investigate the stability behaviour of inflating beam made from composite
materials.

The numerical modeling is conducted based on Isogeometric Analysis approach, in
which the beam models are developed based on Timoshenko’s beam theory. The governing
equations are derived based on total Lagrange approach, in which the membrane and bending
actions are considered simultaneously. The NURBS basis funtions of IGA approach are
ultilized to descrized the governing equations and develope the global equations. Both linear
and nonlinear buckling analyses are carried out. In the nonlinear buckling analysis, the well-
known Newton-Raphson technique is adopted to trace the buckling curves. Validiation and
various parametric studies are conducted to show the reliability of the approach and study the
influence of internal pressure in the beams.

In the experimental study, the material propeties of pabric composite material are
firstly investigated. Then, the buckling tests are caried out to study the behaviour of inflating
beams with different air pressure. Experimental resutls are also comprared with those
obtained from the numerical modeling approach.

Some major conclusions drawn from this study cound be summaried as follows:

- A numerical approach based on IGA was successfully developed to investigate the
stability of inflating beams.

- The results obtained from IGA approach are in good agreement with those from
traditional FEM. In addition, it was found out that IGA-based approach has a better
convergence rate than FEM.

- From the numerical modeling and experimental results, it is seen that the stability
strength of inflating beams increases with the level of the internal pressure.

- The prediction of the proposed IGA-based numerical model is more reliable in cases
that pressure is high, for cases with low pressure, the prediction show a similar prediction
trend with experiemental results but the predicted strength is smaller than experiemental
resutls.
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