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Abstract

This paper presented the nonlinear behaviors of the single-layered lattice dome, which is widely used for the long-span structure
system. The behaviors were analysed through the classical shell buckling theory as the single-layered lattice dome behaves like
continum thin shell due to its geometric characteristics, and finite element analysis method using the software program Nastran.
Shell buckling theory provides two types of buckling loads, the global- and member buckling, and finite element analysis provides
the ultimate load of geometric nonlinear analysis as well as the buckling load of Eigen value solution. Two types of models for the
lattice dome were analysed, that is rigid- and pin-jointed structure. Buckling load using the shell buckling theory for each type of
lattice dome, governed by the minimum value of global buckling or member buckling load, resulted better estimation than the
buckling load with Eigen value analysis. And it is useful to predict the buckling pattern, that is global buckling or member buckling.

Keywords - lattice dome, shell buckling theory, finite element analysis, geometric nonlinear analysis

.M B 42 Bt e dutdoR vehs B9 =
oo AR, Ak, AAlFbEo] slen, oF A=A

F Y x(space frame structure)= FE©] Z4e T2 WEow o ol B@gFomw wAE 4 iy
7188t TS o] &9 x| Fxdele H¥e) s (Kato et al., 2005). o|¢} 22 HYE|~me] 2o d&s
oj-gdte] e vt vl ZEA 28 3 vAE 8aE v ksl R ot AR,
thoolof 2 FEEUTEY suEA ©F e A7, AdzA, sleiE 9 JAESHA 5 oy aglo]
(single-layer lattice dome)& 7IHa o] & AAE ¥ glom old| that Atw vj-$ FuEls] o) FolA $vH(Han,
oA e R AAste] AlggorA FeddlA r¢ 1996: Han et al.,
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2006, Ogawa et al., 2008). 44z
ot Aoz W vk ey FERA|~Ee S 1 Z(nodal buckling)2 F¥e] AW o] wlu|gt /Fa )]
g AAA ZEA] fAFo] WA= IR RA] =2
Aeslss e Afo BAse v, FE¥EES e
e RS zhe YElzwdA s A9 B g Al
31 YtHKato et al., 2005). FA2=(member
buckling)& A&9 AAZ xHE HEl~Ee EHCE <

7AYol Bl FAZF Thsar AlzsEle] FA 7L gRobr] Haol
% 98 aeiito] Ha vk @] e m(oldt
BlaE) 2 A3 22 dAEAA) 2~ (continuous system) ¥
Akt ASEAAE 7 YoM E AE AR 39 o

AN ~E (discrete system)? AR Hu} B3k =k
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stod WSk 2=RA FA) wblzte] A FAje ARt
Z A5 2 At @9 A2 (global buckling)
2 ofe] ARA Aol disido] dojupi A WAsh=s 2=
=4 A3 o] =) AATL HZelke =S (shell-
like buckling)®] FHlE A B} HE~eme] AT
AbA oz fohata|AW (finite element analysis)< ©|
bl EAsta glovt AEe] RelMe AAHR =5
do] o] H=EAR frAlslthes oA Ao el =
o|ZaEHE AR e 4 gt B ATl E o
et 7IsketA B Zhe el awel dig A=542 B4
A ellA] BAshs As BH0R sy, do] zpEo] &4
2R fFEI 2ARQ A H fasaMEE o] gg
2N Sl vmgozn aksiae] AgAoR %’r
|2 7 Sle Sl dsiA A ET e 4%611”0“
olx 7)aletA v Eg meldhe A Hska Algke] &
e W R afael] e s AR 511”01 &
ojsirt. whhr dolE2e] AR HEe] 1fA 4ol
o HA=2lE T VEe vdd e el Sastsate] #
AL A BTt

2. &=ots

= As 5 et Sdgd=7 eaxdH=22 34
R < Utk 58] AR As HAE d¥eHeE vt
Aot AeelA FAt B9A AsS & we] HA=EeeE A
4 gARt=eteoletar gt

AR R Y age] Heee O] 2R e ¢
A AHE FAE 7 U] wiel] vt oR g9l
o] #Edtgolgs o|2A R AT Ad aizEde
ZadtA Aot ol 22 FHEee il 9IS
HAe] 7ekers v ge ¥l Al
B, AdRE T 9] Ut
Q] 7)eted vy dfgainioly HYTEN e
AETAARE o3t o)EHeR o] 7sdth(Yoon
and Han, 2000: Han et al., 2007). A&33 o)A A
b= ks Aacle deade Fx3Y 2 A 58

aelele] Addom e A=2AMAGE AE SdH=
szl Falo] AFgEtH(Kato et al., 2005 Kato et al.,
2003: Ogawa et al., 2008).

9, gaAdaEe T)sietA wlddunt ohvet Alve

2AAE, = AR vAENR nHt FH=L vt wat
A BaAREEe WAgsAd ool e BAAR
Stfgroln 227t = wyEEg n)dict @A FS

5l SR MTAZIEE =2F M 28 H12(2015.2)

3eg A fdlre vlAgEde] Hashy Ay o
FAe vddgE md 2y @ Favige] AAIE:
Atk Han et al., 2003).

diren 49 ReARE TRANIE Sad e
BH e ueE ANHEE vl 43 @Rey
o FErasgAe okst Lo] FARG.

[K] {u}={P} (1)

AZIN, [K] & T8 F48E, {Phe= 95 ¥
ol {u}= [K] < {Pre] BACNN FalAl= A HeH
oltt. g, Hwel A+ W8 {u}el ghol HeAA @2 &
golm o Fakg- { P Hejel nt @Rz vix|ert
k. whebA

{Pr=A[K ] {u} 2)

s o] Belata 4 (2)F 4 (Dol 9
40 4% o ATeTe Wi,

sof vhgel 2

(1K= A[K] ) {u}=0 (3)

A7VA, (K& 71EPRRE S Svlget. A (3)lA]
A= A 31FA(eigenvalue), {u}v& 31HHE (eigen
vector) &}l s H2el nfAIE A v & w E7|H=
& do7)e HAwels pt= 2 (P A8 S asisol
wm ofule] ZAHEEL AEREoL A,

a9 7)518A B AL nglE B aE AL ole) 2
o] FxE AR EH 7P E S aeiste] st

([K]+ K Hut={P} (4)

A (D)E iy e HSEE o g3l F4ds)
W ZREAE e 23 (arc-length method)©l
BHAoR o851 M Yoon and Han, 2000; Han et
al., 2007: McGuire et al., 2000).

2.2 e FFo]Eel AT ZAH

delsge e EH 7 S 2e pEAsoRd



o
M

N oo N
e f2F -

T2 Aol A&A FREA] A FAG AsS B
T webA] de] AP A2 o2 E A8l ZAK
o= Y awEe] 48 A= T & o 5, T
F¥ates we YEaws AS5Ae] A3 2vhan MEa
A9 H=e5-5 A8t W & vk FEEIEE e
TP A Er|Ho] Bk Ty WA HFEe pi
2 oo} o] A HTHKollar and Dulacska, 1984).

P = — (5)

(Kato et al., 2005).

2V3r E A, 1+%
t6q=72, E;q:T (6)
1+
K
Kyl 1
(T h=—2 p =4 —=)

Es- [9 ’ ? As
ZokgulE 1/30% Agan 4 (6)F 4 (5)9] Uit
of ofls} ol Ay

As "o

) E
phr =26 ———F2— (7

L2 A AR, AAe] @A,
)

A g dA2ARRES UER ) = 22 Hae|
AR 6,8 HA WS deEin A (Deln 4z
#e HAes dodle Beide seopd 2t AR A8

& A (D] 35l & e Feavs
Amdf@lf% Feld AE. A7ldl rR=1,/20,%
=1/, BAANE olgste 4 (D)< Hejshd oo
2,

_ E.AH?
pr=12v2 — = (8)

Ayf1+2
R

A () E A (8)A & 5 Sl niel o] A=
HEl~we] AR Kok Ao 870 FEE e W
g woll M R, W5 k= 0o TMESE BAEE
Uehl sl AAsE A pARE, 1000185 44
Hom st o] Afole] ghollMe WA Ao w 714
g 4 glen) dill kel Frol 4ol A AT fAKe
AsS o ez HuHs ith(Han et al., 2003:
Kato et al., 2005). Azl 3L #H=slsel Az
S ) w7t ALSE A=Z352 TR A

ghH, A (8)9] HEdted AAHEEA FAREE Ex
2 3¥A g2 Aoltt. FAZt A Afole FAz=E
o] AAF=Ht WA BT 5 glow IS e
#H=etee o A4 9 vhed o] A E 4 dtk(Kato et
al., 2005; Murakami and Heki, 1991).

lin E;]S
Pcr(member) = Cm ]2 * 90 * Vm (9)
2 (A ¢, AR aelEhe AFEA AEA
o] B¢ 6n°, AEAY AS Tlol 4, A BAld] Z&3t
= 2de) BRER PEE I A% gaAsRs
0.7~1.09] #= zteth 4 (8) 2 4 (9)0lA B ubo}
o

2ol AR EA, 5 A" 9.7t E AFde AR
(member buckling)dl] <& zEsl5o] ASHAA X3
28 AA#=3sl5(global buckling) 2t} o Fopzlt},

Fig. 12 £ d7dA ties dEyg2wy duE BoAE
th B 2sme]l FHe Ao 2ile 60m, BE = 12
Nz e, Bus 98t BEE #°E Sm,
6m, 9m, 12m F 15m=E o] REsint. 2 esid
2 ZEWE 9 Az A Wiz T o
Table 1°] Aelstd Weplidet. 2+ 213 (support) & 77
Z1e Aew Jpgsision] w9 7} A AN R
TR mestgyt. FAle AdHe R spgslisen] 2
A dig dgs A8 fJste] FAle] R Table
29} 2ol Al 7iAe] WS st AR @A
2E B &l #8] £ =205000MPaz Vg3t

fretadaa s 9ok Rdae HEas 20l Nx-
Nastran(2005)2 |83ttt dxde Aoz /g vy
A= Nx-Nastran® Wdes 7ed SEte ddsh=

CROD 8£4-F o]g3l9ieon AHAE 7oz 713 2d
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Table 1 Dome geometry used in modeling

Height, H/L Radius of Angle of Half Angle of
. Curvature, ’ opening for
H Ratio opening, ¥
R members, 6
3m 0.05 151.0m 22.92 0.955
6m 0.10 78.0m 45.24 1.885
9m 0.15 54 .5m 66.80 2.783
12m 0.20 43.5m 87.20 3.633
15m 0.25 37.5m 106.26 4.428

Table 2 Properties of members used in modelling

Member Sectional Area Moment of Radius of

(Tube) (4,) Inertia(Z) |Gyration(r,)
$-101.6x5.0 | 1.517x<10°mm® |1.77x10°mm?*| 34.2mm
$-165.2x5.0| 2.516x10°mm® |8.08>x10°mm*| 56.7mm
$-216.3%4.5 | 2.994x10°mm” |1.68x10"mm?*| 74.9mm
= HEaEe] & d4d @ Sk Akt 4 (8)2

el aEme] AAF = (global buckling)e] 23 AW
Az, 4 (9 A= (member buckling)dl] 23
FeetsS Algdct AHe A, & BAHGH AHEEE

A (9)ellA bzt Al

and plan)

M 84
g Agdel Ayalgint, Azdle] Ageks dpe gry T A B wst G0 B |
dFom ARt 7 Ao FE Agsany awa B AET 4 Aok Alelr e AAH] oqf 53kt
o2 YE A% FAEshs e FH0 9d) 7k & Algdhe A (8)94 HH s A Aol die «

O

o e A7t ol 12 e FeEE e
Table 3& 42| HHFo|Eao] 23] g H2els, =
AAHEH BARZ g NAE Held Ao}, HelA
A Bacre] A HARe e o Faes ol o|E4e)
Aaqde) Beg ey 22 A & 2AE AN

B PANE F AL e Avieln wepy AvjEE e
FHE G % Utk 012 B Bol-aWs) He5E 1

2|3 Bl 277 Aeas BAdEETE AAFEe]

gahe Aoz gadt,

4.

hoz 2

[=]]]
HI

4.1 A AZIBHA AT FTTHF

Ao o)z 4 (8) L A (9)] 3] FREHTL W

Table 3 Ultimate load per joint from the shell theory

Height H/L Rigid joint Pin joint
ratio Global buck]ingl) Member buck]ingZ) Global buckling Member buckling
3m 0.05 10.0 / 27.4 / 37.87 17.0 / 774 / 160.9 58 /158 /218 14.1/ 645/ 134.2
' (1.25 /1.24 / 1.08)¥ (212 / 351 / 4.61) (2.40 / 3.95 / 4.74) (5.89 / 16.14 / 29.18)
6m 0.10 38.1/104.7 / 144.4 32.2 /147.1/ 305.9 22 /60.5/ 83.4 26.9 /122.7/ 255.1
' (1.36 / 1.31 / 1.20) (1.15 / 1.84 / 2.55) (1.26 / 2.02 / 2.38) (1.54 / 4.09 / 7.29)
9m 015 80.5 / 221.4 / 305.2 44.8 / 204.4 / 425.0 46.5 / 127.8 / 176.2 37.3 /170.5/ 354.5
' (1.71/1.38 / 1.22) (0.95/1.28 / 1.70) (0.85 /1.42 / 1.60) (0.68 / 1.89 / 3.22)
19m 0.20 131.7 / 362.3 / 499.5 54.0 / 246.3 / 512.2 76.1 /1209 / 288.4 45.0 / 205.4 / 427.2
' (240 / 1.51/ 1.31) (0.98 / 1.03/ 1.35) (0.63/1.05/1.31) (0.38 /1.03/1.94)
15m 0.95 186.3 / 512.4 / 706.5 59.7 / 272.7 / 567.1 107.6 / 295.8 / 407.9 49.8 / 2275/ 473.0
' (2.74 / 2.03 / 1.36) (0.88 /1.08 /1.09 (0.49 / 0.90 / 1.02) (0.23/0.69/1.18)

YGlobal buckling load by Eq.(8)
IMember buckling load by Eg.(9)

IMember sizes $-101.6x5/165.2x5/216.3x4.5

4)Capacity ratio to the ultimate load by Eq.(4). Bold and underlined numbers denote governing ratio.
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oleg Aske AL & 5 sivk Ado] A dE
ol Blste] FAR TE2elr] olEAe] HAmlHE|e] &
TEo| Z AL A e velle Al w9l 7PgA9
Aol Brk =, 4 (8)4 ARF] A+, oW @& Ad
Al wh BlEo] DEAA Aok ey o] A
5o} o] B gol-2auvt Aass AA|RE

o] o] 2AE = AL 2},
4.2 HEl2Ee] A WA 2 HIFE

JE)Ee HFRe 9 HFele2 2 (3)9] 15A &4
< B3l A dAAdAMe @A e ddehs WEHol
th. Table 4+ 315344 gt 7} E‘r%}% =g v
2] 740]@ el ~Fe Zol7t 5255, &, Fol-2ad|

} S5 AA #HZekee] ARAE &:2: & 4 ek A
34 l Ad A2 It 718ketA BAgE 1
Aol o FestsErhs 24 ==v Eddle =3t
7 A Fskse et BlE&S eEpRIch. el gl
2EIME Fol-2dvy}t A Fe FALdS4E FF35e
ekt BlEiA o, WR FAZE ARAY Fol-2H
H7} ol Feketgol] tiv|ste] xp=3t50 B|Eo] #AA|
= AL & S 9r}. T3 Table 33 Table 49 ¥|uE &
slo] nAA A HFelse Aol 2 (AA A= ¢ A
Hol o3 FH@Zelxo vlE AXHoR 10% AE Wl
Z#E FEAE Y 5 U

o, AAA e A AR A ek
vl v FEets g 2 A2EERE BoFa
ot FAAr] 9 gol-zmnld] wep & WEe] §lo] ¢
A ¥&S Tl & #BAHEe YElager] B

N

o

M

aF F9ske2 Al o HwssEy 1.5~
1.7d)e] 2 g HoErt

Fel WY AF 9 It

4.3 HElx

ol

Helzze) Z1eetd B A 9 o] wE Hjsks
= Tl 4 (49 WS Bk AT 5 gtk
Fig. 2 9 Fig. 32 dE|=~Ee] 7 Ads doz /M
T2 BAE A%E HAF Fig. 2(a)€ HEzEe] &
2 BT we] WANE Fo| FHEER T35
veRd Aol Fig. 2(b) AdARe] s A4S B
AE0t.

Load(KN)

Displacement(mm)

(a) Load-displacement responses

(b)Location of Maximum displacement
Fig. 2 Geometric nonlinear responses and plan view
of latticed dome

Table 4 Comparison between buckling and ultimate load

. . Rigid joint Pin joint
Height | H/L ratio - 3 - 5 - -
Buckling load Ultimate load Buckling load Ultimate load

11.1/81.2 /7 50.1% 36/59/170

sm 0.05 1 (139 /142 /143 8/22/349 (1.48 / 1.47 / 1.52) 24/40/48
356/ 1159/ 185.9 275/ 456 / 54.3

6m 0.10 (1.27 / 1.45/ 1.55) 28 /80 /120 (1.57/ 1.52 / 1.55) 17.5 /300 /35.0
50.8 / 219.9 / 377.3 88.1/146.2 /173.8

9m 0.15 (1.08 / 1.37 / 1.51) 47 / 160 / 250 (1.60 / 1.62 / 1.58) 55.0 /90.0 / 110.0
63.0 / 282.9 / 560.0 194.7 / 321.1 / 384.4

12m 0.20 (1.15/1.18 / 1.47) 55 /240 / 380 (1.62/1.60/ 1.74) 120 / 200 / 220
67.6 / 305.8 / 629.9 349.8 / 580.1 / 690.3

Lom 0.25 (0,99 / 1.21/ 1.21) 68 / 253 / 520 (1.59/1.76 / 1.73) 220 / 330 / 400

YBuckling load by Eq.(3)
?Ultimate load by Eq.(4)
IMember sizes $-101.6x5/165.2x5/216.3x4.5
Y Capacity ratio to the ultimate load by Eq.(4).
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0 50 100 150 200 250
Displacement(mm)

(a) Response at maximum deflection point

Load(KN)

-1
-2 0 2 4 6 8 10

Displacement(mm)

(b) Response at an apex

Fig. 3 Load-displacement relation at maximum deflection and an apex point
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(a) Ultimate loads from various analysis
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(b) Load ratio with respect to the nonlinear analysis

Fig. 4 Results of rigid-jointed dome analysis

Fig. 2(a)9] AlZZe] 89 352 & A Feeh=
FABoln stEEo] WE Wl Aol
A= Fig. 2(b)ellr 9oz HEH AHolr] wAg
o HAE adel o Hdjslee 1A s 5T 2
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Fig. 3(a) % Fig. 3(b)= HhAge] Wsk= A3d3}
TG BAAA -9 WAE 3m ol F(H/L=
0.05)¢] -+ dEAe= Yeplilt. szo7h vhE wAl
w9 Aol AN SEes 3 A A7t vE
¥ FeolM= Fig. 33 #418 s5-7l9 #AE Yehdth
A7NM, ARFY e AAeeE AA APz v A
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(b) Load ratio with respect to the nonlinear analysis

Fig. 5 Results of pin-jointed dome analysis
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o, HEage] 4 Ade 2302 dhe RddAE A
A FEEY AFES SR QlEl] WS HoR ke B
g3 de] S3slks o|F9 "HaE AwS Agsh Ast
717} oo}, ot Aojsks, & = LO}Z AR Aol
szt Ao 2o FheAl= &3
HA g At A 9 Al EH 2F
of digll Eelol W& 7 kel PiEl gl 2te did F
e, & F88k5-2 Table 49 7&??43}04 et

Table 3% Table 4°] A=ld W& Fig. 4 & Fig. 5

of 2 ZR etk Fig. 4 28A dEsge] HEA
e& FAAPER Vel 222X Fig. 4(a)e Eol-2H
Hlol] mhe Ao iR vlaste] vERd Aol
Fig. 4(b)& ] (4)91 B3 Al R Adsdses
Z1Eez 7 ATl A A2fEe] w&E el A
oIt #=dte ? AT eeg ven @elE kN
olt}. Fig. 4914 Hi= vls} ko] dtole] AAx=
2ol 9@ A3 (1HelA Eq.(8)2 /1" F4)2 A
Ao r FRaie s o83 vdg 4ol S
(2RA Bq (D2 E/19 Fe Aol B8] Fol-2aly]
7 goldaE ABUWEE Il e Ae & 5 9
TRt BAje] A7)7h F Agels L oHlEo] AYHeR

Folee AL AT F Uk &, Fig. 4(b)elA Ee 1t
9} o] gol-zlmle] BlEo] 0.05904 0.25% F7Hgte]
wpet Bl ag el ofg Setals e o] 24 ojgt A=
wWEe] ¥Ee ¢-101.6x59 A+ 1.2509014 2.74=, ¢
-165.2x59] At 1.24904 2.03%, 12|31 ¢-216.3x4.5
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