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ELASTIC BUCKLING STRENGTH OF TIMBER LATTICE SHELL WITH STEEL
CONNECTIONS CONSIDERING ROTATIONAL STIFFNESS
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Shun NAKAJIMA, Yuki TERAZAWA, Toru TAKEUCHI,
Toshiyuki OGAWA, Yoshihiro YAMAZAKI and Hiroyasu SAKATA

The authors have proposed effective steel connections achieving high bending stiffness and strength for timber grid-shell
structures, and confirmed their performances through real size mock-up tests. In this research, reflecting the test results, the
buckling strength of 24m-span timber grid-shell with and without diagonal bracing roofs are discussed. Their theoretical buckling
strength including the rotational stiffness at connections are derived using continuum shell analogy, and compared with the
results of discrete FEM analyses. Finally, the reduction factor equations of buckling strength as the functions of in-plane / out-

of-plane bending and rotational stiffness are proposed, followed by confirming their validity.
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Table 1 Member properties of element bending test
Bendin, .
'g Bending | Moisture [Specific
o Tree L Strength | Young's .
Direction . Constitution | strength | content | gravity
species grade modulus N ) ©
A &
(N | V)
Out-of-
plane 13.1 316 7.6 0.50
(Positive) Specific
Out-of- | Douglas fir | symmetrical | E105-F300
plane composition 16.9 64.2
(Negative) 9.9 0.55
In-plane 15.2 48.9
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Table 2 Rotational stiffness of each connections

Connections

TB300 | TB440 | HB

Rotational stiffness of out-of-plane K, (kNm/rad)

5870 | 7369 | 5377

Rotational stiffhess of in-plane K, (kKNm/rad)

697 1295 | 1438

Plastic rotational angle of out-of-plane 6, (rad)

0.0020 | 0.0047 | 0.0051

Plastic rotational angle of in-plane ¢, (rad)

0.0168 | 0.0109 | 0.0099

Normalized rotational stiffness of Ky, x (-)

11.6 14.6 10.7

0.12 0.18 0.27

240 — 240

& &

= =

225 1225

220 ) 220 .

g 15 Analysis Sis | | g 15 Analysis

&n =S 1 ) /) / ) ety g

:§1(5) % \r /. / _él(s) /" Analysis \Test '§1(5) ;i

3 0 Test 5 of 5 o Test

« 05 1 15 27 05 1 15 27 1234567
Rotation & (rad X 10%) Rotation @ (rad X 10%) Rotation @ (rad X 10%)

(a) TB300 (b) TB300 (¢) TB300 (In-plane)

(Out-of-plane, Positive)  (Out-of-plane, Negative)

Fig. 8  M-6 relationship and failure pattern in each specimen

(D Frame model
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@Half open angle ¢ Grid model
©=20°, 30°, 40°, 50°
(® Connection model b=hﬂ:| h“:l
D: Detailed model prmm SRS e
S: Simple model b=h b
@Cross—sectional shape Square Rectangle

R210: Rectangle (=150, h=210, 1/,=0.51)

R240: Rectangle (b=100, h=240, 1./1,=0.18)
@ Out-of-plane rotational stiffness

R :Rigid, k=00 x5 1x=5
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AR AR A
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x=0.1,0.3,0.5,0.7,0.9

Timber
Simple model
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OI1.0: In-plane rotational stiffness is same as out-of-plane value
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Fig. 9  Model names, dimension
Table 3 Member properties of st

s and properties
Jdied lattice shell

Moment of| Moment of]

Ratio of | Young's Shear

. Cross- inertia for | inertia for [moment of| modulus | modulus
Parts Material sectional shape| Y axis Zaxis inertia E G
1, (mmA) 1. (mm4) 111, (-) (kN/mmz) (kN/mmz)
Square
(S193) 1.16x10° | 1.00
Specific 193.1x193.1
. s etrical Rectangle
Lattice cznmu;)sition (R21§) 1.16%10° | 5.91x107 | 0.51 13.1 0.87
member
glulam 150.0x210.0
E105-F300 Rectangle
(R240) 2.03x107 | 0.18
100.5x240.0
Brace SS400 Rod ¢9 322 322 1.00 2.05x10° 78.8
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4.2. BEDRAEDFE

Table 4 |ZH AT CTd» % Grid model 33 & O Braced model DA
ZhANME 2 7md, DEGER AR OE S B L O, [ 3RMoE X,

E, IR O8ibt O v 75, G 131 O AWM LR AL,
A VIR TR O SR W O W AR, Ay (AR o0 [ W i oo Wi
B, J, 3T oBERKEOY TS vt v ek 75, Fig
13 12779 XL 912 Braced model % Grid model (244 447 Zhi M 2
HRHRDOED L TEHT %, Braced model (23 TORMAAELE
Ealiz/sa THY, RIMESLIZV21 TH5D,
4.2.1. ﬁiﬁﬁmﬁ/uﬂﬁﬁll'rio)éﬁﬁ

Fig. 13 (SR A 1124 U D N AW T ny, (256032 280
T DI S 53401 K 5%@0#%@7\»# Egs iﬁ(S), R T
WOFHOF BT R F— Ey 13RO LV KRE D,

=(1/2)n 214{1/ (6E,1.)+1/Ky.} ®)
7(1/2) xy}/xy (1/2) 212 (I/KIZ) (9)

Ey, BEVE,, #%E Lﬁ&ﬁﬁmﬁ/u!*ﬁmw K, 1310 & 72 5,
K= 1/{ 6E 1) )41 /ng} (10)

4.2.2. ﬁx)]ﬂl'}'ﬁiﬂ'l’i@%ﬂj

Fig 13 (R HAAE FICAEC LT E—A 2 bme, m 12845
ELAAR - DFM oA L 20T A F— Ey 131D,
@%M&%ﬁmﬁmfﬁiz\»#— Ey iR L0 kED,

Ey, :(mx2 +my2){13/(2E,Iy)+12/K9y} (11)
Epe= ;(m Ko +myi, )12 = (h“llmxz+2h1122mxmy+h2222my2)12 (12)

Eys, EycEZhZivm, m, TR L, KA3)~(16)%HF5,
Oy s fom, =P {If (/1) +2/Kgy | m, (13)
Oy s Jomy =1 {1/ (E,1,)+2/Kgy | m, (14)
Oy [om, =1° (hllllmx +hnzzmy) (15)

e [ attice member Brace
_____ otational spring
Diagonal member
7 (Steel)
E Ay
attice member
----- E, Gy A1 L J:
subscript
b : Brace
! y : Out-of-plane
| z : In-plane
! t: Timber
i s : Steel
Braced model Gr1d model
Fig. 13  Enlarged view of Braced model
Table 4  Rotational stiffness of each connections
Ef.fectlve Grid model Braced model
stiffness
E A E A, E A
K =K —r
1111 ( ) / - \/7
E A
K 0 s S
1122 7\/51
E A E A, E A
K =K Lk
2222 ( ) i I \/—l
% 1 1 E A,
12 PU6EL)+1* /Ky, | PN6EL)+1/K,, f 21
Do (=D _ _
i (=0) IET,+2/Ky, EL,+2/Ky,
Dyy5 0 0
22 (=D) IEI,+2/Kq, EI, +2/Ky,
Gt JI Gt ‘]t
Dy, - =
2
Oy . [om, =1 (h1122mx +’h222’”y) (16)
::'f“h“” s h1122 }SJ:U{}Iszz E@&bfp ‘fjhﬁg@m BLIW

m BT DR R L, (13)~(16) & 0 K E DA 2T AT 81
[y | DIATEIT 8 5 AT FMIREATH [ Dy | KA & 725
|:Dllll D1122:|_ 1/{1/(E’Iy)+2/K9y} 0

Diy Dy 0 1/{[/(E[[y)+2/Kgy}
A 2w NI PE, A4 U0 mIPEIZ DWW T Table 4 NIZ 3738 V) £2
BEAETE & BT 5,
4.3, BEBREOHESY

N A 2 T Ky =Ko, (=K) . #F A 2% T
Dy =Dy (=D) ThH7z®, ik 100 Y Grid model 3 & O}
Braced model O Ji 1 # P17 13 20(18) & 7 B
Pi" =412 (1/R) \/2 (D+Dyyoy + Dy ) [{2/(K + Ky1p) + Ky | (18)
B, AT THO TV DINTET MTIE—ED Y = L TR
0, KT A XOFP T EEZ AW T8 D R = VB D
KOSNEOLDERET D,

Table 4 (2R T HDAINET Ky, BLOK,, #BBLIEbDOTHD
D, KA MBS THEA STV D58 X H A O 2hil i
WAy DHBEAL, R ETIK,, =1/K,, =0 &7 5,

Fig. 14 12(19) & ¥ KD 7= 3HANE 33 L ORI R fif b 12 0 sk 7=
AT P o beilk % 53, Grid model TIE 20%EREEDGE L 721,
K(18) LV P % 3fliflfe Cd 5, —J5, Braced model TiF P %

amn
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% o 200 L
2 40f 2, 150
g g 100}
< 0L <
50t
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Evaluation P (kN) Evaluation P (kN)
(a) Grid model (b) Braced model
Fig. 14  Buckling load evaluation validity
’(/J:20° 0=30° ¢=40° ¢=50°
O <o A \V4
100 — 100 :
z V| z 5
< 80t ’ < 80} pas
. .
§ 60 | ,§ 60
g E
= 40} = 40t
5 5
(5] ()
2. 20t = 20
£ =
wn w2
0 ; ; i ; 0 ; ; i i
0 20 40 60 80 100 0 20 40 60 80 100
Detailed evaluation P” (kN) Detailed evaluatlonP (kN)
(a) Evaluation formula (19) (b) Evaluation formula (20)
Fig. 15  Comparison of detailed formula and simple formula
WARFEA LAERANCAIE LT D, B OBO Ky WA D720,

0Braced model I% Grid model (2%} L T Ky, 28 51~114 5 ER <, 2
AUEHEIPE DB W ILFRE B C & 2 8 Of 25 Z & T, Ak
OB OB % B U T2 Ky OFEENKRE 2D Z LB HA &
ExbNb, 5 ETIXIFDEELEZR LT- AR = /)L OREEfHTED
TG FIEAIRET D,

%7, Grid model Tl Ky, = D,y =0 222 K, /K 256D T/ E N
7=, RAYIFZRANTIELUL N ATHETH 5 ¥,
Bﬁn:4lz(1/R)2 2(D+Dyy)K, 19)

, FBEEMICERM WA HETIEG /hEL, Aalth

ﬁ”ér Dy, /D B/hE W=, R1YIFERQOIEEUE A ATHETH 5,
Ry =4 (1/R) \2DKy, (20)

Fig. 15 (@IcX(18)F L O (19) D bk, Fig. 15 (b)ic=(18)FB L
KQO)D ik &7 3, AT L TH(19)1F 0.01%DFEFEICH £
KL <xhi L, R(Q20)E 1.6%DFEEICH £ 0 FRkb & V2B
1ERQO) T HRHli AIRE Th 5 Z & AR L7,

5 AR )L OEMEERREQFHEFEDNRSE

A = VTR, BEC K, Ky, DEACITHEN B, 2ME TS
D Z & 3 EORMERIE AT L O 4 T O MR E HEIC KD R
L7z, ik 1) TERQDIZ L D oy BEO B(x) & W TZ3FLFE

PREENTND
Byt = a0 x B(k)x Byl @n
0.47logyo (x)+0.34 (1<x<10  :{ERIME)
B(x)=10.19log;y (x)+0.62 (10 <& <100 : i) (22)
1.0 (100 <« < )
(x)= {0.36510g10 (k)+0.28(1<x <100 :ARAIFES X OFREIE) 23
1.0 100< & i )
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(b) Braced model

Reduction factor of buckling load (¢=30°)
AW TP AL BB L TORNTZD, o TS50 FER
Tk 2 B U T IR o o= b 00 BV IR A5 B 20 0T I J A 7R CRR L
TofE, (k) (ZEMPOIERIGIEE BB LIRS v = L O
P S A H 2 ST F O RN & B U 7o G o = L O BRIE AL
METHRLEME 25, B(x) 1ZXQ22)FB LUK TRD HA,
X@HFRQYD TR TH D, Linl, Ky =Kp, BLOI, =1, &
WORRDSSH Y, 1, /1, B LK, [Ky, OIS D BV
P OFEFIEERERES N TR, R THRQN & IR
L, /I, #5B L7 P, OIRBERE y; 8LV Ky, /Ky, ZHEE LT
BDAERFIREL v ZKQDICFL D Z LTI, BEVK,, /Ky, &
B LTz Pl OFFFEOHEERA S,
51. L/, #EB L1 P OEEZSE » ORE
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VRES W (S193) OFBEERATE P |, (k2 % 5%
LJrF (S193, R210 3 L TF R240) D#MEIEIEHTE P O L
CHET D, WFREHE LY ROy 124" (k) & L, Grid
model Ti& 7“’"( ) & L(25), Braced model TiL yp" (x) & LK
QenET 5, Milgboizw, LEXTRTEL /I, =m, K, /Ky, =
nEt s, a,, Ayl BEQs, Em TKEL, m=10BAITEL
FTOmE1ETDH,

Vi = Pcl;?/c)/(Pcl;”(Irc) ‘mzl) (24)

con( oy [Y(1+2x)+a, 2/ 42 +1/6+(1/n)(1/xc)
Vig (x) \/1/(1+2/K)+a1 2/lm2+1/(6m)+(1/n)(1/1() (25)
1 2 1

—+a —5+1 1/(l+llj+slﬂ]2
1+2/x mn 1+2s 4 6 nk

on (1) = : 26
Vib (K) 1 R 5 1 ( 1 1 1) ) (26)
a4 ————+1/ | —+——|+5,4,
1+2/x 1+2s,, ﬂmz 6m nkK
B pRHES (k=0) OHAE, 1/x=0ThH D728, Grid model
TI1E(27), Braced model CTixzN(28) & 72 %,

2
79‘0"(00)—\/”“"1. 2/ +1/6 o

‘8 l+ay 2/2,2 +1/(6m)

l+a, {1/(1+251)}(2//112)+1/(6+51112)
I+aq {1/(1+2s,,,)}(2/1m2)+1/(6m+sm/1mz)

Vip' ()=

(28)

a, =G, [(Ed)=(4/5)jm  Q9). 4, =4I [1,=12Pm/b>  (30)
S = By [(N2E,4) = E, 4, [ (N2E1Pm'?) 31
IITXRIHESRL G L E 15T 5 2B 5 R%
L L S193 TIE 0.141, R210 T 0.187, R240 Tk 0.246 & ¥ 5,
MG FE R AT &2 SR DTy Wk, m=1 /1, B XLV
n=Ko.|Kg, OEBEEEL, ym(x) & LRG)TEYT 5.,

ana _ _l —-m — :
)=t -

BAHPAEES (k=) OBE, 1k=0Th D720, X((B2)IF
(33 &7 D,
7 (o0 ):lfi(lfm)" (33)

T 2Ty (k) 1% Grid model TIX y'y" (k) & L 7 1% 0.16, s; 13
1.74, t; 1¥ 1.5, Braced model TI& ;/“"“( ) EL 13098, s 0% 3.9,
411291 £ 5,

Fig 16 12 1. /1, & 5, OBRO—(9=30)%~d, FXIZIL3
DRGSR & DT &,y () BRO y™ (k) Z L L
R LI BRI T LTk PR Y,y 3L/ A 10
ThHIEHTBME (S193) 2 AT HRHCRREEERL, /I, O
KT &I R, BIEE S LD, Grid model @ yg" (x K) yie (k)i e b
WA K 0 K<, ZARMNIAIE LTV 5, Braced model @
yip! (i) RAREIITHATE L 0 s <y (k) 1 Ky, /Ky, >03 D
P CTEEATIE 2 e 2, Moo B A @ b RO A R 5T,
5.2. KodKey ZZIE L 1= B(K)DIEBIRE v DIRE

7; 14 O11.0 model @ B(k) TH D Po, (k) 1TkT 2 Olx model
D B(x) THD Po, (k) DHFELRGHET D, g EHRIE L
R T2y 1E 7" (k) &£ L Grid model Ti 1% (k) & LA@35),
Braced model TlE }’Ifl;;n( ) L LKEBoET B,

L/1=1.00 L/I1=0.51 L/I=0.18
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(b) Braced model
Fig. 17  Reduction factor of knock down factor (¢=30°)
Yk :ﬁ()[x (K)/ﬂon.o (K) (34)
2/ 2, +1/(6 1
153 )= [ o) (35)
\2/2,> +1/(6m)+ (1/n)(1/x)
o W ) o)
. + K
7 (0)= |5 ‘ (36)
2 1 1 11 )
5 A = |+ s d,
1+2s,, 4, 6m nk

SRR AT &2 ISR DTy ok, m=1/1, B RO
n=Kp,|Ky, PEBEEEL, y" (k) & LRG)TEET 2,

ana () _i —n)- (m/n)(l/K)
A (== {“ )rk+<m/n>(1/f«)} 7

Z 2Ty (x) 1E Grid model Tyl (k) & L i3 0.14, 503
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1.83, 4 (¥ 1.17, Braced model TiL y{' (x) & L 5 1% 0.03, s 13
20.8, # 1% 143 £95,

Fig. 1712 Ky, [Ky, &y DHERERT, RIS 3 TSR
AT IC & B AT IEIC N 2 T, 7™ () B ROy (x) & m@”o
Ky /Ky, WEALT D2 LIZEY B(x) 1ZRRY, XKy /Ky,
1.0 Th2 0110 ORFICHRKRMEEZIRBRL, K, /Ky, OET LI
B(x) bIEB S NS, Grid model TIX Ky, /K,, 7% (k) (252 55
IR E <, Ol OARHMEA 0.1 DBEIE, 5, 1T 04 IEHICE TR
L C\%, Braced model Ti% OI DIKIE 0.1 DEETH, 5, 1409
HETHEY, K. /Kpy OEBINS V. 7y (6) ZTEL Y
K<, RAMITHIE L TWD, 759 () 13 @ 28 20° 3 L 0030° o
PHCIEMIT I Z 3 2, @ 73 40° 35 L OV 50° O #iPH Criiifria L v &
W<, BOERMCAEY 5, 5.0 8oy, bEERERITHY,
Braced model TiZ 7 A AN@ < 725 L HITHEENE S B3 H 5
—J7, 7" (k) AT IE 2 RIR X TV B,

3. L/l B &V KedKey EE B L 1= B(K)DIRE

B(x) ZIERL, B /1, 8LV K, [K,, Z#EB LI fi(x) %
RRT B, Bi(r) Xy xB(x) 1T LU, EFHAEBLE L0 R Te

Bie(6) 1% B () & L, Grid model T} :l:ﬂwn( ) & L#(38), Braced
model TIX B (k) & LRGB)ET 5,

con 1/(1+2/K)+am 2/ﬂm2 +1/(6m)
| i _ 38
ﬁzkAg(K) \/ 1+a,, 2/1m2+1/(6m)+(1/n)(1/K) oy
1 . 2 ! + !
[ am 2
peon ()= |LE2x 1425, 2,0 6m+s5,4," (39)

1+a,, 2 1 {1/[L+ll)+smim2}
1+2s, 2,2 6m nx
Braced model DR O#IIE E 4, 20, T72bbHXEYD s, %0
L L7254, Grid model & [R5 & 72 ) K(38) &7 D,

BT R AT % HEU2SR O 72 fy (1) 13 B2 (x) £ L, Grid model T

1* Big (k) & LA&(40), Braced model TiE Ay (k) & L@ LT 5,

Bia(0) =yl (<) B(x)  (40), B (k) =7 (x) B(x) (1)

7272 L B(x) iﬂ;’"“( ) TR, B (x)
Fig. 18 1 fy(x) D oAz m 3, RIS I 3 5 o0 PR T AR AT 12
HIEHHEICINA T, B (x) BE OB (k) 23T K. [Kgy DMK
TI% LBAED B(x) TIRBAGHE L 72 5. Bie () IZARHHIE & *F
ST A bO0, Bl (k) ITE LY b, ZOERANCALE L
TW5, Big () BEO B (k) AT Z R L 3R, AHHC
£V Ky, [Kp, BEL &b = VRO ENEITEDS TR SN D 72
By (k) 1ZBERE D B(x) & KEMRR WV, AL Ky, [Ky, & 8D
B(x) DIEFOBIAZIRZ B 72010, 75 (k) B LG 7 (k) %42
%9 %7, Braced model TiE f(x) 2 }/,fl;,n( ) iSJ:U?’/?.r;za(K) %
LT L b B(k) DA THIE L FHMirTRETH D,
K(22)F L OHRI)D f(x) & il (k) B L (k) & OHex
Fig. 19 (a), Bi% (k) B LT B (k) & DI % Fig. 19 (bR,
Fig. 19 ) &V 1, /1, B LV Ky, [K,, 5 1 D& (O) T,
B (1) 1T PHKQ22)B LOFIRAQ)OMICALE L, HAEAEHTIc
EoxEpl s px) OBEAERANT(22), (23)7% i K B ik &
WTEBITE D, £, B (x) 3R@)E T D, 1)1, B
0.18 IZIE F L7236 (O) T, Sig(x) X1 /1, 73 1 OBEICH
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TRESLEFL, K@) THALTE 29 o7z Br) D TR % B
SHEZ, TSR —&LTW\W5b, —J, Fig. 19 b)x R 5 &
By () FRQ) LY b WEER L, 1)1, BED Ky, [Ky, DA
L L728a T B () DZEALIT/N SV, ZiE 43 HiThil~7z
X 512 Braced model IZfEHTEIZX L T K, 2B KFEMET 2720 TH
%o HEK 10023\ TIEEASHE ISR 2 fl L 72355 C b B(k)
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ATHRQE—HETDLOREENTND,
54 REL-ESBOBMEEICLIEEFERRRHOESL

Grid model 12351 T, K(38)D fify (x) BT 2 & X(42) & 72 .,

Bils (1) = K\/l/ k+2)(xc+6m/n)} xk, xd, (42)

= \/1+ (2/ 202 ) 6min) 1) @3), d, = 1+ 1 (44
(2/ 2 )+ 1/(6m) + (/) (1/) ¢\ Tea, x
Grid model TI K,,/K 2V/NE < YAT 230 £720 ko 13 1, Fo 738
MICERM 2 MO 5E TIED/DWNEL a, 730 L7320 dy 131
(CERATRETh D, k=1 B EWd, =1 L7 B («) IZH@ES5)~ i
AL HEETH D,

Bis (K')ZK\/I/{(K+2)(I(+6I’I1/H)} (45)
7 5 8H & 72 Grid model THE G 2RI R X <, d, 1T

TERWIW, RES)ZKUEHD d, ZFLDLLEDH D,

5.5. BMEEREFEDFMFENRE
PLEEY 1)1, BET Ky, [K,, %508 L7 FE AR P C,,k( x)

R R E SR L 0 R 7 B (k) 3 KOy (k) & A 12 3(46)

TIEIRIICHEE CT& 5,

P = 0% B ()% (o)< | B L (46)
6 D B (1) 1 7 (0) x| B (1) | 35 RO AL (1) %7 (o)
B (6 | x 7" () L BB L T HRBRIRECD D, — i,
7o (k) B ROy (k) 2 FVT, BETERQ2), (23)D B(K) kiR

L7eRENEMERTHZ EHAMRETH 5,

Pt oy =<1 ()% B () 1 (1) < Pl | @)
Fig. 20 (a-1), (b-DIZAEMTIE IS L (46), Fig. 20 (a-2), (b-2)IZfif

ML OXANELVRDEPR OB ERT, o Z L0

Pl”(' ) et et VEFRATAEZ VY, aq 13 Fig. 12 2351209 &35, K

(46) Tl Grid model 1% 20%F2E DFRE L 72V, Braced model (% @ 23

BT Z LT R VEEN20%E M, ZOERANCALE L TV D87

A ZAREWGEEBRTIERAN LY P, 2R AT fETH 5, K

(47)Tli% Grid model 35 X OF Braced model 512 20%F2Z DFRAET P,
ZIHBARE CH D Z ENHERTE 5,

6. #
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Table A1 Characteristic value of constituent material
(a) Glued laminated timber

Bending .
o m,& Bending | Moisture | Specific
Tree .. Strength . . Young's N
. Composition Direction strength | content gravity
species grade modulus Ny (%) 0
(kN/mm?) | ™ °
S O‘;;:: 169 | 642
Douglas fir] P 1 E105.F300—F 99 | 055
symmetric
In-plane 15.2 48.9

(b) Steel connection

Young's Yield Tensile el . Rupture
Part Steel grade | modulus strength strength Yie ‘1 /stram elongation
(KN/mm?) | (Nmm?) | (N/mm?) ) (%)
Web
SM490A | 2.09x10° 346 511 0.17 39.9
Flange
S N r%ﬁ_hj Amsler testing machine
{ J Loading beam
‘ H = ‘ ‘ = H / Specimen
‘ = 371 = ‘
j iReaction tool Reaction tool? i
. 780 . 1440 . 780 .
. 3000 .
(a) Out-of-plane
S N Amsler testing machine
Loading beam
‘ H H / Specimen
== ==
[ Polless Neafad |
| A PR NP LR P K |
j EReaction tool Reaction toolz i
. 780 ) 1440 . 780 .
. 3000 .
(b) In-plane
Fig. A1 Setup of connection bending test
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The authors have proposed effective steel connections achieving high bending stiffness and strength for timber grid-shell
structures, and confirmed their performances through real size mock-up tests. In this research, reflecting the test results, the
buckling strength of 24m-span timber grid-shell with and without diagonal bracing roofs are discussed. Their theoretical
buckling strength including the rotational stiffness at connections are derived using continuum shell analogy, and compared
with the results of discrete FEM analyses. Finally, the reduction factor equations of buckling strength as the functions of in-
plane / out-of-plane bending stiffness ratio and two directional rotational stiffness are proposed, followed by confirming their
validity.

Dimensions of the studied single-layer timber latticed grid-shell are assumed to be 24 m x 24 m. The discrete FEM analysis
models as Fig.3, 4 are constructed using the fiber models with two-directional rotational springs at connections. The results of
the real size mock-up bending tests are reproduced with the constructed FEM model. They showed good agreement and the
validity of the FEM models are confirmed. Using the constructed FEM model, the grid-shell roof with and without diagonal
bracings, with various proportions of timber sections, and various in-plane / out-of-plane rotational stiffness are constructed
and their elastic buckling strength including geometrical nonlinearity are investigated. Generally, the bending stiffness of
timber members and rotational stiffness of the connections are lower in in-plane directions (along z-axis) than in out-plane
directions (along x-axis) in the test results. As the results of analyses, the buckling strength of the roof decreases along the
stiffness of in-plane stiffness of the timber member (/.) decreases, and also the rotational stiffness of the connections along in-
plane (Ke.) and out-of-plane (Ks,) direction decreases. Therefore, estimating the effects of these stiffness is essential for
evaluating the buckling strength of the grid-shell roof.

To derive the equations for estimating the effects of these stiffness, continuum shell analogy is applied. The classic shell
buckling theories are developed including the effects of the in-plane member bending stiffness and in-plane / out-of-plane
rotational stiffness of the connections. The derived equations are simplified and the reduction factor equations of buckling
strength are proposed as the functions of I.//, and K¢. / K¢g,. The obtained conclusions are summarized as follows.

(1) The buckling strength derived from the continuum shell analogy gives values agreeing well with FEM analyses in grid-
shell roofs without diagonal bracing. While those with diagonal bracing gives higher values than FEM analyses. This is
because the shear stiffness of the roof panels is underestimated for neglecting axial deformations of timber chords.

(2) The proposed reduction factor equations are confirmed to give reasonable values for grid-shell roofs without diagonal

bracing and low-rise grid-shell roofs with diagonal bracing.

(2019 4F 2 H 9 HEAE23E, 2019 455 A 14 HERAYLE)
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