HAE S = A R SR $583% 457467, 577-587, 20184FE4H
J. Struct. Constr. Eng., AIJ, Vol. 83 No. 746, 577-587, Apr., 2018
DOI http://doi.org/10.3130/aijs.83.577

[#7T)—1]

KRINA T v RTF AL 2 )V OFE TR EHERI S & 0T 7
ROTATIONAL STIFFNESS AND BENDING STRENGTH
OF STEEL CONNECTIONS IN TIMBER LATTICE SHELL
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Hiroaki HARADA, Shun NAKAJIMA, Yoshihiro YAMAZAKI, Ryota MATSUI,
Kenichi HAYASHI, Hiroyasu SAKATA and Toru TAKEUCHI

In recent years, creating lattice shell roof structures with timber members are getting popularity due to its light weight and
aesthetics: however, the one of their major difficulty is the connection details. In this research, a connection details for a
rectangular laminated timber with a T-shaped or H-shaped cross section with lag screws are proposed to maintain flexural
rigidity and tolerance of timber single layer lattice shell roofs. Their out-of-plane flexural strength and rotational rigidity of the
proposed joint are verified by full-scale experiments, followed by the buckling strength evaluation formulas including the effects

of connection stiffness

Keywords : Composite Structure, Lattice Shell, Connection, Rotational Stiffness, Bending Strength, Buckling Strength
BEREE, T A =, HEAH, [EERINE, d T, R

1. F MEfEHT 24TV, RV R DSARMIT 8 0 IATe 25 8) 2 5 8 U i 24 8) 4 4t

IR BRBEAC RO TEE R o0 R 7g & QNSRRI S 7= EEM O A
BRI OBLEN G, FEET O RAEEGY) O REE I E R 5 DA
ERAT SN A TS, £, REMEFAEED - Dk
ROEFPLTIR L Z OB E ZHIFL LTV D, BEx REmlck
BREEIHOON LN, PTHEHEZEMEZMRTELTF Ay =L
FEARMERE ~OAMFIH L, 1R CEBUC B ENTAM O R E 40
LEBABTEOOESEE 2D, ZOWRE, KBMHAEEZ SR B
BN, S OEWETIHL BRSNS Z LRV, EEHO
BYNRKREL RO NH T, EBMARE CAEOR S ZED LYINAT
WRWORFIRTH D, ERBESBICBVCEEME, fEa ks
N7 2 BB EB A RSB L E 724 7220,

AN &R D BRI OW TR E & D92, Kb L Rk 2k
IZH 73 KON 2 BT BRI A R a R s X A A T
v R 8 K QA O S FERZ TV, Zh b O ILFEED
MEEIZHEH STV D, BARS NTRAINED D 2 Hin T —A v
OIS B BSHOEA FIEDIREE 1T > Qb KEHkEEZ T
AL 2 VORI B W TITITHE S D3 B L RBE IS A CE R
BIBFTE 2 ATV, PEAT D 9132 0 F2BRRE R & JuIc A3 iR 0 4 40
AT LT D, 1257, FARD MO Z0A AR L M AT
L0, diFHIMEE G T HAREHRE A= 7 L— A DOMIEER,

ELTND, BERD MIIAREHBAR—AT7 L—hExtge L, &
IS LA RIR D HEERE BT LT D,

P 7 F AL x VRIBHEE OV TIE, TS D0 T T X R
JERs T = VO FEBRIIETE, AR DS OHE b T R8GO MV
TIOFGE, TS OIS & AT F R Y = VOBFRNFT B
N2, ERAEICET LB TE, BIIS YoRET FA v
WFFE, IR 19175 OBEEE O #FEIME R K OB A T
HIE T F 22 = VORI 2078037 T b, 24 s O
TeNEL T F AL = VBRI R FHES DIcE Lo b TN D,

FRLOMBIC LD L, HE T F 2 )VBRO PR 1384
OHFEPEIC R E EKGFETHICHEL LT, M2 48E LizgaY
DIFFRITA 7o, Fiz, FEREGIBIK L COMm), [EHREIHEC R
T HHERB LOMRIEH £V ITbiv T e, @E, A& o
BEAIT, AMCHIMZBASE, FU 7 REVRRL FEALTH
PIRESELIHAN N THD, Z0HE R 7 hEVEOKRM
SO VIABPNEROVEREZRET D72, R MARKBEK L 7
D, RSN BUE - i LEIC S AWOPNLEAIERE 2D,

T ZCARIFZE T, S & RIRA IR U 7z s R o0 A 1 B
a7 F A = )VRIRZERE O i T RIMERS KO 1k 2 vae L 55
KA NA TV > REEHOF IR IRETEITH, ZOMBERESYE

= VIZBIT D

*UOHERE T

PR RPR R Kk
ORISR B - i (TA)
OHSkEET V=T L UW TE
UORRTHERFRESA BT W (T)

NIKKEN SEKKEI, M.Eng.

Grad. Student, Dept. of Arch. and Build. Eng., Tokyo Institute of Technology
Assist. Prof., Dept. of Arch. and Build. Eng., Tokyo Institute of Technology, Dr.Eng.
Nippon Steel Engineering Co., Ltd., M.Eng.

Prof., Dept. of Arch. and Build. Eng., Tokyo Institute of Technology, Dr.Eng.

— 577 —



L7280, HBAMAMTMAMT b AETEOMELE L, #aEs
m%uiéifwﬁﬁfw:fAﬁiww@ﬁ%%%ﬁféoE%
A, HEREEOAM E T Hb L < H Bz 43 2 86 o
AL E—IRMEEE D, #MOT T VBRSNS T T A

J:~%HEA& AR & Hibt %A %,

BEA N D AN T 10 D fIT B — A 2 MR & Sk A — k(b
SNDRRTHLT 7 AT Y 2a—D5RE 7 7 v PEDPAM~
DIATDBROR N L WA CiiiF 2 AT ailEE 35, #BE
L 788 o i A4 7 TN k9 2 [ M ds OVl it ) 2 98K SE R
IZEDBASCT 2 LT, 5Dz BRIt L O i ) 23 B
JEEAZHE ST T AL = VRIBOPRIR 11252 2 58 %2 i+ %,
2. BEMORE

Fig. 1 \&/RT A8 24mx24m, 74 X 3.2m OAEHNA 7V v K
HIFEAME 7T Ay =0 (LU, RS =v) AEEGEE 5 HE
’EL, ﬁgzCVA%HWﬁWH%ﬁTO%Mi%WW@%ﬁﬁ
DEENRM, AWML T B LT H MErma A3 28 L, £
BRA & SiE 3 Fﬁ&iz FIAIY a—ET 5, M OHRic
PRAE AL L, SRAM DA & i TS 5, TR#MB L OHIE
WMoY 27, 77 PREIEEC 9mm LT 5, %mﬁ&ﬁﬁwﬁy
7WT@7717);—®%ﬁ%iWM®wD ABEFEDMBIIC

HEEI LT olhiFE— A PR TE Z %Ltﬁao

tuﬁga@:m#7ﬁxﬁ)1~&Tﬁﬂ:;5®7ﬁh%%%
F?éTmm%%@@%@&bl@Z@C%?TM%T@?yf
FBaRk<L, 727220 2a—0O3ERERMO®H 0 iA 2B
N @®, Fig 2R TPBCIET 7 A7 ) 2 —MICEE L7-2h
CLHATDEARIZLD HYIA &%ioﬁﬂﬁ%%#L Fig. 2(d)iZ
R BB TR FHBICELE L7 5| & AL MC & BT ol
HTHIPTL, Fig. 2()IRT HB Tk H MO 7 T o PIThkZiA
FHIERM O VAT K VLT 2 85H & 75, HB &<
BHEAE T T2 HEMZEHEAIE E A E R X N3 T M
WMED LD,
3. RESHOEERIE - i HEFE
SN EHBETILOHE

2 ECIRE LA ORIERINE, BRihfE— 22 B XU
SR E— A v NEOFNZ R D, Fig 3 ICRT LIS, HEAT

ﬂf% AV R M BMEMA LIERFOIRPIA I = X L8288 L, B

DN CHIHE I A2 5 T ds L ONAE 7 NS J8 AR5 2 NERIG 1 0 T 08y

Uéwi@%%z%*bém TB300, TB440, PB 5L U'BB (X7
ATV 2a—IZXDT VANV AEER Lz 1 IREHERIE L ZE L
720N 2 IR 2 O CRMEZ 4T 5. HB 130 TR H SR 4
B e iA, TTAT Y a—% ETT7 70U bt e, H
TEEH & B IS T OB E Y, HB 1AL T 7 A Y a—

;éfvxszdﬁﬁfééﬁgméw&%zghéo:@tw

BIEFZAZ Y 2—I2kB T LA ML RIEZEET, 727
2=l LD T VAN AEBRE LAV 1 RIEERMIPED 7 % WV CEE
iZ4T5, 27227V a—llX57 VAL ADFIGIIN 01245
<_on,%%®ﬁﬁw¢il&@%mém%2&@%W$mﬁﬁ
LTW BT EDDN, FHiT 2 LTEIZ 727V 2a—Itkd
TUA NV ADRIGIN 0 :&5%,2&@&%@&p&%@%b
5b0ETEH, TTAZ Y 2a—ICk BT LA ML RAIHEET LD

—578 —

Glued Laminated:
Timber

(a) Timber lattice shell (b) Enlarged detail
Fig. 1 Timber lattice shell roof
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(e) Detail of HB
Fig.2 Composition of proposed connection
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WD T T AT Y 2 — DR ABIT L DFER, SEREM O 0 0 IARKEIRE
KO8 & R S & BDBRRO DT (6 + 6010 » Oyt - Oyrei »
Opq) TRES &L, BRI 0 135041, My 1T PB LRI,
KEDE VKD B, min(Oyq » Oyreqi » Oy ) 25 6, £ VNS OEA,
AEYF XD 0, & X, ZBHTRDE 6, [T L M, 23k D,
Oyi = min(Ql +0y1t 5 Oyist - Oyresi » 9y.tt) (41
Oyier =Sy (1= r)/{Xni —min(Xeg)f (42 Gy =y /Yo (43)
Oyrei = &yh /(L= Xyi) (44), Oy =6y /(h=Yyi—e) (45)
TI2 L Sy 1351 & AV b ORRRZERL (118 A K(A39) TH D,

WREITFE—A L MM IET7 7 A7) a—0OBTCRkEL L L,
HIDEIERFEL A 6, 133(46), M, X PB & [AERICH(B6) L v Rk
Do
O =0 + Oyt (46), Oy =Sy (1=1)/{X 2 —min(X5)] (47

My 23RO BEE, Xy 12 Xy, Y12 Y, 207, £ Eo%<
DY —AFRRRITRD BN D,
3.4.HB D E S EERMIE S & VBT D DH

Fig. 3(c-1), (c-2ITRTHRILA B = X L% K\ HB O BRI, B
REFE— A bBXOKBITE— X MEEZRD 5, 318D
R G 5 & RBRIS, 1 WK BIERRIE R IR Fig. 3(c- )R 3 ki i
RHENAET D00 A VIS & 548) K v il X, , Fig.
(2N REAHE T AN AE U D o0 Auvic L 5 49) & v sz
HLE Y, 23R 5,

ARei +AReto + AI:’he.y + AR = ARg i + ARy JrAPfy (48)
APy i + APpy o + ARy + ARg x = APgy jj + AR + AR 49)

WAHEEL AT MIZAE C 2 10890 v kv B S5 1 RIEEERIPE
Koy 138D TdH D Xy & FV T (50), #EMES AIICAC DT
OFID BV I FEH SR D VRIEHERITE Ky o 13 o X, 23 (49)
WAL TERED Yy #HOCTXGEDE VRS, PB LIRS, #
BERARRD 1 WEIEEINE Ky 13023 LV Rk D,

Koy = ARegi %('—— Xni )+ AReto (L= Xpy ) + AR y (Xp —aL)

50)
b (
+AR (L= Xy = X))+ ARg i 3 Xt + AR (X = X ) + APy Xy

2
KHLp = APy iYn1 + APpto¥n1 + ARgYn + AR EYnl
h
+APfoIi (h _Ynl ) + AHSJ (h _Ynl ) + AH’\ex [E _Ynlj
BERl T — 2 > b My 13 Rt X OV TR O D b AL
R, Z7RA7 V) 2a—0O3KICKDBEREINET VA7 ) 2—DFA
Wric ko F&Uﬁ‘@b \fﬂﬁ) (Hyjm > gyAIt.I > ay.ls,t > Hy,IsAI > ayie‘ti > ayAte.Ii) S
WEDL L, BREEA 0, 13X(52), My IF(5E)E I RD D,

(51

gyl = min(gy.lt.t > ‘gth.I > gy.ls,t > ‘gy,ls.l > gy.te.ti > ay.te.li) (52)
0, It S, It

Oyt = 53), Oy =——t——— (54

Y min(Xeg) (53), Oy L~ Xy, —min(Xey) (54

gy.ls.t = 5y.|s /Ynl (5%), gst.I = 5y.ls /(h —Yni ) (56)

Oyteti = gyh/(l- - an) (57),  Oygesi = gyh/xnl (58)

My =Kg6y, (59)

KRIIFE—A L M T 7 A7 U 2a—D5[TIRED L L,
FIRBERE AR A 6, 133X(60), My 1T (63)L Wk D,
(60), Oy =Sy /{ X —min(Xeq)}  (61)
Ot =Sy L= Xp —min(Xey)} (62 My=Kpy8, (63)

& :mjn(gv‘lt,t > 9v,|t‘l)

Table 1 Characteristic value of constituent material

(a) Glued laminated timber

Bendi .
o m'g Bending | Moisture | Specific
Tree . Strength | Young's X
. Composition strength | content gravity
species grade modulus (N/mm) %) o
(KN/mm?) | ’
Specific
Douglas fir . |E105-F300] 13.1 31.6 7.63 0.50
symmetric
(b) Steel connection
Youngs | Yield | Tensile | Yield | Rupture
Part Steel grade | modulus | strength | strength | strain |elongation
(KN/mm?) | (N/mm?) | N/mm?) | (%) (%)
Tensile Strength 5
bolt class 4.6 2.02x10 315 456 0.17 27.7
Web
SM490A | 2.09x107 346 511 0.17 39.9
Flange
L | | Amsler testing machine
S — N !
H: " Loading beam
Force djrection Force direction
L G ] s

1 == I ] == \

I

. 3000 .
Fig. 4  Setup of connection bending test

Fig. 5 Definition of rotation

Table 2 Maximum bending strength Mmax and ratio against
bending strength of timber Mmnax/Mp
Connections TB300 | TB440 PB BB HB

Average of maximum

bending strength M ., (kNim) 13.0 20.7 12.0 234 30.2

Coefficient of variation

of 3 samples CV () 0.04 0.12 0.08 0.03 0.04

Confidence level factork (-) 3.15

1-CV -k (-) 0.88 0.61 0.76 0.91 0.86

5% lower tolerance limit of M .

11.34 12.66 9.12 21.28 | 2593
M oy 52, (KNm)

M /My (5) 037 | 059 | 034 | 067 | 087
Table 3  Rotational stiffness Ke, normalized rotational stiffness
k and knock-down factor B(k)

Connections TB300 | TB440 PB BB HB

Average of rotational stiffness

K, (KNm/rad) 5870 | 11012 | 5256 3778 5371

Coefficient of variation

of 3 samples CV (-) 025 | 030 | 0.18 | 0.10 | 027

Confidence level factor k (-) 0.30
1-CV -k (-) 0.93 0.91 0.95 0.97 0.92
50% lower tolerance limit of K, s433 | 10025 | 4970 3670 4947
Ky 500 (KNm/rad)
Normalized rotational stiffness
11.6 21.8 10.4 7.5 10.7
of Ky x (-)

Knock down factor

0.82 | 087 | 081 | 075 | 0.82
B () ()
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4. EEERESIEIFEER

2 BCHESE LIRS = VG I o0 SERim s 1 SRR A ek L,
A7 0 i I k9™ 2 [EHRIIME, #7036 & OVE R XA iR
T5H LT, 3TWTIE Lol E DR ET O,

FRBRIKIL Fig. 2 [OR T SHEOBESHE & L, Table 1 2 Fig. 4 1OR”T
Ty b7 AN KD RIEM BRI &0 R AR C B B R
M L O O RV 2 773, Table 1 WS4 O ¥ v 73
BT ), SKERB X OWEIT ML 55, R PRE SR
MR & L, BT A <, Sfkid E105-F300 & 9%, &{lkkic>
W, RBRIEIZ3I RS oL L,

4.1, 5HAIETE

T v TN DR & M4 U S Bl 12 TB300 0O FF BRI
HeB A1 & LT Fig. 5 IO T HIEMEIZIB WV TRITER LIz ANAL
FHC R EHAIT 2, A6 kv EATICERT 2iFE— A b
M, (65 & v HiEf 6, 23Rk D,

=(P/2)a (64), O =(6-0)/L (65)
L, PRETARAT—OME, ald3ml fEammme L
a=780mm , &, BLO, IFHESNFEN TH D,

4.2 HHEEE

Fig. 4 1Ty N7 v 7 &oRd, FERRIEEITT L2 7 —3 B,
NGB LOIINE RO &4, RBRIKIZT AA T —D T ATEDY
T BTV B RINEEIC L0 WSRO RREIC T 5, Hiffid

4 R EEIZEVITY, TART—D 7 r A~y K| :”t%Lf:JJDjJ
Gt U CHER TR OO T i 2 B EL 7 [A) LS DRI 2807 S, Heail o % h
FE—2Av Nz 5, ﬁﬁﬁfﬂ*mk&éiol?AX7~®
T L ERIECVE, ESREKMEICEE LRI RMWED 8
FILLTFICAR T L7z R Tﬁﬁ%%?#éo
4.3 RBRER

Fig. 6 ICHRBEOMITE— A > b M -[Elfiif 0 BRI L Ok
Wtz rd, FBRNZIESCHR 23)% 200 L £ B R 2 sepiitte 7

VICHEHL L7z M -0 BIfRIS L OY 2 T CHER L7 3f Ml & DF TR,
FHAAE I Table 1 (IZRT V¥ 7 HEE2HN D,

M 7 IR AT L0 — 2 R F A 0 K LR 2 b o
DI UAE T, B REcE 5 £ CRMRE TR S 2h oz,
RBRAREE L CTERMOARDZEAICT 7 A7 U 2 —elkEn T
WM CEIH L, 7y TRICBITBERM BT I v E0
BEANC X O VIALDBE T Tz, EOH%OKRERETIFIRMAL RE
ATERNAE e, Kahs oz i%ﬁzf’ﬁﬁxﬁﬁ WHELD T TR
IV a—O8NhBLOT 727 ) 2a—0OELEd ISR L TRV
PRI s(=3.3d) 2AER L, ANHARLRED @il%zi/\ﬁm“/v 2}
EEMA~DODVIARRT VA7 Y 2a—OMBHAERL TS EEZ
D, M A A KT 10 8 FILL IR T L7 B OmiEE
XiF, TB300 8L TB440 TiLT 7 A7 U = —Jellifi i) TOERL
MoBIZYR, PB TIEZ 7 A2 U 2—05Hk, BB TIE5[& ALk
JADCTOEEM O AW, HB TIET v FHCTOERM O#ITFTH
o7, PBIFHIANELT, FICT 7 A7) 2a— 05N HER L
DRI R T 2235 0, ZOMPEA T ITaE & 3t
BT MR T 2888k U, LARR OO 77 38 13 LA w&motoHBm
T I AY Y a—DYEREI T DB OE T M OFIZLIE T
7= b OO HIEHIC X 2 Be5A T L0 BIZHER A IE S dv7z,
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Fig. 6  M-6 relationship and failure pattern in each specimen
Table 2 1= 3 KD Be R MT A DOFIIEM,,, BT 1O

FEKYE 75%D 5% T IRAE M.y 50, 35 K O Table 1 (-3l 5@ L0



R 7o A TR ) My 12D My DM /My 2R,
IEABUIABREE LR T 3 &4 %, PB I TB300 (2 M 25 F
B2 bOORBEEDCEEZ R L, ZOMBESGHIL TB300 DM, & F
Bl >72, HB CTIZEMM A HITHIE L72b DD M, /My 13 0.87 2
Lot BITTWBIRMOZ 722 Y a— L EEM OO AL

Witk 5 7 v 7 OB T i OMHET 1L C 251N L UZ

T ALY 22— OFIHRICHE S R ORFHMEEL A F AR T D518

FOUM, MEFLEZEEZLRS,

Table 3 |2 FBR T &N 7= K REBRIK O EIHZREITE O FLIE Ky, K,
DIFFEKAE T5%D 50% FERE Ky g, » Ky &£ 0 RO 7= AR SEAL AT
M & 3 L OBEA T O MR C £ 5 o KRS B(x) &R T,
1 BRERIRICEAE S 2 T D720, AT 6 725, KylEX
ik 23), & B IO Bx) 1T3CHR 18) & IR L (66), (67)LVWRD 5D,

0.471ogo(k)+0.34 (1<x<10 :AEKHIVE)
K=%6: (66), P(x)=40.19l0og;(x)+0.62 (10<x <100 :HIME) (67)

1.0 (100 <« rEEIE)
TR L NEEM R, E, I TEM ChIERMOY L 7 E, 1
Wi —IRE— A R TH D,

Ko I TB440 23 b\ AS, MOBESE & LD X6 >E N
HM%, BBIZHBIZIRE M VENH DD, Kylf k=75 L
BRI R G & BT S, M OFESER O ko 1F 15~29 FREE DO FEFA 5y
Hi UHPRIPEEAS L S D, TB440O DL H LT v TENEL,
BB O X HICEE LTS MONTE2IE HB O X 5 IZERMM O
D VAR THITITETIT 2 A = X A2 ET D HEAEIE My K
LD, KplZEWTZ VA2 U 2—%F7 2% TB300 5 L O TB440
NEL 25720, FIZT 7 ATV 2—O5[ R IZEFEL T D
LEZLND,

EBRAE ORI, BRihFE— 2> B LUK RIS E—2 v
NI 3FCTRE LIl 2 121X Y, FHEEZ AVWiz84, PB
DORERENTE— A > MERE, ZEMIFHMEAEETH D 2 & MR
SNz, FHiT 5 ETEEMOD VIALMEL LT VA7 Y a—
DOBHERIEIMED IR STV D720, FEMMEIC A~ THERED
EIARIPED EA 572 & B 2 bivd, FEEEOFEAMEIZ KT 5 i,
BIEEEIPECIE 1.2~2.5, BRAFE— 22 F Tl 0.9~1.2, #&Jmil
FE—A2 FTIH12~20 Thot,

5. EAMRAIMEEZER L-AEY T I)LOERFEDTE

BT, 4 BOEBRTH LN EEMIME Ky B8 L OKRM O AW
WPMELR B G MIE I FHE 2B T 5 A3 24mx24m, 7 A A 32m
DR = b OJEJEAr BT & DORREE DR R T T M DU TEMT
HIRRET 21T 9 o
5.1 B ETIEE

MEtE 7113 Fig. 7()l277"7 Grid Model 35 L T8 Fig. 8(a)l2Rd
Braced Model & 3%, AOuE =Bl 11300, BERSEMFIINNEE B
XFEL L, WMESEMITESMES T 5, Table 4 (2T E R
o AR A R BT D T 0k A s K OSMEE o i R A
BT, APRMREEMEIEE & 5, BEATBITEREER O K,y & FE I
mlisEia s LCET VLT 5,

52 AMDEAMBEEFRHEZER L -EEFTEFMEFENRE

W2 2 5 0D AT B i 145 T Pyl 2 BPAI S 2 BSUZ I, AR AT 0
KD T2 AR O AWTHMERR SR G I KL B R AT AR 2R

(a) Analysis model (b) 1st buckling mode
(TB300)

Buckling modes of Grid Model

(c) 1st buckling mode
(TB440)

Fig. 7

EE T
ST
AT SIS
A A NV

(a) Analysis model

(b) 1st buckling mode
(TB300)

(c) 1st buckling mode
(TB440)

Fig. 8  Buckling modes of Braced Model
Table 4  Member properties of studied lattice roof
Sectional |Moment of Young's Shear
. .. modulus | modulus
Parts Material area inertia E G
A 2 | +
(ma) | T ) | (oN/mm?)
Lattice Specific
member ical
symmetnical |3 1500t | 116x10° | 13.1 0.87
Quter | composition glulam
member E105-F300
Diagonal 85400 63.6 322 | 205x10° | 788
member
100 5 100;m. —
Rigid — — %=0.92
2% B i — gH0F
2 PB - = 2
£ BB £
Zooppin AHB _ —o- —— Zool
o 2N
= O T s ptri EET =
£40 S gaof
] #=0.94 |
2ol ] 22|
VElastic buckling Pil,a B
002030 60 80 T00 T30 T40 00—20—40 60 S0 T00 120 T40

Vertical displacement & (mm) Vertical displacement & (mm)

(a) Grid Model (b) Braced Model
Fig. 9  Load-displacement relationship
I T 110 — T T
1 i 7
1 I 100 -
2095} 4/ 1 Rigid -
< ! HB-E TB300 TB440$ ~ 90} ¢
= | Z )
Q[ 09t f g =
3 E:] /1|| | [ 5 80 Qg
Zoss| |78 2 .
E085 e S 70+ =
g 1 | .2 S s
_% 0gl @ 4T Evaluation formula (67) _E\ 60 | Rigid \é// 1
Y ] n
§ ? It 10Grid Model (Lincar) 250l &/ Grid Model (Linear)
Q 0.75 BB Grid Model (Elastic) Grid Model (Elastic)
' Il I[OBraced Model (Linear) 40 - ”Q Braced Model (Linear)
0.7 }/I i _iMBraced Model (Elastic) 30l Braced Model (Elastic)|
. 8 10 12 14 16 18 20 22 24 30 40 50 60 70 80 90 100 110
. Normalized rotational stiffness x (-) . Evaluation value (kN)
Fig. 10  Knock down factor Fig. 11 Buckling load

evaluation validity
Do RITHAK & ARMICE T D v o 7 RITHT D AR I D2

fEICtES RN, DR L L, AMOEABHIRK G =E/15P %
L7 P, LM ORT v bk 03 & LS pBto+ A i
PRI G =E/26 AT 2 Phiy L VR D, ARFETALO y 1T
Grid Model Tl 0.77, Braced Model TIX 0.86 & 725, SCHk 18)% &
HRL, G e oD MU P2 i for 25 DRI Grid Model 5561354
(68), Braced Model DE132(69), A OMIEE % 5 [ L /-4
TERE T A EIEE(70), SRR AT IO D LV KD B,

2 2
i 3660 81 (Gox” +6oy")
=7 {r%—;(max(¢ox,¢oy)—o.349)} E A Xzoz y (68)

Paltey = yt16:90x:90y\/DK (1+vg+ ny/D)(K/(ZKXy)+1/(1+V))" (69)

Pty = BK)PY Ly (70),  PSA, =apBK)Py, (1)

ZZT,
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K=EoA/lo+EAsr/ly  (72), vy =vy=v=Ehge/(V2l)  (73)
Kyy = EsAsr/(v2lo ) + 6Bl /1’ (74), D=Eyl/l, (75)
Ve =Vayx =Vg =0 (76), Dy =Ggrd/ly (77)
7272 U By 13A& 70 Tl DM O v 75, AT T O Wt
ERE,  Agr IR OWIETE, 6, Gy XX FIB IOy HioH
PR, Ao IZEMAIREL, ni30EEK, g B X doy 132 x 71
BROy Fmo i, Grp (XEHEEM OA O HEH AW MR T
BB, SCHk20)E B L Ggr =E/600 &5 %,

BEAER % TB300 & L7284 @ Grid Model # & OF Braced Model @
1 &JEJEE— K% Fig. 7(b), Fig. 8(b)ic, TB440 & L7=#A % Fig.
7(c), Fig. 8(cNI/RT, 1 WHEBT— NIZKylZ L0 R n 2 &2
RENT, HAEMBMIBEAR L TB440 OLAITE W TIE, FRf
RO ZHLE LCMEe | wIEHE— RERL, AN TB300,
PB, BB 5 U HB DA IR\ TR AL O 286 FRmic —
FRMTR Y, TR MTe | REHE— RExR LT,

Fig. 9 BV R ARAT X 0 RO I- S HEILS O OFTE P -$AE AT
5 BfREB L OB ETIRIEIZ I 1T 5 HE & 4 i A 1 Py, m%@%:r@“
i€ 7 VA B R A2 PR oy i S S R BT, P - s BIfR o Al
RAART U, 8 2 o B ARSI R LT < b T 7
NTHERBELTWD, P-5 BfREB KO Py 1ZEEERIES RV IE S,
i IS K OSRE AN AT/ NS WHER & 7Rk 97, Braced Model (%

Grid Model (T2 & AR S i FL & O A TR 23R I R & 0,
Fig. 10 (ZFBRFER D Ky & BB IC £ 0 @%ﬁw JFE A BV RS

% VR fof O R ER X0 B L 72 B(x) & BEFEREAM (67) D
A &Y, Fig. 10 X0 ) 1267 L 0 HH U 7= FFMhfiE i
~C, Grid Model TiZ 1.0 f%2L k, Braced Model TIi% 1.1 f52L k&
7Y, BEMCFHE STV, Fig. 9 ISRT X 2 ICARRFET L

“C U B A R o B AR B4R I o 13, Grid Model Tl o =0.94 ,
Braced Model Tl oy =092 & 720, M FAHIERIBIED BT/
S\, Fig. 11 IZ3THR IHITHIR SN TV D FIEICE S, BAEN
W3 & DLy & ORIFIE I T T ST RIS L 2 ARIERE T
& 2 T R T IRRUAR AL oy, BEAER ORI &F & B S A TR
TEREL (i) I K OARK D AWM RS e Ao B A AR 2K
7 & e Uk 7o L ﬁi@nﬂﬂﬂﬁ&ﬁé P M 1 A R
A AT AT R FERR G % 5 B8 L 7 B JA TR R AT 0D S5 A FRATT A SR 0D
b 27797, Grid Model ~CIXfRHTAE & FEAM IR B B < kP L,
Braced Model TILili#H 1% 10%EEDFRZE L 720, HEASCHR 18)D T
ERHEMAPEETH D Z LR TE 5,
5. 3 HESMOBEHERMANICE I HBLERNENEH

SCBK IS HERL U, RS HAE OO PRI T Ny 35 I OV AR i )
Nt & 0 HIBPERE A8 PP 4R %, Table 5 12 Grid Model 3
£ O Braced Model O TEE 279, 5 EA OBEIEM7) Ny 1350
(78), FEETM & T2 IEBAEIR L Agqn (25(79), FIEHH O

FHIRIE Nop(y 123081 & L, SHIAMEEE AT PP 13A(82), MAALIEAK
W 7= Y ORI AT E PP 3@ L W kD B,
1 (A <30)
Ny = A7, (78), 7=113-0014 (30<A<100)  (79),
3000/2%  (100<A)
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Table 5  Evaluated elasto-plastic buckling load

(a) Grid Model

Connections Rigid | TB300 | TB440 PB BB HB
Pe, (kN) 474 413 44.0 40.7 38.5 40.8
N (KN) 445 333 375 324 | 295 3.26

Ny (KN) 195
A ey () 6.63 7.66 7.21 7.76 8.13 7.74
N cr(m (KN) 3.08 2.31 2.60 2.24 2.04 2.26
P p'cr (kN) 32.8 28.6 30.4 28.2 26.6 28.2

PP it (KN/MD) | 3.65 3.18 3.38 3.13 2.96 3.14
(b) Braced Model

Connections Rigid | TB300 | TB440 PB BB HB
Pe (kN) 81.3 76.5 78.6 76.0 74.3 76.1
N orm) (KN) 5.39 4.52 4.83 4.44 4.20 4.46
Ny ) (KN) 195
Aoy () 6.02 6.57 6.36 6.63 6.82 6.62
N cr my (KN) 3.73 3.13 335 3.08 291 3.09
PP (KN) 56.3 53.0 54.4 52.6 51.4 52.7

PP anie (RN/M) | 6.25 5.89 6.05 5.85 5.71 5.86

1-0.24A () <L
4 &(m) = [~
Ny(m) Nerm _ | 1+ Aegm) 0.6
Aeamy =, |l (80), N = 15 (81),
cr(m) y(m) 9 1
5 (Nem f)
13A¢(m) 0.6
PCEI =( Cr(m)/Ncr(m)) Pcerl (82), I:)c‘r).lunit = PcEI /Adom (83)
7272 L A TZERKE o W i JEARARE 2, A 13 oM

Lo, Agom X7 F AV =00 | Himi M- OXEEREE L, WET

VAT Ay =3x3=9m” TH 5,

AN S AT IEBUEAR PE Aggy 13 6~8 (TEEL, B 1o 1 O
JEI 123 &%, Grid Model "CIIHNLE RS 4 72 D O GHAE M L R
T PP 132,96~ 338kN/m? & 720, REEM ISR L 3.0 FREED
9243447 L, Braced Model T PP 135,71~ 6.25kN/m? L7210,
XA ) L 5.2 BREDZRRE[A L TWD, BLEXY 2 ETHt
R LT ABATIEA S 24mx 24m B2 O A > = )V BAR IRl
FATREARMIMERS KON &2 LCn b ST h s,

6. i

EATEI 07 7 o VH THITE— A v MR BET A RO K
NAT Yy FHBERKF T F AL 2 VEAEZRE LT, mih
J7 18100 fFIT kb3 2 BIREIEds K OV ) 2 ERERICE VS

2L, HEEHRIMELZBRE LIz N F A v o VRS O
REOEZAT > 72, Fbhzmiaz L FITRT,

DIRE LTZARIENA 7y RGBT F AL = VGO
B KBRUFT ST My (ZEERA BEUTTE 7 My, 0 0.34~0.87 5% R L,
SN TTALIEERITE & 1% 7.5~22 & FPRIIPERYS OPEfEZ =~ LTz,

DTV AL ) a—& THMEROEZEATIE, MMTEE< TS
& CTRERHIE Ky 36 Z ORI /) &2 fefR T &, H B CHERM %2
BRBOA T BEATRIE, [IERIIE Ky 2MEV b O O SR # T 7
My (I N ) R Lz,

NEEA O EEERMIME, BERERTE— A B KO FF E— 2
v ROFMRED VAR T T ALY Y 2 — DB S X R
U7eo SFAMME 1L TR ME 2 22 MM FTRE Cd 5 2 & 2 Hal L7z,
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In recent years, timber structures are popularly applied for lattice shell roofs to create a long span space due to lightweight
and aesthetics. This research proposes several types of steel connections for timber lattice shells improving structural
performance and architectural appearance. The out-of-plane flexural strength and rotational stiffness of the proposed
connections are examined by full-scale experiments. Based on the experimental results, the seismic performance of timber
lattice shell roofs using proposed connections is investigated.

Dimensions of a single-layer timber lattice shell are assumed to be 24 m X 24 m x3.2 m. The five types of connections are
proposed for this single layer lattice shell as shown in Fig. 2. Rectangular laminated timber members are fixed to tee or wide
flange section with lag screws. These connections basically resist to out-of-plane bending moment by the pull-out force of lag
screws and bearing force between the timber members and steel connections as shown in Fig. 3. Tests on three specimens for
each type of connection were carried out to confirm the rotational stiffness, flexural strength and fracture mode with respect
to out-of-plane bending.

Numerical simulations of a single-layered timber lattice shells illustrated in Figs. 7 and 8 using proposed five types of
connections were conducted to investigate their buckling loads. The strength reduction factor for elastic buckling load against
linear buckling load a, was estimated approximately as 0.9. Fig. 10 shows that the strength reduction factor due to connection
stiffness f(x), stipulated in AIJ Recommendation for Design of Latticed Shell Roof Structures (AIJ Rec for Shell), and found
to be less than the calculated values in numerical simulations with evaluated connection stiffness in the tests. The effect of
timber shear stiffness on the strength reduction factor was also investigated. At last, elastic buckling load of timber lattice
shells could be estimated multiplying reduction factors @, and f(x) to linear buckling load. The findings are summarized as
follows.

(1) The maximum flexural strength of the proposed connections ranges 0.34 to 0.87 times the laminated material bending
strength My, and the normalized rotational stiffness ratio x (Eq. (56)) ranges from 7.5 to 22. This rotational stiffness ratio
values indicate that the proposed connections are categorized as medium stiffness for single layer timber lattice shells.

(2) In tee flange connections, the rotational stiffness and flexural strength increase as the wrap length elongates. The wide
flange connections exhibited maximum flexural strength, though the rotational stiffness is smaller than other connections with
equivalent wrap length,

(3) Evaluation formulas to calculate the rotational stiffness and the flexural strength for the proposed connections are
provided. The values calculated by the formulas generally correspond to the test results with a safety margin.

(4) The knockdown factor f(x) for the buckling load of timber lattice shells in of each connections range from 0.74 to 0.87,
which is applicable for practical design of single-layered timber lattice shell roofs.

(5) The elastic buckling load of timber lattice shell roofs with the proposed connections can be evaluated multiplying the
reduction factor y; , the knockdown factor f(x) f and the reduction coefficient oy which can be assumed 0.9 to the linear buckling

load.

(2017 4E 9 H 9 HIsAR=23, 2018 4F 1 A 11 HIRMLE)
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