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ROTATIONAL STIFFNESS OF STEEL CONNECTIONS FOR TIMBER LATTICE SHELL
IN NEGATIVE OUT-OF-PLANE AND IN-PLANE DIRECTIONS
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The authors have proposed effective steel connections achieving high bending stiffness and strength for timber grid-shell

structures in the previous research. However, their performance against negative out-of-plane and in-plane directions which

affect the shell buckling strength are not clear yet. In this research, the bending performance of the proposed connections against

negative out-of-plane and in-plane directions are confirmed through real-size mock-up tests. They are compared to the

performance against positive out-of-plane. Formulas for evaluating the stiffness and strength of the connections against these

directions are proposed, and their validity are verified by comparing with the test results.
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Deformation diagram
Fig. 4  Contribution to deformation by bending
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B js.p 810 (”/2 Pis. m) B, 15 cOS (”/2 *%.ili)

Busoan = Butea i (118)

Py on S0 (7/2= @ 011 ) + By €08 (/2= @y 1)
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Misiin = 2 Kigiotis i {(Xoi = X1 )/€08 @rsir} Oussin (119)
1

2
Ml.s‘.oti,Z = Z Kls,otinls,oti {(L - Xni - Xls.oi )/COS ¢l.v.ori} gu,ls.uri (120)
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Mg iin = 2 Kt ii{(Xoi = X5 ) /€08 @i} Oussin (121)
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5 (123)
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Mg y2 = Flex 2l Xy (124)
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Table 1 Characteristic values of constituent materials

(a) Glued laminated timber

Bendi .
en 111'g Bending | Moisture | Specific
Tree . Strength N Young's .
. Composition Direction strength | content | gravity
species grade modulus Nimmd)| (%) )
(/) | VMM °
Soe O‘I;):' 169 | 642
Douglas fir| P | E105-F300{—2 9.94 | 055
symmetric
In-plane 152 489

(b) Steel connection

Young's Yield Tensile eld strai Rupture
Part Steel grade | modulus strength strength Yie O/stram elongation
(KN/mm?) | (Nmmd) | (N/mm?) ) (%)
Web
SM490A | 2.09%10? 346 511 0.17 39.9
Flange
S N gﬁlﬁ Amsler testing machine
L77 Loading beam
‘ H o ‘ ‘ = H / Specimen
=  JIr 1T ==
j EReaction tool Reaction tool i
. 780 . 1440 . 780 .
. 3000 )
(a) Out-of-plane
S N | Amsler testing machine
’L Loading beam
| = i = / Specimen
== Ny S| ==
[ boltoos | Neoledl \
| K P AP K |
j EReaction tool Reaction tool I
. 780 . 1440 . 780 )
. 3000 )
(b) In-plane
Fig. 5 Setup of connection bending test
=S s
L T i
M(;ﬂ S— ‘&J€X¢M< Y Xﬁ
J / olo <bolo /i
S i
_ S s |

(a) Out-of-plane
Fig. 6

(b) In-plane
Definition of rotation

D AW FAE LI <, BREESHIRTX D,

Table 2 |2 F2B T & AL 72 AR IR O BIREIPE O FEE Ky, Ky
DIGHEKYUE 75%D 50% FHRE Ky s, » Ko &0 KD 7 M TbmlER
WIPE & F5 L OB B OMIBEE 1 X % PRI A AR IUR 3 B(K) 27T,
1 BBRIRICEEA R 2 2T v, RBRIREIL 3 D7, AL 6
LT 5, KgldIsTik 6), x BELO B(x) IX3THE NESRL, K (189),
(190) L v ko 5,

oK
Eyl

0.47log;o(k)+0.34 (1<x<10  :{XHIE)
(189), B(x)=10.191og,;(x) +0.62 (10<x <100 : ") (190)
1.0 (100< )
L NIFEME, E, 3B TEHMChrERMOY L VR, 1T
Wi —KE— A N Th D,
AN T OYE, TB300 & TB440 O Ko (Z[AFEE DE %47~ L
23, TB440 1% TB300 &2 LIELDENREINTZD, Ky C
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Table 2 Rotational stiffness Ko, normalized rotational stiffness k

and knock-down factor B(k)

Direction Out—of—Plane In-plane
(negative)
Connections TB300 | TB440 | TB300 | TB440| HB

Average of rotational stiffness

K, (KNm/rad) 7311 | 7369 | 697 1295 | 1438

Coefficient of variation

of 3 samples CV (-) 034 | 044 | 033 0.11 0.18

Confidence level factor & (-) 0.30
1-CV <k (-) 090 | 087 | 0.90 | 097 | 095

50% lower tolerance limit of K, 6575 | 6408 628 252 | 1360

K 5o, (KNm/rad)
Normalized rotational stiffness 12 113
of Ky x (-) ’ ’
Knock down factor 0.82 0.82

B() ()

Table 3  Maximum bending strength Mnax and ratio against
bending strength of timber Minax / Mp
Direction Out-of-Plane In-plane
(negative)
Connections TB300 | TB440 | TB300 | TB440| HB

Average of maximum

bending strength M . (kNm) 353 38.1 130 156 158

Coefficient of variation

of 3 samples CV (-) 0.06 | 0.10 | 0.12 0.03 0.06

Confidence level factor & (-) 3.15
1-CV <k (-) 082 | 069 | 0.64 | 0.89 | 0.81

5% lower tolerance limit of M
28.88 | 26.19 | 825 | 13.95 | 12.84

Mmax.S"/n (kNm)
M M, (-) 055 | 059 | 020 | 024 | 025
Positive out-of- plane— Positive out-of- plane—
egative out-of-| planc INegative out-of-| planc Out-of-plane  —|
In-plane oo In-plane . In-plane oo
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Fig. 8 Comparison of M-6 relationship
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The authors have proposed effective steel connections achieving high bending stiffness and strength for timber grid-shell
structures in the previous research. They are composed of joints with T-section or H-section brackets connected to glued
laminated timber section members through lag-screw bolts at flanges, their bending stiffness and strength have proved to be
much higher than the ones of conventional connections. However, their performance against negative out-of-plane and in-plane
directions which affect the shell buckling strength are not clear yet. In this research, the bending performance of the proposed
connections against negative out-of-plane and in-plane directions are confirmed through real-size mock-up tests. They are
compared to the performance against positive out-of-plane. Formulas for evaluating the stiffness and strength of the
connections against these directions are proposed, and their validity are verified by comparing with the test results.

First, detailed analysis methods evaluating negative out-of-plane and in-plane stiffness and strength are constructed based
on equilibrium of forces between steel bracket and timber beam and their compatibility condition. Next, approximating the
process of neutral axis iteration, simplified formulas are demonstrated. Also, assuming the neutral axis at the center of the
connections, further simplified equations for stiffness and strength are proposed. Then, real-sized mock-up specimens for the
proposed connections are constructed, and simple bending tests in negative out-of-plane and in-plane directions are carried out.
Their bending moment — rotational angle relationships are compared with the proposed formulas and their validity is confirmed.

As results, the following conclusions are obtained.

1) TB300 (T-section bracket with 300mm length) exhibited higher bending stiffness and strength in negative out-of-plane
direction than those in positive direction. TB400 (T-section with 400mm length) exhibited lower bending stiffness but higher
strength in negative out-of-plane direction.

2) For in-plane bending tests, all specimens showed much lower rotational stiffness and strength than those in out-of-plane
directions. Those of TB440 and HB (H-section bracket) exhibited nearly twice than those of TB300, which is caused by the
effects of shear resistance of lag-screw bolts.

3) Comparing with the test results, the proposed detailed analysis methods well evaluate bending moment — rotational
angle relationship, while the ultimate strengths are a little overestimated. In addition, proposed simple formulas estimate the
test results in safer sides, and considered as valid for practical use.

4) TB300 has higher rotational stiffness and strength in negative out-of-plane direction than the ones in positive out-of-
plane direction. However, TB440 has lower rotational stiffness and higher strength in negative out-of-plane direction than the
ones in positive out-of-plane direction. As for in-plane rotational stiffness and strength, they are lower than the ones in out-of-
plane direction. Therefore, the difference of rotational stiffness in out-of-plane/in-plane directions has to be considered when

evaluating buckling strength of timber grid-shell structures.

(2018 4% 12 7 10 HEAR=ZFE, 2019 4F 2 A 19 HERMHE)
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