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EXPERIMENTAL STUDY ON CYCLIC DEFORMATION CAPACITY AND FAILURE MODES OF
BUCKLING-RESTRAINED BRACES WITH MASS TIMBER-RESTRAINERS

NEMEY FEBELEY AH

BTN oM, AN

Shogo KOMURO, Yuki TERAZAWA, Takashi KURATA,
Yoshinao KONISHI and Toru TAKEUCHI

While BRBs using laminated timber as a restrainer have been widely studied, timber restrainers have lower stiffness than steel restrainers with higher

risk of fragile crack failure, it is necessary to consider the safety factor of global buckling, global stability of restrainer ends and local bulging failure

at restrainer. In this study, a wide range of mock-up loading tests on BRBs with timber restrainer were carried out with different core-to-restraint

compositions, in-plane and out-of-plane clearances, with and without core additional steel plates, and with different boundary conditions. Their

exhibited failure modes are carefully studied and evaluation methods are proposed.

Keywords: Buckling-restrained brace, Mass timber; Local bulging failure, Global stability, Local buckling, Cyclic loading test
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Fig.2 Assembly of BRB with mass timber restrainer
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Fig. 21 Structure model
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WbL, WpL)DaFAtifE 5 % 7k 97, Wal, WbL i BRIRTiL, 72 [R5kl
DI E ) & Tlal Y, FEB & FER 72 2 U R 22 E 03 Al C©
TV D, FFIC WL 3RBRIK T, SRR Sl FI AL Ik Hi A2 & 2 4
FUNRTHINT B — A > MBIERE AN A L, SRR s o 1 2
WEBAIE & 728, G CARE S iz 2R S ) A 2 BRI %
TR CE TR NE U, WpL B IA O 251, WH R R

(2 & DR O T NFIZE TR A 2 720y, 1ITRT X
DNT, 2 BRI R ) SR L — LTl b, FEREIT
TR O W TR C bR A 2 TV FTREME AV RIB S L D,
2D XS, K BRB IXHERDHE L X VR F b & H V72 BRB
L, HTEMRE T O T ' — A v MEERE ) DMK < (S iEME 2 1
LW, oIS EEE OB WEAITTIEOHA SR b b,
54 KREBRBOBHMALRERLLAREREREE

Table.5 (T ) EH-ER 0 BLXONEEREREZ 2R o0 ORGHE
(Design) & FEER I (Experiment) O FLii & 7 97, 34T 0O f G 1358 57 S
DB BEG M O WA O S E TR A2 2 72 WpL Bk & L,
FEAM L AE AL O Fe B E F O 3% FHREE Iz S 2 K 26)B LUK
Q7)TEHE Uiz, BMEREN) N IZAKRFMCEHAE L W05,

N.B=m’Ely/ l5*>.aN., (26)

N~ 40N, (27)
T NS EWTE AR & LT R A A T — R, E AR R
YU TR, L IR L UM W R ZIRE— A U b, [ 13
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Table 2 Evaluation of failure mode by local buckling of core steel plate

Demand Failure mode based capacity
In-plane | Out-of-plane In-plane Out-of-plane
) Maximum outward force b Bolt-deformation- Core-plate-induced | Washer-induced local | Core-plate-induced
Name Failure v . Y |induced spliting failure| Shear failure of bolt |local bulging failure of|bulging failure of mass|spliting failure of mass
mode core plate (Experiment) . - . .
of mass timber mass timber timber timber
Pas (kN) Paw (kN) | Pes1(kN) ber L Les? (kN) ber | Lew (kN) per | Lew? (kN) per L Lews (kN) DCR
Eq. @ Eq. (D) Eq. Eq. © Eq. (10) Eq. (1D Eq. (13)
W | Splitting failure |5 4 3.55 14.11 110 | 1500 | 1.03 8.42 0.42 8.55 0.41 1255 | 028
In-plane
Splitting failure
Wb 14.92 3.41 14.11 1.06 15.09 0.99 8.42 0.40 21.84 0.16 11.00 0.31
In-plane
Splitting failure
Wa2.5 29.84 3.40 14.11 2.12 15.09 1.98 8.42 0.40 8.55 0.40 12.55 0.27
In-plane
W2, | Splitting failure | =g g 3.28 14.11 2.05 15.09 1.91 8.42 039 | 2184 | o015 11.00 | 030
In-plane
Splitting failure
Was 11.55 14.24 14.18 0.81 15.09 0.77 8.42 1.69 8.55 1.67 12.55 1.13
Out-of-plane
Splitting failure
Whbs 11.47 14.15 14.18 0.81 15.09 0.76 8.42 1.68 21.84 0.65 11.00 1.29
Out-of-plane
Table 3 Evaluation of failure mode by local buckling of core steel plate reinforced by additional steel plates
Demand Failure mode based capacity
In-plane | Out-of-plane In-plane Out-of-plane
Fail Maximum outward force Bolt-deformation- | Core-plate-induced | Washer-induced | Core-plate-induced | Core-plate-induced
Name arure by core plate Shear failure of bolt | induced reinforcing | local bulging failure | local bulging failure | spliting failure of | local bulging failure
mode . . - - . . .
(Experiment) plate failure of mass timber of mass timber mass timber of reinforcing plate
Pas kN)| Paw (KN) | Pesip (KN) per [ Les2p (kN) beR L e ip (kN) DCR L w2 (kN) beR L cudp (kN) beR L cudp (kN) DCR
Eq. @) Eq. (D) Eq. (14) Eq. (15) Eq. (16) Eq. (17) Eg. (18) Eq. (19
wp | Splitting failure |, 16.1 151 |oot 187|073 150  |1os| 227 |om 1.5 1.40 166 |0.97
Out-of-plane
wopt | Spitting failure | 16.4 151 |o92| 187 |o74| 150 109|227 |om2| 115 |142] 166 |0.99
Out-of-plane
Table 4 Evaluation of global stability Table b Safety factor of global buckling
Insert | Connection | Maximum Eva'luatlon for Global stability - Yield axial Eule_r .
. Restrainer moment | Expend failure buckling | Maximum |Overstrength
Fail zone length axial force transf ity P force strength axial strain Overall
ransier capacit orce
Name ailure @m) [ m) | RN P of " safety
mode (kNm) (kN) WpL core plate of force hardning factor
r-rest r-neck Nii restrainer kN factor
L | o No 1 M | per (kN) ()
Eq.(22).23) Eq.(24) | Eq.(20) (kN)
R B B
WaL atiign;‘}gr;:i‘;ﬁer 545 378 3069 | 27369 | 53251 | 3081 | 1.0 Ny Ner Ve a“ ¢
C " Design 244.4 942.5 3422 1.40 2.75
ToSs section
. 36. . b .
WbL Yielding 545 378 365.3 2736.9 5325.1 308.1 1.2 Experiment _ j 4556 186 207
litting fail
WpL Splitting failure 545 378 455.6 | 14863.5 | 53251 | 3956 | 1.2
out-of-plane buckling

— 1068 —



Table 5 \Z/RF L D1, MM LA o OFRFHIEILSCHL 18) D4
THE 1.4 & L7=izxt LT, S BEELIED 3%-4cycle (ZEE L7z
FEEREITH 1.9 T TR L, T0—J, SRERLER o O
MEIEHEDEAE 1.5~2.0 L 0 LR L MO 2.8 & LIzDIZxt LT, F6k
BT 2.1 MRS NTRIETH -7, REmOHEIFE TIE, WARMOE
IR TR SRy 22 30 % T BRI ANV IE N 2, RSl BRB ICAHME LT
BREEE DR AARITMHEE TE RV, UL, FARICRTEIIE, K
A G, FSEE A O SRR O % 425 ,a=49 2.0 BL L& 5F 5 T
BRIV, & BICARFEBRDI SIS LIRS BRB £ A OfiE#E T
— FIZH L THRICZRCH T2 kv b s,

5.5 HERMEAVLHRMOTERFREDHER

KWEDRERH L, ATV 7T v v —DIENIC XV ik
ERERLIZHARN NOXED L, KEINT L AMIEEOEEIC X
S CRHERFHRE DR Z B LT3, Table 5 IR T X 91T
Mm%%%@%%ﬁ%kMﬁmﬁ:%%WH@%F*k%~%V
NOBERCTHE LA A 7 —JEEWEWN /%2 REBELTE
D,_ﬂiH%&wIﬁ%%ﬁmme@%%_kof%éﬁﬁﬁ
WTHDHZ EERRET D, 2L, REINARENOKES A5 E T
BDEJ/ATIE, Pl ENES LR WEA DA A T —EE W E
(N 214) % R THIRM ORI IR E (5.4 82175 &, K0 24l
DEXEHTIe D,

6. &

ABFFECUE, TS [ E ARV MR, R MBS, i
NGO T YT T Ak, AR O AT, R i EI R
IESAH DATE, BEF SRR (E S, GPL #:8) DS D ZH DR
R T2 IR 722 PEREMERR R 2 1TV, HOSRA IR &2 T T2
BRB(A# BRB)D#EiR LA TEERE & i€ — N & Mat Lz, AL
DHFPATHRSNIZHLIZLL T O®EY TH 5.

) EEEOEmVESEIEAL, AR R T 2N R

JEBS IE DR (D~ Z w7 TH ALV NEy FEHEAL,

Wi R 4H A& 5 58 L CHR SR & R U A A i oD 3% R 14 4 i
729 KD ISR E A & 3G Vg, SRR (R A
HTIE?»%%@kTEELTé*%BmuWyﬂ@Q%
PEREIZEH ORIV NEE X A 7 (Wb 5 & Wp ) & RSN L%
L TR,

2)  SERRM RIS LSRR & S AR ERAR X, A BRB O 4
TS 2R R EE DR RICRRH D, £, B
HFRIAAE, A EN - EAAF T 1 O R O EICh R A
BT DD, w2 £ Ut O X EITHR L
T AR D SR A B 13 2 MR B D,

3)  EM-EMEO 2 U T T A BITAET — R RIS
SWBL, CMBWERITZ VT 7 ABBKEDTICH
P SA, AR T 5L O JFEARED 0 IATE), &
eryzath PRI RBIENAEC S, FICHEITEO S VT TR
EITERERRICE LR L, FI X EARERO Wa ZRBUAD
IIEPERE T 3%-5cycle(Wa)2» B 2%-3cycle(Was) % TIK N L 7=,

4) EUEATIE, EMPEMHERIC Ko TEREFMICEMT D
&,KH#%&H%%_&%szuhmﬁﬁﬁmﬁmmﬁ
IR E— A > RN Y, AREH R O N7 ik E R

HthAW i T T BE A A B AR R E (T
R4 T DA B B, A BRB X HH SHE o dhiF
%w%/kmé%ﬁ%%ﬁﬁf+“’lﬁﬁ@%waé%%
AR IND, CrEGERAT LI DR bE
FSCRA St 05 2005 A BB BA AR SR B b 7 & AR ) SR % i 1)
RS 2 LB D D,

5)  JR§ZRAEH BRB O EERAL A DGR kT — KA L,
BT ORUE - $8EHAZEH U 72skGHIE T &R it 1) Rk F X
AR UToRER, FERIEOMES — F & xhis 7 2 80E Tt
m%ﬁf%élk%ﬁ%btcL#Lﬁﬁfﬁ’ﬁ%ﬁﬁU
T T AEATT BYA O I EREDS /NG S B 7 L5
Kﬁ%i%ﬂf,mﬁﬁ@%ﬁ:ﬁé%ﬁéﬁ%&ﬁ#%%
Th D,

EIR U7z XD SRR OB RN AL, AEBRICTH LI 8-
7o A8 BRB OEE— FE R c& 5 —57T, VUL D
REZEEZLTEY, TOZYMERAEITIEE 6722 BRERDBMLIET
B %o FREM O JREERIE A D SR RM ORIHE L2 J5 1) 0 B A2
Bk, 7 VT7 7 AR BEE 52D EZEALNDD, KIFEO

@%%Ti%@ CENHREICBIN T BECX e o Tao®, K

A AN SN B A B L 723 M E DR RIS/ D T2,

Lt%, RO IRAMETE 22 7 18] 00 VB PE S 28 TR PR R 02 - 2 D 8

BRI HER S N DS A, 3RFRHE = & it ) =

BErEDZEbEIOND, 12EL, TOHAEIC kwfi,ﬁﬁz

VR &9 ICHMEE A 5 10 D v o 7 AR 8 A BEAI 9 2 3R 5 15 O L

DL IRD,

7k, RIEFHERITTRT L O1Z, A BRB Tk, #&RMIZHIHEAR
MR BIE T 2856032 <, MR AT RO EFENERE D RS0
RS OFkFEEE FVED AT 722 EI2OWT, HEROH NS 2 A -
BRB & (3870 2 sUCER LB R A LE L E 2 5,

E ik

AFE AT =7 U v 7R & DL FEFIE R O —H
ZELEOELOTT, [ ARG — L, PAREBIC, BAER,
i HE ARG, RIS, Sitler Benjamin 11, =R EHE 12 EER O
Ffs L REIROBEZOVWTHEHZLTHS E Lz, 2 IR L T&
BN LET,

SE X

1) Quintana Gallo, P., Carradine, D.M. & Bazaez, R.: State of the art and practice
of seismic-resistant hybrid timber structures. Eur. J. Wood Prod. 79, 5-28 2021.
DOI: https://doi.org/10.1007/s00107-020-01556-3

2) Li, Z, Dong H., Wang, X. and He, M.: Experimental and numerical
investigations into seismic performance of timber-steel hybrid structure with
supplemental ~ dampers. Eng  Struct 151(15):33-43, 2017. DOI:
https://doi.org/10.1016/j.engstruct.2017.08.011

3) Fukumoto, K., Kouda, M., Kubo, K., Usami, T., Kitamori, A., Miyauchi, Y.
Isoda H., Experimental study on CLT seismic panel infilled within steel frame,
Journal of Structural and Construction Engineering (Transactions of AlJ),
Vol.86, No.787, pp.1345-1356, 2021.9, DOI:
https://doi.org/10.3130/aijs.86.1345 (in Japanese)

4) Gohlich, R, Erochko, J, Woods, JE. Experimental testing and numerical
modelling of a heavy timber moment-resisting frame with ductile steel links.
Earthquake Engng Struct Dyn. 2018; 47: 1460- 1477, DOL
https://doi.org/10.1002/eqe.3025

— 1069 —



5)

6)

7

8)

9)

10)

11)

12)

13)

14)

15)

16)

Harada, H., Saito, R., Nakajima, S., Yamazaki, Y., Terazawa, Y., Hayashi, K.,
Sakata, H. and Takeuchi, T.: Cyclic elasto-plastic deformation capacity of dog
bone timber-steel hybrid connections, Journal of Structural and Construction
Engineering (Transactions of AIJ), Vol. 85, No. 773, pp. 945-955, 2020. 7, DOI:
https://doi.org/10.3130/aijs.85.945 (in Japanese)

Saito, R., Harada, H., Terazawa, Y., Yamazaki, Y., Hayashi, K., Sakata, H. and
Takeuchi, T.: Deformation capacity of dog bone timber-steel hybrid connections
with both side flanges fixed by lag screws, Journal of Structural and
Construction Engineering (Transactions of AlJ), Vol. 86, No. 786,
pp. 1224-1234,2021. 8, DOI: https://doi.org/10.3130/aijs.86.1224 (in Japanese)
Shioya, S., Koga, T., Otsuki, K. and Uchimura, K.: An innovative hybrid timber
structure in Japan: Performance of column and beams, Proceedings of 14th
WCTE, pp.1759-1766, 2016.8.

Harada, H., Nakajima, S., Yamazaki, Y., Matsui, R., Hayashi, K., Sakata, H. and
Takeuchi, T.: Rotational stiffness and bending strength of steel connections in
timber lattice shell, Journal of Structural and Construction Engineering
(Transactions of AlJ), Vol.83, No.746, pp.577-587, 2018.4, DOI:
https://doi.org/10.3130/aijs.83.577 (in Japanese)

Harada, H., Iriguchi N., Terazawa, Y., Matsui R., Yamazaki, Y., Sakata, H.,
Takeuchi, T.: Effect of connection stiffness on seismic response of timber-steel
grid shell roof, Journal of Structural
(Transactions of AlJ), Vol.84, No.755,
https://doi.org/10.3130/aijs.84.51 (in Japanese)
Nakajima, S., Yamazaki, Y., Sakata, H., Takeuchi, T., Harada, H. and Hayashi,
K.: Rotational stiffness of steel connections for timber lattice shell in negative

and Construction Engineering
pp.51-59, 2019.1, DOI:

out-of-plane and in-plane directions, Journal of Structural and Construction
Engineering (Transactions of AlJ), Vol. 84, No. 760, pp. 831-841,2019. 6, DOI:
https://doi.org/10.3130/aijs.84.831 (in Japanese)

Nakajima, S., Terazawa, Y., Takeuchi, T., Ogawa, T., Yamazaki, Y. and Sakata,
H.: Elastic buckling strength of timber lattice shell with steel connections
considering rotational stiffness, Journal of Structural and Construction
Engineering (Transactions of AlJ), Vol. 84, No. 762, pp. 1081-1091, 2019. 8,
DOI: https://doi.org/10.3130/aijs.84.1081 (in Japanese)

JSSI : Buckling-Restrained-Braces and Applications,2017

Blomgren, HE., Koppitz, JP., Diaz, Valdes, A. and Ko, E.: The heavy timber
buckling-restrained braced frame as a solution for commercial buildings in
regions with high seismicity: Performance of column and beams, Proceedings
of 14th WCTE, pp.3515-3524, 2016.8.

Yamamoto, Y., Yoshida, F. and Nakagawa, M.: Cyclic loading test of buckling
restrained brace using wood material (Part 1 to Part 2), Summaries of Technical
Papers of Annual Meeting, Architectural Institute of Japan, pp. 742-745,2018.7
(in Japanese)

INARFERE, HHSCA, IS REME 2 RIER A & L7 L —2
DR UG EBR (T D 1~Z D 2), B AR REEIH UL,
pp.742-745, 2018.7

Yoshida, F., Nakagawa, M. Yabuta T., Nishi T. and Abeyama, T.: Cyclic loading
test of buckling restrained brace using laminated wood (Part 1 to Part 2),
Summaries of Technical Papers of Annual Meeting, Architectural Institute of
Japan, pp. 995-998, 2019.7 (in Japanese)
WHICA, HIE, AW, RS,
WL LT L — A ORER LW R (20 1~ D 2),
DR FANGEBFEEE,  pp.995-998, 2019.7

Haga, Y., Taguchi, T., Shimizu, K., Kondo, T. and Kato, M.: Development of
the buckling-restrained steel-plate braces using glued laminated timber, (Part 1

Br s LA - ARTAA e 2 A I
HARESE

to Part 3), Summaries of Technical Papers of Annual Meeting, Architectural
Institute of Japan, pp. 1535-1540, 2019. 7 (in Japanese)
FRARE, MO, KR, RRREE, BRI - SRR 2RI L

—1070 —

HARAE SR 2

Ed

JEJE R FEHR 7 L — A DRI (2D 1~Z2 D 3),
AEBRERIAE,  pp.1535-1540, 2019.7

17)  Pantelides, CP., Murphy, C., Blomgren, HE. and Rammer, DR.: Mass timber
buckling-restrained brace for seismic regions, Proceedings of 17WCEE, 2021.9.

18) AIJ: Recommendation for Stability Design of Steel Structures, 2018 (in
Japanese)

AARGE 2 - SRS IR G HE S, 2018,

19)  AlJ: Standard for Structural Design of Timber Structures, 2002.
AARRE S RERRE R FHRYE - AR, 2002.

20) AlIJ: Fundamental Theory of Timber Engineering, 2010.
AAEE 2 - RERRE SRR, 2010,

21) Kamachi, K., Inayama, M. and Ando, N.: Design method to estimate the load-
slip characteristics of bolted or drift-pinned joints with the steel inserted plate,
Journal of Structural and Construction Engineering (Transactions of AlJ),
Vol. 73, No. 627, pp. 795-802, 2008. 5, DOI: https://doi.org/10.3130/aijs.73.795
(in Japanese)

22)  AlJ: Stability Problems of Steel Structures 2013, 2013.6
HARRESE A2 SIS O AR B % 3R HIE 2013, 2013.6

23) PBA: Construction standard for timber public buildings, 2019.

O SY  FRR 31 AR ARSI TR AR

24) HOWTEC: Experiment standard for structural timbers, 2011.

AAMETE - Al > 2 — WS AM ORERER~ = = 7 /1, 2011.

8% 1. Wol HER{A £ K EE & if 1 37 0D 451

E LR AR R & U, SRR DL TR R O ) (e L O

HATHLLDOET D, EVBERTHHIZY, MHTHOM A S+

— AV M= 0, SEEORSAIME K= 0 &35, HHk OB — ke — A

b Ip=7.87x10"mm*, &' B R Lo=3546mm, A E AR Ly=923mm,

N BT R Lo= 923mm, HIEA7Z D ar = 4.39mm, R AHIREAR D KB KT

HFREL Zp=6.32x10* mm?, 5K - FHEROMEMEBTHEI(R AL Zop=2.27%10* mm?®,

BRI 0,y =27IN/mm?(FABLRBRAE), E5A S KAl ) New” = 455.6kN, 544

HBRES D 7 = TR R S) Noy© = 459.6kN, B IR O K ORI 7 N,=672.1kN,

NaP<Ny® £ 0 MU E o dh F € — X > MMEER N M™% Zcroy,

=6140.9kNmm, 1 S i 5 0 i iF & — A > MRERR T M/ = Zpoy

=17140.5kNmm, # 2RO ihiF T — 2 > MrERT M) = min(M,", M,

neck) =6140.9kNmm, M 2RO A A Z — & JE fif B Ne,® = n2Els/Li=942.9kN T 5,
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RS 3K, D VIALGERD 7TIRE Lz, WaBiTe 107 L2 7 M55

R AE VD, BT RBRIL SR U7 8E RIS b —TF 2 v ME TS
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LM 2 B HEOMMINER LICEE X L, & OI8O LK
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FHABRIMIE Table 6 & Table 7 1R T &80 THD, 72720, Eulb kR
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Table 6 Bending tests Table 7 Compression tests

Strength | £, (kN/mn) F ,, (N/mm’)
(N/mm2) Shear|No Shear Center | Edge

Mean value 39.64 |11.23] 12.22 Mean value 114 | 9.1
Standadrd deviation | 5.27 | 0.16 | 0.24 v 0.08 | 0.07
cv 013 |oo1] 002 Coeflicient & 3.13 | 2.68
Variability 59 0.58 095| 094 Variability coefficient | 0.74 | 0.82
coefficient  [50% [ 0.94 | 099| 0.99 Lower limit 840 | 7.53
Lower limit 23.04 [11.15] 12.11 Nominal value £, | 810 | 6.60
Nominal value 3090 | 950 9.50 Lower limit / Nominal | 1.04 | 1.14

(2021 42 12 A 3 HIERGZBE, 2022 42 5 7 23 HIRMHE)



