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EXPERIMENTAL STUDY ON CYCLIC DEFORMATION CAPACITY AND FAILURE MODES OF
BUCKLING-RESTRAINED-BRACES WITH MASS TIMBER AND STEEL PLATE RESTRAINER
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Hiroshi NAKAMURA, Takashi KURATA and Hiroshi ISODA

‘While BRBs with mass timber as the restrainer have been widely studied, the deformation capacity and design criteria of full-scale specimens are still unclear,

as the fracture properties are different from conventional BRBs with mortar-filled steel restrainer, including the need to consider the effect of drying shrinkage

of mass timber restrainer. In this study, cyclic loading tests have been carried out on full-scale BRBs with mass timber and steel plate restraint and with a
configuration that is not affected by drying shrinkage. The failure modes exhibited are carefully studied and evaluation methods are proposed.

Keywords: Buckling-restrained-braces, Mass timber; Local bulging failure, Global stability, Local buckling, Cyclic loading test
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2.1 HBRAGE

Fig.| \ICARABRIAEZFTIED, Fig2 ICHASL CFIEZ, Fig3 (ICRABRIA
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EM RN, A=Y —, DBV RLV I, N TV RaxsH,
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K(200Wp, 100Wp, 200Wps20, 100Wps20, 100Wps40)Z % E L, &%
SAENIETEMEREIC 5 2 D B 2 WFET 5,

Fig.1~Fig4 (T~ d & 5 I KRB EIIATRE ¥ )T bHERED B
STEME VIR ER L Wp v —XE2KR L7 DT, A

Name 100 Wp s20
1 1

100: Maximum axial force 100 t
200: Maximum axial force 200 t

None:No screw
s20: Screw pitch 20 cm
s40: Screw pitch 40 cm
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Fig.3 Plastic zone section summary of BRB specimens

Restrainer zone = 6930

Restrainer zone = 5685

Hybrid connector Steel plate

i

i 2

Hybrid connector | Steel plate Spacer {
- 7 L, ok :
————— Q A B B 1 l_:_l EEEEEE 1
o SR S

‘ Core plate (SN490B) ’
Plastic zone = 6180
Specimen length = 8065

‘ Mass timber restrainer

Ohe v
N1
Mass timber restrainer \-screw
Plastic zone = 4935

Specimen length = 6820

Core plate (SN490B) ‘

(a) Axial loading specimen

(b) Diagonal loading specimen

Fig.4 Plan summary of BRB specimen
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IZ 1.0mm EDOY AT L— FEFAT DI LT, SHMmRICENE
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B%& 0.5mm K& < L, Mg & LA & OMIZ 1.0mm O VT
T U AEFET D, 100Wps20, 100Wps40 R A TITEMM OBRZICK
LUy v —DOVIABEIET DD MLV — D[
2 2.0mm DIVT TV RERT NAT Dy Rax s 2RI HEREL 220
JolcLr,

Fig2 (27”79 X 512, Al BRB OFANLCTFIEE, 75, Afilo
R ONA TV v Raxy 2R Z FIZmdoRETHEL, &
AR X A= =2 R0 b THERE S B EE HE 5,
b 5 —F OERM & I LA < K5I UTOERMBE A B A A Zx,
NAT Yy Rax s BRI ) a—Effifist s, 0%, HA%
IEDIARSERTARR L &2 EBT 5,

2.2 EBBRE

Fig.5 IZ#BiktE v N7 v 7%, Fig6 I[CHifii 7 12 b 2L %733,

il 7 TR T 200wp, 100Wp, 200Wps20 FBRKIZ 3 L TITL,
Fig 5@IZR"T L 912, WEY ¥ ¥ Fi3HEKMII 3000kN 23 2 7, 1E
£ RAEIE 200mm TH YV, RABRT L — AT BRB % Sl £
AL UTHAAR, TR BBREIZEN & 5 2§ 217 0,

AHO AT 100Wps20, 100Wps40 sRERAIZ% L CTTVY, Fig.5(b)ic
RTE DI, HEY v AR I 2000kN, 1EA K KRN 200mm
THY, RERT L — ANICAH BRB & WIBEA & L CHAIAL,
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UM EBELENEMETT ),

Fig.6 (2R3 X D12, Hlifir i 8 1% 0 £ 28 % i 1 o L #ag &
L, 200Wp sABRIAITENE 02%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0%%
% 29 A 7 3D, 100Wp, 200Wps20 FRER A1 EHZE 0.1%, 0.2%, 0.5%,
1.0%, 1.5%, 2.0%, 2.5%, 3.0%% % 2 %1 7 252, 3.0%2 %
A 7 VLA R K TR S ORI E % % T 2.0%E SRR HE
BT HHDOET D, 100Wps20, 100Wps40 sERAIZHHIZE 0.1%% 1
FA T, 05%, 1.0%, 1.5%, 2.0%, 2.5%%% 3 A7 LFoh
Z52.5%3 YA 7 VLRI R oMM ORERICE S £ T 2.5%
ERIERA 26 2 b0+ 5,

Relative displacement details

(a) Diagonal loading

2.3 FtRgE

Fig. 7 (BRI EH B DG/ 2R 77, FHIIEA L, 71—
Wy, INIRGEE, S EAR, WG O AR 2L,
TS+ 7 AR R ZEAL, BRI A2 057 AR 2B & 9%, 7 L — A B I,
Hh7 A Cldke — RE AV ANMEN S, Mol Tide — e
AN & BIEA RS L OB R oM o 5T 5, MAieE
BRES—VICTEEIL, WhREoh 25N+ 5, EHE
AN, MR, Fig7 IR EHITE R & R EMEHT T

Loading jig
BPL Axial loading $p¢cimen BPL

|  Direction] | e —
I H H H | Reaction beqs
—1 | | L4
‘ ==t
I H H H LI
= E— == I ——
3000kN Hydraulic jack U

(a) Axial loading (Plan)

o ° | o o N o
. °FixingjigB* , °* [ ° |
, .
.

. ° Loadingjig | 2000kN
s /. . * °  Hydraulic jack
*. YGPL, * . |

« 7/« Fixingjig A

(b) Diagonal loading (3D)
Fig.5 Testing set-up

W

Axial strain ¢ (%)
o

'
%)

02 10 15 20 25 30 20
(a) 200Wp

0.1 02 05 1.0 1.5 20 25 3.0 2.0
(b) 100Wp, 200Wps20

Axial strain ¢ (%)
=

'
%)

0.1 05 1.0 1.5 2.0 2.5
(c) 100Wps20, 100Wps40

Fig.6 Loading protocol

Displacement meter
(DAxial displacement between working point

(@Mass timber relative axial displacement
(3®Mass timber relative out-of-plane displacement
(®Mass timber relative axial vertical displacement

Q® @ 8 @ @ @ ¢
— [ —

A T T O T T
U _el@ el e/ []\e

T & |

(b) Axial loading

Fig.7 Displacement measurement plan
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FHAS 2, DHEHEE IS EON O P 2 AR R M R & TR
LCHET 5, M AMOMERME, WmmxENEC22NE D
WZWE 7 — 72TV SRR 2R RIRICHSE L TR NG &2
THCCFHAI L, H3RA O E PRFHRE ORI & ONEA T4 7 17 JA
JEIZ & 2B O L LETE 2R T 5,

3. Al BRB O#iR L BT RBHER

Fig.8 IZHEHEMER %, Fig.9 (Al B -5l IS /1 B946% 4, Table 1

KR AT 7" L BIIRICHT T 2 FEMi R R Boax, FEARIG ) T
WAl LIe REE T XX —, FRBRIEOBIEET— &R T,

(a) 200Wp (FiZMarEb AR K 2 FIZkEE, Fig.8(a), Fig.9(a))

7 1A T 22 J2E L 72 200Wp sRBRIATIE, T 1.5% % Tl i%ﬁi‘a
MOb 0 iABZFE 7o AT STV 223, 2.0%-1cycle DEAFIC
SR FIZEE 2R L, B T AN E9 8l 5 A~ 0 SR R A3 A U
R OEANETEHY, R A A AT LR 7R, N 7Y
Y RaRX7BDT vy — %L IS E A B R (Fig 8(2) 3
U7z, Table 1 \ZRT & 91T, fua 13 0.99 FEEE TR E 0, BM EHEHE
I ORI BRI L DTN ERITIFEEA LR ORI T2,

(b) 100Wp (ifii N &3 B A Z & % AR /L b KT, Fig.8(b), Fig.9(b))

i 5 [ 4 & S L7 100Wp sRERIR CIE, #ZE 2.5%F CTIXEERK
MO0 IAZE b 72 <A STV, 3.0%-1cycle D FEAMEIZ TH
B BN % e U, Mt PN (i) J5 1)~ 0D Jey B I e 23 A= U7, o
MW AR—P —ZEFRITL, D30 A/ FHBHEK(Fig.8(b) L7=,
200Wp RER I & LS5 & e KA MRV 28, HiS T O3 ET)
WINSL 72 2 L CHEREMOBRE ™M b, 230 AL M
FATLTHELE LD LHERNTE 5, Table 1 IR T X 91T, P 1 1.02
FETHEY, SHEMRFCREM OWERRIC K D) LFIT
AR BRI T,

(c) 200Wps20 (N FEBEERIC L 2 A /L Mk, Fig.8(c), Fig.9(c))

il 75 T AR 2 SR L 7= 200Wps20 SRER IR TIE, hTE 2.5% % T“liﬁ%
A D8 0 5AFE B Te T S ATV 223, 3.0%-2cycle DIEAFIC
it KT % FEF2 L, 100Wp 3RBR A & [RIERIZ i PN J5 1a]~ 0D SRy P2 I 703
BT, BMBAN—P—ZHERIL, 250 K/ bR
(Fig.8(c)) L7z, Table 1 I{Z7RT K D 1T, fuax (T 104 FREETH Y, 200Wp
RBRIRE T 2 L A7 V) 2 —IC L D mSMIREN RO ER % RiAte
TENRTEDLN, ENFTMEMRIT 5230 KL h(HFAL MO
FEDR 53 TIE7eh o I RN BRI U O Wi &t B2 b s,
UL, WAFROREIIMA 6Nl &b, ERIIHEZEE L

T2 VTS ABEROEEIA T ) 2 — 2L VBRETETNDLIHD
LEZLND,
(d) 100Wps20 CiA4 5 [BEMWT, Fig.8(d), Fig.9(d))

600

FHOHAT 2 FEHE L 7= 100Wps20 ihBR IR TIE, BHE 2.5%-8cycle H T
fDH@I%EEBiLﬁ(Flg SANICE D F THRARERBIM AN E R LT, #§
faf FHZFERR U 7 2 A 512495 1% End cap PL & BB O $2filas & HEHI &
BN, mI~OF U LIS L BB & 132 S UpiEIcin 72 572
Molz, Table L ITRT EIIT, Bua T LOTRETHY, A7 U 2—
WL pEAMR R Om it kESEEIATHDEEZ BN
%, 100Wp ERIA & il 5 &, W FIXENHIRITT 5239
ANV RERBARNL M LIEZ EICKVENEBEEZMA bz &R
MR TE 5,
(€) 100Wps40 Cisht 5| IEAKIT, Fig.8(e), Fig.9(e))

Table 1 Summary of the experimental results

Name Fractured step | f max Cumulative strain energy (%) Failure mode
Out-of-plane bulging

%%-
200Wp 2.0%- 1cycle 0.99 30.45 (spliting failure)
In-plane bulging

%%-
100Wp 3.0%- lcycle 1.02 78.80 (filure of bolt)
In-plane bulging

%o-
200Wps20 | 3.0%-2cycle 1.04 88.57 (failure of bolt)
100Wps20 | 2.5%-8cycle 1.07 186.07 Tensile fracture
100Wps40 | 2.5%-10cycle 1.08 215.17 Tensile fracture

Out-of -plane buckling

C

(d) Fracture of core plate (100Wps20)

Fracture

= e £
(e) Fracture of core plate (100Wps40)
Fig.8 Failure modes

400

200

0

-200

-400

.0%-1cycle
" Local bulging|

== | 2.0%-1 cyc!c
600 Local bulgmg

Normalized axial stress o, (N/mm?)

2.5%-8cycle
Tensile fracturg

2.5%-10cycle
Tensile fracture

3.0%-2cycle
Local bulging

4 3 2 -1 0 1 2 3 4 -4 3 2
Normalized axial strain ¢_(%) Normalized axial strain ¢_(%)

(a) 200Wp (b) 100Wp

-1 01 2 3 4 4 3

2

-1 01 2 3 4 4 -3 -2
Normalized axial strain ¢_(%)

(c) 200Wps20

-1 01 2 3 4 4 -3 -2-101 2 3 4
Normalized axial strain ¢_(%) Normalized axial strain ¢_(%)

(d) 100Wps20 (e) 100Wps40

Fig.9 Axial strain-axial stress relationships
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S RN MERTSZ LT, AL MTEANIERE XOSIEII 3%
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JVEIRT . 200Wp BRI AR IS 7 )~ 0 SR R L B 4k
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MOBERFLIETON, Ty vy —0DbVIAHZNBEL, ZOME
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b OBMToEBRE Y, AN A A SRR A5
0, HERHMOD D IALIEEE, #FEkE R D ATREME B HE S
b, WMHFMOBRE 2 A2 ) 2a—I2 k> TMADEA, AL
IHENEITTAZ Y 2—OFIHMREL D Z L b#fEllsh D,
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Tensile force Shear force

Shear force

Fig.10 In-plane failure modes

Steel plate Screw pull out

deformation
| L7
| zep 1] [ &[] wesher @ C
A bulging Bo——g——#&
g B ! Y
M eEs 1 [ e i w
Splitting
o —h failure

Spilitting failure Screw pull out

Fig.11 Out-of-plane failure modes

Mass-Timber
restrainer

Mass-Timber
restrainer

Core plate

Steel plate

Fig.12 In-plane outward force

Core plate

Fig.14 Out-of-plane stiffness

. Restrainer
Plastic zone

Rigid joint

L

0

Fig.15 Global stability
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Table 2 Evaluation of failure modes by local buckling of core plate

Demand Failure modes based capacity
In-plane [Out-of-planel  In-plane (strong axis) Out-of-plane (weak axis)
Maximum Core-plate-induced | Core-plate-induced [ Core-plate-induced | Washer-induced | Washer-induced S 1 out
Name Failure mode outward force Failure of bolt (kN) local bulging failure| pressure failure bending failure of pressure failure | splitting failure of ;;elwrzltkls‘)l
by core plate (kN) of steel plare (kN) [of mass timber (kN)| mass timber (kN) |of mass timber (kN) [ mass timber (kN) Y
Pas | Paw | D' | Pl IpcR | Peyt | DOR | Pewtt | DOR | Pewz |DCR | Puws | DCR | Pows | DCR | Pews | DCR
(Shear) |(Tensile)
200wp | SPiting failure) 5 oz | 522 | 674 | 097 | 205 | 021 | 814 | 053 | 980 | 044 | 208 | 145 | 415 | 104
Out-of-plane
100Wp FaIKZEiEOH 46.0 383 52.2 67.4 0.88 102 0.37 42.3 0.90 75.8 0.50 29.8 1.29 42.2 0.91
Failure of bolt
200Wps20| i i 61.1 51.2 52.2 67.4 1.17 205 0.25 81.4 0.63 98.0 0.52 29.8 1.72 61.4 | 0.83 | 139.0 [ 0.37
Tensile fractu
100Wps20| Core TSIl g e 1 345 | 1857 | 2512 | 023 | 102 | 034 | 423 | 0.82 | 569 |06 | 298 | 1.16 | 429 | 0.81 | 993 | 035
of core plate
Tensile fractu
100Wps40 Z‘;i:rerzfmge 415 | 342 | 1857 | 2512 | 022 | 102 | 034 | 423 | 081 | 569 |o060| 298 | 115 | 429 | 0.80 | 59.6 | 0.57

*Failure modes are prevented by steel *Failure modes are prevented by screws
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14} Table 3 Screw pull out test

12 Ultimate strength (kN)
Z10f Mean value 12.48
% st Standard deviation 1.09
s 6 cv 0.09
=t Coefficient k 2336

4b s

/ Vanab}hty 0.80
2F coefficient
0 i Lower limit 9.93

1 2 3 4 s 6
Pull out displacement (mm)
Fig.22 Load-deformation relationships
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