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STUDY ON STRUCTURAL CHARACTERISTICS OF FOLDED BRACE

Investigation of increase of axial yield displacement and buckling restraint effect
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and Mitsukazu NAKANISHI

The authors developed folded braces that would not yield at story drift angle of less than 1/200 rad. Specifically, actual length of member

was made approximately 2.5 times larger than apparent length by folding three steel bars unicursally. Axial yield displacement increase

2.5 times in proportion to the length of member. Also, the folded brace has buckling restraining effect.

In this paper, full-scale structural experiment of folded braces were conducted to confirm the increase in axial yield displacement and

buckling restraint effect. Furthermore, we organized the buckling restraint mechanism specific to folded braces and confirmed its validity

by experiments.
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(a) Conventional brace structure (b) Folded brace structure
Fig.4 Application effect of the Folded brace
(Base shear coefficient-Story drift angle relationship)
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(a) Folded brace
(a—a " cross section)

(c) Core brace

Fig.5 Specimens detail of Folded brace

Table 1 Principal specifications of test specimen
Calculated Value of Each member Calculated Value of The Folded Brace
o Apparent Slendg:ﬁ-2 Axial Axial Axial Stor
Geometries Base Yield | Cross |PP . Axial . Axial yield Y
. . member | Length ness yield . yield . drift
Steel | strength | Point | section length ratio | strength stiffness strength stiffhess | defor- angle
H-hxBxt, ¥ty type mation
O-AxBxt, xt; F oy 4 L 2 A Ny K Ny K dy Ry
[N/mnr'] | [N/mm'] | [mn’] | [mm] | [mm] — [KN] |[kN/mm]| [kN] |[kN/mm]| [mm] | [rad]
Core H-175%175%7.5x11.0 | SN400B 235 308 | 5,142 3,110 89 1,583 339
(a) ]l:;’;s:d Middle tube | O-191x197x9.0x6.0 |SM490A 325 398 5,586 3,870 3,000 54 2,223 382 1583 125 12.7 1/206
Outer tube [0-213x213%6.0x9.0 | SM490A 325 398 | 6,174 3,110 48 | 2,457 407
(b) |Core brace H-175x175x7.5x11.0 | SN400B 235 308 | 5,142 3,870| 3,220 89 1,583 327 1,583 327 4.8 1/541

9% 1: The yield point is the material test result.

%2: Slenderness ratio is calculated as buckling length = apparent member length (3, 870 mm).
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(a) Folded brace (b) Core brace
Fig.9 Axial force - Axial displacement (History curve) Table 3  Experimental value of

Envelope curve of Folded brace (Experiment)
Axial stiffness of Folded brace (Calculation)

Envelope curve of Core brace (Experiment) axial displacement and axial stiffness

Axial stiffness of Core brace (Calculation)

O Reached the allowable axial force [ ] Reached the elastic limit Axial displacement leial stiffness
1/200rad 1/100rad 1/200rad 1/100rad Reached the | peached the | EXPeri- |Calculated
2400 7 T T 2400 7 T T allowable o mental
} ) ial force elastic limit value value | oK
Z 2000 / %»2000 , axia e
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1600 y =-1600 - opQa expdc oK K cat
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z 400 Z -400 a TOI]’?DI‘CSSIOII -37 —6 1
o . ‘ ‘ . 0 . . . ‘ O b Ce““"" . s <5 3268 | 3274 | 1.00
00 65 130 195 260 325 00 -65 -13.0 -195 -260 -32.5 ompression = =
Axial displacement [mm] Axial displacement [mm] Folded  |Tension 2.6 2.3 12.6 12.6
(a) Tension side (b) Compression side Core |Compression 2.6 23

Fig.10 Axial force - Axial displ
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RE, o TS T, o3P TH D, ZoX011D)EXQOIA
ATHZET, NenRADD X Icksnd,
M - - MO a1y N, o Mw (12)
y(Ne) y(0) C N;’ c= (S+M (0)/NB)

TIT, NolEH AR LA IR RS, s S L e
DR, NP PSS ORRENS), ME ) 1L ORER I T — A o
b N=0) T %,

PUEE Y, EH AR L IR Ne 25, PR o Frik
VB & MBo)H O s OB THE SR ARG CHETE I,
7235, 1 WE— FORMIERMAR., SHOBRE— FRHRICY
T2 LBMBATND 0, FKE— FICBAT L% ORR IR

RIZONTIE, AHROMEREE T2,
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E =MB Ne - y(0) (11) H
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(a) M-N interaction

F|g 12 Estimation of yield bending moment of middle tube
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5. EEMARAN—XLERIITH-HOERER
ZIKET , R TR LR A 7 = X 5 LR Ne BE
DEBYEERFET D720 BH & NS o TR S h B R BR
W W2k U CHGR AR 217 - 72 R ERIC OV ORT,
5.1 HERA
RER AR 2 Fig.13 12857, Fig.13@)iEtH, Fig.13(b) xR
#, Fig. 13Tk & PEIE IR A Ll ZEBREORiEZ K L C
WD, ZOMRIEIE, S A RICEREED ) 2MER U 7z Re o> A (EAE)
& HRHE IR OBR AR L T 5, RBRIRICHAW DG & F
S OFEHREE %2 Table 4 12, BB (AT X — & % Table 5 2777,
PUBRIRIE, ST S45C DAL, HEE 1213 STK400 @ M
MM Lz, FEBRZEKIIM s & L, 60mm E v F THEMICHE
t)/?%@%ﬂ—ﬁ*@%ﬁ%ﬁﬁéﬁﬁoﬁ%%@ﬁ%i,E
FARIOBRE s D¥iE(S03, S13, S35, S57 : 0.3~5.7mm) THFL
3%, Table 5 (2737 0.0sNe 3 & WX o.2Ne X, FEHIE O EHREE 0 0.0s,
002(JIS BURIZHS < FIRFABR A 05 3EHBA R : Fig.14 22H)
EHWTRODIC LV EE LIZBRAS A O BEECH D, 728, T
LT L—AEARNK, S ORI My 2R Ne L0 /h&
SHETHZ & THIE - JEMi L DEMEMBIRSE, KF Lt
T D JBIERFE % FHE S 5 0%, REBRTIX, Ne DERIEE 572012,
A OB tRiEn S Niy="T4.3kN % 02Nc=30.5~57.0kN £V K& < 3%
ELTND,
5.2 RERAZE
SRR % Photo 2 12777,

‘—y

BRI Lo Y v ST L —

FERRIZH 20T 2 X ICRIET D 2 LT, UMM N %
ER&® 5 &, TEEICIEE CRE S o518 N SMEAT 5,
NE, 7 AR R B E H O TR T2 U % & TR
Wi 5, FHUEB X, W20 & A L O Fig. 130) 1z
R HREE O AL T 5, FRICHOW I FEE L, PINRBR IR & R
7272\ (Fig.14), =2 T, Fig.14 &Rt X 912, 0.03%A4 7 &~ Mt
SO O & BPEIR O 2 20,03, 0.2% A4 7% v M IO O B %
FRRO TR o0z & EFET Do S BIT, THIE O EH i (Fig. 13(0)
DOOFHY— VML (i) TEHH L7203 4 4 BT 5 5 1 &7
T, BOT B eo03 TR L 7= RO /) % BAEREH ) Noos, 0.2
B LT & [ REN ) Moo & BT Do Noos XFEMESUEICHE-S <
K(12) & OXIEEHERT D 72 DITHRFT L, Moo IXHMEIRA 28 % 72
JET) s OF I L~V T O BB R A IR T 2 7= O Et T 2,
5.3 ®AO—EEMER

M EHmHEORM s BN RRDLABRIE 4 (£(S03,813,
S35,S57) Dl /) — BRI BIRIC DOV TLE# - RS D,

FRR T S — SN AR A Fig.15 1R d, £z, Ak L
7o OEPERR ) Noos, FEEREHT) Noo, 3K OHKIHT) Naax O FEHAK
—®& % Table 6 277, KHIZIE, KBRIKD Noos % @F1, Nz %
A, Mo ZEFITRLTWS, 72, KRR s AERAICHY 45K
T EAR(Core only) DEBRFEFIZ SOV THR LTS, £, Muax 18O
WCH D &, M BIRIT I HE & 3 D OB IR L~ T T/
S 728 T (Nanax=11.1kN) THIMEE G L C 5, F72, R s RS
REBAA 4 RE TS L, BB s /b ORBRIK S03 D Nuax 28

Table 5 Parameter of specimen

= ﬁ ‘N
=) ]
e 2 £ .- 3 Elastic limit (0.03%Offset) Yield (0.2%Offset)
=T s 3 = & Clea-[Strength of middle tube | Critical | Strength of middle tube | Critical
2 N = = 8 rance i i i i
j'é ‘%: S -(Ix - '% Nan?e of Axial force Bending 1?;(1}3; Axial force Bending ?;;sé
= s RE = q < § specimen - mnmgm - mnn;cm
Uj‘:’; ] =~ f ? B s 00NV 00M o, | 0sNc 02N 02M "y 02N¢
=3 —
S e 8 2 [mm] [kN] [kN-mm] [kN] [kN] [KN-mm] [kN]
s |2 & S03 | 03 423 57.0
£ EN 2 S13 1.3 36.4 49.1
g = z g 444 263 59.9 354
- g |+ 2P a7 E8| 8 N s35 | 35 27.9 37.6
o > Q = 8 S57 5.7 226 30.5
© < 9 il It
-l ° k4] s 2|5 Test results
S 3 -Qg) El 2 --A--0.2% Offset strength (Load)
sl + = €z |z £ ~-©--0.03% Offiet strength
= ~ = ol =] —&- - Base strength
g 2 g 600 7
2 g 500 | 4
~ E / (€02, 002)
_ £400 //
- 2k [« Z (er, F), /
5 5300 - / ¥
g. < o] g 200 /// (80.03,//'60.03)
- 2 Es 2 / /
. = - & 100 /7 7
—~ — o g S / /
ey — P S \“:,g 0 = . * = l’ T
s I { 0 2000 4000 6000 8000 ; !
Unit: [mm] LB - o Strain : & [u] /Loadcell ¥
(a) Core (b) Middle tube (c) Specimen setup Fig. 14 Material tensile e \
Fig. 13 Shape of specimen test result of middle tube Photo 2  Experiment
Table 4 Specification of core and middle tube situation
. . 9 9 Ultimate | _ . .
Section Sectional | Modulus | Young's Base strength 0.03(gli)ggsceltj;ggngt h) 0.2% (?gls glt ds)trength ten;rilzlle Yield axial
Steel - - area of section| modulus - - - force
Diameter | Thickness stress strain stress strain stress strain strength
type D t A Z E F EF 0003 €003 002 €02 oy Ny
m’] | (o] | (o] | (o] | [(N/mnr’] | [N/mnd] m| [N/mm’] [u] [N/mm’] [u] [N/mm’] [kN]
Core S45C 12.0 — 113 170 | 209,432 345 1,647 540 2,880 657 5,137 823 74.3
Middle tube | STK400 27.2 1.9 151 893 | 199,518 235 1,178 294 1,776 396 3,987 434 59.9
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S IS U N SOy A N A3,
S03
S13 N2, =59.9kN
R e TR EREE BRI A
é n
g &
S 40 |
b 835 g57
=
<
20 B : Niax (Maximum axial force)
A : No> (Middle tube reached £02)
(Core only) ® : Noos (Middle tube reached &0.03)
0 ‘ [ ‘
0 25 5 7.5 10 125 15
Axial displacement [mm]
Fig.15 Axial force — Axial displacement
— 700 Table 6 Experimental
E oo L 503 value of axial force
5} §13 Clea- | Elastic . Maxi-
2 oo Yield
Z 500 | S35 Name of |rance | limit mum
9 5 (iv) : s N, N N,
= S57 specimen § 0.03 02 max
E400 [mm]| [kN] | [kN] | [kN]
B | i) S03 03| 435] 582 585
g 300 S13 13| 362] 504] 572
L)
2200 L S35 3.5 31.8] 454 539
g (i) S57 57| 246| 382[ 485
£ 100 | Coreonly | — — 11.6
g (0]
& 0 .
35) -50 -25 0 25 50 75 100 60
'ﬁ Curvature [ X 1076 1/mm] Z
Fig. 16 Curvature distribution 30 r 03
at the time of Elastic limit = 40 | P
g 50 | s35 @
s
g S57
Axial strain E‘t:- Bending straineb:l:l = 20
=}
so: T« |, |
1> [ 4] 5
0 A S N |
SHE R T
0 10 20 30 40 50 60

Calculated value : g;Ne  [kN]
Fig.17 Ratio of axial Fig.18 Correlation of
strain and bending strainof calculated value and experimental
middle tube at the time of  value about critical axial force

Elastic limit at the time of Elastic limit

T2 ZERbMnd, DEIC, HIEREHIIS T 2 M TR Gi) O f
OT H g0.08 ZTNOT B o & T OTH & 1253%I L T Fig 17 12777,
Fig.17 X0, B s 238 & K& RRBRIK 857 TI, & & a OFIEN
FREE Lo TS, Fio, B s /NS 25125 T adEIG
MREL 72D, 803 HBRIKTIE a DEIERRIEOK 9 HZ HdTWH
DT ERNDND, ZIUL, BRI s VNS VIE L A ICIER Y S
FE—RA L RN SL, AETEDRIRMINKREL D L %R
LTHEY, Figls OFFFEERM s 2/ NEWIEE NMos, Mo BAKEL
BRoleZ L)L RLIKIEL TV D,
5.5 [RAES M DFEELERBEOLLEK

4 TR LERQDDOZ LA BT D720, BRI T
%R AL Ne @ B2 (Experimental value : Noos) & 55 E
(Calculated value : 0.0sNc) & FHE % Fig.18 127+, Fig.18 kv, [
M s M E7 2RI 4 R & BT, RRIE Noos & FHEAE 0.0sNe 23R <
L TND Z END0D,

PUE, R ERER) & R (5 5R8) 0 Bk % Bidke L 72 3238 £k &
D, 4 EBTRLEFE LY L— R E QEBIBHRE A T = X2 HS
VN CREEL L7 BRIV ) Ne RER D 2 P HERR S vz,
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MR INT,
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In steel framed buildings, braces are widely used as a main earthquake- resistant element. Braced structures are
economically superior to pure moment resisting frame structures. In conventional brace structures, however, stiffness
is much greater in braces than in the frame and therefore most of the seismic forces concentrate in the brace. Well-
balanced arrangement of braces in the building is therefore required. Conventional braces yield due to small
deformation at a story drift angle of approximately 1/500 rad. No braces can therefore be arranged in small numbers
because of the restrictions of the primary design that allow no yielding of members. In cases where only a few braces
can be arranged or no well-balanced arrangement of braces is possible because the appearance or functions of the
building are given priority, therefore, pure moment resisting frame structures are adopted abandoning the use of brace
structures. To solve the problem, expanding the range of elasticity to prevent seismic forces from concentrating in the
brace is effective.

Therefore, the authors developed a folded brace that would not yield at a story drift angle of less than 1/200 rad.
Specifically, the actual length of the member was made approximately 2.5 times larger than the apparent length by
folding three steel bars unicursally. Axial yield displacement increase 2.5 times in proportion to the length of the member.
Elastic limit deformation can be controlled arbitrarily by varying the length or frequency of folding even in cases where
the material strength is at the level in ordinary steel. Thus, braces that would not yield at a story drift angle of less
than 1/200 rad are realized. Also, the folded brace has a buckling restraining effect. Thus, it shows a stable historical
performance up to large deformation of 1/50 rad. Using folded brace enables the application of fewer braces and the
eccentric arrangement of braces.

In this paper, we examined the increase in axial yield displacement and the buckling restraint effect, which are the
structural characteristics of folded braces.

Chapter 3 describes a full-scale experiment of folded braces. As a result of the experiment, the folded brace showed
elastic behavior up to the deformation level of the story drift angle 1/200 rad. Furthermore, even after axial yielding, it
showed stable hysteresis performance up to the deformation level of the story drift angle of 1/50 rad.

Chapter 4 organized the buckling restraint mechanism unique to folded braces. In a folded brace, the medium steel
tube (tensile material) restrains the entire buckling of the core steel (compressed material). As a result of organized,
the limit value (critical axial force M) of the axial force not buckling was derived.

Chapter 5 describes an element experiment that reproduces the relationship between the core steel(compressed
material) and the medium steel tube (tensile material). As a result of the experiment, the validity of the buckling

restraint mechanism and the critical axial force Mc shown in Chapter 4 was confirmed.

(2019 42 6 7 10 HJE R332 8, 2019 4 11 7 25 HERMIHE)
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