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Investigation of increase of axial yield displacement and buckling restraint effect 
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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. 
 

Keywords : Brace Structure, Super-Elastic, Axial Yield Displacement, Buckling Restraint 
    

 

1)

R=1/500rad (
) 1

 

1)

2),3)

4) ,5)

1
R=1/200rad “

”( ) 6)  
Fig.1

3 ( )
3

(L) 2.5 (2.5L)  

3 ( )
( )

7)

 
(

 
*1 ( )   Research Engineer, Institute of Technology, Asunaro Aoki Construction Co., Ltd. 
*2 ( ) ( ) Manager, Department of Building Design, Asunaro Aoki Construction Co., Ltd., M.Eng. 
*3 ( ) Prof., Dept. of Oceanic Architecture & Eng., CST., Nihon Univ., Dr. Eng. 
*4  Former Prof., Dept. of Oceanic Architecture & Eng., CST., Nihon Univ., Dr. Eng. 
 

Middle tube b
Outer tube

End plate

Core

Ring end plate

 
 
 
 

 
  

STUDY ON STRUCTURAL CHARACTERISTICS OF FOLDED BRACE 
Investigation of increase of axial yield displacement and buckling restraint effect 

 
 *1  *2  *3  *4 

Masaya HADA Kenichi TAKEUCHI Keiji KITAJIMA 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. 
 

Keywords : Brace Structure, Super-Elastic, Axial Yield Displacement, Buckling Restraint 
    

 

1)

R=1/500rad (
) 1

 

1)

2),3)

4) ,5)

1
R=1/200rad “

”( ) 6)  
Fig.1

3 ( )
3

(L) 2.5 (2.5L)  

3 ( )
( )

7)

 
(

 
*1 ( )   Research Engineer, Institute of Technology, Asunaro Aoki Construction Co., Ltd. 
*2 ( ) ( ) Manager, Department of Building Design, Asunaro Aoki Construction Co., Ltd., M.Eng. 
*3 ( ) Prof., Dept. of Oceanic Architecture & Eng., CST., Nihon Univ., Dr. Eng. 
*4  Former Prof., Dept. of Oceanic Architecture & Eng., CST., Nihon Univ., Dr. Eng. 
 

Middle tube b
Outer tube

End plate

Core

Ring end plate

 
 
 
 

 
  

STUDY ON STRUCTURAL CHARACTERISTICS OF FOLDED BRACE 
Investigation of increase of axial yield displacement and buckling restraint effect 

 
 *1  *2  *3  *4 

Masaya HADA Kenichi TAKEUCHI Keiji KITAJIMA 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. 
 

Keywords : Brace Structure, Super-Elastic, Axial Yield Displacement, Buckling Restraint 
    

 

1)

R=1/500rad (
) 1

 

1)

2),3)

4) ,5)

1
R=1/200rad “

”( ) 6)  
Fig.1

3 ( )
3

(L) 2.5 (2.5L)  

3 ( )
( )

7)

 
(

 
*1 ( )   Research Engineer, Institute of Technology, Asunaro Aoki Construction Co., Ltd. 
*2 ( ) ( ) Manager, Department of Building Design, Asunaro Aoki Construction Co., Ltd., M.Eng. 
*3 ( ) Prof., Dept. of Oceanic Architecture & Eng., CST., Nihon Univ., Dr. Eng. 
*4  Former Prof., Dept. of Oceanic Architecture & Eng., CST., Nihon Univ., Dr. Eng. 
 

Middle tube b
Outer tube

End plate

Core

Ring end plate

折返し式ブレースの構造特性に関する研究
軸降伏変位増大と座屈拘束効果の検討

STUDY ON STRUCTURAL CHARACTERISTICS OF FOLDED BRACE
Investigation of increase of axial yield displacement and buckling restraint effect

波 田 雅 也＊1，竹 内 健 一＊2，北 嶋 圭 二＊3，中 西 三 和＊4

Masaya HADA, Kenichi TAKEUCHI, Keiji KITAJIMA  
and Mitsukazu NAKANISHI

＊ 1　�青木あすなろ建設㈱技術研究所 研究員
＊ 2　�青木あすなろ建設㈱設計部 課長・修士（工学）
＊ 3　�日本大学理工学部海洋建築工学科 教授・博士（工学）
＊ 4　�日本大学理工学部海洋建築工学科 元教授・工博

Research Engineer, Institute of Technology, Asunaro Aoki Construction Co., Ltd.
Manager, Dept. of Building Design, Asunaro Aoki Construction Co., Ltd., M.Eng.
Prof., Dept. of Oceanic Architecture & Eng., CST, Nihon Univ., Dr.Eng.
Former Prof., Dept. of Oceanic Architecture & Eng., CST, Nihon Univ., Dr.Eng.

日本建築学会構造系論文集 第85巻 第769号，373-381， 2020年3月
J. Struct. Constr. Eng., AIJ, Vol. 85 No. 769, 373-381, Mar., 2020

DOI http://doi.org/10.3130/aijs.85.373
【カテゴリーⅢ】�

─ 373 ─

再校構造系　769号�

aa1360
長方形



)

( ) (
)

6)
 

 

(Folded brace)
(Conventional brace) Fig.2 Fig.2

(L) 2.5 (2.5L)

2.5 R=1/200rad
 

Fig.3 3

( ) ( ) ( )

( ) ( )

 

C R
Fig.4 ( C 1

) (a)  
R=1/500rad

1 (C=0.2)
(b)

R=1/200rad 1

1/2.5

1
 

 
 

(
)

 

Fig.5 Table 1
Fig.5(a) (b) (Folded brace)

1 Fig.5(c) (Core brace)
1 2 H (H-
175×175×7.5×11.0 SN400B) ( :
-191×197×9.0×6.0 : -213×213×6.0×9.0 SM490A)

3
L

3,870mm
λ=89( = )

2.0mm( /2000 )

6) 8)
 

Ny (1)

 

 
 

N1y N2y N3y

(1) 

Supply the shortage of yield strength at a 
little brace(Frame+Brace)

C=0.2

C C

0.2 0.2

1/2001/200 R[rad]R[rad]

Sup
littlit(Frame+Brace) li

Seismic force concentrates on a brace

Frame

Brace

Frame

(Frame+Brace)

Frame

Brace

CC Yielding at 
1/500rad

R=1/200radR=1/500rad C=0.2

CCC
(FNot yielding at less 

than 1/200rad

N y

N [kN]

δ [mm]δ y 2.5δ y
(1/500rad))) (1/200rad)

Elastic limit deformation is the same even if 
cross-sectional area is increased 

Cross-sectional increased

Material strength increased
Conventional brace Folded brace

Elastic limit deformation is 2.5 times 
if actually length is 2.5 times. 
Conventional brace : δy = εy L
Folded brace : 2.5δy = εy 2.5L

Lateral force by 
the buckling

Core

Middle tube
Outer tube

Force to 
push back

 

Tension CompressionCommpCom

Compression load to be added 
to the whole folded braces

─ 374 ─

再校構造系　769号�

aa1360
長方形



)

( ) (
)

6)
 

 

(Folded brace)
(Conventional brace) Fig.2 Fig.2

(L) 2.5 (2.5L)

2.5 R=1/200rad
 

Fig.3 3

( ) ( ) ( )

( ) ( )

 

C R
Fig.4 ( C 1

) (a)  
R=1/500rad

1 (C=0.2)
(b)

R=1/200rad 1

1/2.5

1
 

 
 

(
)

 

Fig.5 Table 1
Fig.5(a) (b) (Folded brace)

1 Fig.5(c) (Core brace)
1 2 H (H-
175×175×7.5×11.0 SN400B) ( :
-191×197×9.0×6.0 : -213×213×6.0×9.0 SM490A)

3
L

3,870mm
λ=89( = )

2.0mm( /2000 )

6) 8)
 

Ny (1)

 

 
 

N1y N2y N3y

(1) 

Supply the shortage of yield strength at a 
little brace(Frame+Brace)

C=0.2

C C

0.2 0.2

1/2001/200 R[rad]R[rad]

Sup
littlit(Frame+Brace) li

Seismic force concentrates on a brace

Frame

Brace

Frame

(Frame+Brace)

Frame

Brace

CC Yielding at 
1/500rad

R=1/200radR=1/500rad C=0.2

CCC
(FNot yielding at less 

than 1/200rad

N y

N [kN]

δ [mm]δ y 2.5δ y
(1/500rad))) (1/200rad)

Elastic limit deformation is the same even if 
cross-sectional area is increased 

Cross-sectional increased

Material strength increased
Conventional brace Folded brace

Elastic limit deformation is 2.5 times 
if actually length is 2.5 times. 
Conventional brace : δy = εy L
Folded brace : 2.5δy = εy 2.5L

Lateral force by 
the buckling

Core

Middle tube
Outer tube

Force to 
push back

 

Tension CompressionCommpCom

Compression load to be added 
to the whole folded braces

A
y

N1y N2y N3y 1.0 1.4 1.6  

K (2)

y (3)
Ny K

 
 
 
 
 
 

K1 K2 K3

(4a) (4c) E A1 A2

A3 ℓ1 ℓ2 ℓ3

205,000N/mm2  
Table 1 125kN/mm

(327kN/mm) 1/2.6
=45

R 1/206rad (1/541rad) 2.6
 

Fig.6 Photo 1
(Column) (Beam) =45

Photo 1 (a), (b) ( )
( )

Na(

F1 A1 )
R

R (5) N

 

 

 (3) (2) 

(4a) (4b) (4c)   

Core length ℓ1 3,110mm
Middle tube length ℓ2 3,000mm

Outer tube length ℓ3 3,110mm

Core length ℓ1 3,220mm
Apparent member length L 3,870mm

400 250

110 35050 110

21
3

b b

1752 2175
197

2
2

2
2197

213

2
2

17
5

2
2

22
21

3
21

3

17
5

19
1

End plate Ring end plate

Cover platea

a

(HTB 16-M20) (HTB 18-M20)(HTB 16 M20)
Joint plate

TB 18 M20)
Joint plate

Actuator

: Tensionon : Compression

← Top (Photo 1(a))

Column base: pin

3,700

Bottom (Photo 1(b)) →

3,
70

0

Test specimen

Column

Beam

θ

δ/cosθ

θ
P

R

θ

θ

osθ

H

F σ y A L λ N y K N y K δ y R y

[N/mm2] [N/mm2] [mm2] [mm] [mm] [kN] [kN/mm] [kN] [kN/mm] [mm] [rad]
Core H-175×175×7.5×11.0 SN400B 235 308 5,142 3,110 89 1,583 339
Middle tube -191×197×9.0×6.0 SM490A 325 398 5,586 3,000 54 2,223 382
Outer tube -213×213×6.0×9.0 SM490A 325 398 6,174 3,110 48 2,457 407

(b) H-175×175×7.5×11.0 SN400B 235 308 5,142 3,870 3,220 89 1,583 327 1,583 327 4.8 1/541

12.7 1/206

Core brace

Yield
Point

Axial
stiffness

Axial
yield

strength

Axial
yield

defor-
mation

Story
drift
angle

Geometries

H-h×B×tw×tf
-A×B×tw×tf

Steel
type

Calculated Value of  Each member Calculated Value of The Folded Brace

Base
strength

(a) Folded
brace 3,870 1251583

Cross
section

Apparent
member
length

Length
Slender-

ness
ratio

Axial
stiffness

Axial
yield

strength

A
2

ld C
1 der- Ader- A

2
 

1: The yield point is the material test result.   2: Slenderness ratio is calculated as buckling length = apparent member length (3, 870 mm).

-65
-52
-39
-26
-13

0
13
26
39
52
65

A
xi

al
 d

is
pl

ac
em

en
t 

m
m 1/50rad1/5

1/67rad

1/200rad

1/6
1/100rad

1/21/2Na dd
1/11/133rad

Na: Allowable axial force (Na=F1×A1)

─ 375 ─

再校構造系　769号�

aa1360
長方形



P (6) (Fig.7)  
 
 
 

R H
N P  
Fig.8 R=±1/300(

), ±1/200, ±1/133, ±1/100, ±1/67, ±1/50 rad
2  

P
P

(Fig.6 =3,220mm)  

Fig.9
Table 2 expNy

L 0.2%(7.74mm) 9) Fig.9
(Calculation) (

=1.0( )

calNcr calNu 10) )
Fig.9(b)

(expNmax= 1571kN)
Fig.9(a)

R=1/50rad

1/50rad

 
Fig.10

Table 3
( Na=F1 A1)

Table 3 expK
0.03% 0.06% 2

L 0.03%(1.16mm)
( ) 9) Fig.10

calK Table 3

1/2.6
exp a 2.6

0.03%

exp e 2.3
R=1/200rad

 
2

( )
 

 

R=1/50rad
 

 (6) ( (5) 

-2400
-2000
-1600
-1200
-800
-400

0
-32.5-26.0-19.5-13.0-6.50.0

A
xi

al
 fo

rc
e 

[k
N

]

Axial displacement [mm]

0
400
800

1200
1600
2000
2400

0.0 6.5 13.0 19.5 26.0 32.5

A
xi

al
 fo

rc
e 

[k
N

]

Axial displacement [mm]

-2400

-1600

-800

0

800

1600

2400

-65 -52 -39 -26 -13 0 13 26 39 52 65

A
xi

al
 fo

rc
e 

[k
N

]

Axial displacement [mm]

Folded brace (Experiment) Core brace (Experiment) Yield axial force (expNy)

-2400

-1600

-800

0

800

1600

2400

-65 -52 -39 -26 -13 0 13 26 39 52 65

A
xi

al
 fo

rc
e 

[k
N

]

Axial displacement [mm]

Folded brace (Experiment)
Folded brace (Calculattion)

Core brace (Experiment)
Core brace (Calculattion)

Yield axial force (expNyNN )
Maximum axial force (expNmax)

p [ ]

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

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

Reached the allowable axial force
Axial stiffness of Core brace (Calculation)
Reached the elastic limit

1/200-1/200-1/50

Folded brace (Calculattion)
Story drift angle rad

1/50 1/200 1/50-1/200-1/50

Maximum axial force (expNmaxNN )
Story drift angle rad

llowable axial 
1/200rad

orce
1/100rad

elastic limit
1/200rad 1/100rad

p [ ] p [ ]

Yield

expN y expNmax

[kN] [kN]
Tension 1654 1946 1.18
Compression -1651 -2018 1.22
Tension 1659 1665 1.00
Compression - -1571 -

Axial force

(a)

expNmax

expN y

(b)

Maxi-
mum

Folded 
brace
Core 
brace

Reached the
elastic limit

Calculated
 value

expδ a expδ e expK calK
[mm] [mm] [kN/mm] [kN/mm]

Tension 9.4 14.2
Compression -9.9 -13.5
Tension 3.7 6.1
Compression -3.8 -5.9
Tension 2.6 2.3
Compression 2.6 2.3

(a)

(b)

124.4 124.6 1.00

Axial displacement

1/2.6 1/2.6 -

326.8 327.4 1.00

Axial stiffness

expK

calK

Folded
Core

Reached the
allowable
axial force

Folded 
brace
Core 
brace

Experi-
mental
value

calNu

calNy

calNycalNy

calNcr

─ 376 ─

再校構造系　769号�

aa1360
長方形



P (6) (Fig.7)  
 
 
 

R H
N P  
Fig.8 R=±1/300(

), ±1/200, ±1/133, ±1/100, ±1/67, ±1/50 rad
2  

P
P

(Fig.6 =3,220mm)  

Fig.9
Table 2 expNy

L 0.2%(7.74mm) 9) Fig.9
(Calculation) (

=1.0( )

calNcr calNu 10) )
Fig.9(b)

(expNmax= 1571kN)
Fig.9(a)

R=1/50rad

1/50rad

 
Fig.10

Table 3
( Na=F1 A1)

Table 3 expK
0.03% 0.06% 2

L 0.03%(1.16mm)
( ) 9) Fig.10

calK Table 3

1/2.6
exp a 2.6

0.03%

exp e 2.3
R=1/200rad

 
2

( )
 

 

R=1/50rad
 

 (6) ( (5) 

-2400
-2000
-1600
-1200
-800
-400

0
-32.5-26.0-19.5-13.0-6.50.0

A
xi

al
 fo

rc
e 

[k
N

]

Axial displacement [mm]

0
400
800

1200
1600
2000
2400

0.0 6.5 13.0 19.5 26.0 32.5

A
xi

al
 fo

rc
e 

[k
N

]

Axial displacement [mm]

-2400

-1600

-800

0

800

1600

2400

-65 -52 -39 -26 -13 0 13 26 39 52 65

A
xi

al
 fo

rc
e 

[k
N

]

Axial displacement [mm]

Folded brace (Experiment) Core brace (Experiment) Yield axial force (expNy)

-2400

-1600

-800

0

800

1600

2400

-65 -52 -39 -26 -13 0 13 26 39 52 65

A
xi

al
 fo

rc
e 

[k
N

]

Axial displacement [mm]

Folded brace (Experiment)
Folded brace (Calculattion)

Core brace (Experiment)
Core brace (Calculattion)

Yield axial force (expNyNN )
Maximum axial force (expNmax)

p [ ]

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

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

Reached the allowable axial force
Axial stiffness of Core brace (Calculation)
Reached the elastic limit

1/200-1/200-1/50

Folded brace (Calculattion)
Story drift angle rad

1/50 1/200 1/50-1/200-1/50

Maximum axial force (expNmaxNN )
Story drift angle rad

llowable axial 
1/200rad

orce
1/100rad

elastic limit
1/200rad 1/100rad

p [ ] p [ ]

Yield

expN y expNmax

[kN] [kN]
Tension 1654 1946 1.18
Compression -1651 -2018 1.22
Tension 1659 1665 1.00
Compression - -1571 -

Axial force

(a)

expNmax

expN y

(b)

Maxi-
mum

Folded 
brace
Core 
brace

Reached the
elastic limit

Calculated
 value

expδ a expδ e expK calK
[mm] [mm] [kN/mm] [kN/mm]

Tension 9.4 14.2
Compression -9.9 -13.5
Tension 3.7 6.1
Compression -3.8 -5.9
Tension 2.6 2.3
Compression 2.6 2.3

(a)

(b)

124.4 124.6 1.00

Axial displacement

1/2.6 1/2.6 -

326.8 327.4 1.00

Axial stiffness

expK

calK

Folded
Core

Reached the
allowable
axial force

Folded 
brace
Core 
brace

Experi-
mental
value

calNu

calNy

calNycalNy

calNcr

11) 12)

( )  

2 (Fig.3)

( )
( ) 

 
Fig.11 Fig.11(a)

L

(Y=L/2) 3

N
s

u u s
N

Fig.11(b) L/2
(7a) (7b) (7c) ( X=0) (

Y=0) ( M=0)  

P1 u P2

u s P3

u s
M B  

Fig.11(b)
(s=0)

P1

P2

s
P1 P2

P3 P1

P1 P2 N (8a)
(8b) P3  M B (8c)

Nc  
( X=0)

( NC )
(7a) (8a) (8b) (8c)

u (9) N M B s
(9) N M B

M B N
N NC (10)

 
 
 

NC

(10) Fig.12(a) M N

1/s
Fig.12(b) (11)

Fig.12 ZB AB y

t b (11) (10)
NC (12)  

 
 
 

NC s

( N=0)  
NC

( ) s
1

10)

 

 
 

 

(7a) 
(7b) 
(7c) 

 (8a) (8b) (8c) 

uu
s

P2P1

L/2

Core

Middle tube

NN

L/2

(u-s)

N

be
L/2

N

P1

N
P3

P1 P2

MBN

u (u-s)
X

Y

Middle tubeCore

 (9) (10) 

(11) (12) 

(11) 

σb
σy

σt

N

MM

 

 

─ 377 ─

再校構造系　769号�

aa1360
長方形



NC

Fig.13 Fig.13(a) Fig.13(b)
Fig.13(c)

( ) 
( )

Table 4 Table 5
S45C STK400

s 60mm

s (S03 S13 S35 S57 0.3 5.7mm)
Table 5 0.03NC 0.2NC 0.03

0.2(JIS Fig.14 )
(12)

N1y NC

NC

N1y 74.3kN 0.2NC=30.5 57.0kN
 

Photo 2

N
N 

Fig.13(b)

(Fig.14) Fig.14 0.03%
ε0.03 0.2%

ε0.2 (Fig.13(b)
(iii)) 4 1

ε 0.03 N0.03 ε0.2

N0.2 N0.03

(12) N0.2

 

s 4 (S03,S13, 
S35,S57)

Fig.15
N0.03 N0.2 Nmax

Table 6 N0.03 N0.2

Nmax s
(Core only) Nmax

(Nmax=11.1kN) s
4 s S03 Nmax

Diameter Thickness  stress strain  stress strain  stress strain
D t A Z E F ε F σ 0.03 ε 0.03 σ 0.2 ε 0.2 σ u N y

[mm2] [mm2] [mm2] [mm3] [N/mm2] [N/mm2] [μ] [N/mm2] [μ] [N/mm2] [μ] [N/mm2] [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

Yield axial
force

Ultimate
tensile
strength

Base strengthYoung's
modulusSteel

type

Section Sectional
area

Modulus
of section

0.03% Offset strength
(Elastic limit)

0.2% Offset strength
(Yield)

Load cell

Jig

Specimen

(Load)

0

100

200

300

400

500

600

0 2000 4000 6000 8000

St
re

ss
σ

N
/m

m
2

Strain ε μ

Test results
0.2% Offset strength
0.03% Offset strength
Base strength

(ε0.2 σ0.2)

300

400

σ
N

/m

(εF F)

(ε0.03 σ0.03)

Elastic limit (0.03%Offset) Yield (0.2%Offset)

Axial force Bending
moment Axial force Bending

moment
s 0.03N

B
y 0.03M

B
y(0) 0.03NC 0.2N

B
y 0.2M

B
y(0) 0.2N C

[mm] [kN] [kN mm] [kN] [kN] [kN mm] [kN]
S03 0.3 42.3 57.0
S13 1.3 36.4 49.1
S35 3.5 27.9 37.6
S57 5.7 22.6 30.5

Clea-
rance

263 59.9 354

Name of
specimen

44.4

Strength of middle tube Strength of middle tubeCritical 
axial 
force 

Critical 
axial 
force (C

ro
ss

 s
ec

tio
n) NN

Ji
g 

fo
r r

ea
ct

io
n 

fo
rc

e
cc

C
or

e 
le

ng
th

ℓ 1
76

7

(L
oa

d)
(R

ea
ct

io
n 

fo
rc

e)

C
or

e 
le

ng
th

ℓ 1
76

7

(R
ea

c

M
id

dl
e 

tu
be

 le
ng

th
ℓ 2

70
0

C
or

e

C
or

e
12

.0

12

R
in

g 
pl

at
e

20

Sh
ea

th
 tu

beb

20

(
(v

)

15
4

M
id

dl
e 

tu
be

27
.2

t1
.9

20
15

4

St
ra

in
 g

ag
e 

po
si

tio
n

(iv
)

15
4

73
5

73
5

71
1

C

M
id

dl
e 

tu
be

70
0

(ii
i)

MM

15
4

(ii
)

(F
ac

e 
to

uc
h)

15
4Sp
ac

er
S

Unit: mm

12

En
d 

pl
at

e

U it

12 (i)

EE

32

(F
ac

e
to

uc
h)

F
B

ot
to

m
 o

f J
ig

─ 378 ─

再校構造系　769号�

aa1360
長方形



NC

Fig.13 Fig.13(a) Fig.13(b)
Fig.13(c)

( ) 
( )

Table 4 Table 5
S45C STK400

s 60mm

s (S03 S13 S35 S57 0.3 5.7mm)
Table 5 0.03NC 0.2NC 0.03

0.2(JIS Fig.14 )
(12)

N1y NC

NC

N1y 74.3kN 0.2NC=30.5 57.0kN
 

Photo 2

N
N 

Fig.13(b)

(Fig.14) Fig.14 0.03%
ε0.03 0.2%

ε0.2 (Fig.13(b)
(iii)) 4 1

ε 0.03 N0.03 ε0.2

N0.2 N0.03

(12) N0.2

 

s 4 (S03,S13, 
S35,S57)

Fig.15
N0.03 N0.2 Nmax

Table 6 N0.03 N0.2

Nmax s
(Core only) Nmax

(Nmax=11.1kN) s
4 s S03 Nmax

Diameter Thickness  stress strain  stress strain  stress strain
D t A Z E F ε F σ 0.03 ε 0.03 σ 0.2 ε 0.2 σ u N y

[mm2] [mm2] [mm2] [mm3] [N/mm2] [N/mm2] [μ] [N/mm2] [μ] [N/mm2] [μ] [N/mm2] [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

Yield axial
force

Ultimate
tensile
strength

Base strengthYoung's
modulusSteel

type

Section Sectional
area

Modulus
of section

0.03% Offset strength
(Elastic limit)

0.2% Offset strength
(Yield)

Load cell

Jig

Specimen

(Load)

0

100

200

300

400

500

600

0 2000 4000 6000 8000

St
re

ss
σ

N
/m

m
2

Strain ε μ

Test results
0.2% Offset strength
0.03% Offset strength
Base strength

(ε0.2 σ0.2)

300

400

σ
N

/m

(εF F)

(ε0.03 σ0.03)

Elastic limit (0.03%Offset) Yield (0.2%Offset)

Axial force Bending
moment Axial force Bending

moment
s 0.03N

B
y 0.03M

B
y(0) 0.03NC 0.2N

B
y 0.2M

B
y(0) 0.2N C

[mm] [kN] [kN mm] [kN] [kN] [kN mm] [kN]
S03 0.3 42.3 57.0
S13 1.3 36.4 49.1
S35 3.5 27.9 37.6
S57 5.7 22.6 30.5

Clea-
rance

263 59.9 354

Name of
specimen

44.4

Strength of middle tube Strength of middle tubeCritical 
axial 
force 

Critical 
axial 
force (C

ro
ss

 s
ec

tio
n) NN

Ji
g 

fo
r r

ea
ct

io
n 

fo
rc

e
cc

C
or

e 
le

ng
th

ℓ 1
76

7

(L
oa

d)
(R

ea
ct

io
n 

fo
rc

e)

C
or

e 
le

ng
th

ℓ 1
76

7

(R
ea

c

M
id

dl
e 

tu
be

 le
ng

th
ℓ 2

70
0

C
or

e

C
or

e
12

.0

12

R
in

g 
pl

at
e

20

Sh
ea

th
 tu

beb

20

(
(v

)

15
4

M
id

dl
e 

tu
be

27
.2

t1
.9

20
15

4

St
ra

in
 g

ag
e 

po
si

tio
n

(iv
)

15
4

73
5

73
5

71
1

C

M
id

dl
e 

tu
be

70
0

(ii
i)

MM

15
4

(ii
)

(F
ac

e 
to

uc
h)

15
4Sp
ac

er
S

Unit: mm

12

En
d 

pl
at

e

U it

12 (i)

EE

32

(F
ac

e
to

uc
h)

F
B

ot
to

m
 o

f J
ig

58.5kN (N2y=59.9kN)
Nmax (N1y=74.5kN)

NC N0.03 N0.2

s
4.2 (10)

N0.2 N0.03 1.34 1.55 ( 0.2/

0.03=1.35)  

4
( )
(N0.03 ) Fig.16

Fig.16 ( ε0.03

1776μ) s

(iii)
4 1

(iii)
ε0.03 εt εb Fig.17

Fig.17 s S57 εt εb

s εt

S03 εt 9
s

Fig.15 ( s N0.03 N0.2

)  

4 (12)
NC (Experimental value N0.03)

(Calculated value 0.03NC) Fig.18 Fig.18
s 4 N0.03 0.03NC

 
( ) ( )

4
NC  

R=1/200rad
(

)  
(1)

2.6
R=1/200rad

 
(2)

R=1/50rad
 

(3) ( ) ( )

( NC)
NC ( ) s

s NC  
(4) ( ) ( ) s

Nmax

N0.2 N0.03 s
 

(5) NC ( (12))

 

 

 
5

( 1 ) (4 )
(4 )  

0

100

200

300

400

500

600

700

-50 -25 0 25 50 75 100

H
ei

gh
t f

ro
m

 b
ot

to
m

 e
nd

 o
f m

id
dl

e 
tu

be
m

m

Curvature 10 6 1/mm

S13
S03

0

0
(v)

S35

S57
0 (iv)

0 (iii)

0 (ii)

0 (i)

0

10

20

30

40

50

60

0 10 20 30 40 50 60Ex
pe

rim
en

ta
l 

va
lu

e 
: N

0.
03

kN

Calculated value : 0.03NC kN

S03

S13S131
S35

S57

 

s N 0.03 N 0.2 Nmax

[mm] [kN] [kN] [kN]
S03 0.3 43.5 58.2 58.5
S13 1.3 36.2 50.4 57.2
S35 3.5 31.8 45.4 53.9
S57 5.7 24.6 38.2 48.5

Core only 11.6

Name of
specimen

Clea-
rance

Maxi-
mumYieldElastic

limit

Axial strain εt Bending strain εb

S03

g

1703 m
en

ta

86

S13 1388

i

389

S35 1211 569

S57 937 857

 

0

20

40

60

80

0 2.5 5 7.5 10 12.5 15

A
xi

al
 fo

rc
e

kN

Axial displacement mm

N1y=74.3kN

S03
N2y=59.9kN

3 S13

S35 S57

Nmax (Maximum axial force)
N0.2  (Middle tube reached ε0.2)
N0.03 (Middle tube reached ε0.03)(Core only)

─ 379 ─

再校構造系　769号�

aa1360
長方形



1) Uchida, N., Fukuda, T., Shimizu, K., Takahashi, Y., Okoshi, T., and 
Fukuda, Y.: Recent brace structure, Kenchiku Gijutsu, No. 481 pp. 101-
141 1991. 4 (in Japanese)

No. 481 pp. 101-141 1991. 4 
2) Takeuchi, T., Horiuchi, K., Matsui, R., and Watanabe, M.: Buckling 

Behavior of Aluminum Brace Under Cyclic Loading, Journal of 
Structural and Construction Engineering (Transactions of AIJ), No. 
682, pp. 1969-1976, 2012. 12 (in Japanese) 

 
682 pp. 1969-

1976 2012. 12 
3) Okubo, S., Hiyama, Y., and Ishikawa, K.: Experimental Study on 

Ultimate Strength and Connection Design of Aluminum Braces, 
Journal of Structural Engineering, Vol. 57B pp. 475-482 2011. 3 (in 
Japanese) 

Vol. 57B pp. 475-482
2011. 3 

4) Mori, T., Okamoto, Y., Yoshida, F., and Iwata, M.: Experimental Study 
on Buckling Restrained Braces Using 550N/mm2 Class Steel, Part1-2,  
Summaries of Technical Papers of Annual Meeting, Architectural 
Institute of Japan, Structures- III, pp. 1055-1058, 2014. 7 (in Japanese) 

550N/mm2
1 2

, -III pp. 1055-1058 2014. 7 
5) Nakashima, M., Tsuji, B., Nishino, T., and Ashizawa, T.: Restoring Force 

Characteristics of Braces Made of High Strength Steel With Low Yield 
Ratio, Journal of Structural and Construction Engineering 
(Transactions of AIJ), No. 437, pp. 105-113, 1992. 7 (in Japanese) 

60
437 pp.105-113

1992.7 
6) Hada, M., Takeuchi, K., Kitajima, K., Nakanishi, M., and Adachi, H. et 

al.: Experimental Study on Structural Characteristics of Twice Turn 
Braces, Part1-7, Summaries of Technical Papers of Annual Meeting 
Architectural Institute of Japan, C-1, Structures-III, pp. 747-750, 2012. 
7, pp. 1287-1292, 2013. 7, pp. 1052-1053, 2014. 7, pp. 1077-1078, 2015. 
7 (in Japanese) 

2
, 1 7

C-1 -III, pp. 747-750 2012. 7 pp. 1287-1292
2013. 7 pp. 1052-1053 2014. 7 pp. 1077-1078 2015. 7 

7) Hada, M., Murai, K., Takeuchi, K., and Kitajima, K.: Application of 
“Twice-Turned Braces” Not Yielding at An Inter-Story Drift Angle of 
Less Than 1/200Rad., AIJ Journal of Technology and Design, Vol. 23, 
No. 55, pp. 885-890, 2017. 10 (in Japanese) 

1/200rad.
“ ” 55

pp. 885-890 2017. 10 
8) Oda, H., Usami, T.: Fabricating Buckling-restrained Braces from  

Existing H-section Bracing Members-Experimental Study, Journal of 
Structural Engineering, Vol. 56A pp. 499-510 2010. 3 (in Japanese)

H
Vol. 56A pp. 499-510 2010. 3 

9) The Japan Society of Mechanical Engineers: JSME Mechanical 
Engineers’ Handbook, A4 (Strength of Materials), pp. 137-138 1989. 

9 (in Japanese)
A4 ( ) pp. 137-138 1989. 9

10)Architectural Institute of Japan: Recommendations for Stability Design 
of Steel Structures 2009. 11 (in Japanese) 

2009. 11 
11)Fujimoto, M., Wada, A., Saeki, E., Watanabe, A., and Hitomi, Y.: A 

Study on the Unbonded Brace Encased in Buckling-Restraining 
Concrete and Steel Tube, Journal of Structural Engineering, Vol. 34B
pp. 249-258 1988. 3 (in Japanese) 

Vol. 34B
pp. 249-258 1988. 3 

12)Inoue, K., Sawaizumi, S., Higashibata, Y., and Inoue, K.: Bracing 
Design Criteria of the Reinforced Concrete Panel Inckuding Unbonded 
Steel Diagonal Braces, Journal of Structural and Construction 
Engineering (Transactions of AIJ), No. 432, pp. 41-49, 1992. 2 (in 
Japanese) 

432 pp. 41-49 1992. 2 
 

Nc
Nc (12)

( )
0.2% ( 0.2)

(12)  
(5 Fig.18) ( 0.03 ) N0.03

(12) 0.03 0.03NC

Fig.A1 0.2 N0.2

(12) 0.2 0.2NC Fig.A1 s
4

s (S03 S13)
(S35 S57)

Fig.A2 M-N
( = 0.2) Fig.A2

A M-N B M-N
M-N C A B

Fig.A2 s N A C
s A C

A C Fig.A1  
0.2%

(12)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  

0

10

20

30

40

50

60

0 10 20 30 40 50 60

Ex
pe

rim
en

ta
l 

va
lu

e 
: N

0.
2

kN

Calculated value : 0.2NC kN

S03

S13SS
S35

S57

 

N

MM

A Full elastic
(Calculation value)

C Partially yield
(Experiment value)

B Full plastic

─ 380 ─

再校構造系　769号�

aa1360
長方形



1) Uchida, N., Fukuda, T., Shimizu, K., Takahashi, Y., Okoshi, T., and 
Fukuda, Y.: Recent brace structure, Kenchiku Gijutsu, No. 481 pp. 101-
141 1991. 4 (in Japanese)

No. 481 pp. 101-141 1991. 4 
2) Takeuchi, T., Horiuchi, K., Matsui, R., and Watanabe, M.: Buckling 

Behavior of Aluminum Brace Under Cyclic Loading, Journal of 
Structural and Construction Engineering (Transactions of AIJ), No. 
682, pp. 1969-1976, 2012. 12 (in Japanese) 

 
682 pp. 1969-

1976 2012. 12 
3) Okubo, S., Hiyama, Y., and Ishikawa, K.: Experimental Study on 

Ultimate Strength and Connection Design of Aluminum Braces, 
Journal of Structural Engineering, Vol. 57B pp. 475-482 2011. 3 (in 
Japanese) 

Vol. 57B pp. 475-482
2011. 3 

4) Mori, T., Okamoto, Y., Yoshida, F., and Iwata, M.: Experimental Study 
on Buckling Restrained Braces Using 550N/mm2 Class Steel, Part1-2,  
Summaries of Technical Papers of Annual Meeting, Architectural 
Institute of Japan, Structures- III, pp. 1055-1058, 2014. 7 (in Japanese) 

550N/mm2
1 2

, -III pp. 1055-1058 2014. 7 
5) Nakashima, M., Tsuji, B., Nishino, T., and Ashizawa, T.: Restoring Force 

Characteristics of Braces Made of High Strength Steel With Low Yield 
Ratio, Journal of Structural and Construction Engineering 
(Transactions of AIJ), No. 437, pp. 105-113, 1992. 7 (in Japanese) 

60
437 pp.105-113

1992.7 
6) Hada, M., Takeuchi, K., Kitajima, K., Nakanishi, M., and Adachi, H. et 

al.: Experimental Study on Structural Characteristics of Twice Turn 
Braces, Part1-7, Summaries of Technical Papers of Annual Meeting 
Architectural Institute of Japan, C-1, Structures-III, pp. 747-750, 2012. 
7, pp. 1287-1292, 2013. 7, pp. 1052-1053, 2014. 7, pp. 1077-1078, 2015. 
7 (in Japanese) 

2
, 1 7

C-1 -III, pp. 747-750 2012. 7 pp. 1287-1292
2013. 7 pp. 1052-1053 2014. 7 pp. 1077-1078 2015. 7 

7) Hada, M., Murai, K., Takeuchi, K., and Kitajima, K.: Application of 
“Twice-Turned Braces” Not Yielding at An Inter-Story Drift Angle of 
Less Than 1/200Rad., AIJ Journal of Technology and Design, Vol. 23, 
No. 55, pp. 885-890, 2017. 10 (in Japanese) 

1/200rad.
“ ” 55

pp. 885-890 2017. 10 
8) Oda, H., Usami, T.: Fabricating Buckling-restrained Braces from  

Existing H-section Bracing Members-Experimental Study, Journal of 
Structural Engineering, Vol. 56A pp. 499-510 2010. 3 (in Japanese)

H
Vol. 56A pp. 499-510 2010. 3 

9) The Japan Society of Mechanical Engineers: JSME Mechanical 
Engineers’ Handbook, A4 (Strength of Materials), pp. 137-138 1989. 

9 (in Japanese)
A4 ( ) pp. 137-138 1989. 9

10)Architectural Institute of Japan: Recommendations for Stability Design 
of Steel Structures 2009. 11 (in Japanese) 

2009. 11 
11)Fujimoto, M., Wada, A., Saeki, E., Watanabe, A., and Hitomi, Y.: A 

Study on the Unbonded Brace Encased in Buckling-Restraining 
Concrete and Steel Tube, Journal of Structural Engineering, Vol. 34B
pp. 249-258 1988. 3 (in Japanese) 

Vol. 34B
pp. 249-258 1988. 3 

12)Inoue, K., Sawaizumi, S., Higashibata, Y., and Inoue, K.: Bracing 
Design Criteria of the Reinforced Concrete Panel Inckuding Unbonded 
Steel Diagonal Braces, Journal of Structural and Construction 
Engineering (Transactions of AIJ), No. 432, pp. 41-49, 1992. 2 (in 
Japanese) 

432 pp. 41-49 1992. 2 
 

Nc
Nc (12)

( )
0.2% ( 0.2)

(12)  
(5 Fig.18) ( 0.03 ) N0.03

(12) 0.03 0.03NC

Fig.A1 0.2 N0.2

(12) 0.2 0.2NC Fig.A1 s
4

s (S03 S13)
(S35 S57)

Fig.A2 M-N
( = 0.2) Fig.A2

A M-N B M-N
M-N C A B

Fig.A2 s N A C
s A C

A C Fig.A1  
0.2%

(12)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  

0

10

20

30

40

50

60

0 10 20 30 40 50 60

Ex
pe

rim
en

ta
l 

va
lu

e 
: N

0.
2

kN

Calculated value : 0.2NC kN

S03

S13SS
S35

S57

 

N

MM

A Full elastic
(Calculation value)

C Partially yield
(Experiment value)

B Full plastic

STUDY ON STRUCTURAL CHARACTERISTICS OF FOLDED BRACEE 
Investigation of increase of axial yield displacement and buckling restraint effect 

 
Masaya HADA *1 Kenichi TAKEUCHI *2 Keiji KITAJIMA *3 and Mitsukazu NAKANISHI *4 

 
*1 Engineer, Institute of Technology, Asunaro Aoki Construction Co., Ltd. 

*2 Manager, Department of Building Design, Asunaro Aoki Construction Co., Ltd., M.Eng. 

*3 Professor, Dept. of Oceanic Architecture & Engineering, College of Science & Technology, Nihon Univ., Dr. Eng. 

*4 Former Professor, Dept. of Oceanic Architecture & Engineering, College of Science & Technology, Nihon Univ., Dr. Eng. 

 

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 NC) 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 NC shown in Chapter 4 was confirmed. 
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