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Recently, there have been worries concerning the risk of fracture at the end of beams in the existing steel building frames during a long period 

and long duration motion caused by the Nankai-trough great earthquake expected near the future. Researchers proposed several simple evaluation 

methods to capture damages at the end of beams. In this paper, damages at beam-ends in a high rise steel building during a long period and long 

duration motion are considered taking fracture of braces into account. And the simple damage evaluation method which is more accurate than ever 

are proposed. 

 

Keywords : Long Period Earthquake Motion, Braced Steel Frame, Member Fracture, Damage Evaluation, Linear Cumulative Damage Rule 
 

 

2011

1)

600s

2)

3~7s 
1)  
3)

Miner

4), 5)

6)  
2) 4

200m

7)

1.5~2.5

1.5

8)

9) 7 15 21

1/50

 

600s

3)

21

3)

 

 

*1 ( ) Assist. Professor, Dept. of Arch. and Build. Eng., Tokyo Institute of Technology, Dr. Eng.
*2  Graduate Student, Dept. of Arch. and Build. Eng., Tokyo Institute of Technology 

*3 ( ) Professor, Dept. of Arch. and Build. Eng., Tokyo Institute of Technology, Dr. Eng. 

長周期地震動に対する中規模ブレース付鋼構造骨組の梁端部損傷度評価
DAMAGE EVALUATION OF BEAM-ENDS IN CONCENTRICALLY BRACED STEEL FRAMES 

DURING LONG-PERIOD AND LONG-DURATION GROUND MOTIONS

松 井 良 太＊1，稲 葉 祐 介＊2，竹 内   徹＊3

Ryota MATSUI, Yusuke INABA and Toru TAKEUCHI

＊ 1　�東京工業大学建築学系 助教・博士（工学）
＊ 2　�東京工業大学建築学系 大学院生
＊ 3　�東京工業大学建築学系 教授・博士（工学）

Assist. Prof., Dept. of Arch. and Build. Eng., Tokyo Institute of Technology, Dr.Eng.
Grad. Stud., Dept. of Arch. and Build. Eng., Tokyo Institute of Technology
Prof., Dept. of Arch. and Build. Eng., Tokyo Institute of Technology, Dr.Eng.

日本建築学会構造系論文集 第82巻 第731号，115-122， 2017年1月
J. Struct. Constr. Eng., AIJ, Vol. 82 No. 731, 115-122, Jan., 2017

DOI http://doi.org/10.3130/aijs.82.115
【カテゴリーⅡ】�

─ 115 ─



 2 / 8 

 

7) 21

1

1

(BRB)

(CHS)

1/100rad BRB 10)

Qu/Qun

CHS

Ds 0.25 CHS

BB BC 0.35 0.4 1

2.48s 1.92s  

1

F E=205,000 

N/mm2 E=307,500N/mm2

BRB 2

1 1/100 CHS
11)

0.01s Newmark- =1/4

12) 13)

0

10-4

2

10

2 RE

Sv

2 2)
9)

80cm/s (CH3 OS3 SZ3 KA1) 1.5

120cm/s (CH2 OS2 SZ2) 2 160cm/s (CH1 OS1 SZ1) 3

CH OS SZ

KA 2
14)

0.92~3.48s

 

2 (d)

(e) 5~8s 1

1 (b) 1~5s

(c) 1~3.5s  

Miner

16000 1600012500

54
00

42
00

×3
38

00
×1

3
42

00
×2

40
90

43
00

0

40

80

120

160

200

240

0 2 4 6 8 10

S v(c
m

/s
)

(s)

1.92s
2.48s

El Centro_NS

h=0.05

Hachinohe_NS

0

40

80

120

160

200

240

0 2 4 6 8 10

S v(c
m

/s
)

(s)

1.92s
2.48s

CH2

CH1

CH3

h=0.05

0

40

80

120

160

200

240

0 2 4 6 8 10

S v(c
m

/s
)

(s)

1.92s
2.48s

SZ2
SZ1

SZ3

h=0.05

0

40

80

120

160

200

240

0 2 4 6 8 10

S v(c
m

/s
)

(s)

1.92s
2.48s

OS2OS1

OS3

h=0.05

0

40

80

120

160

200

240

0 2 4 6 8 10

S v(c
m

/s
)

(s)

1.92s
2.48s

KA1

h=0.05

(a) 2

(b) 3 (c) 3

(d) 3 (e) 1

BRB CHS84.2m

BRB (kN) CHS
21F -600×28 H-900×300×16×22 - -216.3×4.5
20F -600×28 - -216.3×8.2
19F -600×32 - -216.3×8.2
18F - -267.4×9.3
17F - -267.4×9.3
16F -600×32 H-900×300×16×22 - -318.5×7.9
15F -600×36 H-900×300×16×30 - -355.6×6.4
14F - -355.6×7.9
13F 7.6 -355.6×7.9
12F -600×36 166.7 -355.6×9.5
11F -600×40 247.8 -355.6×9.5
10F 377.2 -355.6×11.1
9F 495.7 -406.4×12.7
8F -600×40 598.3
7F -600×50 H-900×300×16×30 555.7
6F H-900×300×16×32 827.1 -406.4×12.7
5F -600×50 935.0 -457.2×12.7
4F -600×55 876.1 -457.2×12.7
3F -600×55 H-900×300×16×32 494.7 -457.2×9.5
2F -600×700×55 H-1100×300×19×33 - -457.2×9.5
1F -600×700×55 H-1100×300×19×33 486.7 -457.2×7.9

BCP325 SS400 LY225 STK400

CH1 161 149 2.89 2.87
CH2 114 124 2.64 2.67
CH3 88 80 1.70 2.58
OS1 104 111 2.18 3.39
OS2 97 90 1.71 2.98
OS3 78 66 2.20 2.69
SZ1 174 154 1.60 2.01
SZ2 113 118 1.88 2.18
SZ3 73 76 1.98 1.64
KA1 39 34 3.03 2.68

ELC El Centro_NS 53.74 170 128 1.10 1.61
HCH Hachinohe_NS 50.98 210 129 1.90 1.90

(s)
S v (cm/s) R E

655.34

─ 116 ─



 3 / 8 

 

 

CH1

HCH 3(a) (b)

4(a) (b)

4

2~3 5(a) (b)

1/4~1/3

 

3~5(a) (b) CH1 HCH

CH1

HCH

 

CH1 SZ1

4(a) (c)

SZ1

CH1 1/4

CH1

CH1 SZ1 3

6 SZ1 160s

CH1

122~157s 160s

2 4~5s

CH1 4~5s

2~3s SZ1

CH1 SZ1

 

3 4

0

3

6

9

12

15

18

21

0 0.005 0.01 0.015 0.02
(rad)

1/100

1/86

(b) HCH
(b-1)  (b-2)  (b-3) 

0 0.2 0.4 0.6 0.8 1 1.20

3

6

9

12

15

18

21

0.57

0.21

1

0

3

6

9

12

15

18

21

0 0.005 0.01 0.015 0.02
(rad)

1/100

1/76

 CHS  
0 0.2 0.4 0.6 0.8 1 1.20

3

6

9

12

15

18

21

1.12

0.41

1

(a-1)  (a-2)  (a-3) 
(a) CH1  

0

3

6

9

12

15

18

21

0 0.005 0.01 0.015 0.02
(rad)

1/100

1/63

0

3

6

9

12

15

18

21

0 0.005 0.01 0.015 0.02
(rad)

1/100

1/55

CHS

0 1 2 3 4 50

3

6

9

12

15

18

21

4.01

1.46

1

1

0 1 2 3 4 50

3

6

9

12

15

18

21

2.69

0.98

1

(a-1) (a-2)  (a-3) 

(b-1) (b-2)  (b-3) 
(b) HCH  

(a) CH1  

0 0.2 0.4 0.6 0.8 1 1.20

3

6

9

12

15

18

21

1.06

0.38

1

0 0.2 0.4 0.6 0.8 1 1.20

3

6

9

12

15

18

21

0.62

0.22

1

0 0.2 0.4 0.6 0.8 1 1.20

3

6

9

12

15

18

21

0.45

0.16

1

(a) CH1  (b) HCH  (c) SZ1

0

3

6

9

12

15

18

21

0 0.005 0.01 0.015 0.02
(rad)

1/100

1/74

0 1 2 3 4 50

3

6

9

12

15

18

21

1.12

0.41

1

(c-1) (c-2)  (c-3) 
(c) SZ1  

─ 117 ─



 4 / 8 

 

(1)

id

 

1

2
i i

i
d dd  (1) 

di i 7

CH1 HCH

CH1

3(a-3) (b-3) 4(a-3)

 

 

3) (2)

(3)

Nf  

fC N  (2) 
y

 (3) 

(= /L) y

L

C 4.0 5.6 4) p.4.2-2

 = 1/3  
6) (4) 15) (5) (6) (7)

l(%) 5) 6)

Nf  

2
2

m
l fC N   (4) 

3 4

1 2

1 2

(2 )

1

b

y eq

p p

y eq

t eq

L
C C

Eh
b t

L
C C

Ehe L

C C e

  (5)  

2
c

n p
Mh
EI

 (6) 

1 2 2 3 3

3
1 2

22
2 1

32
3

min max

2 37 10 4 31
4 23 10 3 96

exp( 1 66 10 4 45)
2 25 10 22 22

5 91 10 8 66

l n n n

w
w

w
w

w

, ,

. .
. .

. .
. .

. .

 (7) 

C2=35 m2=0.47 p

p et Leq

h y I

Mc w n

(%) 3

 

(4) (2)

8 (4)

(2) 1.0~2.0 2.0~3.0

3.0 (7)

(4) (2) (7) (8)

 

3 2
1 1 1

3 2
2 2 2 2

3 2
2 2 2 2

min(

) ( 0 4%)

( 0 4%)

l n l n l n

l l n l n l n l n

l n l n l n l n

A B C ,

A B C D .

A B C D .
 (8) 

(a) CH1  

(b) SZ1  

-0.02
-0.015
-0.01

-0.005
0

0.005
0.01

0.015
0.02

100 150 200 250

(r
ad

)

(s)

160sCHS

-0.02
-0.015
-0.01

-0.005
0

0.005
0.01

0.015
0.02

100 150 200 250

(r
ad

)

(s)

160sCHS

0

3

6

9

12

15

18

21

0 0.005 0.01 0.015 0.02
 (rad)

1/100

di

1/91

di
1/92

0

3

6

9

12

15

18

21

0 0.005 0.01 0.015 0.02
 (rad)

1/100

di

1/63

di
1/63

0

3

6

9

12

15

18

21

0 0.005 0.01 0.015 0.02
 (rad)

1/100

d
i

1/76

di
1/82

(a) CH1 (b) HCH  (c) CH1

1 10 100 1000

1

10

N
f

0.5
0.5

(2)

(2)

(4)

(4)

1 10 100 1000

1

10

N
f

0.5
0.5

0
5

10
15
20
25
30
35
40

0 0.5 1 1.5 2

l(%
)

n
(%)

(7)

(8)

(8)

(7)

C 1 C 2

15 0.14
C 1 C 2 C 3 C 4

0.61 14 2.0 0.038
(8) A l 1 B l 1 C l 1

-223.29 137.91 10.77
-138.94 85.82 6.7

(8) A l 2 B l 2 C l 2 D l 2

1.02 5.64 -0.61 4.82
0.63 3.51 -0.38 2.99

(5)

─ 118 ─



 5 / 8 

 

3 9 10 (7)

(8) 9

(2) (4) 10

 
3)

 

 

2
3)

max

2  

1

11(a) nmax

(2) Nfmax (9)

D M-Max  
1 1

max max max

max max max4 1 4 1f

nD
N C C

 (9) 

1 0

11(b) Miner

(10) D M-Dist  

1

max max
2

max2 1 1/ 1
D

C
 (10) 

11

M-Max M-Dist

11(a) (b)

M-Max

M-Dist

 

M-Max M-Dist

(2)

4 ni i ref

Dref (11)  

1 1/ 1/

,

ref
ref i i ref

f ref

n
D n C

N
 (11) 

nref Nf,ref ref

ni i

Miner DM (12)  

1/ 1/i
M i i

fi

nD C n
N

 (12) 

(11) Dref (12) DM maxref

(13)  

1/ 1

max max

1ref i i

i i

n
n

  (13) 

12 SZ1 SZ2 2

n 

0 ref max

ref = 0.37 max

(a) M-Max (b) M-Dist

n

0 max

n 

0 max

Miner

(a) M-Ref ( =0.5) (b) M-Ref ( =0.37)

n

0 ref max

ref = 0.5 max

n

0 max' max

A
max

A

(a) SZ1 (b) SZ2

0

2

4

6

8

10

0 1 2 3 4 5 6 7 8

D

max

0

5

10

15

20
400
500

n
0 1 2 30.5 1.5 2.5

0

5

10

15

20
400
500

n

0 1 2 30.5 1.5 2.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 1 2 3 4 5 6 7 8
max

=0.5

=0.37

max=1.5

max=2.0

0 0.5 1 1.5 20

0.5

1

1.5

2

0 0.5 1 1.5 20

0.5

1

1.5

2

0 0.5 1 1.5 20

0.5

1

1.5

2

0 0.5 1 1.5 20

0.5

1

1.5

2

─ 119 ─



 6 / 8 

 

SZ2 SZ1

n

A (14)  
( ) /n A  (14) 

13 max0 ' max'

max max-d A/ max

2 max

0 max

( max) (15) 1  

max max
max

max

( / )
( )

0 ( / )
a b b a

b a
 (15) 

a b ( 0a )

a=b=0.65 =0 (13) ni i ni i
1/

(16) (17)  

max

max0
( ) dn A  (16) 

max 1/ 1/
max0

( ) dn A  (17) 

(16) (17) (13) (18)  

1  (18) 

>0 (13) ni i ni i
1/ (19) (20)

 

max '

max max max0
( ) d ( ) ( ' )n n d d A  (19) 

max ' 1/1/ 1/ 1 1/
max max max max0

( ) d ( ) 'n n d A d  (20) 

(19) (20) (13) max max' (15) 

(a=b=0.65)

0.01 d =0.01 (21)

 

1/ 1 1/ 1
max max

max max

(0.35 0.65) 0.011
0.35 0.65 0.01

 (21) 

(18) (21) - max 14 max

0.57 max

15 D max

D=1 max>1.5

D>2 max>2

14 - max

(22) D>1 =0.5

D>2 =0.37 2

ref

(23)

M-Ref  

max 0.5, 0.37ref  (22) 

1

4 ref ref

CD  (23) 

16

M-Ref

(b) =0.37

(a) =0.5

4

1 M-Ref ( =0.37)

2

M-Dist M-Ref ( =0.37)

1

M-Dist 19% M-Ref ( =0.37) 32% 2

M-Dist 18% M-Ref ( =0.37) 33%

 

 

4

(b) RE(a) Sv

0 50 100 150 200 250
S

v
(cm/s)

2

R
E
=2.0 3.5(CH,OS,KA)

R
E
=1.0 2.0(SZ, )

1.2

1

0.8

0.6

0.4

0.2

0 0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5 3 3.5 4
R

E

Sv=160cm/s
Sv=120cm/s
Sv=80cm/s

Sv (cm/s)

KA

ELC,HCH,SZ

Sv=160
(r =0.97)

CH,OS

Sv=120
(r =0.96)

Sv=80
(r =0.96)

0

1

2

3

4

5

0 2 4 6 8 10

R E

(s)

CH1

1.92s
2.48s OS1

SZ1 KA1

ELC HCH

h=0.05

S v 160 cm/s 120 cm/s 80 cm/s
r (p <0.01) 0.97 0.96 0.96

95% ± 0.16 ± 0.13 ± 0.02

M-Max 0.186 0.12 0.042 0.223 0.13 0.047
M-Dist 0.159 0.097 0.19 0.163 0.096 0.18

M-Ref ( =0.5) 0.234 0.14 0.86 0.337 0.18 0.90
M-Ref ( =0.37) 0.147 0.069 0.32 0.174 0.074 0.33

D 1 D 2

─ 120 ─



 7 / 8 

 

 

7) RE (24)

5% 1

VE Sv  

( )( )
( )

E
E

v

V TR T
S T

 (24) 

17 3.0s

 
16)

80 120 160cm/s

18(a)

18(b)

18(a)
9), 14)

2 165cm/s RE 1.0~2.0

RE

2.0~3.5 18(b) 5

p <0.01  

RE

17

18(b)

 

 

21

 

1)

2

 

2)

3

4  

3) 0.37

2

0.174 0.074

33%  

4) 2.0 2

21

,

 

 

1) 
2015.12 

2) 
2015

2015.9 
3) 

No.160
2014.7 

4) 
1

75 655 pp.1671-1679 2010.9 
5) 

2 76 661 pp.695-702 2011.3 
6) 

79 20 pp.11-18 2013.9 
7) 

80
717 pp.1745-1754 2015.11 

8) 
76 665

pp.1337-1345 2011.7 
9) 19 622  
10) 4.3

2003.10 
11) 

77 681 pp.1781-1790 2012.11 
12) T. Takeuchi, M. Ida, S. Yamada, K, Suzuki: Estimation of Cumulative 

Deformation Capacity of Buckling Restrained Braces, Journal of Structural 
Engineering, ASCE, Vol.134, No.5, pp.822-831, 2008.5 

13) T. Takeuchi, R. Matsui: Cumulative Cyclic Deformation Capacity of Circular 
Tubular Braces under Local Buckling, Journal of Structural Engineering, ASCE, 
Vol.137, No.11, pp.1311-1318,2011.11 

14) 12 1457 10 
15) 

472 pp.139-147
1995.6 

16) 
608 pp.37-43 2006.10 

  

─ 121 ─



 8 / 8 

 

  

 
DAMAGE EVALUATION OF BEAM-ENDS IN CONCENTRICALLY BRACED STEEL FRAMES  

DURING LONG-PERIOD AND LONG-DURATION GROUND MOTIONS 
 
 

Ryota MATSUI*1, Yusuke INABA*2 and Toru TAKEUCHI*3  
 

*1 Assist. Professor, Dept. of Arch. and Build. Eng., Tokyo Institute of Technology, Dr. Eng. 

*2 Graduate Student, Dept. of Arch. and Build. Eng., Tokyo Institute of Technology 

*3 Professor, Dept. of Arch. and Build. Eng., Tokyo Institute of Technology, Dr. Eng. 

 

1. Introduction 

The long period and long duration ground motions of the 2011 Tohoku Earthquake caused large deformations in tall (> 80 

m) braced steel moment frames. Many engineers and researchers have claimed the damage observed at the beam-ends in 

these high-rise buildings. Thus, one of urgent tasks is to develop a simple method for screening vulnerability of the 

beam-ends in braced steel moment frames. Some researchers have proposed several evaluation methods to capture damages 

at the beam-ends. In this paper, the validity of those methods is investigated, considering fracture of braces, and a simple is 

proposed that does not require time consuming time history response analysis. 

2. Response of Braced Steel Moment Frames under Long Period and Long Duration Ground Motion 

First, an approximately 85 m height building model is created to examine the accuracy of the proposed method for 

evaluation of the beam-end damage considering the brace fracture. 10 long period and long duration artificial ground 

motions, scaled to 3 kinds of velocity spectrums: 160, 120, 80 cm/s, and 2 observed ground motions, scaled to the velocity 

spectrum of Building Code in Japan, are adopted as input ground motions. This analysis suggests that the damage 

distribution of the beam-ends is similar to the story drift distribution. Observation of previous analysis shows that damage 

of the beam-ends with a weld access hole is frequently larger than those with no hole. 

3. Accuracy of Proposed Damage Evaluation Method by Previous Researcher 

The accuracy of a damage evaluation method using Manson-Coffin rule previously proposed by a researcher (Manson-Coffin 

method) is investigated. Miner's rule is used for the evaluation of the beam-end damage in the method, which is largely consistent 

with static testing results. Another evaluation method using local strain at a beam-end proposed by the authors is fitted to the 

Manson-Coffin method to improve the accuracy. 

4. Reference Ductility Ratio for Damage Evaluation 

The number of cycles at each ductility ratio is required to evaluate the damage of the beam-ends using the Miner's rule. This 

method involves running a time history analysis program. Several ductility ratios are introduced as a reference to reduce 

calculation time for the damage evaluation of the beam-end. Damage values of the beam-end calculated by one of the reference 

ductility ratios are consistent with those by the time history response results within a margin of error of plus or minus 30%. 

5. Index for Screening Vulnerability of Beam-ends in Braced Steel Moment Frames 

The energy ratio is introduced, defined as the earthquake energy spectrum VE to the maximum velocity spectrum Sv. For RE = 2.0 

- 3.5 and a maximum velocity is close to 160 cm/s, the beam-end fracture is likely. RE is promising an index to determine the 

damage of the beam-end. 

6. Conclusions 

This research investigated the damage evaluation of beam-ends in braced steel moment frames during a long period and long 

duration motion. The results are summarized as follows. 

1) The damage distribution of the beam-ends is likely to be similar to the story drift distribution. The damage of the 

beam-end with a weld access hole is frequently larger than that with no hole. 

2) Damage values of the beam-ends calculated by one of the reference ductility ratios are consistent with those by the time history 

response results with a margin of error of plus or minus 30%. 

3) When the maximum velocity is close to 160 cm/s and the RE ranges from 2.0 to 3.5, the beam-ends are likely fracture. 
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