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 PREDICTION METHOD FOR HIGH-RISE BUILDINGS WITH DAMPERS  
SUBJECTED TO MULTI-SEGMENT EARTHQUAKE 

BASED ON RESPONSE FROM SINGLE CONSTITUTING EARTHQUAKES 
Case of the Tokai-Tonankai-Nankai multi-segment earthquake along the Nankai trough  

 
 *1  *2 *3  *4  *5  *6 *5 

Yusaku USUDA, Daiki SATO, Haruyuki KITAMURA, Yoriyuki MATSUDA,  
Yuichi KIMURA, Yu YAMAMOTO and Masashi KIMURA 

 
This paper proposes a method to predict the response of high-rise buildings with dampers subjected to multi-segment earthquake by 

the single earthquakes. Time-history analyses of high-rise building models with dampers are carried-out for multi-segment earthquake 
and single earthquake responses. By these analyses, a method is proposed to predict the maximum response and cumulative damage 
from multi-segment earthquake by using single earthquakes. The proposed prediction method is verified by comparing its results with 
those of seismic response analysis. 

 

Keywords: Long-period ground motion, Multi-segment earthquake, High-rise building with dampers, Maximum response, Cumulative damage 
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Fig.1(a), 

(b) OSOS2 Case-1 Case-2 T-

TN-N_1, 2 (T, TN, N_1, 2)

et0 ,  (0 s) Case-1, 

Case-2 , et0

5~95% 9). Fig.1(a)Case-1

60.7 cm/s , N_1  41.4 cm/s , 

, Fig.1(b)Case-2 , Case-1

, et0 Case-1 125s , 163s

, 

,  

8) , pSv , 
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EWE, NSE ( EWVE, NSVE,) T,MVE ( (2b))

 

Table1 Assumed earthquakes Table2 Sites
Site Abbreviation

Osaka 
Plain 

Kik-net Konohana OSKH
Osaka City Hall OSOS2
Yao City Hall OSYO

Nobi 
Plain 

Yokkaichi City Hall MIYK
Tokoname City Hall AITK

Minami Chita Town Hall AIMT

Kanto 
Plain 

Kuki City Hall SIKK
Tokyo Metropolitan 

Government TKTK 
Noda City Hall CBND

Assumed Earthquakes Abbreviation 
Tokai Earthquake T 

Tonankai Earthquake TN 
Nankai Earthquake 

(Case-1) N_1 

Nankai Earthquake 
(Case-2) N_2 

Tokai-Tonankai-Nankai 
Multi-segment Earthquake 

(Case-1) 
T-TN-N_1 

Tokai-Tonankai-Nankai  
Multi-segment Earthquake 

(Case-2) 
T-TN-N_2 

(a) Case-1 (b) Case-2
Fig.1 Velocity time history (Site: OSOS2) 

─ 688 ─

構造系　747号�



 

n

k

k
vpvpM SS

1

2)(
, )(  (1) 

MEVV
n

k

k
P

n

k

k
EPEMP /2)(

1

)(

1

2)(
,  (2a) 

MEEVVV
n

k

k
NS

k
EW

n

k

k
ENS

k
EEWEMT /)(2)()(

1

)()(

1

2)(2)(
,

 (2b) 

M  ( , M , 

. ) 

Fig.2(a), (b) , OSOS2 Case-1 Case-2

pSv

Fig.3(a), (b) VE , 

Fig.2, 3 , 

Fig. 2(a)Case-1 , N_1, 

TN pSv , pSv , 

pSv 200cm/s

Fig.3(a)Case-1 VE , 

VE VE , 

Fig. 2(b) Fig.3(b)Case-2 , pSv ,VE , (a)Case-

1 , pSv ,VE , pSv

N_2 pSv

, 

, 

, (1)

M,pSv pSv (2a) (2b)

P,MVE, T,MVE

4

 

3.  

, , 

, 

,  

3. 1  

50 200 m 
8) 1 ~ 50 

Fig.4

(a) (b) Table3

806,000 kN

Multi 

Spring Model , 

h  1 

f T1 (= 7.41 s)  h = 2 %

X 1 ,  0.01 s

, P-  ( ) 

i f Qi Ri

Fig.5

, 

, f y,1  0.048  

, , 

L Lc L/4 Ac

2Ac Aeq

 LY225  ( 225 N/mm2) 

1 dk 2

0.01dk i

Fig.2 Pseudo-velocity response spectra (Site: OSOS2)
(a) Case-1 (b) Case-2

Fig.3 Energy Spectra (Site: OSOS2)
(a) Case-1 (b) Case-2
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Fig.4 Outline of analysis model 
(a) Elevation (b) Plan

Table3 Skeleton members of analysis model

Fig.5 Story shear force – story  
drift angle relationship Fig.6 Normalized story shear 

force of damper of the  
distribution height direction

Table4 The value of d y,1 and T1

Hysteretic 
Damper 

Hysteretic
Damper

Parts Member 

Columun 
-750x750x19x19  -750x750x60x60

H-900x450x25x25  H-950x750x28x75
Beam H-700x250x14x25  H-850x300x16x32

.
20

1.
5 

m
49

@
4.

0 
m

5.
5 

m

44
.8

 m
16

.0
 m

16
.0

 m
12

.8
 m

8@6.4m
X

Y

X

Z

0.0 0.2 0.4 0.6 0.8 1.0
Normalized story shear force

0
5

10
15
20
25
30
35
40
45
50

Story
Normalized story shear force
based on Ai distribution

dQy,i/dQy,1

d y,1 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
(f)T1 7.41 s 6.45 s 6.05 s 5.83 s 5.68 s 5.58 s 5.50 s 5.44 s
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dQy,i Fig.6 1

dQy,1 Ai

 10 5 dQy,1 1

d y,1 (3)  
N

i
iydyd gMQ

1
1,1,  (3) 

Mi i g N  

,  ( , ) 

, 

. , (3) d y,1

0.005~0.035 0.005 Table4

d y,1

 1 T1

, d y,1 = 0.000  ( )  

3. 2  

Fig.7(a), (b) , OSOS2 Case-1 Case-2

T-TN-N_1, 2  (T, TN, N_1, 2)

d y,1 = 0.020, 0.030 Ri

Fig.7(a)Case-1 , , Ri , 7

, N_1 Ri

1.5 , Fig7(b)Case-2 , 

Ri , Ri , 

 

, 9

2Case (Case-1, 2) 18

Fig.8 , d y,1

Ri , T-TN-N_1, 2 Ri  Rmax(T-TN-

N_1, 2) Ri  Rmax(T, TN, N_1, 2) 

. , 

, , 

, , 

 (Fig. 9, 15, 16, 21, 22 ). 

Fig.8 , Rmax(T-TN-N_1, 2) , Rmax(T, TN, N_1, 2)

, 2.6

, Fig.9 , f i , 

f  i  f  max(T-TN-N_1, 2) f  i

 f max(T, TN, N_1, 2) . Fig.9 , f  max(T-

TN-N_1, 2) , f max(T, TN, N_1, 2)

1.0

, , Fig.8, 

9 , , 

, Fig.2

. , 

.  

3. 3  

3. 3. 1  

T-TN-N_1, 2  (T, TN, N_1, 2) 

E  (

fWh, fWp, 

dWp) Fig.10(a), (b) , OSOS2 Case-1

Case-2 d y,1 

= 0.020, 0.030 , (4)

Fig.10 , E , 

E , (a)Case-1

N_1 2

, 2.2  

Fig.10(b)Case-2 , dWp

, fWp , , 

, (Fig.7(b)) , fWp/E  

5 % , Fig.10(a)Case-1 , 
Fig.7 Distribution of max. story drift angle (Site: OSOS2)

(a) Case-1 (b) Case-2 

Fig.9 Comparison of f max(T-TN-N_1,2)
and f max(T, TN, N 1,2)

Fig.8 Comparison of Rmax(T-TN-N_1,2)
and Rmax(T, TN, N 1, 2)

T-TN-N_2 N_2 TN T Eq.(4)
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0
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Fig.10 Energy absorption (Site: OSOS2)

(a) Case-1 

(b) Case-2 
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─ 690 ─

構造系　747号�
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, 18 T-TN-N_1, 2 
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Fig.13(a), (b) , OSOS2 Case-1 Case-2

T-TN-N_1, 2

G i Fig.13(a)Case-1 , S,G i , 

G i , , Fig.13(b)Case-2

, S,G i , G i , 

(a), (b) G i

G i d y,1 = 

, 
5)

Fig.13 Distribution of cumulative plastic deformation of girder 
(Site: OSOS2) 

(a) Case-1 (b) Case-2

S,G i

Fig.14 Distribution of cumulative plastic deformation of damper  
(Site: OSOS2)

(b) Case-2(a) Case-1

S,d i

0.0 0.2 0.4 0.6
(f Wp / E )T-TN-N_1, 2

0.0

0.2

0.4

0.6

Fig.11 Relationship between  
ET-TN-N_1, 2 and SE 

Fig.12 Relationship between 
(fWp/E)T-TN-N_1, 2 and S,fWp/ S,E
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Fig.14(a), (b) , OSOS2 Case-1 Case-2

d i Fig.14(a), (b) , S,d i , 

d i , 

 

, 18

Fig.15 , G i

S,G i Fig.15 , 

d y,1 S,G G T-TN-N_1, 2

, 3  Fig.16 , , 

d i S,d i

, S,d , d  T-TN-

N_1, 2 , d y,1 0.010

, , 

, 

 

 

4.   

4. 1  

8) , 

, 

, 

, 1

, 

 

, 

, 

, 

, , 

, , 

 

OSOS2 (Case-1) (T, TN, N_1) , 

fWp k = 1, 2, 3

, 1.20, 1.40, 1.60

d y, 1 = 0.020 , k = 1, 2 (N_1, TN)

Ri, 

fWp,i, dWp,i Fig.17(a), (b) , 

Fig.17(a) , (i) Ri , 1.4 k = 1

Ri , (ii)

fWp,i 1.4

dWp,i , 4

, 

, 2 k = 2

(Fig.17(b)) Ri

fWp,i , 7 20

, 

, k = 2

Ri, fWp,i

, k = 1 7 , 

, 

 

, 

k = 1

, , 

k = 1

 

Fig.15 Comparison of cumulative 
plastic deform of girder 

Fig.16 Comparison of cumulative 
plastic deform of damper

Fig.17 Distribution height direction (Site : OSOS2 (Case-1))

(a) k = 1 Single earthquake (N_1)

(b) k = 2 Single earthquake (TN)

(i) Max. story drift 
angle

(ii) Cumulative plastic 
energy of frame

(iii) Cumulative plastic
 energy of damper

(i) Max. story drift
angle

(ii) Cumulative plastic 
energy of frame

(iii) Cumulative plastic 
 energy of damper
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Fig.18 Method of increasing k = 1 single earthquake to the level of 
the multi-segment earthquake (Site : OSOS2 Case1)
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, 3 OSOS2 (Case-1) 

 

5. 1  

Fig.19 , OSOS2(Case1) d y,1 = 0.020, 

0.030 Ri , a1Ri , 

, d y,1 = 0.020 , 7

Fig.20 , d y,1 = 0.020, 0.030 f i

, 

 

18  (9 2Case) 

, Fig.21 , 

Rmax(T-TN-N_1, 2) a1 a1Rmax Fig.21

, a1Rmax Rmax(T-TN-N_1, 2)

, Fig.8

, 3

, a1 M,pSv

, 

Fig.22 , 

f  max(T-TN-N_1, 2) a1 a1,f 

max , a1,f , f  

max(T-TN-N_1, 2)   

5. 2  

5. 2. 1  

18 , 

ET-TN-N_1, 2 SE, P,ME T,ME

Fig.23 ET-TN-N_1, 2 , SE Fig.11

, P,ME

T,ME , 2

, T,ME

, 

 

5. 2. 2  

18 , 

fWp/E, dWp/E

a1 Fig.24 (a), (b)

Fig.12 S,fWp/SE fWp/E

, a1

, Fig.24 (a) , a1,fWp/a1E fWp/E

 Fig.24(b) , 

, d y,1 0.030, 0.035

, d y,1

 

, 

fWp,T-TN-N_1,2 , dWp,T-TN-N_1,2 , M,fWp, 

M,dWp Fig.25(a), (b) Fig.25(a) , fWp,T-TN-N_1,2

, M,fWp a1,fWp/a1E

SE

M,fWp fWp,T-TN-N_1,2

Fig.19 Distribution of max. story  
drift angle (Site: OSOS2
Case-1) 

Fig.20 Distribution of max. ductility
factor (Site: OSOS2  
Case-1)

Fig.22 Comparison of 
f max(T-TN-N 1, 2) and a1,f max

Fig.21 Comparison of  
Rmax(T-TN-N 1, 2) and a1Rmax 

Fig.23 Comparison Input Energy 

Fig.24 Comparison of energy sharing rate T-TN-N_1, 2 and 
a1 single earthquake 

(a) Frame fWp/E (b) Damper dWp/E

0.0 0.2 0.4 0.6 0.8
(dWp / E )T-TN-N_1,2

0.0

0.2

0.4

0.6

0.8

─ 694 ─

構造系　747号�



 

2

P,ME, T,ME M,fWp . T ME

M,fWp

 Fig25(b) , , SE M,dWp , 

dWp,T-TN-N_1,2.. P,ME M,fWp

, T,ME M,fWp  

5. 2. 3  

Fig.26 , OSOS2(Case-1) d y,1 = 0.020, 

0.030 1/G i . Fig.26 , 

d y,1 , 1/a1,G i , 1/G i

d y,1 = 0.020

, d y,1 = 0.030 1/G i 20

, , 

, a1 , T-TN-N_1

Fig.27 , 1/a1,G i

M,G i

SE M,G i , 

G i , , P,ME

M,G i T,ME M,G i

 

5. 2. 4  

Fig.28 , OSOS2(Case-1) d y,1 = 0.020, 

0.030 1/d i . Fig.28 , 

1/a1,d i , 1/d i

1/a1,d i

M,d i Fig.29

SE M,d i , 

d i , 

, S,d i( (7))

P,ME M,d i , d i

S,d i T,ME

M,d i M,dWp

 

, , 

, 

, , 

 

 

6.  

, Fig.30

,  

.  

n

pSv
(k) VE

(k)

 (Single earthquake) pSv
(k), VE

(k)

(Multi-segment earthquake) M,pSv (

(1)), P,MVE , T,MVE ( (2a), (2b))  

.  

n

R i G  i, d  i , 

E(k), fWp
(k), 

dWp
(k)

s,G  i
(k), s,d i

(k) , 

k = 1   

.  

a1 k =1

( (8))

.  

, a1 a1R i

a1,G  i, a1,d  i  

.  

SE, P,ME, T,ME ( (5d), (9a, b))

a1
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Fig.26 Damage distribution of 
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Fig.29 Distribution of cumulative
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Fig.28 Damage distribution of  
damper (Site: OSOS2 
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Fig.30 Flowchart of prediction method for high-rise buildings with 
dampers subjected to multi-segment earthquake based on 
response from single constituting earthquakes 
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The 2011 Great Tohoku Earthquake with Mw 9.0 that occurred off the Pacific coast of Japan was a multi-segment 

earthquake. Although the earthquake source was from one ruptured point, numerous ground motion patterns were 
produced because of differences in the orders and time intervals of the occurrences. As such, predicting multi-segment 
earthquake waves needs sophisticated expertise and great deal of effort. Even if they are accurately predicted, 
evaluating the response of high-rise buildings to multi-segment earthquakes is complex. 

Now, measures have been carried out to protect high-rise buildings against the long-period ground motions for the 
Nankai trough multi-segment earthquakes. One widely adopted measure is incorporating dampers in the design of 
high-rise buildings to reduce seismic responses for long-period ground motions. 

Proposed by previous researchers is a seismic evaluation method for seismic structures subjected to multi-segment 
earthquakes by considering the single earthquakes constituting them. With a possibility that this type of earthquake 
will occur in Japanese coastal waters, this current study developed a method for evaluating damped high-rise 
building subjected to multi-segment earthquakes. 

Chapter 2 of this paper discusses the ground motion of multi-segment earthquake and the earthquakes 
constituting it. The ground motion of Tokai-Tonankai-Nankai multi-segment earthquake estimated by past 
researchers is used in this study. This long-period ground motion is simulated using a three-dimensional (3D) 
subsurface ground model for the Kanto, Nobi and Osaka plains. 

The 50-story steel vibration control building models with dampers used in this study and response evaluation are 
discussed in Chapter 3. In Chapter 4, the time-history analysis of building models for the multi-segment earthquake 
and for the single constituting earthquakes are discussed. Results are compared to analyze the maximum response 
and cumulative damage for multi-segment earthquake. 

Chapter 5 expands the seismic evaluation method of past researchers into the prediction method for damped 
structures subjected to multi-segment earthquake based on the response from the single constituting earthquakes. 
The maximum response produced by the multi-segment earthquake can be estimated by increasing the ground 
motion of the single constituting earthquake to the provisional multi-segment earthquake level based on an 
adjustment factor before the seismic response analysis. This adjustment factor (as in previous researcher) is the ratio 
of the greatest single constituting earthquake spectrum to the SRSS spectrum of the single earthquakes. The 
cumulative damage is estimated by summing up the energy of individual earthquakes and applying the energy 
balance-based seismic response evaluation method. The results of the seismic response analysis show that these 
estimation match well the responses produces by multi-segment earthquakes. 

Finally, the method and procedure to predict maximum response and cumulative damage for multi-segment 
earthquake by single earthquakes are proposed in Chapter 6. 
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