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2-1) 18 19
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- 1819 2-2)
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Clerk Maxwell 1831 - 1879
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2-2-1
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u u

u
2-1) 2-6)

(2-2-1)

 x = Ax +Bu+Ef        (2-2-1)

x u f A B E

A B
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(2-2-2) (2-2-1) (2-2-3)

 

x =
q
q

A = -M 1C -M 1K
I O

B = M 1U
O

E = M 1F
O

      (2-2-3)

G

u (2-2-4) x G

 u = Gx         (2-2-4)

G (2-2-5)

J

 J = xTQx + uTRu( )dt
0

      (2-2-5)

Q  R

Q  R (2-2-5) u (2-2-6)

Ricatti P

(2-2-7)

 PA + ATP PBR 1BTP +Q = O      (2-2-6)

 u = R 1BTPx         (2-2-7)

G (2-2-4) (2-2-7) (2-2-8)

 G = R 1BTP         (2-2-8)

Ricatti (2-2-6) Kleinman

-MacFarlane-Potter Schur
2-12)

Q R
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1.0 R

R

 = max( )          (2-2-9)

r

qf qu

 = abs (1 r)qf( ) abs qu( )        (2-2-10)

qf (2-2-11)

qu Q R G

(2-2-12)

 qf = Af K
1F          (2-2-11)

 qu = K 1UG
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rAf a 1
2        (2-2-12)

Af 1 1 a
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2-3-1

2-13) 60 m 0.3

2-3-1

120 cm 20  30  40 deg 3 2-3-2

b 200 mm t 0.7 mm

E 2.03×105 N/mm2
y 235 N/mm2

16 17

16 1 3

0.02 Rayleigh

OA A’ 

H 

Lx

z  
 

      
  

 
1

2
3 4

9
13

17

5
...

...

...

...
...

Θ

 (deg) H (cm) L (cm) M (kg)
Ra20 20 10.6

120
1.32

Ra30 30 16.1 1.35
Ra40 40 21.8 1.41

 b (mm) 200
 t (mm) 0.7
 A (mm2) 140

2  I (mm4) 5.72
 E (N/mm2) 2.03×105

 y (N/mm2) 235
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2-3-3

Ra - -

2-3-3

1

8 2 6

1 1 2 2 2

1

Ra -1M(N)-1
Ra -1M(N)-2
Ra -1M(N)-3
Ra -1M(N)-4
Ra -1M(N)-5
Ra -1M(N)-6
Ra -1M(N)-7
Ra -1M(N)-8

2
Ra -2M-1,16
Ra -2M-4,13
Ra -2M-8,9
Ra -2M-4,16
Ra -2M-4,12
Ra -2M-4,9

1
M

N

2
M M

Ra30-2M-4,13
1)

1) 20 30 40 (deg)
2) 1 2
3) M
  N
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2-3-4 1

3 2-3-2

Me MR Me

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

 =
TM 1{ }

TM
       (2-3-1)

 Me =
TM 1{ }( )2

TM
       (2-3-2)

1 1

0

2-3-3

 TM = 1         (2-3-3)

1 1 0.3

3 0.06

1 1 2 1.5 3

2

T (s) Me/MR (%)

Ra20
1 0.237 0.35 9.0
2 0.108 2.6×10-11 5.3 10-20

3 0.058 0.16 2.0

T (s) Me/MR (%)

Ra30
1 0.259 0.51 19.4
2 0.116 6.9×10-10 3.5 10-17

3 0.061 0.24 4.1

T (s) Me/MR (%)

Ra40
1 0.294 0.67 31.7
2 0.127 6.4×10-10 2.9 10-17

3 0.067 0.29 6.1

(A) Ra20

(B) Ra30

(C) Ra40
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MATLAB 7.5.0 Simulink ver.7.0

1 100 cm/s2 sine 1 BCJ-L1
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x
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Q Q R

4 Q

Q 4 Q (2-4-1) - (2-4-4)

 case 1 Q1 =
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1
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 case 2 Q2 =

1

1
O
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 case 3 Q3 =

O
1

1
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a1 1
2( )2

an 1
2( )2
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a 1
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case 1  2  3 1.0 case 4 1

2-4-1 4 Q matlab
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2-12) r 0.1 5

case 3
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case 3 1

9 case 3

case 3 Q

case 1 (2-4-1)

case 4 1 case 1  2 case 

1  2 case 3

5

r

r

r

Q Q1 Ra30

Ra30-1M-4

2-4-2 r

r 1

r 5

5 3

9

r

0.1

1

10

2 10 50

51 3

 (Hz)

(A) 5

0

0.01

0.02

0.03

2 10 50

51 3

 (Hz)

(B) 9

Q Ra30-1M-4 r = 0.1

case 1 case 2 case 3 case 4



2

28

1

r 0.1

Q1 1 100 cm/s2
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2-4-4 1 2-4-3
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dz
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c dz
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2 10 50
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(B) 9

r = 1.0 r = 0.9 r = 0.8 r = 0.7 r = 0.6
r = 0.4r = 0.5 r = 0.3 r = 0.2 r = 0.1
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1 2

r 0.1

Q1

2-4-12 2

2.5 sine 1 Ra20-2M-1,16  Ra20-2M-4,13  Ra30-2M-4,13  Ra40-

2M-1,16  Ra40-2M-4,13 BCJ-L1 Ra20-2M-4,13  Ra40-2M-1,16  Ra40-2M-4,13 El 

Centro (NS) Ra20-2M-4,13  Ra40-2M-1,16 9

1 1 1

sine 1

1

2-4-13 Ra30 1 2

2 M2

1 M1 1

1

M2/M1 7 1

1

2-4-14 Ra30-2M-4,13

2-4-15

1 2

1 2

2

Ra30-2N-4,13 Ra30-2N-4,12 BCJ-L1

2-4-16

1
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2

3-2-1 3-2-2

1

9

3-2-1 1 9 5

A O A’

3-2-3 3-2-1

Lx 1500 mm Ly 250 mm H 236 mm 35 deg

3-2-2

3 mm 3.07 mm 5 mm 5.18 mm

S 1 T1 0.2 s

0.4 s 60 m

(B) 

(A) 

3

1
2

9
8O

A

H

A’

4 65
7

Ly

Lx

x

z

x

y
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Lx

H

xy
z

Θ

R
Ly

Lx (mm) Ly (mm) H (mm) R (mm)  (deg)
1500 250 236 1308 35

t (mm) E (N/mm2) (N/mm2) b (%)
Ra0.2

S
5.18 3.10×103 61.8 3.8Ra0.4 3.07

 : 

1 T1 Ra0.2 Ra0.4

Ra0.2 2.8 kg Ra0.4 1.7 kg
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3 mm

Ra0.4 1 3-2-4

3-2-3

AG-50IS

Ra0.4 3-2-4

l1 (mm) l2 (mm) b1 (mm) b2 (mm) R' (mm) t (mm) L (mm) L0 (mm)
60 225 10.04 20 60 3.12 115 50

(mm2) (mm) (N) b (N/mm2) b (%) E (N/mm2)
31.4 50.6 1937.7 61.8 3.8 3.10×103

l1
b1

b2

L0

L
l2

R'

3

h

Xmax (3-2-1) 3-1)

 
h =

Xmax
2

2 Xmax
2 1( )

Xmax
2

Xmax
2 1

      (3-2-1)
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1 XM (3-2-2)

 X M =
xg + xr

xg

=
1+ 4h2

0( )2

1 0( )2{ }+ 4h2
0( )2     (3-2-2)

xg xr h

(rad/sec) 0 (rad/sec)

XM

Xmax dn Dg

Dg Ag

(3-2-3)

 Dg = Ag
2         (3-2-3)

h

1

3-2-5 3-2-1

B-78-A-16

1
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SS400

2

LK-G500 1  2

ARJ-100A ARJ-100D

KPF-5-120-C1-65 

LM3R 1

1 A A’ 7

7 5 1

2

Ra0.2 100 Hz

Ra0.4 50 Hz

1 1 2

0.1 100 Hz

19.6 kN 14.7 m/s2

1 sine 1 3 sine 3

BCJ-L1  El Centro (NS) 1940

JMA Kobe (NS) 1995 3

20 30 cm/s2

100 cm/s2 Ra0.4

Ra0.2 1/2
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LK-G500 1 2  

ARJ-100A ARJ-100D

3-2-6

Digital Signal Processor (DSP) mtt s-BOX

MATLAB 7.10.0 Simulink 7.5 DSP Real-Time Wrokshop 7.0

Real-Time Wrokshop MATLAB Simulink

C DSP

DSP

2 3 9

(3-2-1) 1 3

Rayleigh (3-2-4)

HPF (3-2-5) (3-2-6) LPF

 HPF HHPF (s) = s
s+ hc

      (3-2-4)

 LPF HLPF (s) =
s lc

s skk=1

5

      (3-2-5)

  sk = lc exp j k + 2
5

     (3-2-6)

hc lc (rad/s)

HPF 1 LPF 5 HPF LPF

BPF

3-2-7 Smart Material M8557-P1

3-2-5 3-2-6

85 mm 57 mm
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Digital Signal Processor (DSP) mtt s-BOX

Smart Material M8557-P1

M8557-P1
 (mm) 85

 (mm) 57
 (mm) 103

 (mm) 64

M8557-P1
 C (nF) 9.3

 (ppm) 1800
 (N) 923

2

1 3 Ra0.2 3 4

7 Ra0.4 3 4

Scotch-WeldTM 

DP-460 3M

DSP 
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± 600 V

- V 3-2-8

3-2-9

Ue 3-2-8 V 

1 V f
1V

b
1V Nc Mc

3-2-

10 d3

3.5 ms
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(a) 3
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b = -0.081 V

(b) 4
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f = 0.127 V

b = -0.090 V

(a) 3
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b = -0.136 V

f = 0.170 V

(b) 4

 

-100

-75
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0

25
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100

-500 0 500   (V)

f = 0.207 V

b = -0.157 V

(c) 7

 

-100

-75

-50

-25

0

25

50

75

100

-500 0 500   (V)

f = 0.126 V

b = -0.087 V

- V

(A) Ra0.2 (B) Ra0.4



3

58

Ue

Nc Mc
 1 (V)

i j
Nc

Mc Mc

Nc

x
z

y f
1V

b
1V Mc =

f
1V

b
1V

2
EZ

N c =
f
1V + b

1V

2
EA

qe = i x i z i y j x j z j y( )T
qe Ueue

 Vc (V)

Ueue = Nc 0 Mc Nc 0 Mc( )T Vc

× Vc

E
A
Z

Ue = Nc 0 Mc Nc 0 Mc( )T

Ra0.2 3 400 V

 (ms)

  
 (V

)

-30

-20

-10

0

10

20

30

0 1 2 3 4

1200

800

400

0

-1000

-800

-400

 d3 = 3.5 ms
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3-16) 3-2)

3-3)

3-4)

3-5)

BPF

3-3-1

Digital Signal Processor DSP DSP

G

2

Digital Signal Processor (DSP)

x
u

f 2~5, 7, 8 q

× G

6
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2 3 9

Rayleigh 3-3-2

u G (2-2-5)

J Riccati

Q Q1 R r

r 2.2.3

DSP (s-BOX) 6 6

2 5  7  8

y

x

3-3-1 BPF (3-2-4)-(3-2-6)

BPF

1 sine 1 3

sine 3 BCJ-L1 El Centro (NS) 1940

JMA Kobe (NS) 1995 3-3-1

20 40 cm/s2

100 cm/s2 Ra0.2 1/2

3-3-2 1

Ra0.2 0.174 s Ra0.4 0.355 s

(3-2-1) 10 %

2 %

3-3-2 1

2 1 3

3-3-3 3-3-3

Ra 1 T1 -

M - Q1 - disp
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1 3

T1 (s) h1 (%) Me/MR (%) T3 (s) h3 (%) Me/MR (%)
Ra0.2 0.174 9.2 29.6 0.0365 11.2 4.65
Ra0.4 0.355 12.5 26.8 0.0668 12.6 2.06

Ra0.2 Ra0.4
sine 1 sine 3 sine 1 sine 3

 (cm/s2) 30 40 100 20 20 100
- - 1/2 - - 1

3 4 7
1M1 - -
1M3 - -
2M1s -
2M1a -

Ra0.2

(A)  1 1 (B)  3 2

Ra0.2-2M1s-Q1-disp
1)

1) 1 T1 0.2 0.4 (s)
2) 1 2
3) 1 3
4) 2M1
5) 3-3-3

2) 3)4)
5)

3.2.4

3-3-4

DSP
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d

d1 2.5 ms

d3 3.5 ms DSP

d2 12 ms 72 ms 7 9

Ra0.2 18 ms Ra0.4 78 ms 1

Ra0.2 10 % Ra0.4 22 %

Ra0.2 Ra0.4

BPF

 2

1/4 3-3-3

T

0 (1/4)T (1/2)T 3 3-3-4 Ra0.2-1M1-Q1-

disp BPF 3-3-4 1

0

1 BPF 1

d1 (ms)

DSP

d2 (ms) d3 (ms) d = d1+d2+d3

d/T1
(%)

d/T3
(%)

Ra0.2 2.5 12 3.5 18 10 49
Ra0.4 72 78 22 117

 = 0  = (1/4)T  = (1/2)T
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BPF

BPF

1

2 Ra0.4 3

30 cm/s2 sine 1

0 (1/4)T1 (1/2)T1 3 Ra0.2-1M1-Q1-disp

r 0.8

3-3-5 1 3

Ra0.2-1M1-Q1-disp  = 0

(A)  

-60

-40

-20

0

20

0.1 1 10
f (Hz)

 (d
B

)

1  f1 = 5.75 Hz

hc lc

-720
-540
-360
-180

0
180

0.1 1 10

(B)  

f (Hz)

 
 (d

eg
) 1  f1 = 5.75 Hz

hc lc

1
1 = -314.5 deg
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0 4

(1/4)T1 (1/2)T1

7

(1/4)T1

3-3-6

Ra0.2-1M1-Q1-disp r = 0.8 3 sine1

(A)    = 0
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-2
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0
1
2
3

-900
-600
-300
0
300
600
900

0.0 0.1 0.2 0.3 0.4 0.5 0.6
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m
m

)
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)

  = 0

(B)    = (1/4)T1
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-600
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(C)    = (1/2)T1
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-900
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n (

m
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 (V
)

  = (1/2)T1
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dn
max

Dg az
max Ag

O

0 (1/4)T1

(1/2)T1

3-3-7

Nb Mb

- 3-2-8

0

Ra0.2-1M1-Q1-disp r = 0.8 sine 1

0

2

4

6

(A) 

d n
m

ax
/D

g

A O A’
0

3

6

9

(B) 

a z
m

ax
/A

g

A O A’

 = 0  = (1/4)T1  = (1/2)T1

Ra0.2-1M1-Q1-disp r = 0.8 sine 1

0.00

0.03

0.06

0.09

(A) 

N
/N

b (
%

)

A O A’

M
/M

b (
%

)

0.00

0.15

0.30

0.45

(B) 

A O A’

 = 0  = (1/4)T1  = (1/2)T1
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(1/4)T1 (1/2)T1

 = 0

(1/4)T1

1/4

= 0

 = 0

(1/4)T1 (1/4)T3

r 0.9

sine 1 3-3-8

O 1M1

2M1a 2M1s

3-3-9 sine 1

2M1s

2M1a

1 4

1M1

1

sine 1 3

sine 3 3

1M3 3-3-10 sine 3

O 3-3-2

1

3
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r = 0.8  = 0 sine 1

0

2

4

6
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d n
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A O A’
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6

(B) Ra0.4
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1M1 2M1s 2M1a

r = 0.9  = 0 sine 1
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3-7) 1

 = 0

1M3 3 T3 (1/4)T3

1 T1 (1/4)T1

3-3-11 BCJ-L1

El Centro (NS)

JMA Kobe (NS) 2M1s

1

3-3-12 Ra0.2-1M1-Q1-disp 3

BPF

3-3-4(B) BCJ-L1 El Centro (NS)

JMA Kobe (NS) 1 5.75 Hz

BPF 1±45 deg

1±180 deg

JMA Kobe (NS)

3

1 3-3-13

r 3

1M3 r 1

Ra0.4 r 0.8

± 600 V
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9

2

3-3-1

DSP 3-3-

4 Ra0.2 18 ms Ra0.4 78 ms

0 (1/4)T1

MATLAB 7.10.0 Simulink 7.5

3-3-14 1M1

sine 1 Ra0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

0.8 0.85 0.9
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

0.8 0.85 0.9

1 3

(A) Ra0.2

r

(B) Ra0.4

r

sine 1 1M3 sine 3
BCJ-L1
El Centro (NS)
JMA Kobe (NS)

1M1 2M1s1M3 2M1a
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1M1
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1M1 3 dn
c/dn

uc

3-3-15 dn
c/dn

uc dn
c

dn
uc

Ra0.2 Ra0.4
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3

-

3-4-1

Digital Signal Processor (DSP)

55 s

DSP (BPF)

BPF off

1000 rad/s 0.001 rad/s

G

G

Digital Signal Processor

η
u

f

3, 7

x
q

× G
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3-8) n (2-2-2)

9

Rayleigh

3-1-3  (n×n) (2-2-2)

 Mm +Cm +K m = Umu+Fmf       (3-4-1)

 m = TM

Um = TU

Cm = TC

Fm = TF
m = TK

    (3-4-2)

m

(3-4-1) (3-4-3) n

 Mm +Cm +K m = Umu+Fmf       (3-4-3)

– –

1 3

1 4

3-2-1 3  7 1 2

G

u

G (3-4-4) J Riccati

2.2.2

 J = TQ + uTRu( )dt
0

      (3-4-4)

Q  R

Q Q1 1 1

Q2 Q2

1 1 1

2 (3-4-4) 1

Q2 R

2.2.3

r r
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1 sine 1

BCJ-L1 El Centro (NS) (1940) JMA Kobe (NS) (1995)

3-4-1

sine 1 20 cm/s2 100 cm/s2 Ra0.2

1/2

3-4-2 1 Ra0.2 0.176 s

Ra0.4 0.350 s

10 % 1 2

1 3

3-4-3 3-4-3

Q Ra 1

1 1 3 2

T1 (s) h1 (%) Me/MR (%) T3 (s) h3 (%) Me/MR (%)
Ra0.2 0.176 8.8 27.2 0.0373 13.6 4.93
Ra0.4 0.350 13.9 21.7 0.0660 12.9 6.22

Ra0.2 Ra0.4
sine 1 sine 1

 (cm/s2) 20 100 20 100
- 1/2 - 1

3 4 7
1M1 - -
1M3 - -
2M1 -

Ra0.2-2M1-Q1-disp
1)

1) 1 T1 0.2 0.4 (s)
2) 1 2
3) 1 3
4) Q Q1 Q2

5) 3-4-3

4)2) 3)
5)
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T1 - M - Q - disp

3-4-4 d 1

T1 1 6 % DSP

d2 3

d2 1 T1 7 20 %

d 1 2

r 1

Dg  Ag Nb

Mb

1 3  7 dn
c

dn
uc 3-4-2

A-O 1M1 3 7

r

sine 1

4
3-9)

r

Ra0.2-1M1-disp r 0.5 Q1 r 0.2 Q2

d1 (ms)

DSP

d2 (ms) d3 (ms) d = d1+d2+d3

d/T1
(%)

d/T3
(%)

Ra0.2 1M
0.64

0.07
3.5

4.2 2.4 11.3
2M 2.54 6.7 3.8 17.9

Ra0.4 1M 0.68 4.8 1.4 7.3
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(A) Sine 1 (B) BCJ-L1
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Ra0.2-1M1-Q1-acc 3 sine 1
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m

m
)

 (s)

(A) 

-1.0

-0.5

0.0

0.5

1.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

 (V
)

 (s)

(B) 

-600

-300

0

300

600

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

 (N
)

 (s)

(C) 

-20

-10

0

10

20

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

 (s)

(D) 

 (N
m

)

-0.2

-0.1

0.0

0.1

0.2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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3-5-6

sine 1

BCJ-L1

3-5-7

BPF BPF

r 0.16

0.16

BPF 50 deg

3-5-8 sine 1

BCJ-L1

3
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Ra0.2-1M1-Q1 3

(A) 

(B) 

4
r = 1.0

(a) sine 1

d n
m

ax
/D

g

A O A’
0

1

2

3

(b) BCJ-L1

d n
m

ax
/D

g

A O A’
0.0

0.1

0.2

0.3

a z
m

ax
/A

g

(a) sine 1

A O A’
0

2

4

6

a z
m

ax
/A

g

(b) BCJ-L1

A O A’
0

1

2

3

Ra0.2-1M1-Q1-acc 3 BCJ-L1

 (s)

F
s (

×1
05 m

m
s)

 (deg)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

-120

-100

-80

-60

-40

-20

0

0.10 0.15 0.20 0.25

BPF +

1

BPF

r = 1.0 r = 0.9 r = 0.8
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Ra0.2-1M1-Q1 3

(A) 

0.00

0.01

0.02

0.03

(a) sine 1

N
/N

b (
%

)

A O A’
0.00

0.02

0.04

0.06

(b) BCJ-L1

N
/N

b (
%

)

A O A’

(B) 

0.0

0.1

0.2

0.3

(b) BCJ-L1

A O A’

M
/M

b (
%

)

0.0

0.1

0.2

0.3

(a) sine 1

A O A’

M
/M

b (
%

)
4

r = 1.0

9

2

MATLAB 7.10.0/

Simulink 7.5

d 3  dn
c/dn

uc
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3 BCJ-L1

(A) Ra0.2-1M1-Q1-acc

 d
nc /d

nuc

r

0.6

0.7

0.8

0.9

1.0

0.2 0.4 0.6 0.8 1.0

(B) Ra0.2-2M1-Q2-acc

 d
nc /d

nuc

r

0.6

0.7

0.8

0.9

1.0

0.2 0.4 0.6 0.8 1.0

 d/T1 11.5%8%4%0%

3-5-9 d 1 T1

r r

r

r Ra0.2
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1  2

1/4

2  

3  

4  

1 12 %

5  
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3
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4-2-1 Rpa Plane arch

4-2-1 Lx 30 m 30 deg

Dz 1.66 m Lx 18 1

4-2-2 100

200 kg 0.5 kN/

m2 1 3

0.02 Rayleigh 4-1)

Hz 

Lx 

Dz 

Θ 

   
 

 
 

 
  

OA A’ 

Γ

x

z

 (deg) Hz (m) Lx (m) Dz (m)
Rpa30 30 4.02 30 1.66

 do (mm) 89.0
 di (mm) 82.7
 A (mm2) 850

2  I (mm4) 7.84×105

 E (N/mm2) 2.06×105

 (kg/m3) 7.85×103

 y (N/mm2) 235
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4

 (deg) Hz (m)
x

Lx (m)
y

Ly (m) Dz (m)
Rca(s)30 30 4.02

30 42 1.66Rca(s)40 40 5.46
Rca(s)50 50 7.00

4-2-2 4-2-3

x Lx 30 m y Ly 42 m

30 40 50 deg 3 Dz 1.66 m

Lx 18 1 4-2-4

100 1.0 

kN/m2 1 2 0.02

Rayleigh 4-2-3

Rca Cylindrical arch

Rcs Cylindrical shell 2

(B) 
x

y
a

f

k
j

b

g

l

c

h

m

d
e

i

n

D

I

N

A

F

K

B

G

L

C

H

M

E

J

O

(C) 
x

z Hz

Dz
(A) 

Lx

Ly

x (NS)
y (EW)

z (UD)
Θ

H

H’

E

E’

A

A’

O

O’

A-

H-

O-

Γ



2

111

3.4

4

Rayleigh

u

G (3-4-4) J

Riccati Q

R r 0.5

3.5.1

(A) Ra

x

y

C.L.

(B) Rs

x

y

C.L.

 do (mm) 89.0
 di (mm) 84.4
 A (mm2) 626

2  I (mm4) 5.89×105

 E (N/mm2) 2.06×105

 (kg/m3) 7.85×103

 y (N/mm2) 235
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4

T (s) Me/MR (%)

Rpa20
1 0.0985 34.50
2 0.0803 0.00
3 0.0452 0.06

4-2-5 4-2-4

1 1

0.1 s

1 4

4-2-5 Rca30 Rcs30

A1 A2 Antisymmetrical 1 2 S0.5 S1.5

Symmetrical 0.5 1.5 Rca30 Rcs30

4-2-6 Rca30 Rcs30

y y

Rca30 7 8

(A) 1 1

(B) 2 1.5

(C) 3 2
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0.041 s 13.5 %

0.21 s 61.1 %0.17 s 70.3 %

0.51A1 A2 2 S1.5 S0.5 1.5

(A) Rca30

0.059 s 11.7 %

0.085 s 31.6 %

0.26 s 36.4 %
A1A1

(x1) 1 (y1) 7 (z1) 4

0.025 s 8.4 %

0.057 s 8.7 %
A2

(x2) 17 (y2) 34 (z2) 76

S1.5

S0.5

0.10 s 6.8 %

(x3) 33 (y3) 166 (z3) 14

(a) x (b) y (c) z

(A) Rca30

(a) x

0

20

40

60

80

0.01 0.1  (s)

 (%
)

117
33

978

(b) y

0

20

40

60

80

0.01 0.1  (s)

 (%
) 7

34
8166

(c) z

0

20

40

60

80

0.01 0.1  (s)

 (%
)

4

76 12
14
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4

0.041 s 11.4 %

0.21 s 50.2 %0.082 s 43.7 %0.082 s 29.4 %

0.057 s 11.6 %

0.23 s 27.8 %

0.51A1 A2 2 S1.5 S0.5 1.5

0.025 s 7.5 %

0.10 s 21.9 %

0.10 s 8.3 %

(B) Rcs30

A2A2

(x1) 12 (y1) 13 (z1) 2

A1

(x2) 1 (y2) 8 (z2) 55

S1.5

S0.5

(x3) 22 (y3) 137 (z3) 7

(a) x (b) y (c) z

(B) Rcs30

(c) z

0

20

40

60

80

0.01 0.1  (s)

 (%
)

2

7 555

(b) y

0

20

40

60

80

0.01 0.1  (s)

 (%
)

13
34

8137

(a) x

0

20

40

60

80

0.01 0.1  (s)

 (%
)

1
12

22
921
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Rpa 30 deg -

- 4 m - A s

Rc - N -

- s 4-2-6

m

% Rca30 Rcs30

90% Rca30 18

Rcs30 36

4-2-1 4-2-2

Rca30-15N(2)-90%-6s

1) a  4-2-2 (A)
s 4-2-2 (B)

2) 30 40 50 (deg)
3) 1 13 14 15
4) (2) (14)
5) 3m 6m 70% 80% 90% Am 4-2-6
6) 1 2 6 A

1) 4)3) 6)2) 5)

A

Rpa30-1N-4m-As

1) 1 4
2) M

N1) 2)
A
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4

4-2-7

1 x 1 NS (x ) EW (y

) UD (z ) BCJ-L1 1 NS (x )

3 3D BCJ-L1 El Centro (1940)

JMA Kobe (1995) sine 100 cm/s2

T

12 1457 (4-2-1)

SA (m/s2) x

 SA =

3.2+ 30T T < 0.16( )
8.0 0.16 T < 0.64( )

5.12 T 0.64 T( )
      (4-2-1)

(A) 

(B) 

Rca30
x y z

3m 1 1 7 4

6m 2 3m + 17 3m + 34 3m + 76

Am

Rca30 Rcs30
x y z

70% 70 %
1 17 33 7 4 76

12 1 22 921 13 8 137 2 55 7 5

80% 80 %
70% + 978 70% + 34 166 70% + 14

70% + 121 31

18

70% + 34 88

30
70% + 98 25

90% 90 %

8 0 %  +  2 3 1 4 6

178 148
80% + 8

80% + 12 38

122
80% + 150 42 6

74 102

80% + 82 141 84

3 33 163

80% + 54 64 16

44 1018 1174
100% = Am
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sine 
BCJ-L1

El Centro 1940
JMA Kobe (1995)

NS (x) EW (y) UD (z) BCJ-L1 NS (x)
3D NS+EW+UD

 (cm/s2) 100

T  (s)

2

MATLAB 8.0/Simulink 8.0
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4

4-2) - 4-7) LQ

4-8)

4-9)

3.4.5

3.4.5

4.3.1.

1

1

3.4.5

SA ( (4-2-1)) x

4-2-1 dz
c/

dz
uc 0.5

4-3-1 1

Ny (200 kN)  

My (4.1 kNm)

My

Ny 2

25 kN 1



3

119

1

3.4.5

SA (4-2-1) x (NS)

4-2-2 (A) dz
c/dz

uc 0.5

4-3-2 SA 0.5

1 4-2-4

(A) 1 Rpa30-1N-4m-As

dz
c/dz

uc  0.5 p = 0.5

(B) 1 Rpa30-1M-4m-As

 N
/N

y

0.0

0.2

0.4

0.6

0.8

1.0

(a) 

 M
/M

y

(b) 

0.0

1.0

2.0

3.0

4.0

5.0

 N
/N

y

(b) 

0.0

0.2

0.4

0.6

0.8

1.0
3.6

 M
/M

y

(a) 

0.0

1.0

2.0

3.0

4.0

5.0
6.8
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4

Rs

1

700 kN

Rca -15N(2) Rcs -13N(2) Rca -14N(14) Rcs -14N(14)

(A) Rca30-1N-90%-As

dz
c/dz

uc  0.5 p = 0.5

(B) Rcs30-1N-90%-As

 N
 (k

N
)

(b) 

0

2000

4000

6000

16000

 N
 (k

N
)

(a) 

0

2000

4000

6000

8000

 N
 (k

N
)

(a) 

0

2000

4000

6000

8000

A a C cB b D d
E e F f G g H

 N
 (k

N
)

(b) 

0

2000

4000

6000

16000
0.3 GN40 MN
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GA

Yes

No

GA

3.4.5

Minimize    umax
est        (4-3-1)

Subject to   dimumax
est    (4-3-2)

(4-3-2)

4-3-3 GA
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4

GA 12  0.3  0.03

Rpa30-4N-4m-As GA

4

4-3-4 250 GA

1

   

GA

8.7 kN 500

GA 4 Rpa30-4N-

4m-As 4-3-5

BCJ-L1 SRSS

(4-2-1)

dz
max Hz 2

SRSS
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(A) 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 50 100 150 200 250

 N
/N

y

GA Rpa30-4N-4m-As p = 0.5

(B) 

N

(a) 0

(b) 50

(c) 150

(d) 250

NN

N

N

N

N
N

N

N

N

N N

N

N
N

N
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4

Rpa30-4N-4m-As

(A) 

(B) SRSS (4-2-1)

0

1

2

3

(a) 

d z
m

ax
/H

z

A O A’

×10-4

0

1

2

3

(a) 

d z
m

ax
/H

z

A O A’

×10-4

0

1

2

3

(b) 

d z
m

ax
/H

z

A O A’

×10-4

0

1

2

3

(b) 

d z
m

ax
/H

z

A O A’

×10-4
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2 3

6 As

Rca30-15N(2)-As 4-4-1 4-4-3

d max Hz

4-4-1 z

sine 1 sine 4 Am z

sine 17 17 3m

sine 17 17

sine 7 7

3m 3m 8

3m+8 sine 7

sine 7 7 8

4-4-1 (B) y

7 8

4-4-2 x 4-4-3 y

sine 4 x

x

z x

y y z

z sine 7
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4

x y 8

3m+8 Am 3m 6m

z

Rca30-15N(2)-As (z)

0.0

0.5

1.0

1.5

(A) sine 1 x (NS)

d z
m

ax
/H

z

A A
-

A’

×10-2

0.0

2.0

4.0

6.0

(C) sine 7 y (EW)

d z
m

ax
/H

z

E E
-

E’

×10-3

0.0

0.5

1.0

1.5

(B) sine 4 z (UD)

d z
m

ax
/H

z

A A
-

A’

×10-2

0.0

0.5

1.0

1.5

(D) sine 17 x (NS)

d z
m

ax
/H

z

A A
-

A’

×10-3

3m+8 (C) 6m3m Am
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0.0

2.0

4.0

6.0

(A) sine 1 x (NS)

d x
m

ax
/H

z

A A
-

A’

×10-3

0.0

2.0

4.0

6.0

(B) sine 4 z (UD)

d x
m

ax
/H

z

A A
-

A’

×10-4

Rca30-15N(2)-As (x)

0.0

0.5

1.0

1.5

(C) sine 7 y (EW)

d x
m

ax
/H

z

A A
-

A’

×10-3

3m+8 (C)
6m Am

3m

0.0

2.0

4.0

6.0

(A) sine 1 x (NS)
d y

m
ax

/H
z

A A
-

A’

×10-4

0.0

2.0

4.0

6.0

(B) sine 4 z (UD)

d y
m

ax
/H

z

A A
-

A’

×10-4

Rca30-15N(2)-As (y)

(C) sine 7 y (EW)

0.0

2.0

4.0

6.0

d y
m

ax
/H

z

A A
-

A’

×10-3

3m+8 (C)
6m Am

3m
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4

6

As

4-4-4 z 4-4-5

d max Hz

Ny

1 BCJ-L1

3 JMA Kobe El Centro

Rca 14N(14)

15N(2) Rcs

Rcs Rca

2

Rcs

4-3-2 (B)

Am

4-4-6 Rca Am

70% 20 % 90%

5 % Rcs Am

70% 5 % 90%

3 % 90%

90% Am

Am

Am 1800

90% 90%

18 36 90% Am

1/100 1/50

90 %
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As (z)

0.0

2.0

4.0

6.0

(a1) Rca30

d z
m

ax
/H

z

A A
-

A’

×10-3

(B1) JMA Kobe 3D

(C1) El Centro 3D

(A1) BCJ-L1 x (NS)

(a1) Rca30

0.0

0.5

1.0

1.5

d z
m

ax
/H

z

O O
-

O’

×10-2

0.0

1.5

3.0

4.5

d z
m

ax
/H

z

A A
-

A’

×10-3

(a1) Rca30

(b1) Rcs30

0.0

0.5

1.0

1.5
d z

m
ax

/H
z

×10-2

H H
-

H’

0.0

1.0

2.0

3.0

(b1) Rcs30

d z
m

ax
/H

z

×10-3

H H
-

H’

0.0

1.5

3.0

4.5

(b1) Rcs30

d z
m

ax
/H

z

H H
-

H’

×10-3

15N(2) or 13N(2) 14N(14)
70% 80% 90% Am
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4

As (z)

0.0

2.0

4.0

6.0

(a3) Rca50

d z
m

ax
/H

z

A A
-

A’

×10-3

(C2) El Centro 3D

(C3) El Centro 3D

(a2) Rca40

0.0

2.0

4.0

6.0

d z
m

ax
/H

z

O O
-

O’

×10-3

(b2) Rcs40

0.0

1.0

2.0

3.0

d z
m

ax
/H

z

×10-3

H H
-

H’

0.0

1.0

2.0

3.0

(b3) Rcs50

d z
m

ax
/H

z

×10-3

H H
-

H’

15N(2) or 13N(2) 14N(14)
70% 80% 90% Am
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 N
/N

y
 N

/N
y

 N
/N

y

As

0.0

0.2

0.4

0.6

0.8

(a1) Rca30

(B1) JMA Kobe 3D

(C1) El Centro 3D

(A1) BCJ-L1 x (NS)

(a1) Rca30

0.4

0.6

0.8

1.0

1.2

0.0

0.2

0.4

0.6

0.8

(a1) Rca30

(b1) Rcs30

0.0

0.2

0.4

0.6

0.8
 N

/N
y

0.0

0.2

0.4

0.6

0.8

(b1) Rcs30

 N
/N

y

(b1) Rcs30

 N
/N

y

0.0

0.2

0.4

0.6

0.8

A H O A H O

A H O A H O

A H O A H O

15N(2) or 13N(2) 14N(14)
70% 80% 90% Am
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4

As

(C2) El Centro 3D

(C3) El Centro 3D

(a2) Rca40

0.2

0.4

0.6

0.8

1.0

 N
/N

y

A H O

(b2) Rcs40

0.0

0.2

0.4

0.6

0.8

 N
/N

y

A H O

0.4

0.6

0.8

1.0

1.2

(a3) Rca50

 N
/N

y

A H O
0.0

0.2

0.4

0.6

0.8

(b3) Rcs50

 N
/N

y

A H O

15N(2) or 13N(2) 14N(14)
70% 80% 90% Am
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 (%
)

95

100

105

110

115

120

70% 80% 90% Am

(A) Rca-15N(2)

 (%
)

(B) Rcs-14N(14)

Am As

95

100

105

110

115

120

70% 80% 90% Am

BCJ-L1 x (NS) El Centro 3DJMA Kobe 3D
 = 30 deg  = 40 deg  = 50 deg
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4

4-10)

4-11)

4-6) 4-7) CFRP

As

Rca30

4-6)

Minimize  max r
T ( c

1)T
c

1
r( )      (4-5-1)

Subject to  nx + ny + nz =    (4-5-2)

c r

max nx ny nz

(4-5-1) (4-5-3) 2 2

 c = c
1q c

1
r r        (4-5-3)

q
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c r

4-5-1 Rca30-3m 3 (x y z) 1

1s nx = ny = nz = 1

A
-

-H
-

A-H

4-5-1

RMS

El Centro (3D)

RMS

2

3 (x  y  z) 1 Rca30-3m-1s

A a C cB b D d
E e F f G g H

0

2000

4000

6000

8000

10000

m
ax

 
rT (

c-1
)T

c-1
r

(A) 

A-H A
-

-H
- 0

2000

4000

6000

8000

10000

m
ax

 
rT (

c-1
)T

c-1
r

(B) 

A-H A
-

-H
-

1.3×104
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4

90%

GA

4-5-2 GA

c r

(4-5-1)

GA 30  0.3  0.03

4-5-3 Ra30-90%-6s nx = ny = nz = 6 250 GA

250

GA

4-5-4 Ra30-3m-1s nx = ny = 

nz = 1 Ra30-6m-2s nx = ny = nz = 2

90%

Ra30-90%-6s

RMS Rca30-3m-1s El Centro (3D)

1 2

max r
T( c

-1)T
c
-1

r 7.6×103 2.0×103 1.4×102

RMS
1 0.084 0.043 0.027
4 0.178 0.128 0.100
7 0.043 0.021 0.035

C.L.

C.L.x

y
B
-

d

A
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GA

Yes

No
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Am 1/100

Ra30-15N(2)-90%-6s

4-5-5 4-5-6

6 7

As

4-4-4  4-4-5

100 kN

UD20-100 4-12) 60 kg

15 900 kg

MTMD Multiple TMD 4-13)

4 %

6000 kg

TMD
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z

y

D
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E
 (2.9×10-3)[41 (kN)  0.28]
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Rayleigh

4.4

90 %

4.3.3

Minimize  umax
est   (4-3-1)

Subjecto to  dimumax
est

(4-3-2)
3.4.5

umax
est = G mqi, j{ } 2

m
    (3-4-10)

mqi, j = m i, j m m i. j m S( mT , m h){ }    (3-4-8)

2.2

1. Q

Q
2. r

r

3. R 2.2.3

R
4. G 2.2.2

J
G

J = TQ + uTRu( )dt
0

(3-4-4)
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4.5.1

Minimize max r
T ( c

1)T
c

1
r( )    (4-5-1)

Subjecto to  nx + ny + nz =
(4-5-2)

3.5.1

1. 
2. H

 

H = Mm
1 Cm K m +UmG( ) (3-5-4)

3. Kf

V W
Ricatti

3.2.3

0 deg

 

HPF HHPF (s) = s
s+ hc

  (3-2-4)

LPF HLPF (s) =
s lc

s skk=1

5

 (3-2-5)

sk = lc exp j k + 2
5  (3-2-6)
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