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Abstract

Few previous studies have estimated the damping ratio of buildings using seismic ground motion, due
to the difficulty of making estimations. The Random Decrement (RD) technique is applied to vibration
observation data of a building excited by a weak seismic ground motion. Estimates are made of the
damping ratio and natural frequency for 7 buildings of the University of Tokyo. Data are obtained with I'T
strong-motion seismographs installed inside buildings of the University. Then, a Single Degree Of
Freedom (SDOF) system analysis is carried out. The simplest building for which the primary mode
dominated is selected, and parameters estimated using the RD technique are sent to the SDOF system.
The results obtained with the RD technique and the SDOF system analysis are compared, and the
accuracy of the estimated data are verified. Finally, problems related to establishing the method for
estimating the damping ratio using weak seismic ground motion are discussed.

Keywords : damping ratio, natural frequency, Random Decrement technique, weak seismic ground
motion, SDOF system, IT strong-motion seismograph.
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Table 1. Classification of the evaluation methods of damping ratio based on actual survey.
Types of Methods of Types of Methods of Principal methods of
vibration data acquisition acquired data data analysis evaluation of damping ratio
. , Resonance curve and
Steady-state | Steady-state excitation | Amplitude and Phase Phase curve c ; h
. . . : urve fitting techniques
vibration | by vibration generator | (Data of frequency) (Data of frequency)
Frequency | Half power method
Conversion to the response data | 1/y/2 method
M frequency response data
icrotremor :
-Fourier spectrum Phase gradient method
measurement -Power spectral density
-Transfer function
Random | Wind-induced response Random wave -
vibration | measurement (Time history wave) | Conversion to the
free vibration data
Seismic response -Autocorrelation function
measurement method
-Rando.m Decrement Techniques by amplitude
technique d . .
Free vibration amping ratio
Sudden stop after the
excitation by shaking wave Techniques by Minimum
machines square method
Free Free vibration wave | Filtered free vibration
vibration | Man-power excitation | (Time history wave) | wave
Towline technique
Pendulum technique
Time historv wave of random or free vibration Methods of system identification : Extended Kalman's filter,
Y ARX, ARMAX, etc.
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Fig. 1. Conceptual diagram of Random Decrement technique.
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Fig. 2. Sample of RD Wave, Trendline, and Damping Curve.



BHzEN - B &

=, BT ELLMNHIGC R 5.

@ WIKOHIL )5 :

HEREDLEDLE =7 2o, SMbd 2 k%
AT A (HARBEES, 2000). g OIRIEO &K A
DOARMMBLTERAGLELLEICLY, FHEY AT 4
A O RIRIRAF V7 & O T BE L 72 5.

3.3 FHLHIEEENE RDEICOWVWT

RIFZEICB T, 5 HEENI LT RD #2 w5
WZHh7o TORER EXEIT 5.

(1) EEWIRB) OMIE

SENIEOCHEE) 2 W TW B 4, B RO R KRIS
Fi320gal BETHY, YL LTHHarr)— &
(RC %), #E8kiar 7 — ik (SRC #%) Rfkgik
(Sik) ZxtH e T 5720, MIPMEIWILL, WMEEEKS
A RBYEU IR AR 2SI S o L ARGE L 72

(2) wHE

RSB e THUEB I E WIS D B FH A
NCTH LAY, KWFFETIE, wEoWIE (HAHIEA, 1993)
O [EFEMOFERIFNIERETRZV] Z L2
2, RDEIEZRDL Z &IZL7.

(3) F—roEx

HEOWE (HAFED, 1993) 12X 5 &, WEE R
ET =7 EHWTHEEOETOMKEZ BREbEsY;
& TERZER 6% 20% LINICHID 5 DI Eaa bE
N % 1000 2L FBEE | §5 L LT3,

WRE 7 — 7 &R0 E %13 200~300 BRETH D,
RD & MEHICH L THW 254, B O AIRE
MN1Hz TH B EWETH L, EhREbEsEoOMEZ
BEZ200~300 HFEE L 25, 72721, RD HIEORIE
O R R L FEBR T OWRETH Y, —20D
WEBTIET— s 2L, HEREEEREFALTY
BERAEDE WML 5% v, Z 2 TRIIZET
&, ERfbRIC X EbEREFRS S O E 5T
5729012, WEREEAEZRAHE LCRD EEEHET
LB, 10U EoMET—% 2ZHTERZ TV
ZNEDOFIHEE RO HHT, MEBHOMBEORE L
LoD, NgvFXae&GoiitEriro7z.

4. TFT-HELEEFE
4.1 REEYEFAL HESIORBEBFROBME
Fig. 3 7°5 Fig. 10 ISP L & LR RKEEND
Y O & TR
(1) A4 - AHH (ADM)
COEYE, 12BEToO SHEHET, 1H2L 12K
FTH, Fig 3ITRT LI ICAMORERETHEN:

B CTHbH. ZOBEMOR ERICHER 2 fEPTkE L
TH 2%, FHERICEREREP R ON L Do 727290,
AL TIEHM O MR OB 7 — ¥ 2 FH L7-.

(2) AP - 25 2 AFH (ADM2)

COEWIL, 7TRETO SEHET, Fig 4 lIRT L9
12, AREBE MRS, 4BORKE BT OB
Thb. ZOEYOR R, HERD 3 B kiE
LCH oA, KfgeCidhdiBod oxFIH L7 .

(3) A - B (11D

ZOHEYIZ, 10 BE T SRC HELETH L. 0k
Wcix, 10 BErpge & PEANC 2 30T & 11 BESRM (> b
N ZN 1 EFT ORI RE SN TS, 22T,
Fig. 5 12775 10 BErpge & 11 By sl o 2 > o g% Fil
L7 11 B oMER T 51, bk s
ENBvhR UIREE & ZoEE b e L.

(4) # - BEEEAIRSERE (FSES)

COEWIE, THETORCERETHSL. Z0EY
I3 Fig. 6 12" T £ 912, STEROFHEEEZLTED,
WREHIZDIZIFPRICERBE SN TS, RIFETIL,
B LRSICERE SN HUERT OB T — & 2R L 7.

(5) M - FHFFZEHT (ICRR)

COEWIL, 6ETHOSERETHL. oW
Fig. 71ZR$ X912, millEdflo 2 o0 nn, kk
FETHiaInTws, WEEL, kfllovvolzizdhdk
B SN TBY, AT Z ok ERICEE Sh/:
WZE OB 7 — & I L 72,

(6) By - 15 5fE (KMBI15)

COEYIE, THETORCERETHS. Fig 81
RT XA, HEFHE, ELOFMDOI, T AR—AN
ICRESNTEY, RifgeTid, ZokbEBICHESh
oM EET OB T — 5 2 FIH L7z

(7) Bu¥s - 16 5fE (KMB16)

COEYIZ, SHETHRC EHETHS. Fig. 8 &
Fig 9I1ZR$ X912, oYX 15 5fHE, KELhsT
Pkt ST 2 (Fig. 10) 75, MEICIE—FTid % v,
WEEHE, EV oo, KRGS
TAR=ZARNE, EVORMD IR, T ZNR— AP RE
ENTHBY, AT, &EBOPRYAHEEF Mo 2
BT e DM L. B omER» 51, BErhgeifc
BEW SN2 wA ChREIE 20 e B b e L
7z.

WIS, SEYOREER - BYRS 2 ELDHT
Table 2 127”7,

4.2 FIAU-HE
Table 3 IZARMZECTHM L2 B —E%2Rd. K



95\ HUEREY & I 72 W) O B E LD HE

‘ ‘Ev'”"

PS PS
Sensor 1

I Sensor 2 !

v %

26.51

2651

Plan of 12th floor (Unit [m])

Fig. 3. Plan and exterior of the Administration Building (fADM”) in Hongo. Since there was no significant
difference between the results from two sensors, we used Sensor 1 in this study.
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Fig. 4. Plan and exterior of the 2nd Administration Building (“ADM2") in Hongo. Since there was no
significant difference between the results from three sensors, we used Sensor 1 in this study.
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Fig.5. Plan and exterior of the Building of Interfaculty Initiative in Information Studies (“III”) in Hongo. The highest building in
right picture is the subject of analysis. We used both sensors in this study. “Sensor 2” is actually on the 11st floor.
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Fig. 6. Plan and Exterior of the Building of Researching Environmental Studies (‘FSES”) in Kashiwa.
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Fig. 7. Plan and Exterior of the Building of Institute for Cosmic Ray Research (“ICRR”) in Kashiwa.
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Fig. 8. Plan and Exterior of the Building No. 15 (“KMB15") in Komaba.
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Fig. 9. Plan and Exterior of the Building No. 16 (‘KMB16”) in Komaba. We used both sensors in this study.
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Fig. 10. Joint of Building No. 15 and No. 16.
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Table 2. Structural type and building height of 7 buildings.

T e ADM ADM2 111 FSES ICRR KMB15 KMB16
Structural Type S S SRC RC S RC RC
Building Height(H}[m] 42.81 25.87 36.07 29.60 29.60 25.65 29.90
Table 3. List of the earthquakes.
Depth of the Seismic intencity
Number Date of Magnitude | hypocenter Place of the hypocenter .

occurrence [km] Max Hongo |Kashiwa| Komaba
q01 2011/12/03 05:55 M5.2 22 Northeastern Chiba (35.4N 140.3E) 4 2 2 1
q02 | 2012/01/28 07:43 M5.4 18 Eastern Yamanashi (35.5N 139.0E} 5- 3 2 2
q03 2012/01/29 16:46 M4.7 21 Eastern Yamanashi (35.5N 139.0E) 4 1 1 1
q04 | 2012702718 13:56 M3.8 2 Tokyo bay (35.6N 140.1E) 3 1 1 1
q05 2012/02/18 14:13 M4.2 2 Tokyo bay (35.6N 140.1E}) 4 1 1 1
q06 2012/04/2919:28 M5.8 48 Northeastern Chiba {35.7N 140.6E) 5- 2 2 2
q07 2012/06/01 17:48 M5.1 44 Northwestern Chiba (36.0N 139.9E) 4 3 3 3
q08 | 2012/11/2417:59 M4.8 72 Tokyo bay (35.6N 140.0E) 4 3 3 3
q09 2013/01/22 04:46 M5.1 16| Eastward offshore of Chiba (35.9N 140.9E) 4 2 2 1
ql0 2013/02/01 01:04 M4.3 45 Scuthern Ibaraki {36.0N 139.9E} 3 1 2 1
qll 2013/02/19 21:27 M5.6 37| Eastward offshore of Chiba (35.3N 141.2E) 3 1 1 1
ql2 2013/04/04 13:42 M5.1 12| Eastward offshore of Chiba (35.8N 140.9E) 4 2 2 1
ql3 2013/04/29 22:01 M5.6 34| Eastward offshore of Chiba (35.8N 141.1E) 3 1 2 1
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T A W ERIIZET ICRR) @ EW 422w T,
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Pl SREMBEHEIL L (Fig AlL2 © ICRR
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E— 2 OmEBHFNELETALHBWMTH LI LY PEL
7o, EoMEEomge BEDSEHT, 20100 23#1C, K
WiFECid, Butterworth 7 4 V¥ Z M L7-.
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LTw5.
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712 (1) T7 4 V¥ & LR SN2 EBY OIS E I
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WIEVER L7z fER L 723 _To RD %F % Ap-
pendix 2 {Z/”F. Fig. A2.1 254K #Hio NS J511 T Fig.
A22 °EW HIICTH 5. LLTFRBICEED O NS Jilh
& EW K@ RD ¥ % Fig. A2.3 %°5 Fig. A2.18 1278
L7z, =B, ERADELEIC, BAEOATRL,
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BOYEERRE L7,

(5) —J7, FARBEITIET L 08T F 40N S o
Fereh, 4 13 BEIC X B AR O T MR L Lz,

5. HEHR

EAIREIE () 2 o W EEE (h) OfEERz,
ZHWY) 2D W T Table 4~7 12773, #£® quake num-
ber 1%, Table 3 Z/R L7-&HEEDOMHIFS T, Scale &,
ZOMBEOWEIZHEY OB 5 F v ¥ 78 AJEHLO LT HL
MBI SN 5RTEETH L. ZO4LHMICIE, Eh
ZNOHBEOREICBIM S N2 BWISE T — 5 » 5, 4.3
OF B TRD 7, HHWomIL)im (NS) & H 5%
(EW) oEAIRE () LEEEH (h) 2 RLTH5.
ZIT, ZL—IZB LML 1o O DI TERSE
ENFT—=8ThbH £HEOTMIZ, & I13HOMET
Hon-EAERE L WEE DT (Average) &,
BRI 22k R (Estimation) &, F—F DTV F

Table 4. Estimated results of natural frequency and damping ratio of the
Administration Building (“ADM”) and the 2nd Administration Building (“ADMZ2").

Hongo ADM ADM2

Scale quake NS EW NS EW

number | flHz] flHz] | h[%] | flHz] | h[%] | fHz]

2 q01 1.04 1.06 i 265| 3.10] 222
3 q02 1.05 1.05 259 226| 230|

1 q03 1.08 1.08 258 323 236

1 q04 1.10 1.10 258 305 241

1 q05 1.09 1.09 257 280 240

2 q06 1.07 1.05 254 277|244

3 q07 1.07 1.06 254| 236 232
3 q08 1.07 1.05 : 258|153 232

2 q09 1.06 106 102| 255| 347 230

1 q10 1.10 106 174] 264 302 236
1 ql1 1.05 105| 166] 257| 399] 236|

2 q12 1.09] 109] 141] 262 339 241
1 q13 1.08 108 166] 256 269 240]

Average 1.07 1.07 1.76 2.58 290 2.35

Estimation 1.07 1.07] 1.72] 258 2.99] 235

Standard deviation | 0.020 0015 0569 0034 0593] 0.058

Table 5. Estimated results of natural frequency and damping ratio of Building
of Interfaculty Initiative in Information Studies (“III").

Hongo 111 11 -2
Scale quake NS EW NS_translation NS_torsion
number flHz] | h[%] | flHz] | h[%] | flHz] | h[%] | fTHz] | h[%]
2 q01 1.45 272 1.34 397 1.44 261 222 2.84
3 q02 1.49 247 1.36 3.81 1.49 2.63 233 2.00
1 q03 1.49 225 1.40 348 1.49 2.37 2.34 2.26
1 q04 1.53 261 1.52 3.77
1 q05 1.52 231 1.50 435 1.52 2.69 236 246
2 q06 1.44 3.57 1.31 2.84 1.44 343 230 248
3 q07 147 297 137 3.68
3 q08 147 3.76 1.34 247 1.46 3.25 2.26 199
2 q09 147 399 1.34 3.45 144 3.90 233 2.88
1 ql0 1.53 3.54 1.44 4.11 1.53 384 234 194
1 gll 1.45 311 1.31 293 1.44 3.19 2.29 2.85
2 ql2 1.49 3.08 1.41 445
1 ql3 1.49 3.11 1.39 450 1.49 3.11 2.35 245
Average 148 3.04 1.39 3.68 147 3.10 231 241
Estimation 1.48 3.09 1.39 3.75 1.47 2.99 2.31 2.50
Standard deviation 0.027]| 0.536] 0063] 0.610] 0.031] 0498] 0.043] 0347
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Table 6. Estimated results of natural frequency and damping ratio of Building of Department of
Environmental Studies (*FSES”) and Building of Institute for Cosmic Ray Research (“ICRR”).

Kashiwa FSES ICRR

Scale quake NS EW NS EW
number | flHz] | h[%] | flHz] flHz] | h[%] | flHz] | h[%]

2 q01 182 352 254 272 315 191

2 q02 1.86| 493 231 256] 3.09[ 238

1 q03 183 323 237 355 3.08] 153

1 q04 190 3.72 253 253] 3a8[ 200

1 q05 189  4.04 252| 252 318|158

2 q06 177  3.80 248 287| 316 209

3 q07 180 3.71 239 355r 311 179

3 q08 185 3.73 234 3.12| 196

2 q09 179 315 252| 331] 318| 236

2 q10 190 257 252 262 3.18] 302

1 ql1 184  3.02 245 292] 309 231

2 ql2 184 292 248 362| 321 215

2 ql3 1.80f 435 250 245] 3.15] 177

Average 1.84 3.59 246 2.87 3.15 2.07

Estimation 1.84]| 3.5 2.46| 288 315 2.07

Standard deviation | 0.039] 0.608 0.075] 0460] 0.041] 0381

Table 7. Estimated results of natural frequency and damping ratio of Building No. 15 (“KMB15") and No. 16 (“KMB16").

Komaba KMB15 KMB16 KMB16-2
dcgle quake NS EW EW NS_translation NS_torsion
number | flHz] f{Hz] flHz] | h[%] | flHz] flHz] | h[%] | flHz] | h[%]
1 q01 236 270 399 194 1.70]  438| 226| 3.8
2 q02 227 292 281 192 175 331 230( 258
1 q03 235 2.70 477 196 179 437 235| 277
1 q04 239 2.80 2.04 181 234 262
1 q05 237 281 2.03 1.81 234| 253
2 q06 237 2.78 197 1.75 235|201
3 q07 240 262 1.90 173 248 235
3 q08 226 263 1.86 167|  422| 225| 356
1 q09 238 267 193 1.80 236| 237
1 ql0 238 2.69 198 1.80 239 262
1 ql1l 236 2.60 1.96 1.77 235| 243
1 ql2 252 2.80 196 181 247| 283
1 q13 2.48 2.75 1.93] 175 240] 204
Average 237 273 1.95 1.77 235 2.65
Estimation 2.37 2.73 1.95 1.77] 3.24| 2.35] 2.63
Standard deviation | 0.067 0.089 0.045 0.043] 0.656] 0.055| 0.406

FRTIERME A (Standard deviation) Td 5.

Table 4 1, AIF ¥ /X ADKEHE (ADM) & 42
AREH (ADM2) D#5H T, Table 5 (3 1HMAEBRASAS (11D)
DOFER, Table 6 13IMF ¥ ¥ 782 OB WZehl (FSES)
L FHMIEZERT (ICRR) O#5%, Table 7 (&Bi ¥+ v >~
7RZ® 15 5ffi (KMB15) & 16 5 (KMBL16) DT
HbH. 7B, Table 5B L O Table 7 DAHI D 112 &
KMBI16-2 %, BEYorid @iz friEIc#E S hiz
WiZET (Sensor 2) 5 3RKD 7 HEIRB T — FOFEAR
e mERER BLORCNIRE &g SN 5IRE)
E-FOBARBBEEMEECBROHEEHE R TH L. &
B, Table 5 DELEY i L5 ET— % OREE R
3

6. HERRICOVTNDEE
6.1 BEERBHICOVTOEE
A RIS L 2 0H K TH 2 BEATFRIIZOWT,
SRR AN i EREH % Table 8 ISR
EAEOBEY T, B S H(m) & EARE 8
BThHEAEY T (sec) DI, £ OBYWTUT
OX 4 (B) DL BRMEBREDLEPTMOENTVDS, F
C CARIIZEDHEERERAZ DBEBRAK D Lo E D
I\, WO (GREEFTZERT, 2006) (AT T2, 1998)
ORI DH R EZFERTTa Y FLAbDEERE
M Fig. 11, Fig. 12 1ZR7.

T1=0.020H (S %) (4)
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Table 8. Results of the estimated natural frequency and natural period (Translation).

Natural Frequency(f) Translation
[Hz] ADM ADM2 0 I11-2 FSES ICRR KMB15 | KMB16 | KMB16-2
NS 1.07 2.58 1.48 147 1.84 246 2.37 1.81 1.77
EW 1.07 2.35 1.39 - 1.83 3.15 2.73 195 -
Natural Period(T) Translation
[sec] ADM ADM2 I11 111-2 FSES ICRR KMB15 | KMB16 |KMB16-2
NS 0.93 0.39 0.67 0.68 0.54 0.41 0.42 0.55 0.57
EW 0.94 0.43 0.72 - 0.55 0.32 0.37 0.51 -
q L 1 L 1
¢ RC/SRC X 1=0.03H.”"
&
_ B RC/SRCY <
W Pl = %
W , J[osx T 0'02{‘{ This study
.. ] ] e " =T
= 0 SY -1 o~ # RC/SRC X
.E - 0O /,/'%@
g /,/ o P ™ mRC/SRCY
= i et ¢SX
£ 1 1 " g-"" .- T=0015H
5 - !a a2 mSsSY
o] 5
S
LW
0 T T T T
0 20 40 60 80 100
Building Height: H (m)
Fig.11. The relation between the building height / and the estimated natural period 7.

The original figure is in the former research (Building Research Institute, 2006), and we
added data which we estimated in this study on the figure.
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Fig.12. Translational first mode natural period 7'; versus building height A. The original figure is in the former
research (Tamura, Y., et al. 1998), and we added data which we estimated in this study on the figure.
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OWFFE (HAHZZY, 1998) OICERTTay MLz
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Table 9. Results of the estimated damping ratio (Translation).

Damping Ratio (h) Translation
[%] ADM ADM?2 111 111-2 FSES ICRR KMB15 | KMB16 | KMB16-2
NS 2.13 2.99 3.09 2.99 3.55 2.88 2.84 3.38 3.24
EW 1.72 2.73 3.75 - 3.19 2.07 3.10 3.96 -
10 :
® RC/SRC X
< 8 ® RC/SRCY | :
= o SX This study
5 8 A oSY - |  ®RC/SRCX
g m RC/SRC Y
2 4 A F | eSX
[=H
= Co  h=0.02/T BSY
8 27 P | h=0.0uT [
e e
0 , :
0 1 2 3

Natural period: T (s)

Fig. 13. The relation between the estimated natural period 7" and the estimated damping ratio /. The original
figure is in the former research (Building Research Institute, 2006), and we added data which we estimated in
this study on the figure.
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Fig. 14. Translational first mode damping ratio { ; versus natural frequency f7. The original figure is in the
former research (Tamura,Y., et al. 1998), and we added data which we estimated in this study on the figure.
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Table 10. Results of the estimated natural frequency and
damping ratio (Torsion).

Natural Frequency(f) Torsion
[Hz] I1I-2  [KMB16-2
NS 231 2.35
EW - -
Damping Ratio (h) Torsion
[%] I11-2  [KMB16-2
NS 2.50 2.63
EwW - -
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Fig. 15. Flow chart showing the comparison of the estimated results and the results by the simulation.
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Fig. 16. Result of the wave comparison. The parameter is damping ratio (1.40 %, 1.72 %, and 2.20 %). 1.72 % is an
estimated result of damping ratio by RD technique. The earthquake number is q09, and these simulated

waves are the most fitted results in all simulation.

Table 11. Comparison of the natural frequency and damp-
ing ratio (estimated results and the results by the simula-
tion). The row “This study” is quoted from Table 4.

Hongo ADM (EW])
Scale quake This study Simulation
number | flHz] | h[%] | flHz] | h]|%]
2 q01 1.06] 107 169
3 q02 1.05] 1.05 1.81
1 q03 1.08 2.57 1.06 1.64
1 q04 L10|7070.88|  1.07| 777079
1 q05 1.09 1.07|
2 q06 1.05 1.05)
3 q07 1.06 1.06
3 qo8 105| 212 105|234
2 q09 106 102 1.06| 075
1 qlo 1.06 1.07 0.94
1 q11 1.05 105 119
2 ql2 1.09 1.07|  0.68
1 ql3 1.08 1.07 1.33
Average 1.07 1.06 1.35
Estimation 1.07 1.72 1.06 1.38
Standard deviation 0.015| 0.569] 0.007| 0.484
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Appendix 1

Fourier spectrum of the earthquake response of each building obtained by weak seismic ground motion.
We chose one earthquake (quake number q01 in the Table 3.) as a sample.
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*In order to decide the band of filtering, we calculated transfer function by smoothing the original Fourier spectrum
by using moving average and dividing it by similarly smoothed Fourier spectrum obtained at the sensor on the
basement floor. The left figure is the original Fourier spectrum, and the right is the transfer function.
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Appendix 2

RD waves made by Random Decrement (RD) technique by using weak seismic ground motion of the
earthquakes of Table 3. Attached values are the natural frequency [Hz] and damping ratio [%] obtained from
each RD wave.
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Fig. A2.2 RD waves of EW direction of building ADM.
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.3 RD waves of NS direction of building ADM2.
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.4 RD waves of EW direction of building ADM2.
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.5 RD waves of NS direction of building III (Sensor 1).
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.6 RD waves of EW direction of building III (Sensor 1).
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.7 RD waves of NS direction (translation) of building IIT (Sensor 2).
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.8 RD waves of NS direction (torsion) of building III (Sensor 2).
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.9 RD waves of NS direction of building FSES.
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.10 RD waves of EW direction of building FSES.
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.11 RD waves of NS direction of building ICRR.
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.12 RD waves of EW direction of building ICRR.

The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.



99\ HLEREY & I 72 ) O B E O HEE

q02 (2.27Hz, 2.35%)

q03 (2.35Hz, 2.47%)

q01 (2.36Hz, 3.02%)

gm\ /\\ Eix S\ .. E::
uj:: . /\ w:: \ [ /A o 50 /\ f
R W \\ !!! \\\ ;’f \\ £ / \\ //
E. £-100 =1
<N \ [/ oo W \ L/ \ < 0
-3!:0 V b 4 jx \VI \\J')‘r 100 \/
e e "y -
q04 (2.39Hz, 2.40%) q05 (2.37Hz, 2.55%) q06 (2.37Hz, 2.80%)
g ;Z\ . RN _ B, |
P A e A sy Pk | % - Awra
[ - .g[,\\ // \\ //\\ i 7
E .10 E o g-mu

g MRV, i —
-40 —| -60 400

’ Tin::slag Tir::slag [sclciq
07 (2.40Hz, 3.11%) q08 (2.26Hz, 2.82%) q09 (2.38Hz, 2.77%)
B . -
100 \ N\ } N 300 \ /\ Pt 100 fal o
a0 L\ [\ /\ A [N [\ [/ \ S w [\ fa
g JJ\ J \ 1/ N J 1&g 1\ J X1/ \ B I N1/ \N /]
R A 7 v [ o A 17 S
500 V h 450 \-/ Y 150 \_/ \Jf

L 065

Time lag

q10 (2.38Hz, 3.24%)

— 150

100

Amplitude

g

-150

=200

[ga

150

100

Amplitude
B 0
= 2 (=1 =] =

ta
=1
o

065
Time lag

ql1 (2.36Hz, 2.68%)

ql2 (2.52Hz, 2.98%)

13
[sec]

[ 5. 5.,
A A A N A
\\ // \\ //\ P W W A 1 | \ /A
\/ £ A W/ A £ \J
“ e e w o
ql3 (2.48Hz, 3.66%)
N A ~
N\ N
AR AR
A
N\ \/
\/
! Tin‘::slag

Fig. A2.13 RD waves of NS direction of building KMBI15.
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping

ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.14 RD waves of EW direction of building KMB15.
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.15 RD waves of NS direction of building KMB16 (Sensor 1).
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.16 RD waves of EW direction of building KMB16 (Sensor 1).
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.17 RD waves of NS direction (translation) of building KMB16 (Sensor 2).
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.
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Fig. A2.18 RD waves of NS direction (torsion) of building KMB16 (Sensor 2).
The gray line is RD wave, and the black dotted line is fitted curve calculated by minimum square
method. The whole part of RD wave on the graph is used at the time of calculation. The value of damping
ratio whose background is gray-colored means that the data are omitted at the time of estimation.



