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An Extension of the Solution for a Two-lumped-mass Building Model Incorporating a Joint Viscous
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Synopsis

For two adjacent buildings connected by a joint viscous damper, two inverse problems have
already been formulated based on the pole allocation method in control theory. These
formulations simplify a structural system as a two-lumped-mass undamped model. One solution
represents the damper as a dashpot only, and has been extended to a multi-lumped-mass model.
The other represents the damper as the Maxwell element in which a dashpot and a joint spring
are arranged in series. The present study extends the solution for the two-lumped-mass model
with the Maxwell-type damper to the multi-lumped-mass model by considering the damper’s
contribution to each mode. Numerical examples verify the proposed extension, using a 20-
degree-of-freedom building model in which two 10-DOF models are connected by the Maxwell-

type joint viscous damper between the top lumped masses.
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Fig.1 Two-lumped-mass building model with the

Maxwell-type joint damper
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Table 1  Structural parameters for Model A

Llrlrlrgss ‘ ass Story Stiffness c](?:t{lfl'lilizrglt
3

No. (10°kg) (MN/m) (MNs/m)
10 600 10 318.7 1.090
9 450 9 367.7 1.257
8 450 8 441.3 1.509
7 450 7 514.8 1.760
6 470 6 588.4 2.012
5 470 5 656.5 2.347
4 490 4 784.5 2.682
3 510 3 882.6 3.018
2 560 2 980.7 3.353
1 550 1 1078.7 3.688

Table 2 Natural frequencies and modal damping ratios

of Model A
Mode . A
No. Natural frequency (Hz)  Damping ratio (%)
1 0.931 1.00
2 2.389 2.57
3 3.887 4.18
4 5.344 5.74
5 6.686 7.18
6 7.856 8.44
7 8.966 9.63
8 10.01 10.76
9 11.19 12.02
10 12.45 13.38
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Fig.3 21-DOF model

Table 3 Total mass ratios and 1st frequency ratios
for Models B1, B2, B3 and B4
Model Bl B2 B3 B4
Mass ratio u 0.9 1.1 0.9 1.1
Frequency ratioy 1.25 1.25 0.80 0.80




Table 4 Lumped-mass distributions for Models B1, B2,

B3 and B4
Lumped mass No. Bl & B3 B2 & B4
10 540 660
9 405 495
8 405 495
7 405 495
6 423 517
5 423 517
4 441 539
3 459 561
2 504 616
1 495 605
Total mass 4500 5500
Mass ratio u 0.9 1.1

(Unit for mass: 10°kg)

Table 5 Stiffness distributions for Models B1, B2,
B3 and B4

Story Bl B2 B3 B4
10 448.2 547.8 183.6 224.4

9 517.1 632.1 211.8 258.9
8 620.6 758.5 254.2 310.7
7 724.0 884.9 296.6 362.5
6 827.4 1011.3 338.9 414.2
5 9653 1179.9 3954 4833
4 1103.2 13484 4519 5523
3 1241.2  1517.0 508.4 621.3
2 1379.1 1685.5 564.9 690.4
1 1517.0 1854.1 621.3 759.4

(Unit: MN/m)

Table 6 Damping distributions for Models B1, B2,

B3 and B4
Story Bl B2 B3 B4
10 1.226 1.498 0.785 0.959

1.414 1.728  0.905 1.106
1.697  2.074 1.086 1.328
1.980  2.420 1.267 1.549
2263  2.766 1.448 1.770
2.640  3.226 1.690  2.065
3.017  3.687 1.931 2.360
3.394 4.148  2.173 2.655
3.771 4.609 2.414 20951
4.148  5.070  2.655 3.246

(Unit: MNs/m)
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Table 7 Natural frequencies of Models B1, B2, B3

and B4
Mode No. Bl & B2 B3 & B4
1 1.164 0.745
2 2.986 1.911
3 4.859 3.110
4 6.680 4.275
5 8.357 5.348
6 9.820 6.285
7 11.21 7.173
8 12.52 8.011
9 13.99 8.951
10 15.57 9.963
Frequency ratio y 1.25 0.80

(Unit for frequency: Hz)
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Table 8 1st effective modal masses and 1st natural
frequencies
Model A Bl B2 B3 B4
Effective
modal mass 3771 3394 4148 3394 4148
Mi (10°%kg)
Mass ratio u - 0.9 1.1 0.9 1.1
Freq. ratio y - 1.25 0.80

Natural freq.

i (Hz) 0.931 1.164 1.164 0.745 0.745
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Fig.5 Joint damper contribution to each mode
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Table 9 Solutions for two-lumped-mass model with
parameters shown in Table 8

Model A-Bl A-B2 A-B3 A-B4
Mass ratio u 0.9 1.1 0.9 1.1
Freq. ratio y 1.25 0.80

Target damping o
ratio h 10%
@,6,inEq.(4) 12667 1.2968 0.8309 0.8116
@,in Eq.(6)  1.0693 1.0820 0.8662 0.8559
@,inEq.(7)  1.1846 1.1985 0.9593 0.9483
&pinEq.(8) 19970 1.1599 0.9612 1.4583
hy@yin Eq.(11) 16731 5983  4.633 12.309
tw,by Eq.(10)  0.0582 0.1553 0.2001 0.0789
Shear stiffness
of Bldg. A 129.02
k4 (MN/m)
Shear stiffness
of Bldg. B 181.52 221.85 7432  90.83
ks (MN/m)
Damping
coefficient of - (0 5070 3.660  4.072
damper
cp (NMs/m)
Joint spring of

damper 463.1 190.9 107.3 301.8
kp (NM/m)

Relaxjtzg)n Hme 6610 0.027 0034 0014
1st natural
frequency 0.996 1.007 0.806 0.797

i (Hz)

2nd natural
frequency 1.103  1.116 0.893  0.883
S (Hz)

Damping ratio

0,
in 1st mode /1 10.0%

10.0% 10.0% 10.0%

Damping ratio

0,
in 2nd mode A2 10.0%

10.0% 10.0% 10.0%

Damping ratio

100.0% 100.0% 100.0% 100.0%
of damper Ap
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(a) 1st mode (1st and 2nd modes of the system)
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(b) 2nd mode (3rd and 4th modes of the system)

Fig.6 Modal amplitudes for Model A-B1
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Fig.7 Modal amplitudes for Model A-B2
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(b) 2nd mode (3rd and 4th modes of the system)

Fig.8 Modal amplitudes for Model A-B3

T — FOBEIRIESHE TR LT, B THi
FERI G5 TWA., 2 SO/YT— FCHIERE
ZRICICEEL TWATZ®, 2 DOF— KT 2 #ffH
O FH 3 S0 FH e AL D IRIE AMEIE[E T U272 o T
5. 2B, BRHE— N THEEOBBEIRE A Z A0
RIS T4 &, Table 9 (2R L7z A IREIERICUT
WEAMIREIC 2 5. EEICET 5 E— NRIED
HEHE 2 6t IS 3 2 B MIREEC TR L 72 A%, £fr
BT % & — NREOMHEIC 72 P8I, B
MECTHE EMHAILTND.

Table 10 Differences of modal amplitudes between two
buildings, responding to Figs.6 to 9

mode Amplitude A-B1 A-B2 A-B3 A-B4
Lst Velocity  1.121 1.150 1.152 1.122
(1st & 2nd )
for system) Disp. 0.179 0.182 0.227 0.224
2nd Velocity ~ 1.121 1.149 1.152 1.122
(3rd & 4th )
Disp. 0.162 0.164 0.205 0.202

for system)
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Fig.9 Modal amplitudes for Model A-B4
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Table 11 Natural frequencies and damping ratios of
20-lumped-mass models after installing the
corresponding damper shown in Table 9

Model A-Bl A-B2 A-B3 A-B4
req. DAMP Freq, DamP preq Damp. pro, Damp.
MOdC ratio ratio ratio ratio

(Hz) %) (Hz) (%) (Hz) (%) (Hz) (%)
Bldg. 1 1.038 4.61 1.047 4.61 0.838 4.61 0.831 4.61
Bldg. 2
Bldg. 3
Bldg. 4
Bldg. 5 3.866 7.61 3.938 7.70 3.153 7.65 3.095 7.66

6
7
8
9

1.16937.48 1.24735.21 1.00035.02 0.93837.42
2429 11.10 2.496 9.97 1.998 9.89 1.94611.10
2,927 9.83 3.025 9.46 2.423 9.36 2.345 9.89

Bldg.
Bldg.
Bldg.
Bldg.
Bldg.10 7.859 8.66 7.867 8.56 6.293 8.55 6.288 8.66
Bldg.11 8.363 7.77 8.381 7.43 6.704 7.42 6.692 7.76
Bldg.12 8.967 9.66 8.968 9.64 7.174 9.64 7.174 9.66
Bldg.13 9.825 8.62 9.829 8.50 7.863 8.49 7.861 8.61
Bldg.14 10.01 10.76 10.01 10.76 8.01110.76 8.01110.76
Bldg.15 11.19 12.02 11.19 12.02 8.95112.02 8.95112.02
Bldg.16 11.21
Bldg.17 12.45 13.38 12.45 13.38 9.96313.38 9.96313.38
Bldg.18 12.52 10.75 12.52 10.7510.01 10.76 10.01 10.76
Bldg.19 13.99 12.01 13.99 12.01 11.19 12.02 11.19 12.02
Bldg.20 15.57 13.37 15.57 13.37 12.45 13.38 12.45 13.38

4.861 7.23 4.920 6.12 3.937 6.06 3.893 7.21
5.317 7.32 5382 7.38 4.308 7.35 4.256 7.36
6.682 6.45 6.694 6.35 5356 6.34 5.346 6.45
6.686 8.55 6.741 7.82 5.393 7.78 5.352 8.56

9.65 11.21 9.64 8.967 9.64 8.967 9.65

Damper 13.05 100.0 3.347100.0 2.563 100.0 9.422100.0
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Table 12 Differences of modal amplitudes between two
Buildings, responding to Figs.10 to 13

mode Amplitude A-B1 A-B2 A-B3 A-B4
Ist Velocity ~ 0.4997 0.5061 0.5063 0.5001
(1st & 2nd )
for system)  Disp. 0.0776 0.0769 0.0961 0.0958
2nd Velocity ~ 0.6236 0.6508 0.6507 0.6256
(3rd & 4th 4
for system)  Disp. 0.0849 0.0831 0.1035 0.1061
3rd Velocity ~ 0.4683 0.4862 0.4834 0.4734
(5th & 6th .
for system)  Disp. 0.0307 0.0310 0.0385 0.0387
4th Velocity ~ 0.4736 0.4382 0.4324 0.4772
(7th & 8th .
for system)  Disp. 0.0258 0.0231 0.0284 0.0324
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Table 13 Adjusted dampers’ parameters for the
20-lumped-mass models
Model A-Bl  A-B2 A-B3 A-B4
Mass ratio 0.9 1.1 0.9 1.1
Freq. ratio y 1.25 0.80
Target damping
ratio A 10%
Adjusted
damping
coefficient of
damper
cp (NMs/m)
Adjusted joint
spring of damper
kp (NM/m)
Relaxation time

7(s)

2515 2768  2.003  2.223

252.8 1043 58.6 164.8

0.010 0.027 0.034 0.014
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Table 14 Natural frequencies and damping ratios of o [ ! ’,’ /
20-lumped-mass models after installing the o I ! " /
. . 1o 1
corresponding damper shown in Table 13 i ’ ! 7 /
Model  A-Bl A-B2 A-B3 A-B4 0 I ;
Mode Frea: Doir Frea. DURY Freq. DUER Freq. TRER 1 I
Hz) oy H) oy (Hz) o) H) (o 5\ I - 7 Re.Vel Bldg A
P ! v Re.Vel Bldg.B1
Bldg. 1 1.006 9.32 1.014 9.21 0.812 9.20 0.805 9.32 i sbem
3=~ Re.Disp.Bldg.B1
Bldg. 2 1.11613.50 1.13513.08 0.90913.06 0.89313.49 %K /,/ I ey
Bldg. 3 2.405 6.55 2.430 6.38 1.945 6.36 1.925 6.55 ] ,’,/ == ~Im.Vel Bldg.B1
P W) - = =Im.Disp.Bldg. A
Bldg. 4 2.984 6.20 3.015 5.57 2.413 552 2.388 6.18 N / - - ~ImDispBldgB1
Bldg. 5 3.890 5.95 3.918 5.78 3.135 5.76 3.113 5.96 -0.5 0.0 0.5 1.0 L5
Bldg. 6 4.871 5.69 4.892 5.12 3.914 5.10 3.898 5.67 (a) 1st mode (1st and 2nd modes of the system)
Bldg. 7 5.345 6.60 5.368 6.42 4.295 6.41 4.277 6.61 : Lo Mass No.
A) 1 | 1
Bldg. 8 6.685 6.26 6.696 6.09 5.357 6.08 5.349 6.25 X \\ ,‘1\; ; /l
Bldg. 9 6.695 7.72 6.707 7.40 5.366 7.38 5.357 7.71 v E 0\:' .-'
Bldg.10 7.859 8.55 7.861 8.49 6.289 8.49 6.287 8.55 . '.‘L’\'. j /
Bldg.11 8.364 7.47 8369 7.29 6.695 7.29 6.692 7.46 ‘\ \ \'. A /
\ LR |
N\ vl Re.Vel Bldg.A
Bldg.12 8.967 9.65 8.967 9.64 7.174 9.64 7.174 9.65 \‘\AT\‘,' // R:V;‘Blddém
Bldg.13 9.824 8.53 9.824 847 7.860 8.46 7.859 8.52 \?‘ 7 o
Al [] - = =Im.Vel Bldg.
Bldg.14 10.01 10.76 10.01 10.76 8.01110.76 8.01110.76 N/ IllmveBiEBl
1 L - - —Im.Disp.Bldg. A
Bldg.15 11.19 12.02 11.19 12.02 8.95112.02 8.95112.02 N\ - - ~ImDispBldg B1
Bldg.16 11.21  9.6411.21 9.63 8.967 9.63 8.967 9.64 -1.0 0.5 0.0 05 1.0
Bldg.17 12.45 13.38 12.45 13.38 9.96313.38 9.963 13.38 (b) 2nd mode (3rd and 4th modes of the system)
Bldg.18 12.52 10.7512.52 10.75 10.01 10.76 10.01 10.76 LgMass No.
Bldg.19 13.99 12.01 13.99 12.01 11.19 12.02 11.19 12.02 o ‘
\
Bldg.20 15.57 13.37 15.57 13.37 12.40 13.38 12.45 13.38 8 \\'\
Damper 14.53 100.0 4.764100.0 3.681100.0 10.63 100.0 7 !\
L I
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A-B4 with the damper shown in Table 13
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Table 15 Additional damping ratios to the 20-lumped-
mass models with the adjusted dampers

Model A-Bl A-B2 A-B3 A-B4
Damp. v Damp. ver Damp. Damp. ver
Mode ratio (%) * ratio (%) © ratio (%) ratio (%) ’
(Hz) ™ (Hz T (Hz ™ (Hz 7
Bldg.1 8.32 8.21 8 8.21
10.41 10.15 10.13 11.41
Bldg.2 12.50 12.08 12.06 12.49

Table 16 Differences of modal amplitudes between two
Buildings, responding to Figs.14 to 17

mode Amplitude A-B1 A-B2 A-B3 A-B4
Ist Velocity ~ 1.4641 1.3898 1.3869 1.4601
(1st & 2nd ]
for system)  Disp. 0.2316 0.2180 0.2718 0.2886
2nd Velocity ~ 1.4892 1.4063 1.4031 1.4843
(3rd & 4th _
for system)  Disp. 0.2125 0.1972 0.2458 0.2644
3rd Velocity ~ 0.3240 0.3370 0.3372 0.3250
(5th & 6th .
for system)  Disp. 0.0214 0.0221 0.0276 0.0269
4th Velocity ~ 0.3206 0.3133 0.3127 0.3206
(7th & 8th .
for system)  Disp. 0.0171 0.0165 0.0206 0.0214
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Fig.22 Peak response distributions of Model A-B4

Fig.21 Peak response distributions of Model A-B3
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Fig.27 Peak response distributions of Model A-B3
under Taft excitation
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Table 17 Peak responses of dampers represented
by the Maxwell element

Seismic Model A-Bl A-B2 A-B3 A-B4
input
Displacement of
joint spring 0.88 239 215 0.84
(cm)

Damper stroke (em) 1) 79 1y 65 1953 1032

El Centro (Ratio to dashpot g6y g6)  (0.79) (0.79)

model)
Damping force
(kN) 2245 2492 1257 1391
(Ratio to dashpot  (1.14) (1.14) (1.25) (1.29)
model)

Displacement of

. . 0.62 1.67 2.11 0.86
joint spring (cm)

Damper stroke (cm) 700 712 985 988

(Ratio to dashpot
Taft model) (0.86) (0.87) (0.83) (0.84)

Damping force

(kN) 1560 1737 1236 1424
(Ratio to dashpot  (1.12) (1.10) (1.35) (1.40)
model)
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HTCRE LG E DX VN ERITHT 5 Maxwell £
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Bl (1 REAREELE 1.25, B &L 0.9) T 1.004,



ETVA-B2 (1 REFIESH K 1.25, &L 1.1) ©
1.033, €7V A-B3 (1 kEAHEEHIL 0.8, BRIt
0.9) T 1.036, E7 /L A-B4 (1 IREHRBELL 0.8,
BB 1.1) TI1.055 725, Table 17 [ZR L=V
SNEHEFOBENNT 1.10~1.40 L ZFR LY kx<, %
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