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Abstract: Time-history analysis based on finite element models is a primary method for vibration con-
trol optimization design of high-rise structures. However, its application in practical engineering is lim-
ited due to high computational costs and time-consuming processes. To address this, this study pro-

poses an efficient viscous damper optimization design based on the gradient projection method. Con-
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sidering the uncertainty of earthquake ground motions, the strategy used the maximum mean inter-sto-
ry drift angle obtained from multiple ground motions as the objective function, with constraints on the
total damping coefficient and the upper limits of damping coefficients for each story. The inter-story
drift response was obtained via the modal decomposition method, and damper parameters were opti-
mized using the gradient projection method. Under frequent earthquakes of 8-degree intensity, a 6-sto-
ry shear model and a 15-story planar frame structure were analyzed using both the modal decomposi-
tion method and finite element time-history analysis for viscous damper optimization. The simulation
results showed that the optimized damper parameters obtained from the two methods were nearly iden-
tical. Additionally, sensitivity analysis and parameter analysis of constraint conditions were conducted
on the 6-story shear model to further validate the effectiveness of the optimization strategy. Finally,
the optimized scheme obtained from the modal decomposition method was applied to the 15-story pla-
nar frame. Elasticplastic analyses were conducted for three cases: the structure without additional
damping, and the structures before and after optimization under three working conditions. A typical
earthquake ground motion is selected for energy dissipation analysis of the structures before and after
optimization under the three conditions. The results confirmed the strategy's reliability under rare
earthquakes (8-degree intensity). The optimized damper parameters can significantly reduce the maxi-
mum inter-story drift angle and increase the proportion of energy dissipated by additional damping.

Keywords: vibration control; damping optimization; gradient projection method; modal decomposi-

tion; time-history analysis
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Tablel Information of 25 selected earthquake ground motions
Fr5 b7 44 B R R e ep] Wi PGA/g
1 San Fernando 6.6 1971 Santa Felita Dam (Outlet) FSD172 0.15
2 San Fernando 6.6 1971 Whittier Narrows Dam WND143 0.08
3 Tabas_Iran 7.4 1978 Dayhook DAY-L1 0.32
4 Tabas _Iran 7.4 1978 Ferdows FER-L1 0.09
5 Imperial Valley-06 6.5 1979 El Centro Array #11 H-E11140 0.37
6 Imperial Valley-06 6.5 1979 El Centro Array %5 H-E05140 0.33
7 Superstition Hills-02 6.5 1987 El Centro Imp. Co. Cent B-ICCO000 0.36
8 Superstition Hills-02 6.5 1987  Imperial Valley Wildlife Liquefaction Array ~ B-IVW090 0.13
9 Loma Prieta 6.9 1989 Gilroy Array #3 G03000 0.54
10 Loma Prieta 6.9 1989 Salinas - John & Work SJW160 0.09
11 Cape Mendocino 7.0 1992 Cape Mendocino CPMO000 1.49
12 Landers 7.3 1992 Lucerne LCN260 0.65
13 Kocaeli_Turkey 7.5 1999 Arcelik ARE000 0.16
14 Kocaeli_Turkey 7.5 1999 Duzce DZC180 0.22
15 Chi-Chi_Taiwan 7.6 1999 TCUO076 TCUO76-E 0.28
16 Chi-Chi_Taiwan 7.6 1999 TCUO089 TCUO89-E 0.29
17 Duzce Turkey 7.1 1999 Duzce DZC180 0.28
18 Duzce_Turkey 7.1 1999 Sakarya SKR090 0.02
19 Landers 7.3 1992 Big Bear Lake-Civic Center BLC360 0.17
20 Iwate_Japan 6.9 2008 Mizusawaku Interior O ganecho 44B7INS 0.36
21 Iwate_Japan 6.9 2008 Kurihara City 48A61INS 0.40
22 El Mayor-Cucapah_Mexico 7.2 2010 CERRO PRIETO GEOTHERMAL GEOO000 0.24
23 El Mayor-Cucapah_Mexico 7.2 2010 RIITO RII000 0.40
24 Darfield New Zealand 7.0 2010 DSLC DSLCN27W 0.26
25 Darfield_New Zealand 7.0 2010 LINC LINCN23E 0.43
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Table 3 Additional damping coefficients obtained under different methods

L 225 ¢,/ X10° ¢,/ X 10° ¢,/ X 10° ¢,/ X10° ¢,/ X 10° ¢/ X 10°
e N/(mes ) N/(mes ") N/(mes ') N/(mes ) N/(mes ) N/(mes™")
Tk — 4.5 4.5 3.0 0.0 0.0 0.0
T 4.5 4.5 3.0 0.0 0.0 0.0
F4 RAETFHIET 6 M BB 0 BE 2 Bk
Table 4 Additional modal damping ratio for the first six orders: pre— vs. post-optimization
Wﬂﬂ Eﬁ}g tt le §<1d2 ;u/S guzl-l {ut/:) gu(l(i
DAL 0.029 0.086 0.137 0.181 0.214 0.234
itk s 0.047 0.067 0.132 0.158 0.221 0.175
4.1.2 B EW R B B 5T PR EOGT B T BEL JE 22 300 SRR R R AR, AR A — )2

FAL—JZ MBS R B G 2.0 10N/ (mes ™) [y B AR 0 B2 e Ao 3 3of L A o 0% 45 )22 B o BEL JE
AE4.5X10"N/(mes ) HERMMBLE R B R muR o0, — S ik TR s Mk 3y
F£2.0X10° N/ (mes™ ) AAE A5 AR SR I0 T 1HEE % pras 50 ke fin i = J2 0 0 BELJE. 28 28077 LA A5 ik

A7 Js .
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Table 5 Optimized additional damping coefficients under different upper limits ¢;

/X 10° /X 10° e/ X 10° o/ X10° o/ X 10° o/ X10° 0/ X10°
N/(mes™") N/(mes™") N/(mes ™) N/(mes™) N/(mes™") N/(mes™") N/(mes™")

12.0 12.0 0 0 0 0 0

8.0 8.0 4.0 0 0 0 0

4.5 4.5 4.5 3.0 0 0 0

3.5 3.5 3.5 3.5 1.5 0 0

2.5 2.5 2.5 2.5 2.5 2.0 0

2.1 2.1 2.1 2.1 2.1 2.1 1.5
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Table 6 Optimized additional modal damping ratio for the first six orders under different upper limits ¢;

¢,/ X 10" N/(mes ') Canr Stz Cats Cats Cuas Caas
12.00 0.053 0.138 0.171 0.147 0.085 0.025
8.00 0.051 0.103 0.119 0.173 0.186 0.080
4.50 0.047 0.067 0.132 0.158 0.221 0.175
3.50 0.043 0.066 0.133 0.166 0.192 0.226
2.50 0.035 0.086 0.120 0.156 0.197 0.261
2.10 0.030 0.086 0.133 0.173 0.211 0.241
®7 AEREERHEC,EFRMHMMER RE
Table 7 Optimized additional damping coefficients under different total damping coefficients C,
Cy/X10° ¢,/ X10° ¢,/ X10° ¢,/ X 10° ¢,/ X10° ¢,/ X 10° ¢/ X 10°
N/(mes™") N/(mes ") N/(mes ) N/(mes ") N/(mes ") N/(mes ™) N/(mes™")
3.00 3.00 0.00 0.00 0.00 0.00 0.00
6.00 4.50 1.50 0.00 0.00 0.00 0.00
12.00 4.50 4.50 3.00 0.00 0.00 0.00
15.00 4.50 4.50 4.50 1.50 0.00 0.00
20.00 4.50 4.50 4.50 4.50 2.00 0.00
25.00 4.50 4.50 4.50 4.50 4.50 2.50

®8 ARECwHBEIRIAT 6 M HRELM A E EL

Table 8 Optimized additional damping ratios for the first six orders under different total damping coefficients C,,

Cy/>X10°N/(mes ") G Gatz G G Gais Cass
3.00 0.013 0.035 0.043 0.037 0.021 0.006
6.00 0.026 0.056 0.066 0.083 0.081 0.033

12.00 0.047 0.067 0.132 0.158 0.221 0.175
15.00 0.054 0.081 0.170 0.203 0.246 0.276
20.00 0.062 0.134 0.202 0.279 0.309 0.431
25.00 0.065 0.181 0.271 0.352 0.436 0.512
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Fig.8 Envelope curves of mean inter-story drift angles under

different upper limits ¢;
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Fig.9 Envelope curves of mean inter-story drift angles under

different total damping coefficients Cy
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Fig.10  Schematic diagram of the 15-story planar steel frame
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Table9 Cross-sectional dimensions and material parame-

ters of members in the 15-story planar steel frames

H Giuffre-Menegotto-Pinto £ # ( H} OpenSees 1 Y
Steel02) ; HKi W FH JE& #% R H OpenSees
twoNodeLink #.JC#E 48, #1 8l & OpenSees F1 Y Vis-
cous A HEAY s HA 2 H UL SOk ([ 29-31 ]
422 M AHR

1% 15 )2 AN HE 2R 25 K 1iT 6 By o 7 1) 79 A PR
WIRR B 2 5 b AR L3R 10,

®10 BIOMEAMRKIRESERERY
Table 10 Natural periods and modal participating mass

ratios for the first six orders

i % 1 2 3 4 5 6

JA /s 1.87 0.62 0.36 0.25 0.19 0.15
RHMSERERE/% 788 106 3.8 2.0 1.3 0.9

Fa i R /mm RS/ MPa

1~3J24E  H400 X 400 X 30 X 50

4~52HE HA00 X 400 X 25 X 40 )

6~8JZH  H400 X 400 X 20 X 35 E:,ié;o&’

9~10JZk  H400 X 400 X 20 X 32 h=
11~1524E  H400 X 400 X 18 X 28

~15E%  H500%300x 12x25 = 2710

f,=235

454

423 MR

K5 b — 5 R ] % Hh 7= 2 for 5 A Ray-
leigh FHLJE & 058 F1 43 07 5 vk b O i — B
ERTT 6 R IR S 5 i R AN 97.4% .
TERPHJE BB Cy M4 2B e R 50 B BR ¢ 20 0 BU(E
93.00 X 10°,0.45 X 10° N/(mes D HIE W T, Hbx
PR 8 326 A 7 Ak i 2R 4 P 11 B s RAR AL BT S 46 A 2
6] 037 % f AL 25 £ 1 12 fir s o BRI R JE & 2 ik
SERL WL 1L, Ak s BB e e % 12,

S £ M M A AR R, 15 )2 S 1 4 HE 42 4 43 #r
S S U - PR R A3 ik vk RN AT BIR OGS o M O 2515 5
{14 R o BELJE 25 05 £k 2 Boms A7 25 5 o (FCRE 5 b oy 1
15 2 0 8 Ak Z 800 F T A BR TSR /N R A #r , de K
BIE JZ W AL f B A< A0 R, 4390 R 0.136 90 % Al
0.136 88% , #2247 0.01%

0.142
—.—
—— ik
0.140
=
§ 0.138}
g
- *o-0-0-0
0.136F
s S S
0"340 3 6 9 12 15 18

BEARHH
B AN [R) D7 45 20 60 E AR ek £t 28
Fig.11 Objective function curves obtained under different

methods



151
12+
9 =
i
#
6 -
—— i (IRALRT)
- o - JrgE— (ikfeE)
31 - - - = (kb
- o - FEE (L)
0 L 1 1
0.00 0.04 0.08 0.12
B %

K12

0.16

TR 5 A 8 ) e R 4 LS T 07 88 1) L 28 2K

Fig.12 Envelope curves of maximum mean inter-story drift

angle obtained under different methods

F11 TEFEFEHMMERRE
Tablell Optimized additional damping coefficients

obtained under different methods

B I BEL e &= %/

X10°N/(mes™) & ¢ @ 6 6o«
Iy i — 4.50 4.50 4.50 4.50 4.50 2.92
Ik 4.50 4.50 4.50 4.50 4.50 2.69

BTN BEL e 2 %/

K10 N/(mes ) @ e Gn GG
Ty 1k — 142 2.04 0.77 0.34 0
ik 0 375 0.97 0.09 0

F12 RAATEHIET 6 Frifk EL B 0 BE 2 bk

Tablel2 Additional damping ratio for the first six

orders: pre- vs. post- optimization

Kﬁ j][] m )E H: g;\dl C;.dz gz\df% C add Cadi ;\ds
Pofksi  0.009 0.026 0.042 0.056 0.067 0.077
b )a 0.013 0.020 0.036 0.047 0.059 0.067
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Fig.13 Envelope curves of inter-story drift angle under differ-

ent working conditions
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