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RSM-based Practical Optimum Design of TMD for Control of Structural Response
Considering Weighted Multiple Objectives

Jeongyun Do'¥, Seongoh Guk?, Dookie Kim®

Abstract: In spite of bulk literature about the tuning of TMD, the effectiveness of TMD in reducing the seismic response of engineering structures
is still in a row. This paper deals with the optimum tuning parameters of a passive TMD and simulated on MATLAB with a ten-story numerical shear
building. A weighted multi-objective optimization method based on computer experiment consisting of coupled with central composite design(CCD)
central composite design and response surface methodology(RSM) was applied to find out the optimum tuning parameters of TMD. After the
optimization, the so-conceived TMD turns out to be optimal with respect to the specific seismic event, hence allowing for an optimum reduction in
seismic response. The method was employed on above structure by assuming first the El Centro seismic input as a sort of benchmark excitation, and
then additional recent strong-motion earthquakes. It is found that the RSM based weighted multi-objective optimized damper improves frequency
responses and root mean square displacements of the structure without TMD by 31.6% and 82.3% under El Centro earthquake, respectively, and
has an equal or higher performance than the conventionally designed dampers with respect to frequency responses and root mean square displacements
and when applied to earthquakes.
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Fig. 1 Study procedure and multi-objective optimization of TMD
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Fig. 2 Proposed RSM based weighted multi-Objective optimization procedure
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Fig. 3 Composite desirability function for multi-objective optimization
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Fig. 4 Structural models with TMD installed

Table 1 Structural Properties

Floor Mass Stiffness Structural damping

(ton) (kN/m) coefficient(kN s/m)
Ist 179 62.47 1036.3
2nd 170 52.26 881.3
3rd 161 56.14 930.6
4th 152 53.02 892.5
Sth 143 49.91 826.6
6th 134 46.79 788.5
7th 125 43.67 722.4
8th 116 40.55 684.3
9th 107 37.43 618.2
10th 98 34.31 580.1
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Table 2 Analysis point and corresponding structural responses

) . Coded space Actual space Responses
Design Point Type
RXeoded Eeoded Ryctual buctural dBisi_mode RMSDyop, (cm)
Axial Point -1.41421 0.00000 0.81893 0.12500 12.050 5.67
Axial Point 1.41421 0.00000 1.03107 0.12500 7.456 5.02
Center Point 0.00000 0.00000 0.92500 0.12500 7.463 4.76
Factorial Point 1.00000 1.00000 1.00000 0.20000 6.017 4.53
Axial Point 0.00000 -1.41421 0.92500 0.018934 19.670 5.17
Axial Point 0.00000 -1.41421 0.92500 0.231066 6.764 4.5
Factorial Point -1.00000 -1.00000 0.85000 0.05000 15.640 6.41
Factorial Point -1.00000 -1.00000 1.00000 0.05000 9.442 4.56
Factorial Point -1.00000 -1.00000 0.85000 0.20000 8.948 4.49
b1t mode = maximum frequency response amplitude at 1* mode and RMSD_top = root mean squared displacement at top floor
Table 3 ANOVA results of the estimated regreession for the responses
Response Sources Ss? DF Variance® F-value® P-value’
Regression 155.4 5 31.1 6.92 0.071
dBist_mode Residual error 13.5 3 4.5
Sum 168.9 8
Regression 0.000321 5 0.000064 9.02 0.058
RMSD:, Residual error 0.000024 3 0.000008
Sum 0.000345 8
2% is sum of squared and mean squared, respectively.
“is calculated from Mean Squared Regreesion(SS/DF of Regression) devided by Mean Squared Error(SS/DF of Residual error).
4An alpha value of 0.1 is considered to be signifciance level.
Table 4 Estimated response quadratic models and model adequacy check in coded variable space
Response Estimated response model in coded variable space RY(%)
dBist mode 7.46 —1.9653() —3.546(€) + 0.78(c?) + 2.51(E?) + 0.82(ak) 92.02%
RMSDyp 4.49 -0.0228(c) - 0.502(E) + 0.131(a?) + 0.456(E%) + 0.105(aE) 93.04%

Frequency ratio(c) in coded variable

Damping ratio(Z) in coded variable

Fig. 6 Frequency responses vs. design variables
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Fig. 10 Individual desirability vs. root mean squared displacement

Table 5 Parameter configuration for individual desirability function

SAG Hoh 71H] 2 go] Bastch 2 AFlE TE
S48 olgsle] ThRAESE HARAgalsis Who.
2 R AHASE St o)A A Alo] o] Al
ZAECIEAE D26 Sl ASEARAHP)E ol §3te]
SAG Ao]o] AHl S vl o 2 AT FREE 54
o Atete] 2 gstdon, 1 @} Fig, 89l EAIEo] 9)
Table 5= 7} ¥ES WS 2 230 A8 BEET4E 74
sh7] Sat iApESE BoiF T glom, T A B A
5} BA0| LR Bagte] AHH HAgh 2L Qi
SAGES ANISHe Asto] AAEgleh o] A4S vt
Figs. 97} 1001 A% 02 2t B 54-0] ApEeE g
7k EAH 02 AElo] ick. o} AWIEEFSE 2.1
o) ] 3yl ufet FANZ TS| Gz Ago] haA
Wo] BAE BUBARI BRI} stodrt AAEso] Wst
of T2 FHTEL 4] MSh= Fig, 119 EAZ.0 2 )
o} 1

i UOII

Ol

35 =|Xof

SA AmE ulet o] RE EAJrE FAlo] A3t
{1l & AellA= A (3)3 22 FH O FETELERE AL
gsta.om, 2228 7% HH5| SN LSS o835t
of ZAsE ottt I At A X5 4|
o] HAsl= ZH2F 0,946 0.1640]910H, o] Z|H7of|Ale] ¥t
SR AT E 3H-2 5.65 dB, AlFBat W] Fvhzke
4.29 cmo|]tt. 0]9] Ail= Table 60| HE=o] et & A+
2R ¥ TMDO] 2 ZEpHlel gaHls 2851

Frequency ratio(«a) in coded variable

-1.0 05 00 05 1.0

Damping ratio(£) in coded variable

Fig. 11 Composite desirability vs. frequency ratio and damping ratio

Response Goal Target Upper limit Weight Relative importance”
dBist_ mode Minimum 6.02 19.67 1 0.56
RMSDqp Minimum 4.49 6.41 1 0.44

%is a parameter comprising individual desirability function and affects a gradient and a curvature.
%s the mutual relative importance of each objective function, which measures how much one objective function affects the final decision making

compared with the other one.
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Table 6 Optimal design point obtained from composite desirability function

Variables

Optimal point and response(in actural space)

Composite desirability index

. . Frequency ratio
Design variable . .
Damping ratio

0.946
0.1604

daB Ist_mode

Response
RMSDy,

1.00
5.65

4.29

Table 7 Comparison between the predicted value from the estimated model and the analysis result at the obtained optimal point

Frequency Damping dBist_mode(dB) RMSD op(cm)
Ratio(a) Ratio(¢) Predicted From Analysis Error Predicted From Analysis Error
0.946 0.1604 5.65 6.06 6.83% 4.29 44 2.5%
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Table 8 Maximum displacement at each floor and reduction ratio of RSM-optimized TMD compared with uncontrolled

Maximum absolute displacement(cm)

Floor El Centro California Northridge
Uncontrolled  RSM Change(%)  Uncontrolled RSM Change(%) Uncontrolled RSM Change(%)

* 4.19 3.39 19.3 0.62 0.48 22.8 1.58 1.11 29.4
2n 4.86 3.84 20.9 0.70 0.45 35.8 1.72 1.23 28.6
3nd 9.05 7.03 22.3 1.27 0.80 36.8 3.07 2.17 29.4
4t 12.92 9.93 23.1 1.78 1.18 33.9 426 2.91 31.7
5t 16.47 12.43 24.6 2.22 1.57 29.3 5.21 3.45 33.7
6" 20.49 14.74 28.1 2.63 2.00 23.9 6.21 3.79 38.9
7h 24.67 17.11 30.7 3.03 2.40 20.9 7.33 3.96 46.0
gh 28.38 19.43 31.5 3.41 2.74 19.7 8.49 3.99 53.0
9t 31.28 21.34 31.8 3.75 2.99 20.2 9.35 4.56 51.3
10" 32.87 22.49 31.6 3.95 3.12 21.1 9.81 4.96 49.5

TMD - 59.0 - - 5.36 - - 11.72 -
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Fig. 15 Energy response in terms of modal energy of the structure under the applied seismic loads

Table 9 Design parameters designed by the different TMD design methods

Design parameter Den-Hartog Sadek Warburton This study
Structural damping ratio 0.05 0.05 0.05 0.05
Mass ratio 0.03 0.037 0.03 0.03
TMD frequency ratio 0.9361 0.9416 0.92 0.9457
TMD damping ratio 0.1548 0.3218 0.1275 0.1604
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Table 10 Comparative results for this study with the conventional TMD design methods to uncontrolled

Applied Den-Hartog Sadek Warburton This study
Response  Uncontrolled - - - - - - - -
Earthquake Predicted Reduction(%) Predicted Reduction(%) Predicted Reduction(%) Predicted Reduction(%)
D(cm)* 32.87 22.35 32.0 22.51 315 22.05 32.9 22.49 31.6
El Centro  FR(dB)’ 34.73 7.43 78.6 7.27 79.1 8.67 75.0 6.15 82.3
Modal(kN)* 4.12 0.31 92.5 0.34 91.7 0.35 91.5 0.24 94.2
D(cm) 3.95 3.20 19.0 2.94 25.6 3.32 15.9 3.12 21.0
California  FR(dB) 22.79 9.02 60.4 8.00 64.9 10.17 55.4 7.69 66.3
Modal(kN)* 0.30 0.05 84.2 0.05 84.8 0.06 81.5 0.03 88.6
D(cm) 9.81 4.92 49.8 5.38 452 4.80 51.1 4.96 49.4
Northridge ~ FR(dB) 22.73 8.01 64.8 7.40 67.4 9.54 58.0 6.49 71.4
Modal(kN)* 1.45 0.11 92.6 0.13 91.0 0.11 92.4 0.09 94.0
a, b, and ¢ indicates maximum top displacement(m), maximum frequency amplitude(dB), and modal energy(kN), respectively.
Table 11 Comparative results for maximum displacement at each floor with respect to El Centro earthquake
Den Hartog Sadek Warburton .
Floor Uncontrolled — - - This study
Displacement(cm) Change(%) Displacement(cm) Change(%) Displacement(cm) Change(%o)
™ 4.19 3.37 -0.6 3.49 3.1 3.31 2.4 3.39
2 4.86 3.82 -0.7 3.96 3.0 3.75 2.4 3.84
3nd 9.05 6.98 -0.7 7.32 4.1 6.86 2.5 7.03
4 12.92 9.86 -0.8 10.38 45 9.64 -2.9 9.93
5t 16.47 12.34 -0.7 12.99 4.6 12.11 2.5 12.43
6" 20.49 14.63 -0.7 15.09 2.4 14.38 2.4 14.74
7" 24.67 16.99 -0.7 17.28 1.0 16.73 2.2 17.11
g 28.38 19.31 -0.6 19.52 0.5 19.04 -2.0 19.43
9t 31.28 21.20 -0.6 21.37 0.2 2091 -2.0 21.34
10" 32.87 22.35 -0.6 22.52 0.1 22.05 -2.0 22.49
TMD - 59.63 1.0 43.36 -26.5 63.42 7.4 59.03
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