
Optimal design of seismic retrofitting by 
means of viscous dampers:

A quantitative comparison

 

 

 

 

 

Optimal design of seismic retrofitting by 
means of viscous dampers:

A quantitative comparison

 

 

(Politecnico di Milano)

 

 

 

 

Optimal design of seismic retrofitting by 
means of viscous dampers: 

A quantitative comparison 

Supervisors: 

 

A. Capsoni 

(Politecnico di Milano) 
 
 

O. Lavan 

(Technion) 



CONTENTS 

 

1 INTRODUCTION ........................................................................................ 1 

1.1 Motivation ............................................................................................................ 1 

1.2 Theoretical background ........................................................................................ 1 

1.3 Research method .................................................................................................. 2 

1.4 Thesis structure .................................................................................................... 3 

1.5 Main results .......................................................................................................... 3 

 

2 LITERATURE REVIEW 
2.1 DAMAGE INDICES ........................................................................................ 5 

2.1.1 Introduction ...................................................................................................... 5 

2.1.2 Deformation-based indices ............................................................................... 5 

2.1.3 Cumulative deformation-based indices ............................................................ 6 

2.1.4 Energy-based indices ........................................................................................ 7 

2.1.5 Combined indices ............................................................................................. 7 

2.2 STRUCTURAL MODELING .......................................................................... 9 

2.2.1 Mass .................................................................................................................. 9 

2.2.2 Geometric nonlinearities ................................................................................. 10 

2.2.3 Damping ......................................................................................................... 12 

2.2.3.1 Inherent damping .................................................................................................. 12 

2.2.4 Stiffness .......................................................................................................... 16 

2.2.4.1 One component model (Giberson plastic hinge) .................................................. 16 

2.3 PASSIVE CONTROL DEVICES .................................................................. 20 

2.3.1 Introduction .................................................................................................... 20 

2.3.2 Types of devices ............................................................................................. 21 

2.3.2.1 Hysteretic dampers................................................................................................ 21 

2.3.2.2 Viscoelastic dampers ............................................................................................ 23 

2.3.2.3 Viscous dampers ................................................................................................... 24 



2.4 VISCOUS DAMPERS ................................................................................... 25 

2.4.1 Introduction .................................................................................................... 25 

2.4.2 The devices ..................................................................................................... 25 

2.4.3 Hysteretic behavior ......................................................................................... 26 

2.4.3.1 Linear dampers...................................................................................................... 26 

2.4.3.2 Nonlinear dampers ................................................................................................ 28 

2.4.4 Dynamic analysis ............................................................................................ 29 

2.4.4.1 Linearization of nonlinear viscous dampers ......................................................... 32 

2.4.5 Classical design of damping systems ............................................................. 32 

2.4.5.1 Modal damping ratio for damped systems ............................................................ 33 

2.4.5.2 Required modal damping ratio and total added damping ..................................... 33 

2.4.5.3 General consideration on the optimal location of dampers .................................. 35 

2.4.5.4 Stiffness proportional method ............................................................................... 36 

2.4.6 Geometrical amplification .............................................................................. 37 

 

 

3 RICCATI ........................................................................................................ 40 

3.1 Introduction ........................................................................................................ 40 

3.2 Mathematical formulation .................................................................................. 40 

3.2.1 Equations of motion ................................................................................................. 40 

3.2.2 Optimal function ...................................................................................................... 41 

3.2.3 Relative values ......................................................................................................... 41 

3.2.4 Approximation ......................................................................................................... 42 

3.3 Example: 3-story shear frame ............................................................................ 44 

3.4 Observations ....................................................................................................... 45 

3.5 MATLAB code .................................................................................................. 47 

4 ANALYSIS-REDESIGN METHODS ................................................. 48 

TIME-HISTORY ANALYSIS-REDESIGN 
4.1 Introduction ........................................................................................................ 48 

4.2 Mathematical formulation .................................................................................. 48 



4.2.1 Equations of motion ................................................................................................. 48 

4.2.2 Performance index ................................................................................................... 49 

4.2.3 Optimization problem formulation .......................................................................... 49 

4.2.4 Recurrence relationship ........................................................................................... 49 

4.2.5 Design methodology ................................................................................................ 50 

4.3 Example: 3-story shear frame ............................................................................ 53 

4.4 Observations ....................................................................................................... 54 

4.5 MATLAB code .................................................................................................. 55 

LYAPUNOV-BASED ANALYSIS-REDESIGN 
4.6 Introduction ........................................................................................................ 57 

4.7 Mathematical formulation .................................................................................. 57 

4.7.1 Equations of motion ................................................................................................. 57 

4.7.2 Lyapunov equations ................................................................................................. 58 

4.7.3 Performance index ................................................................................................... 58 

4.7.4 Optimization problem formulation .......................................................................... 58 

4.7.5 Recurrence relationship ........................................................................................... 59 

4.7.6 Solution algorithm ................................................................................................... 59 

4.8 Example: 3-story shear frame ............................................................................ 60 

4.9 Observations ....................................................................................................... 62 

4.10 MATLAB code .................................................................................................. 62 

5 SEQUENTIAL SEARCH ALGORITHMS ....................................... 64 

ORIGINAL SEQUENTIAL SEARCH ALGORITHM 
5.1 Introduction ........................................................................................................ 64 

5.2 Mathematical formulation .................................................................................. 64 

5.2.1 Equations of motion ................................................................................................. 64 

5.2.2 Design methodology ................................................................................................ 66 

5.3 Example: 3-story shear frame ............................................................................ 67 

5.4 Observations ....................................................................................................... 68 

5.5 MATLAB code .................................................................................................. 69 

SIMPLIFIED SEQUENTIAL SEARCH ALGORITHM 
5.6 Introduction ........................................................................................................ 71 



5.7 Mathematical formulation .................................................................................. 72 

5.7.1 Equations of motion ................................................................................................. 72 

5.7.2 Performance index ................................................................................................... 72 

5.7.3 Solution algorithm ................................................................................................... 73 

5.8 Example: 3-story shear frame ............................................................................ 73 

5.9 Observations ....................................................................................................... 74 

5.10 MATLAB code .................................................................................................. 77 

6 MINIMUM TRANSFER FUNCTION ................................................ 79 

6.1 Introduction ........................................................................................................ 79 

6.2 Mathematical formulation .................................................................................. 79 

6.2.1 Equations of motion ................................................................................................. 79 

6.2.2 Optimality criteria .................................................................................................... 80 

6.2.3 Solution algorithm ................................................................................................... 81 

6.3 Example: 3-story shear frame ............................................................................ 83 

6.4 Observations ....................................................................................................... 84 

6.5 MATLAB code .................................................................................................. 84 

 

 

7 COMPARISON ........................................................................................... 87 

7.1 STRUCTURE..................................................................................................... 87 

7.1.1 Introduction .............................................................................................................. 87 

7.1.2 Regular building....................................................................................................... 87 

7.1.3 Irregular building ..................................................................................................... 92 

7.2 Allowable values for performance indices ......................................................... 94 

7.2.1 Inter-story drift ......................................................................................................... 94 

7.3 Seismic hazard.................................................................................................... 96 

7.3.1 Acceleration time-histories ...................................................................................... 96 

7.3.2 Acceleration power spectral density ........................................................................ 98 

7.4 Linear comparison .............................................................................................. 99 

7.4.1 General procedure .................................................................................................... 99 



7.4.2 Comparison ............................................................................................................ 108 

 

 

ANNEX A:   ANALYSIS METHODOLOGIES ................................... 113 

A.1 Introduction ...................................................................................................... 113 

A.2 Time domain .................................................................................................... 113 

A.3 Frequency domain ............................................................................................ 117 

A..3.1 Oscillator with sinusoidal excitation .................................................................... 117 

A..3.2 Frequency domain superposition ......................................................................... 120 

A..3.3 Frequency domain analysis for multi degree of freedom systems ....................... 120 

A.4 Stochastic response of linear structures ........................................................... 121 

A..4.1 Averages............................................................................................................... 121 

A..4.2 Probability density function ................................................................................. 122 

A..4.3 Autocorrelation function ...................................................................................... 122 

A..4.4 Power spectral density function ........................................................................... 124 

A..4.5 Stochastic response for singular degree of freedom systems ............................... 126 

A..4.6 Input power spectral density functions ................................................................ 127 

A..4.7 Stochastic response for multi degree of freedom systems ................................... 129 

A..4.8 State space notation .............................................................................................. 130 

A..4.9 Lyapunov equations ............................................................................................. 130 

 

 
 
 


