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Structural engineering under Natural hazards 

and risks  

San Francisco Earthquake, 1907 http://www.documentingreality.com Tacoma bridge, 1940 http://failuremag.com 

Structural system Courtesy of Skidmore, Owing and Merrill, LLP 
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Motivation 

http://en.wikipedia.org/wiki/John_Hancock_Center 

John Hancock Center Ssiger International Plaza  

Courtesy of Skidmore, Owing and Merrill, LLP  

Research aims to find optimal structural system under stochastic excitations  

Incorporation of  random vibration theories into topology optimization 
 Topology optimization 

Stromberg et al. (2011) 

 Stochastic excitation 
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Topology Optimization 

Topology optimization aims to identify optimal material layouts of problems 

through mathematical programming while fulfilling given design constraints  

min   compliance

.     volume constraints t

d

 Applications 

Nguyen at el. (2010) Stromberg et al. (2011) 
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Discrete Representation Method 

(Der Kiureghian, 2000) 

 Discretization of Random process 
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Time

f(
t)
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Time

v

Der Kiureghian, A. (2000). The geometry of random vibrations and solutions by FORM and SORM.  Probabilistic Engineering Mechanics, 15(1),: 81-90. 

o v: uncorrelated standard normal random variables 

o s(t): deterministic basis functions based on the 

             spectral characteristics of the process 
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Response of Linear System to Stochastic 

Excitation 

o hs(t) : the unit-impulse response function of the system 

 Response 

Linear system + Gaussian process 

 Duhamel’s Integral 
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Instantaneous Failure Probability 

 ‘Instantaneous’ failure events of a linear system  
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Topology Optimization of Structure under 

Stochastic Excitations 

target
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Probabilistic constraints on responses of a structure  

(Instantaneous failure probability) 

Objective function 

 Stochastic topology optimization framework (Chun, Song, Paulino 2012) 

Stochastic excitation (filtered Gaussian process) 

5m 

3aP 3bP

2aP 2bP

1aP 1bP

    
  
  

    
  
  

    
  
  

    
  
  

Design domain:  

Bilinear quadrilateral element, Q4 

  
LEVEL 04 

EL: 15m 

  

LEVEL 03 

EL: 10m 

  

LEVEL 02 

EL: 5m 

  

GROUND 

EL: 0m 

  

Frame element 

  

0 2 4 6 8 10
-50

0

50

A
c
c
e

la
ti
o
n

 (
m

/s
2
)	

Time (seconds)

Stochastic excitation

Component failure events, Ei 

A B 

β 1.3 2.2 

Pf 9.68% 1.39% 

target( )   1,...,i fiP E P i n 

Solve optimization problem 

(CRBTO) 



10 

SYSTEM RBTO of Building Structures under 

Stochastic Excitations 

SRBTO : System Reliability Based Topology Optimization 

 Motivation : further extension of the stochastic topology optimization framework 

aforementioned is expected to provide more realistic means for the prediction of 

a given building’s response to stochastic excitations 

- Time: the first passage probability  

- Location 

- Failure modes: different types of design constraints such as a target tip displacement, a target   

  natural frequency of a structure 

0

1

( ) ( max | ( ) |) ( )
n

n

sys t t i

i

P E P x X t P X t x 



 
    

 

Matrix-based System Reliability Method (MSR)(Song and Kang 2009, Kang et 

al. 2012) 

 General system 

 Statistical dependency 

 Parameter sensitivity 
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Song, J., and W.-H. Kang (2009). System reliability and sensitivity under statistical dependence by matrix-based system reliability method. Structural Safety, 

Vol. 31(2), 148-156. 

Kang, W.-H., Y.-J. Lee, J. Song, and B. Gencturk (2012). Further development of matrix-based system reliability method and applications to structural 

systems. Structure and Infrastructure Engineering: Maintenance, Management, Life-cycle Design and Performance. Vol. 8(5), 441-457. 
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SYSTEM RBTO of Building Structures under 

Stochastic Excitations 
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Probabilistic constraints solved by MSR method 

System equation 

𝑃𝑖
𝑡 quantile of the i-th limit-state function 
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Sensitivity Calculation 

 Formulation 
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 Analytical derivation 

 Design variables: d, 𝑃𝑖
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Calculation of sensitivity of the terms in the constraints with respect to design 

variables is an essential procedure for efficient gradient-based optimization 
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Optimization Procedure 

Result: Optimal Topology 
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Convergence Criteria  
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 System Failure event: 

   It occurs when at least one of component  

   events happens 
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Numerical example : Six-story building 
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   It occurs when inter-story drift ratio   

   exceeds a prescribed threshold value  
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Numerical example : Six-story building 
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MSR method 
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Numerical example : Six-story building 
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Conclusions & Future Research 

Concluding remarks 

 Development of a new framework incorporating random vibration theories 

into topology optimization using a discrete representation method for 

stochastic processes 

 Development of SRBTO under stochastic excitation considering statistical 

dependency of component events using MSR method. 

 Application of the proposed method to find optimal bracing system of the 

structure satisfying probabilistic constraints defined in system level.  

 

Future Direction 

 Incorporation of first passage probability in stochastic topology 

optimization  

 Development of an efficient approach for computing sensitivity of system 

reliability with a large number of component events 
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Reliability-Based Design Optimization 

 ‘Deterministic’ design optimization (DO) 

 Reliability-based design optimization  

   (RBDO) 
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System Reliability-Based Design 

Optimization (SRBDO) 

 Component Reliability Based  Design Optimization (CRBDO) 
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Song, J., and W.-H. Kang (2009). System reliability and sensitivity under statistical dependence by matrix-based system reliability method. Structural Safety, 

Vol. 31(2), 148-156. 

Kang, W.-H., Y.-J. Lee, J. Song, and B. Gencturk (2012). Further development of matrix-based system reliability method and applications to structural 

systems. Structure and Infrastructure Engineering: Maintenance, Management, Life-cycle Design and Performance. Vol. 8(5), 441-457. 
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Numerical example : Six-story building 
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 Failure event: Inter-story drift ratio 

 System Failure event 

 Filtered Gaussian process using KT filter 
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