
 

TYPE Original Research
PUBLISHED 04 September 2025
DOI 10.3389/fbuil.2025.1617542

OPEN ACCESS

EDITED BY

Panagiotis Mergos,
City University of London, United Kingdom

REVIEWED BY

Giuseppe Brando,
University of Studies G. d’Annunzio Chieti and 
Pescara, Italy
Rodolfo Labernarda,
University of Calabria, Italy

*CORRESPONDENCE

Qiushi Chen,
 qiushi@clemson.edu

Weichiang Pang,
 wpang@clemson.edu

RECEIVED 24 April 2025
ACCEPTED 18 August 2025
PUBLISHED 04 September 2025

CITATION

Cheng Y, Chen Q and Pang W (2025) Robust 
multi-objective optimization framework for 
performance-based seismic design of steel 
frame with energy dissipation system.
Front. Built Environ. 11:1617542.
doi: 10.3389/fbuil.2025.1617542

COPYRIGHT

© 2025 Cheng, Chen and Pang. This is an 
open-access article distributed under the 
terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic practice. 
No use, distribution or reproduction is 
permitted which does not comply with 
these terms.

Robust multi-objective 
optimization framework for 
performance-based seismic 
design of steel frame with energy 
dissipation system

Yuting Cheng1,2, Qiushi Chen2* and Weichiang Pang2*
1Guangzhou Institute of Building Science Group Co., Ltd., Guangzhou, Guangdong, China, 2Glenn 
Department of Civil Engineering, Clemson University, Clemson, SC, United States

Modern seismic codes ensure life safety, but code-compliant buildings can 
still suffer significant economic losses from earthquake-induced damage, even 
during moderate events. Performance-Based Seismic Design (PBSD) has been 
developed to mitigate the impact of disproportionate financial losses. However, 
optimizing seismic retrofits involves complex trade-offs and requires explicit 
consideration of design robustness against uncertainties. This study introduces 
a novel Robust Multi-objective Optimization framework for Performance-Based 
Seismic Design (RMO-PBSD). This framework addresses the inherent conflict 
between three key objectives: economic efficiency, post-earthquake repair 
costs, and design robustness. Economic efficiency is quantified by the cost 
of fluid viscous dampers (FVDs), a common retrofit measure. Repair costs are 
estimated using the FEMA P-58 methodology, while robustness is quantified 
by the variability of structural response under seismic uncertainty. The core 
contribution lies in integrating these three metrics (FVD cost, repair cost, and 
a robustness measure) into an integrated optimization process using the Non-
dominated Sorting Genetic Algorithm II (NSGA-II). The framework’s applicability 
and effectiveness are demonstrated through a case study of a 4-story steel 
moment-resisting frame retrofitted with FVDs, modeled in OpenSees. Seismic 
demand uncertainty is rigorously quantified using a series of ground motion 
records. Optimization results reveal a clear Pareto front, generally showing 
that higher FVD costs lead to lower repair costs and more robust designs (i.e., 
less sensitive to ground motion variability), although the robustness measure 
displays a non-linear relationship with the cost metrics. By analyzing designs 
along the Pareto front, the framework facilitates informed decision-making, 
identifying optimal, cost-effective FVD configurations that significantly enhance 
seismic performance while explicitly managing performance variability. This 
work provides a practical tool for achieving resilient and economically efficient 
seismic retrofits.
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2 Robust multi-objective optimization 
framework for performance-based 
seismic design (RMO-PBSD)

FIGURE 1
Overview of the proposed RMO-PBSD framework.
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TABLE 1  Unit damper device cost for different peak forces [based on 
data from (Liu, 2010)].

Peak force (kips) Cost ($)

FIGURE 2
Illustration of fragility curves for very light, light, moderate, and severe 
damage states.

FIGURE 3
Domination relation between Pareto front and dominated solution.

    

FIGURE 4
(a) Plan view and (b) isometric view of the example 4-story steel 
frame building.
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TABLE 2  Critical fragility parameters for structural and non-structural components.

System EDP Damage state

FIGURE 5
Acceleration response spectra for the far-field ground motions scaled 
to the MCE level.

2.1 Economic efficiency (fluid viscous 
damper retrofit cost)
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FIGURE 6
Pareto front and dominated designs of MCE level: (a) repair cost RC Crepair_total  versus FVD cost; (b) FVD cost versus robustness measure COVD; (c)

RC Crepair_total  versus COVD; (d) 3D view.

 

  

2.2 Post-earthquake repair cost
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TABLE 3  Properties of FVDs of the selected designs for MCE level.

Designs Design A Design B Design C

FVD properties

FIGURE 7
Acceleration response spectra for the far-field ground motions scaled 
to the DBE level.

 

 

 

   

2.3 Robustness measure
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FIGURE 8
Pareto front and dominated designs of DBE level: (a) repair cost RC Crepair_total  versus FVD cost; (b) FVD cost versus robustness measure COVD; (c)

RC Crepair_total  versus COVD; (d) 3D view.

TABLE 4  Properties of FVDs of the selected designs for DBE level.

Designs Design Design Design 

FVD properties
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FIGURE 9
Seismic performance of selected designs under the effect of MCE level: (a) pIDR of EW direction; (b) pIDR of NS direction; (c) pFA of EW direction; (d)
pFA of NS direction.

  

   

 

3 Multi-objective optimization 
methods
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FIGURE 10
Seismic performance of selected designs under the effect of DBE level: (a) pIDR of EW direction; (b) pIDR of NS direction; (c) pFA of EW direction; (d)
pFA of NS direction.

  

    

  
 

 

  

4 Case study: steel moment-resisting 
frame with fluid viscous dampers

4.1 Numerical model of the steel frame
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FIGURE 11
pIDR of each floor under the effects of MCE level: (a) Design a (EW direction); (b) Design a (NS direction); (c) bare frame (EW direction); (d) bare frame 
(NS direction).

  

  

 

4.2 Application of the RMO-PBSD 
framework to steel frame building
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FIGURE 12
pIDR of each floor under the effects of DBE level: (a) Design a (EW direction); (b) Design a (NS direction); (c) bare frame (EW direction); (d) bare frame 
(NS direction).

 

 

 

 

  

5 Optimization results

5.1 Optimization design based on MCE 
level
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5.2 Optimization design based on DBE level

   

   

   
  

  

5.3 Evaluation and comparison of selected 
designs
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6 Summary
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