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ABSTRACT: Various analysis methods, either linear elastic or non-linear, static or dynamic, are available 
for the performance analysis of existing buildings. Despite its advantages, it must be admitted that non-
linear time history analysis can frequently become overly complex and impractical for general use as a first 
assessment. Simplified models, as the Capacity Spectrum Method, are frequently not able to accurately 
assess irregular structures. Considering these limitations, it is proposed and evaluated a simplified MDOF 
non-linear dynamic model, accounting for non-linear storey behaviour and storey damping. Based on the 
MDOF non-linear dynamic model, were developed optimization algorithms for the redesign of existing 
non-seismically designed structures. The optimization procedure searches for the optimum storey 
strengthening distribution (strength, stiffness or damping) in order to meet specific performance 
requirements, in terms of maximum inter-storey drift for a given seismic demand level. Numerical 
examples are presented in order to illustrate the capability of methodology. 
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1 INTRODUCTION 

In Europe, many structures are potentially 
seismically vulnerable due to the late introduction 
of seismic loading into building codes. Therefore, 
there is an evident need to investigate the seismic 
behaviour of existing reinforced concrete (RC) 
buildings, in order to assess their seismic 
vulnerability and ultimately to design optimum 
retrofitting solutions. 

Various analysis methods, either linear elastic or 
non-linear, static or dynamic, are available for the 
performance analysis of existing buildings. Despite 
its advantages, it must be admitted that non-linear 
time history analysis can frequently become overly 
complex and impractical for general use as a first 
assessment. Simplified models, as the Capacity 
Spectrum Method, are frequently not able to 
accurately assess irregular structures. 

Based on a MDOF non-linear dynamic model, 
were developed optimization algorithms for the 
redesign of existing non-seismically designed 
structures. The procedure searches for the optimum 
storey strengthening distribution (strength, stiffness 
or damping) in order to meet specific performance 

requirements, in terms of maximum inter-storey 
drift for a given seismic demand level. A four-
storey full-scale building was tested pseudo-
dynamically at the ELSA laboratory, at the Joint 
Research Centre, in Italy. Numerical strengthening 
design examples, based on the tested structure, are 
presented in order to illustrate the capability of the 
methodology. 

2 DESCRIPTION OF THE BUILDING FRAME 
MODEL, MATERIALS, VERTICAL LOADS 
AND SEISMIC INPUT MOTION 

Figure 1 shows the general layout of the building 
frame model. It is a reinforced concrete 4-storey 
full-scale frame with three bays, two of 5 m span 
and one of 2.5 m span. The inter-storey height is 
2.7 m and a 0.15 m thick slab of 2 m on each side 
is cast together with the beams (Fig. 2). Equal 
beams (geometry and reinforcement) were 
considered at all floors. The columns, all but the 
wider interior one, have equal geometric 
characteristics along the height of the structure. A 
comprehensive description of the frames, tests on 
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material samples used in the construction (steel 
reinforcement and concrete) and PsD test results 
can be found in Pinto et al. (1999). 

 

 
Figure 1. Plan and elevation views for the frame 

 

 

Figure 2. Models in the ELSA laboratory 
 
The materials considered at the design phase 

(Carvalho et al. 1999) were a low strength concrete, 
class C16/20 (Eurocode 2) and smooth reinforcing 
steel (round smooth bars) of class FeB22k (Italian 
standards). Vertical distributed loads on beams and 
concentrated loads on the column nodes were 
considered in order to simulate the dead load other 
than the self-weight of the frame. These correspond 
to the following vertical loads: weight of slab 25 × 
0.15 = 3.75 kN/m2, weight of finishings 0.75 
kN/m2, weight of transverse beams 2.5 kN/m, 
weight of masonry infills 1.1 kN/m2 of wall area, 
and live load 1.0 kN/m2 (quasi-permanent value). 

The input seismic motions were defined in order 
to be representative of a moderate-high European 
seismic hazard scenario Campos-Costa & Pinto 
(1999). Hazard consistent acceleration time series 
(15 seconds duration) were artificially generated 
yielding a set of uniform hazard response spectra 
for increasing return periods. Acceleration time 
histories for 475, 975 and 2000 years return periods 
(yrp) were used in the tests (PGA of 218, 288 and 
373 cm/s2, respectively). 

3 EQUIVALENT DAMPING 

To perform a structural assessment, it is essential to 
define accurately the damping as a function of the 
deformation demand. In the literature, there are 
some proposals of damping functions for new 
buildings, but not for existing structures. In this 
study, it was estimated a damping function for the 
tested frame, representative of existing RC 
structures (Varum 2003). 

The structural equivalent viscous damping was 
calculated. Firstly, at storey level from the curves 
inter-storey drift versus storey shear. Subsequently, 
the equivalent damping of the global structure was 
computed as a function of the damping at storey 
level, weighted by the storey potential energy. The 
best-fit logarithmic curve obtained, in terms of 
storey equivalent damping, as a function of the 
maximum inter-storey drift, is plotted in Figure 3. 

Even for considerable deformation levels, for 
existing structures, a low value of damping was 
estimated (maximum value less than 11%), which 
confirms that existing structures, with reinforcing 
plain bars, have a small energy dissipation capacity. 
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Figure 3. Equivalent global damping versus global drift for the 
existing structure 







model, considering a small number of DOF (4 
versus 372 DOF's for the refined 2D FE model). 
Therefore, this displacement-based methodology 
can be an effective numerical tool to perform fast 
non-linear analyses, which could allow for 
parametric studies and rapid screening (seismic 
vulnerability assessment) of existing building 
classes. 
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Figure 5. Inter-storey drift profile computed and PsD test results 
for the BF structure and for the earthquake input action 975-yrp 

 

5 STRUCTURAL OPTIMIZATION 
PROBLEMS 

5.1 Introduction 

These optimization algorithms deal with non-linear 
objective functions and allow to impose constrains 
on the design variables (strength, stiffness or 
damping) and on any other response variable 
depending on the design variables, such as inter-
storey drift, top-displacement, etc. 

The optimization procedure can be a useful 
design tool, as a preliminary step, in the global 
structural strengthening decision, for one or 
multiple performance objectives. 

Structural optimization problems consist on 
determining the configurations of structures that 
obey assigned constraints, and produce an 
extremum for a chosen objective function. In order 
to solve them, they are normally transformed into a 
mathematical form that can be solved by general 
optimization tools. Since structural optimization 
problems are characterized by computationally 
expensive function evaluations, it is common to 
generate a sequence of convex, separable sub-
problems, which are then solved iteratively 
(Chickermane & Gea 1996). 

It is therefore judged appropriate to have a 
methodology that can address the strengthening 
design of MDOF structural systems, generating 
optimal distribution (location) of the strengthening 
in the structure components (at storey level). 

In this study, three methodologies for optimum 
redesign of existing structures are proposed and 
programmed. The optimization algorithms are 
based on the convex approximation methods, such 
as the Convex Linearization Method developed by 
Fleury (1989, 1979) and Braibant (1985), and the 
Method of Moving Asymptotes. These 
optimization algorithms can deal with non-linear 
objective functions (minimum cost of intervention) 
and allows to impose constrains on the design 
variables (strength, stiffness or damping) and on 
any other response variable depending on the 
design variables, such as inter-storey drift, top-
displacement, etc. 

The optimization procedure requires several 
structural response evaluations, namely of the 
objective function, of constraints, and of their 
derivatives. The calculation of the structural 
response is required many times during the 
optimization process, which would be unfeasible 
with a refined FE model. The simplified model 
allows for spectral analysis, which constitutes a 
great advantage over the multi-series analyses. The 
model is able to estimate the response of irregular 
structures those we address with the optimization 
of the retrofit. Therefore, the simplified MDOF 
dynamic method, presented in Section 4, was 
incorporated in the redesign optimization 
algorithms here proposed. 

In these three structural optimization problems, 
the design variables, or control variables, are 
defined at storey level, and they are: 
- The additional strength (Problem I); 
- The additional pre-yielding stiffness (Problem II); 
- The yielding strength of the energy dissipation 

device (Problem III). 
In the next are revised the theoretical concepts 

related with the optimization problem. One of the 
implemented optimization problems is explained. 
Strengthening design examples based on the 
structure under analysis are used to illustrate the 
capability of the proposed methodology. 

5.2 Structural strengthening optimization 
problems' formulation 

For the optimization problems here proposed, it is 
assumed that the behaviour of a multi-storey RC 
existing building (non-seismically designed) 
subjected to a certain earthquake action level can 
be represented by the multi-modal model proposed 
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