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SUMMARY 

The paper deals with the prediction of global and localized damage and the future reli- 
ability estimation of partly damaged reinforced concrete (RC) structures under seismic 
excitation. Initially, a global maximum softening damage indicator is considered based 
on the variation of the eigenfrequency of the first mode due to the stiffness and strength 
deterioration of the structure. The hysteresis of the first mode is modelled by a Clough 
and Johnston hysteretic oscillator ' with a degrading elastic fraction of the restoring 
force. The linear parameters of the model are assumed to be known, measured before 
the arrival of the first earthquake from non-destructive vibration tests or via structural 
analysis. The previous excitation and displacement response time series is employed for 
the identification of the instantaneous softening using an ARMA model. The hysteresis 
parameters are updated after each earthquake. The proposed model is next general- 
ized for the MDOF system. Using the adapted models for the structure and the global 
damage state, the global damage in a future earthquake can then be estimated when a 
suitable earthquake model is applied. The performance of the model is illustrated on 
RC frames which were tested by Sozen and his associates ' s 4 .  

1. INTRODUCTION 

The physical local damage in reinforced concrete (RC) structures subject to severe seis- 
mic excitation is attributed to micro-cracking and crushing of concrete, yielding of the 
reinforcement bars and bond deterioration at the steel-concrete interfaces. To the extent 



that RC structures can be modelled by non-linear mechanical theories, local damage 
at a cross-section of the structure can adequately be measured by the degradation of 
bending stiffness and moment capacity of the cross-section. The overall effect of local 
damages is the stiffness and strength deterioration of the structure. A global dam- 
age indicator can then be defined as a functional of such continuously distributed local 
damages which characterize the overall damage state and serviceability of the structure. 

Global damage indicators are response quantities characterizing the damage state of 
the structure after an earthquake excitation, and such can be used in decision-making 
during the design phase, or in case of post-earthquake reliability and repair problems. 
In serving these purposes, the global damage indicator should, at least, be observable 
for practical purposes, be a non-decreasing function of time unless the structures are 
repaired or strengthened, possess a failure surface (serviceability or ultimate limit state) 
to separate safe states from the unsafe ones and carry Markov property so that post- 
earthquake reliabilty estimates for a partly damaged structure can be made solely from 
the latest recorded value of the damage indicator. 

The maximum softening damage indicators measure the maximum relative reduction of 
the vibrational frequencies for an equivalent linear system with slowly varying stiffness 
properties during a seisrnic event, hence, display the comb'ined damaging effects of the 
maximum displacement ductility of the structure during extreme plastic deformations 
and the stiffness deterioration in the elastic regime, the latter effect being referred to as 
final softening. The introduction of the one-dimensional maximum softening indicator 
based on an equivalent linear single-degree-of-freedom (SDOF) system fits to the first 
mode of the RC building as a global damage indicator is due to DiPasquale and Cakmak 
3 .  The excitation and displacement response time series of a single position on the 
building are the only required observations for the one-dimensional maximum softening 
damage indicator. The applicability of the index was analysed based on data from 
shake table experiments with RC frames performed by Sozen and his associates ' l4. 

Limit states for slight damage to total collapse were calibrated using this data and the 
performance of the index was tested for partly damaged structures which had been 
instrumented in the past. The maximum softening concept has also been generalized to 
multi-degree-of-freedom (MDOF) models along with the associated damage localization 
problem The Markov property of the maximum damage indicator chains for SDOF 
and 2 DOF models was tested numerically by means of Monte Carlo simulations 
and it was concluded that the global damage indicator fulfils Markov property with 
sufficient accuracy. 

The present paper deals with the prediction of global and localized damage and the 
future reliability estimation of partly damaged reinforced concrete (RC) structures under 
seismic excitation. Initially, a global maximum softening damage indicator is considered 
based on the variation of the eigenfrequency of the first mode due to the stiffness and 
strength deterioration of the structure. The hysteresis of the first mode is modelled 
by a Clough and Johnston hysteretic oscillator l ,  with degrading elastic fraction of the 
restoring force, subject to seismic excitation. The circular eigenfrequency, damping 
ratio and the modal participation factor of the first mode of the undamaged structure 
are assumed to be known, measured before the arnval of the first earthquake from 



non-destructive vibration tests or via structural analysis. The previous excitation and 
displacement response time series is employed for the identification of the instantaneous 
softening using an ARMA model. The two free hysteresis parameters are updated after 
each earthquake from mother system identification procedure where a weighted error 
criterion defined using instantaneous softening and the displacement response time series 
are employed. Using the adapted models for the structure and the global damage state, 
the global damage in a future earthquake can then be estimated if a suitable earthquake 
model is applied. In the paper, the Markov property of the global maximum softening 
damage indicator is verified. Hence, the maximum softening index as calculated from 
the present method may be used for future reliability estimates as well. 

The proposed model is next generalized for an MDOF system. The horizontal displace- 
ment of the structure is assumed to be measured in a finite n number of points on the 
structure. An equivalent hysteretic shear model of n degrees of freedom is introduced in 
which the linear system parameters are identified to provide the same undamped circu- 
lar eigenfrequencies, modal damping ratios and modal participation factors as measured 
on the undamaged structure. The shear force between the measure points (typically 
storeys) is next modelled by Clough-Johnston hysteretic models similar to the one ap- 
plied in the SDOF case. The set of maximum softening darnage indices between all 
measure points forms a Markov vector and can be used for reliability estimation. Since 
the local damages are directly observed, the localization of the damage problem (the 
inverse problem) is circumvented. 

The performance of the model is illustrated on RC frames which were tested by Sozen 
and his associates ' j 4 .  

2. HYSTERETIC MODEL FOR SDOF OSCILLATOR 

1--* 

Figure 1. a) SDOF hysteretic oscillator model b) Clough-Johnston hysteretic model. 

The equations of motion of the first mode are modelled by the following coupled differ- 
ential equations 


































