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SUMMARY 

Estimation of structural damage from known increase in the fundamental period of a 
structure after an earthquake or prediction of degradation of stiffness and strength for 
known damage requires reliable correlations between these response functionals. This 
study proposes a modified Clough-Johnston SDOF oscillator to establish these correlations 
in case of a simple elasto-plastic oscillator. It is assumed that the oscillator closely describes 
the response of a given multi-degree-of-&eedom system in its fundamental mode throughout 
the duration of the excitation. The proposed model considers the design yield strength and 
ductility supply as two input parameters which must be estimated over a narrow range of 
ductility supply from a frequency degradation curve. This curve is to be identified from a 
set of recorded excitation and response time-histories. The proposed model has been used 
to obtain useful correlations of strength and stiffness degradation with damage wherein a 
simple damage parameter based on maximum and yield displacements and ductility supply 
ratio has been considered. The proposed model has also been used to demonstrate that 
ignoring aftershocks in case of impulsive ground motions may lead to unsafe designs. 

INTRODUCTION 

Damage caused by earthquakes to the reinforced concrete structures usually results in the 
stiffness and strength deterioration of the whole structure. This often forms the basis for 
making suitable repair decisions for the partly damaged structure where the damage is not 
so obvious. In such cases, the recorded excitation and response time-histories during the 
last earthquake event are used, if those are available, for reliable post-earthquake estima- 
tion of local and global damage in the structure (e.g., see Koyluoglu et al. (1997)). In those 
situations where such recorded time series are not available, one may directly measure the 
change in the natura1 period of the structure through ambient vibration testing. Damage 
can then be estimated in terms of the degradation in the structural stiffness, provided 
reiiable correlation of damage with relative stiffness degradation is available. Such correla- 
tions are also required when changed properties of the structure are needed to make future 
reiiability estimates while estimated damage through inspection is the only information 
available. Similar situation arises when one wishes to make his design decision by estimat- 



CALIBRATION OF THE MODEL 

Since the proposed model is to be used for the estimation of structural damage, its cali- 
bration should preferably be damage-based. In order to estimate damage during an earth- 
quake, it is considered convenient to identify the instantaneous frequency, w(t), of the 
structure (in its first mode) from the excitation and response time-histories and to see how 
this is decreased from the initial value of w0 to a lower value at the end of the excitation (Di- 
Pasquale and Cakmak (1990)). This degradation curve of the instantaneous frequency can 
form the basis for the damage-based calibration of the proposed model. For this purpose, 
the instantaneous frequency of the above SDOF oscillator during a cycle may be estimated 
by considering an equivalent linear oscillator and by comparing the average slope of the 
hysteretic loop (which is the slope of the line through the extreme points of unloading) 
with the original value of unity. Thus, the expression for the estimated frequency becomes 
(Köyliioglu ét al. (1997)), 

. 

W ( t )  = wo \IzzO:tp:D(t) . 

Though the matching of actual and estimated frequency degradation curves may be carried 
out through iterations over both zoo and n, it may be proper to fix the value of n to a 
realistic level (as it is a measure of ductility available with the system) and then to calibrate 
the value of z,,,,. 
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Figure 2 Relative Velocity Time-Histories Recorded during 
the Th~ee Example Earthquake Events. 



Calibration of the proposed model has been carried out in three cases of recorded floor 
accelerograms: (i) 7-story hotel at 8244 Orion Boulevard, Van Nuys, California, during the 
1994 Northridge earthquake, (ii) Imperial County Services Building, El Centro, California, 
during the 1979 Imperial Valley earthquake, and (iii) same building as in (i), during the 
1971 San Fernando earthquake. The records in all three cases were taken from the sensors 
placed at the ground floors and roofs in the east-west direction. The identification of the 
instantaneous natura1 frequency has been performed on the relative velocity time-history 
in each case (as shown in Fig. 2) by using a kcursive Auto-Regressive Moving-Average 
(RARMAX) model (Kirkegaard et al. (1996)). This identification technique can detect 
time varying characteristics at each time step and is therefore suitable for identi&ing the 
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Figure 3 Comparison of Actual (Identified) and Calibrated 
Variations of Instantaneous Frequency with Time 
during the Northridge Earthquake. 

time-varying systems. For each of the considered time series, the model orders of the 
RARMAX model have been determined by wing different model selection criteria such 
as Akaiie's information criterion and pole plots etc. RARMAX models with 6-12 AR 
parameters have been used for different time-histories. Frequency degradation curves as 
identified from the time-histories of Fig. 2 are shown in Figs. 3, 4 and 5 respectively. 
Calibration of the model has been done for n = 4, 6 and 8 in each case, and the values 
of zoo so obtained are given in Table 1. The natura1 kequency, wo, of each undamaged 
structure is also given in this table. Figs. 3-5 also show the frequency degradation curves 
as obtained kom the calibrated models for n = 6. It may be seen that these curves are 
in good matching with the actual curves in the beginning and at the end of the excitation 
for all three cases. Overall matching during the excitation is also reasonably acceptable 
considering that only one parameter has been allowed to vary for the calibration and that 
we are primarily interested in accurately modelling final effect of the ground motion on 
























