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Abstract 
In this paper, structural health monitoring of multi-storeyed shear buildings based on system 
identification by parametric state space modeling has been presented. The earthquake ground 
acceleration and the acceleration response histories of various floors of buildings are required as input. 
The method evaluates the modal parameters like the eigen frequencies and mode shapes using a sub-
space iteration technique (N4SID) after appropriate re-sampling and filtering of the recorded response. 
Using the Least Square Technique, the stiffness of the structure is evaluated and localized damage can 
be identified, if present. The method of system identification proposed in this study is capable of 
identification of system parameters of buildings with non-uniform mass distribution.  The method is 
applied for identification of a nine storeyed reinforced concrete building of BSNL Guwahati using 
structural response data recorded during earthquakes on 11th and 14th August, 2006. 

Identification Techniques 
In terms of how input output data are translated into a mathematical relation, the field of identification 
can be divided broadly into two classes: parametric identification and nonparametric identification. In 
parametric identification, the structure of the mathematical relation is fixed a priori and parameters of 
the structure are fitted to the data. In nonparametric identification, no (or very little) assumption is 
made with respect to the model structure.  So the above mentioned non-parametric identification 
approaches do not require knowledge of the excitation and hence it is applicable to the general 
problem where the excitation is from ambient sources, which is generally immeasurable. On the other 
hand, there are different types of parametric models in system identification like Auto Regressive 
eXogenous model (ARX), Auto Regressive Moving Average eXogenous model (ARMAX), Box-
Jenkins model, State Space Model etc. Most of the researches carried out using parametric models 
were confined to the evaluation of damping and frequency of damaged / undamaged structures as an 
indicative of damaged state of the structure. However, in this study the stiffness of the structure is 
calculated to detect the location and extent of the damage in the structure. Parametric modeling can be 
used as a faster way to detect the state of a structure soon after it undergoes an earthquake. Researches 
on parametric modeling in recent years are more towards the use of these models in damage detection 
by using active sensing (Lynch, 2004, Chakravorty,  2005). Here, parametric models have been used 
for damage detection from the data collected using passive sensors. Lynch (2004) introduced the 
concept of linear classifications of poles obtained from the parametric identification of a structure. The 
poles of ARX time-series models describing modal frequencies and damping ratios were plotted upon 
the discrete-time complex plane and perception linear classifiers were employed to determine if poles 
of the structural element in an unknown state (damaged or undamaged) could be distinguished from 
those of the undamaged structure.  But, it is observed the damage cannot be localized by this method. 
In this study, the method of detecting the location and evaluation of the extent of the damage in a 
structure using parametric State Space model has been carried out. Further, an iterative procedure has 
been developed to determine the eigenvectors and the stiffness coefficients of multistoreyed shear 
buildings with non-uniform mass distribution in vertical direction. 
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Damage Localization 
In the State Space form, the relationship between the input, noise and output signals is written as a 
system of first order differential or difference equations using an auxiliary state vector x(t) (Ljung, 
1987). Unlike other parametric models, the State Space model has the advantage wherein the state 
vectors provide more insight to the physical state of the system. The state vector x(t) has the physical 
significance like positions, velocities etc. and the outputs can be expressed as the known combinations 
of the states. This is the reason for adopting State Space Modeling as the parameterized method in 
damage detection of the structure in the present work. 
Details of Sample Building and Instrumentation 
A nine storey building of BSNL Guwahati (Figure 1) has been instrumented to record the acceleration 
response histories of different floors during earthquakes. A tri-axial accelerometer has been mounted 
at the ground level to collect the ground acceleration. Uni-axial accelerometers are installed only at 
some limited floors in both X and Y directions of the building. Four uni-axial accelerometers are 
installed at first, third, seventh and top floor of the building along the X (shorter ) direction while three 
uni-axial accelerometers are installed at first, fifth and top floor of the building along the Y (longer) 
direction of the building. The data collected from the mounted sensors in the building during 
earthquake on 11th and 14th of August, 2006 have been utilized for the current study. 
 

 
Figure 1 BSNL building in Guwahati 

Determination of the Modal Parameters of BSNL Building, Guwahati 
First the various floor responses obtained from the accelerometers are filtered using the sixth order 
Butterworth filter of MATLAB tool box (version 7.0) and then the responses obtained are re-sampled 
at frequency of 0.06 sec which corresponds to the Nyquest frequency. Nyquest frequency is twice the 
highest frequency of the structure and by re-sampling to that frequency any external noise present 
beyond this frequency will be filtered without affecting the modal properties. The filtered re-sampled 
floor accelerations of various floors and the ground accelerations are given as input for N4SID model 
and the frequencies and the corresponding mode shapes are evaluated. Further as the even mode 
shapes and frequencies are corresponding to conjugate modes, they have been removed. The 
frequencies corresponding to a mode with 20% damping or more are ignored as they correspond to 
non-physical modes. The poles as extracted corresponding to acceleration data along the X-direction 
for the earthquake on 11th August, 2006 are plotted in Figure 2. 
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Figure 2 Plotted Poles of BSNL building for Earthquake  
data(X-Direction) on 11th August, 2006 

It is observed that the system is a stable system as the poles are within the unit circle. The obtained 
frequency and damping ratios corresponding to the acceleration along X and Y directions have been 
shown in Table 1 and 2. 

Table 1 Frequencies and damping corresponding to the acceleration along X direction 
Mode No. Evaluated Frequency (rad/sec)  Damping Ratio (%) 

1 8.357 4.16 
2 12.43 2.46 
3 13.03 2.35 
4 14.21 1.52 
5 15.87 1.77 
6 48.54 0.92 

Table 2 Frequencies and damping corresponding to the acceleration along Y direction 
Mode No. Evaluated Frequency (rad/sec) Damping Ratio (%) 

1 7.49 5.88 
2 10.15 5.46 
3 11.62 1.17 
4 15.26 1.66 
5 16.90 0.96 
6 48.82 0.53 

Similarly, modal parameters have also been obtained from the earthquake data on14th August, 2006. 
The poles have been plotted in Fig.3, while the frequencies and damping have been shown in  
Table 3 and 4. 
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Figure .3 Plotted Poles of BSNL building for Earthquake 
 data(X-Direction) on 14th August, 2006 

Table 3 Frequencies and damping corresponding to the acceleration along X direction 
Mode No. Evaluated Frequency (rad/sec)  Damping Ratio (%) 

1 8.19 4.41 
2 12.57 1.40 
3 13.63 1.35 
4 14.53 1.82 
5 17.10 1.39 
6 48.18 0.71 

Table 4 Frequencies and damping corresponding to the acceleration along Y direction 
Mode No. Evaluated Frequency (rad/sec)  Damping Ratio (%) 

1 7.13 5.56 
2 10.32 5.51 
3 11.52 2.98 
4 15.57 1.45 
5 16.74 0.75 
6 45.02 0.69 

It is observed that there is not much of change in the modal parameters of the building as the 
magnitude of earthquakes have been very small and structure has not been undergone any major 
damage.  
The bare frame model of the sample building has been simulated using SAP 2000 program and the 
predominant frequencies along X direction and Y direction are shown below in the Table 5 which 
shows close agreement with the identified modal parameters. The difference in the frequencies may be 
attributed to the stiffness of infill wall, which has not been considered in the numerically simulated 
model. 
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Table 5 Frequencies from the numerically simulated model (SAP 2000) 
Mode No. Evaluated Frequency (rad/sec) 

In X-Direction 
Evaluated Frequency (rad/sec) 

In Y-Direction 
1 7.20 6.82 
2 10.71 8.41 
3 19.09 18.48 

The next step is to evaluate the stiffness of the building. Characteristics equations have been solved to 
evaluate the stiffness from the attained frequencies and mode shapes. In the X-direction, there were 4 
sensors and hence only 4 mode shapes are available. The missing mode shapes have been evaluated 
using the Holzer criteria. But the limitation with Holzer criteria is that it can be applied only when the 
floors are of standard height i.e. they have uniform masses in all floors. But in the sample building 
(BSNL Building), the top floor mass is lesser than rest of the floors. Hence, an iterative approach has 
been utilized to find out the missing mode shapes.  

The identified stiffness values (in 106 KN/m) for various storeys are as follows: 

K1 K2 K3 K4 K5 K6 K7 K8 K9 

1.2443 2.0368 2.9244 2.4149 2.8266 2.3048 2.4772 2.7475 2.5555 

The computed stiffness values (in 106 KN/m) of the corresponding floors are as follows: 

K1 K2 K3 K4 K5 K6 K7 K8 K9 

1.0117 2.0645 2.0645 2.0645 2.0645 2.0645 2.0645 2.0645 2.0645 

The calculated values are on the lower side as compared to identified stiffness. The additional stiffness 
is probably due to the contribution of infill walls etc. 

Conclusions 
The system identification using sub-space iteration (N4SID) and Least Square Method is an effective 
method of structural health monitoring for a multi-storeyed shear building. The data must be properly 
re-sampled and filtered to remove noise from recorded signals. Re-sampling at Nyquest frequency 
eliminates noise of higher range without affecting the modal properties. If the building is standard, 
then the missing mode shapes and the stiffness can be obtained even with limited number of sensors. 
The iterative procedure developed in this study is found to be effective for the evaluation of structural 
stiffness for buildings with non-uniform mass distribution. The method can be very effectively used 
for structural health monitoring even with limited number of sensors are available for structural 
response recording.  
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