
1 INTRODUCTION  

A large number of buildings have been installed 
strong motion seismographs to monitor the earth-
quake response during earthquakes. Once the earth-
quake response data of a building obtained, the mo-
dal parameters such as frequency, damping, mode 
shape, can be identified by using the system identifi-
cation method. The damage can also be detected by 
comparison of the variation of modal parameters, 
especially through the time-varying modal parame-
ters identification. Some work has been done in the 
area. Topole & Stubbs (1995) proposed a method to 
predict the structural damage location and severity 
from the modal characteristics of a damaged struc-
ture. Loh & Lin (1996) analyzed the dynamic char-
acteristics of a seven-story reinforced concrete 
building during four earthquakes and in their paper 
the time-varying characteristics of the building were 
considered but did not give the time-varying modal 
frequencies and damping ratios. Skjærbæk et al. 
(1998) proposed a method for damage localization 
and quantification of RC-structures, and a structural 
model test result was used in their study. Sanli & 
Çelebi (2001) analyzed the dynamic characteristics 
of a 13-story building during four earthquakes, and 
the natural frequency and normalized mode shapes 
of the building were identified using the transfer 
functions between different channels of each earth-
quake record, then the damage was detected by the 
variation of the modal parameters. Lin & Betti 

(2004) identified the time-varying structural parame-
ters for damage detection purposes, and the least-
square (Kalman Filter) based identification algo-
rithm was used in their study. In the paper, the ARX 
(Auto-Regression with eXogenous variables) and 
RARX (Recursive Auto-Regression with eXogenous 
variables) system identification methods were used 
for the analysis of the modal parameters of structure 
under the excitation of earthquake. A 7-story RC-
frame building was used for an example. The dam-
age of the building in Chi-Chi earthquake was de-
termined by examining the variation of modal pa-
rameters, mainly by the variation of modal 
frequency, which was obtained from the transfer 
functions identified from the earthquake response 
records. The damage time was also determined from 
the time-varying modal frequency. 

2 SYSTEM IDENTIFICATION METHODS 

For identification of the dynamic properties of build-
ing seismic response, two categories of time-series 
model are used in the discrete-time domain, one is 
off-line method, and the other is on-line method. 
The time-invariant modal parameters of structure 
can be identified by the off-line method, and the 
time-varying modal parameters can be determined 
by the on-line method. The damage time can be also 
identified by the on-line method. In the paper, the 
ARX and RARX methods were used as off-line 
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ABSTRACT: The objective of the paper is to present a method for structural damage identification by using 
the earthquake response records. Under strong earthquake excitation, structures are often put into nonlinear 
response and the modal frequency and modal damping ratio of structural systems maybe changed with time. 
In the paper, the time-domain system identification methods of ARX and RARX model of system identifica-
tion theory were used to identify the time-invariant and time-varying modal frequencies and damping ratios  
respectively. A reinforced concrete building, which had suffered moderate damage and recorded earthquake 
response in Chi-Chi earthquake, was used for the analysis. It was found that the modal frequencies decreased 
but the damping ratios increased during the damage process. The time at which the structure was damaged 
was identified from the time-varying frequency change points and the damage level was determined by com-
parison of the variation of modal parameters. 



method and on-line method. In fact, the RARX 
method is one of the recursive identification algo-
rithms, another recursive identification algorithm is 
introduced in the paper, which is AFMM (Adaptive 
Forgetting through Multiple Models) method 
(Anderson, 1985). The more detailed description of 
ARX and RARX method can be find at the Ljung’s 
paper (1999) or the user’s guide of system identifi-
cation toolbox of Matlab (Ljung, 2003). 

3 A BUILDING AND EARTHQUAKE 
RESPONSE DATA 

The building is a 7-story RC-frame structure with 1-
story basement under ground level. The total height 
of the building is 26.8m. The side view of the build-
ing is shown in Figure 1 and the plane view is shown 
in Figure 2. Total of 29 sensors were installed on the 
structure including 3 sensors on the free field near 
the building. The building was suffered moderate 
damage during Chi-Chi earthquake and the strong 
motion instrumentation of the building recorded the 
response data. Some selected response time histories 
are shown in Figure 3. In the paper, the Chi-Chi 
earthquake response data of basement, 4th floor and 
roof in X-direction were used for the analysis, that 
is, only transverse modal parameters were analyzed 
for the damage identification. 
 
 

 
 
Figure 1(a) Side view of the building 
 
 

 
 
Figure 1(b) Side view of the building 

 
 
Figure 2(a) Top view of the basement 
 
 

 
 
Figure 2(b) Top view of the roof 
 
 

 
Figure 3 Time histories of Channel 10, 27, 15 and 22 

4 DAMAGE IDENTIFICATION OF THE 
STRUCTURE 

The structural modal parameters were identified us-
ing the ARX and RARX, and the damage was de-
tected by the examination of the changing modal pa-
rameters. Before using the ARX and RARX 
methods to identify the modal parameters, a recur-
sive identification method, named adaptive forget-
ting through multiple model (Anderson, 1985), was 
used to analyze if the structure was time-varying re-
sponse or not. Loh & Tseng (2001) had used this 
method to analyze the time-varying characteristics 
of the same 7-story building in four earthquakes. In 
the paper, the main purpose of the method was to 
compartmentalize all response stage to three seg-
ments. The first and the third stages were time-
invariant during which the time-invariant modal pa-



rameters were identified by the ARX method, and 
the second stage was time-varying during which the 
modal parameters may change with time, the RARX 
method was used to identify the time-varying modal 
parameters. By comparison between the structural 
modal parameters of the first and third segments, or 
through examining the change of modal parameters 
during the second segment, the damage of the struc-
ture was determined. 

The roof (denoted by RF) and 4th floor (denoted 
by 4F) response data were considered as output sig-
nal and the earthquake records of the basement were 
considered as input signal in the paper. In order to 
throw off the effects of the torsion, the input and 
output signals were transferred to centroid of the 
plane view using interpolation method because the 
strong motion instrumentation had recorded the re-
sponse of the two edges of the building. In the paper, 
only transverse earthquake response data (in X-
direction) were used for the analysis. 

4.1 Segments of the response data 
The response data were firstly divided into three 
segments using AFMM method as Figure 1 shows. 
The first and third segments were considered as 
time-invariant and the second segment was consid-
ered as time-varying for the identification analysis. 
According to the results of AFMM method as Figure 
4 shows, the building stepped into time-varying 
stage at about 39s and out of the time-varying stage 
at about 61s under the excitation of Chi-Chi earth-
quake.  
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Figure 4 Segment results of earthquake data (left, 4F; right, 
RF) 

4.2 Modal parameters identification for 1st and 3rd 
segments 

The modal frequency of the structure can be picked 
up from the transfer functions that can be identified 
by the method of ARX for time-invariant stages. The 

time-varying modal frequency can be identified by 
the RARX method which gives the variation of mo-
dal frequency with time. In the paper, the first seg-
ment was selected from 30s to 38s and the third 
segment was selected from 65s to 85s only because 
the acceleration data before 30s and after 85s were 
very small. The two segments were considered as 
time-invariant stage. The acceleration response data 
from 35s to 65s were selected as the second segment 
for we wanted to know the change of frequency at 
the time about 39s and 61s, and the second segment 
was considered as time-varying stage. 

The comparisons of the simulated data and re-
corded data for the first and third stages of 4th and 
roof story are shown in Figure 5 and Figure 6. The 
errors (denoted by ER in Figure) between simulated 
data and recorded data are very small. The transfer 
functions of first and third segments are shown in 
Figure 7 from that the modal frequencies can be 
identified. Table 1 shows the first three modal fre-
quencies and damping ratios and the higher modal 
frequencies are not given because the magnitudes 
are very small. 
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Figure 5 Comparison of 4F data 
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Figure 6 Comparison of RF data 
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Figure 7 Transfer functions (a. 1st segment; b. 3rd segment) 
 



Table 1 Modal parameters for 1st and 3rd segment 
Modal I Modal II Modal III 

Story Seg-
ment f/Hz ξ/% f/Hz ξ/% f/Hz ξ/%

1st 3.04 4.28 9.84 4.00 14.16 9.88 
4F 

3rd 2.04 8.75 7.31 7.52 11.44 14.80

1st 3.06 4.47 9.15 5.02 15.64 13.20
RF 

3rd 2.04 8.09 7.48 5.97 13.37 13.50

1st 3.05 4.38 9.49 4.51 14.90 11.54
Mean 

3rd 2.04 8.42 7.39 6.74 12.41 14.15
 

4.3 Modal parameters identification for 2nd 
segment 

The acceleration response data from 35s to 65s were 
selected as time-varying stage. The on-line identifi-
cation method RARX was used to identify the time-
vary modal frequencies and damping ratios. 

The comparisons of the simulated data and re-
corded data for the 2nd stage of 4th and roof story 
are shown in Figure 8. The errors (denoted by ER in 
Figure 8) between simulated data and recorded data 
are very small. The first three modal frequencies and 
damping ratios are shown in Figure 9 and we can see 
that the parameters changed time by time. The mo-
dal frequencies decrease with the time but the damp-
ing ratios increase with the time. 
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Figure 8 Comparison of measured and simulated data (left, 4F; 
right, RF) 
 
 

35 40 45 50 55 60 650
5

10
15
20
25
30
35
40
45
50

 

f /
 H

z

t/s 

 Modal I
 Modal II
 Modal III

35 40 45 50 55 60 650
5

10
15
20
25
30
35
40
45
50

f /
 H

z

t/s 

 Modal I
 Modal II
 Modal III

35 40 45 50 55 60 650.0

0.2

0.4

0.6

0.8

1.0
 

D
am

pi
ng

 R
at

io
(ξ

)

t/s 

 Modal I
 Modal II
 Modal III

35 40 45 50 55 60 650.0

0.2

0.4

0.6

0.8

1.0

D
am

pi
ng

 R
at

io
(ξ

)

t/s 

 Modal I
 Modal II
 Modal III

 
 
Figure 9 Time-varying modal frequencies and damping ratios 
(left, 4F; right, RF) 

4.4 Damage analysis 
The modal parameters of the first segment represent 
the undamaged structure. On the contrary, the modal 
parameters of third segment represent the damaged 
structure. Through comparison of the two segments 
or from the variations the time-varying parameters 
of second segment, the damage level can be deter-
mined. The comparison of the transfer functions be-
tween the first and third segments is shown in Figure 
10, from which and Table 1 we can see that the mo-
dal frequencies decrease but the damping ratios in-
crease. The decreased mean values of the first three 
modal frequencies are about 33.16%, 22.13% and 
16.76%. We can say that the moderate damage 
maybe occurred in the structure during the Chi-Chi 
earthquake and the result is coincident with the re-
sults of the earthquake disaster investigation. The 
increase values of first three modal damping ratios 
are about 92.46%, 49.45%, 22.62%. The damping 
increases if a structure were damaged in earth-
quakes. From the result of time-varying frequencies, 
from the Figure 9 and Figure 4, we can see that the 
building was started to damage at about 39s and the 
damage was ended at about 61s in Chi-Chi earth-
quake. 
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Figure 10 Comparison of transfer functions between 1st and 
3rd segment (left, 4F; right, RF) 

5 CONCLUSIONS 

The structural response data during strong earth-
quakes can be divided into 3 segments by AFMM 
method, however, the first and the three segments 
can be considered as time-invariant and the second 
segment can be considered as time-varying stage. 
For identification of the modal parameters of struc-
ture, the off-line identification method such as ARX 
model can be used to identify the time-invariant mo-
dal parameters and the on-line identification method 
such as RARX model can be used to identify the 
time-varying modal parameters. From the compari-
son of the modal parameters such as modal frequen-
cies between the 1st and 3rd segments, the damage 
level can be determined, and from the time-varying 
modal parameters, the damage time can be picked 
up. The analysis results of the 7-story building show 
that the modal frequencies decrease but the damping 



ratios increase if a structure were damaged during 
strong earthquakes. 
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