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Abstract. This paper deals with an application of wavelet analysis for damage detection of 
frame structure subjected to earthquake excitation. Non linear dynamic analysis has been 
performed and response data at each story are obtained which are used as simulation data. 
Damage in the frame is introducing by the non linear behaviour of columns and beams. In 
order the structural members go beyond the elastic limit and start yielding the earthquake 
excitation was scaled up with appropriate scale factor. Discrete wavelet analysis was per-
forming in order to analyze the simulation response data for each floor because the dynamic 
behaviour of inelastic structures subjected to an earthquake is a non-stationary process.  

It was shown that structural damage, due to non linear behaviour of structural elements and 
the time when this damage occurred, can be clearly detected by spikes in the wavelet details.  

The effect of noise is taken into account by adding a white Gaussian noise to the simulation 
response data and discrete wavelet analysis was performing again. It was observed that if the 
level of details and the order of wavelets are increased, spikes can be detected again and 
damage would be recognized. Results show the great promise of the wavelet approach for 
damage detection and structural health monitoring. 
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1 INTRODUCTION 

Damage in the buildings is often observed during their service life. Damage may be caused 
due to excessive earthquake excitation, severe environmental condition, degradation of the 
materials properties, fatigue, cumulative crack growth, etc. Usually the existence and the loca-
tion of the damage can be determined through visual inspection. However, in some cases vis-
ual inspection may not be feasible. To ensure structural safety and low maintenance cost, 
structural health monitoring, SHM, is an efficient strategy to monitor the system performance 
and make a corresponding maintenance decisions. 

Damage detection is a part of damage identification which includes the estimation of the 
severity of damage, determination of the location of damage and prediction of the remaining 
service life. One main group of methods for damage detection is, modal analysis methods, 
which are based on the fact that the change in structural properties causes a variation in the 
modal parameters; natural frequencies, damping ratios and mode shapes. Many analytical and 
experimental studies have been conducted to establish analytical correlations between damage 
severity and modal parameters. Kirmser, [1], investigated the relationship between natural 
frequencies and the introduction of a crack in an iron beam. A literature review on methods of 
damage detection using vibration signals for structural and mechanical systems was provided 
by Doeblin et al. [2] and Carden and Fanning, [3]. Other works based on change in modal pa-
rameters is the work of Humar et al. [4] and khoo et al., [5].  

Structural health monitoring techniques based on changes in dynamic characteristics have 
success when the damage is substantial. Improved research directions for damage detection 
including the use of innovative signal processing, new sensors, are described in the work of 
Chang et al., [6]. Neural network approaches can be used for damage detection. Wu et al., [7], 
trained a neural network to recognize the behaviour of the undamaged structure as well as the 
behaviour of the structure with various possible damage states. When the trained network is 
subjected to the measurements of the structural response, it is able to detect any existing dam-
age. Tsou, and Shen, [8], applied neural network to discrete structural systems. Masri et al., 
[9], train a neural network with measurements from healthy structure and this trained network 
was fed comparable vibration measurements from the same structure under different episodes 
of response in order to monitor the health of structure. Vanik and Beck, [10], Chandrashekhar 
and Ganguli, [11], used fuzzy logic for determination of damage location. Friswell and Mot-
tershead, [12], use a combination of sensors and analytical model of structure for damage de-
tection. Parameters of the model that are related to damage are updated so that the dynamic 
characteristics of the model correspond to the measurements sensors, Papadimitriou and Ntot-
sios, [13]. Reigh and Park, [14], utilised methods of localized flexibility in order to determin-
ing the damage and its location in a structure. Panetsos et al, [15], describe the Egnatia Odos 
Bridge Management system (EOBMS) which used for deterioration prediction and mainte-
nance, repair cost.  

Engelhardt et al., [16], were investigated the Crack and flaw identification in elastodynam-
ics using Kalman filter techniques. Soyoz and Feng, [17], used an extended Kalman filtering 
(EKF) method in order to instantaneously identify elemental stiffness values of a structure 
during damaging seismic events based on vibration measurement. This method is capable of 
dealing with nonlinear as well as linear structural responses. Sakelariou and Fasois, [18], in-
troduced a stochastic output error for damage detection and assessment (location and quantifi-
cation) in structures under earthquake excitation. De Roeck and Reynders, [19], present a 
number of recent innovations to extend the borders of what is realistically feasible with the 
current system identification and damage detection methods. 
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Medda and DeBrunner, [20], proposed a novel technique that employs the use of com-
pactly supported sub-band space-frequency and time-frequency analysis using local vibration 
characteristics. 

Another tool for damage detection is wavelet-based damage detection which has been con-
sidered by several researchers over the last decade, Staszewski, [21]. Newland, [22], have 
used wavelets to vibration analysis. He applied a wavelet analysis to study the vibration of 
buildings caused by underground trains, road traffic and earthquake excitations. Taha et al., 
[23], presents a view of wavelet transform and its technologies. They discuss specific needs of 
health monitoring addressed by wavelet transform. Masuda et al, [24], use orthonormal dis-
crete wavelets transform to detect the degradation of stiffness due to fatigue. They applied the 
method to the laboratory-scale experiments to detect the sudden changes in the structural pa-
rameters. Kim and Melhem, [26], provide a review of the research that has been conducted on 
damage detection by wavelet analysis. Hou et al., [27], proposed a wavelet-based approach 
for structural damage detection. Their model consists of multiple breakable springs which is 
may suffer either for irreversible damage when the response exceeds a limit value nor the 
number of cycles of motion is accumulated beyond their fatigue life. In any case, occurrence 
of damage and the time when it occurs can be clearly determined in the details of the wavelet 
decomposition of these data. Hera and Hou, [28], applied wavelet analysis for detection and 
locating damage for a four-story prototype benchmark building provided by ASCE Task 
Group on Health Monitoring, Johnson et al., [29]. They were found that structural damage 
due to sudden breakage of structural elements and the time when it occurred can be clearly 
detected by spikes in the wavelet details. In the work of Khatam et al., [30], wavelet analysis 
is used for damage identification in beams subjected in harmonic loading. The damaged re-
gion can be determined by the spatial distribution pattern of the observed spikes. Yaghin and 
Hesari, [31], use Wavelet Analysis in crack detection at the arch concrete dam. Noh et al., 
[32], use the Wavelet Coefficient Energies in order to perform structural damage diagnosis for 
non stationary response signals. Nair and Kiremidjian, [33], have shown that the energies of 
the wavelet coefficients at appropriate scales can be used as damage sensitive features. A 
wavelet based, distortion energy approach is presented by Bukkapatnam et al., [34], as a 
method, for quantifying and locating the damage to structural systems. Another application of 
the wavelet transform for damage detection based on optical measurements is presented in the 
work of Patsias and Staszewski, [35]. 

In this paper the method of spikes in the wavelet details, from discrete wavelet analysis, is 
used in order to detect the damage in the frame structure. Damage in the structure was intro-
duced by the non linear behaviour of the members. In order the members go slightly beyond 
the yielding point, and small damage occurred, the earthquake excitation was scaled up with 
appropriate factor. The analyzing data were obtained by non linear dynamic analysis of plane 
frame. Since the dynamic behaviour of inelastic structures during an earthquake is a non-
stationary process wavelet analysis is more appropriate tool than conventional Fourier analy-
sis. 

2 BACKGROUND OF WAVELET ANALYSIS   

Wavelet analysis provides a powerful tool to characterize local features of a signal. Unlike 
the Fourier transform, where the function used as the basis of decomposition is always a sinu-
soidal wave, other basis functions can be selected for wavelet shape according to the features 
of the signal. The basis function in wavelet analysis is defined by two parameters: scale and 
translation. This property leads to a multi-resolution representation for non-stationary signals. 

The continuous wavelet transform of a signal f(t) is defined as: 
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where a,b are the scale and translation parameters respectively and Ψ denotes the complex 
conjugate of Ψ. The functions Ψ(t,a,b) are called wavelets. They are dilated and translated 
versions of the mother wavelet Ψ(t).  

By discretizing the parameters a and b, a discrete version of the wavelet transform (DWT) 
is obtain. The procedure becomes more efficient if dyadic values of a and b are used, i.e. 
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where Z is a set of positive integers. The corresponding discretized wavelets ψj,k defined as:  
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ψj,k  forms an orthonormal base. In the discrete wavelet analysis, a signal can be repre-
sented by its approximations and details. The signal is passed through a series of highpass fil-
ters, which relates to details, to analyze the high frequencies, and through a series of low-pass 
filters, which relates to approximations, to analyze the low frequencies. The detail at level j is 
defined as: 
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where aj,k is defined as : 
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and the approximation at level J is defined as: 
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Finally, the signal f(t) can be represented by: 
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The DWT can be very useful for on-line health monitoring of structures, since it can effi-
ciently detect the time of a frequency change caused by stiffness degradation.  

3 DETECTION OF DAMAGE USING WAVELETS 

When the structure subjected to the earthquake excitation the envelop of the hysteretic be-
havior of base shear versus the roof displacement is similar to figure 1. If the excitation is 
strong enough and push the structure in region c or b then damage in structures is obvious 
since large displacements and rotations can be observed with visual inspection, and no dam-
age detection technique is needed to verify it. If the excitation is not too small, structure be-
haves elastic and no permanent displacement are observed or no damage occurs. In between 
the two extreme above cases, the structure can be go slightly no linear, region a, and small 
damage that is difficult to observe by visual inspection, can be occurred. 
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Figure 1. Global behavior envelop curve of a structure. 

The above global behaviour of structure is a result of the behaviour of each element that 
consist the structure. The frame element has its own nonlinear characteristics based on section 
and material. A generalized force-displacement characteristic of frame element (or hinge 
properties) is shown in figure 2. Region AB, corresponds to a linear behaviour and point B 
represents yielding of the element. The ordinate at C corresponds to nominal strength and ab-
scissa at C corresponds to the deformation at which significant strength degradation begins. 
The drop from C to D represents the initial failure of the element and resistance to lateral 
loads beyond point C is usually unreliable. The residual resistance from D to E allows the 
frame elements to sustain gravity loads. Beyond point E, the maximum deformation capacity 
and gravity load can no longer be sustained. This formulation is according to FEMA 356 for 
force deformation behaviour of structural element subjected to monotonic loading. This 
nonlinear behaviour can be used during nonlinear direct integration time history analysis.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Generalized Force-Displacement Characteristic of a Degrading Frame Element. 

As the structural elements reach the region DE or the end of the region BC the damage is 
clear by visual inspection since large displacement and rotation is occurred. If the element is 
in a linear elastic branch AB no damage is occurred. Finally if the element goes slightly be-
yond the yielding point, B, then small damage occurs and is difficult to be observed by visual 
inspection. Visual detection of damage becomes more difficult considering that structural 
elements are covered by other material or is difficult to access them.  

Once the plastic hinge is occurred during the excitation, the frequency of the system is also 
change. This change in frequency has as a result the change in frequency in the response sig-
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nal. From the other hand if a signal which changes its frequency is analyzed by discrete wave-
let transform spikes will be observed in the details. This is clearly indicated in figure 3. 

 
 

 

 

 

 

 

 

 

 
 
 
 

Figure 3. Spike in the detail of a signal which consists of two different frequencies. 

Combining the above two characteristics (plastic hinge-chance of frequency, chance of fre-
quency-spikes in details) the strategy that used in order to detect the damage in frame struc-
tures is as follow: The response signal is analyzed by discrete wavelet analysis and the details 
of the signal are obtained according to equation (4). If spikes will be observed in the details of 
the response signal this means that the structural element goes beyond the yielding point and 
damage is occurred. The time moment that the spikes appear in the details, represent the time 
were a plastic hinge is created. If no spikes would be observed in the detail of the response 
signal the structure would remain elastic and no damage would be happen. The above cases 
are shown schematically in figure 4.  

When any structural element yields, this phenomenon is imprinted as spikes in the details 
of wavelet analysis of the acceleration response signal. This can be used in opposite direction, 
suppose that is not easy to see the situation of the structural element and the only measured 
data that is available is the acceleration response signal of the structure. If spikes are observed 
in the wavelet analysis of the signal, then yielding (damage) has been occurred. 

4 NUMERICAL EXAMPLES 

The above damage detection strategy has been applied to one single, one two and one eight 
story frame structure with the properties shown in figure 5. The frames were subjected to 
earthquake excitations. The nonlinear dynamic analysis and the response of the frames have 
been done using the software programme SAP2000nl, [36]. The wavelet analysis of the re-
sponse signal has been done by the MATLAB software, [37], using the wavelet toolbox. Four 
order Daubechies wavelets and five levels of the details have been used for the wavelet analy-
sis of response signal. 
 

Change in frequency 

Spike in detail 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 

Figure 4. Procedure for detection the existence of plastic hinges in the structure. (a) no plastic hinges occurred no 
spices are observed, (b) plastic hinges occurred at time ti  spices are observed at ti. 

The single story frame subjected to Athens earthquake signal and no hinges has occurred. 
The response acceleration on the top of the frame were analyzed by wavelet analysis and the 
results of the approximations and details of the signal are shown in figure 6(a). It is clear, in 
the details of signal, d1, no spikes are observed and consequently no damage occurred. This is 
verified by the nonlinear dynamic analysis where no plastic hinges occurred during the Ath-
ens earthquake excitation. The earthquake signal is scaling up gradually and dynamic non lin-
ear analysis is performing again until plastic hinges will be observed. When the factor λ 
becomes equal to 4 the first plastic hinges were created. For this case, the response signal at 
the top of the frame is analyzed again, by discrete wavelet analysis and the details are shown 
in figure 6(b). From the result of the wavelet analysis it is seems that spikes are observed in 
the details of signal. This indicates that damage has been occurred in frame. This is verified 
by the results of the dynamic nonlinear analysis of the frame where a plastic hinges, damage, 
occurred to the frame when subjected to Athens earthquake record scaled up four times. It is 
also remarkable, that the time (t=4.05 s) when the first plastic hinges occurred, at the base of 
frame, is the same when the first spike is observed in the details of the signal. After a while at 
time (t=4.07 s) the plastic hinges at the beam of the frame occurred and spike at time (ti=4.07 
s) was also observed. The moment-rotation diagram of plastic hinge at the base of the frame is 
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shown in figure 7. Nevertheless the rotation of the element is too small, after yielding, this 
nonlinearity, or small damage, can be captured by the detail of the response signal.  

 

 
Figure 5. The examined frames, their load, geometrical and sections properties. 

The two story frame subjected to the same earthquake signal and the results are shown in 
figure 8(a). No plastic hinge has occurred in the frame and no spikes were observed in the de-
tails of the response signal at the second floor. The earthquake is scaling up with the factor λ 
equal to 4 and the results are shown in figure 8(b). For this case the results from the non linear 
analysis show that plastic hinges at the beam of the first floor have occurred at the time t= 
3.91 s, while, the plastic hinge at the column have occurred at time t= 4.22s. At the same 
times, the first two spikes have been observed in the details of the response signal as it is 
shown in figure 8(b).  
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(b) 

Figure 6. The approximation a5, and the details d1-d5 of the response acceleration signal, s, at the top of the 
frame subjected to (a) Athens earthquake signal and (b) four times scale up Athens earthquake signal. 

 
Figure 7. Moment-rotation hysteretic curve for base column of the single frame subjected to four time scale Ath-

ens earthquake record. 

In the details of response signal it is also observed spikes at the times, t= 4.60s and t= 6.15s. 
These spikes correspond to the times when the hinges at the beam reach the yielding point for 
the third and fourth time as can be seen in figure 9. In this figure it is seems that the hinge 
starts from zero and have an elastic behavior until 3.91s where reach, for first time, the yield 
point. It remains in the post yield region until 3.98s and then rebounds, because of the change 
in direction of earthquake, and reaches again the yield point, for the second time, at 4.22s and 
remains in the post yield region until 4.30s. Then rebounds and reach, for the third time, the 
yielding point at time 4.60s, and remains in post yield region until 4.66s, then rebounds again 
and behaves elastically. Finally the hinge reach, for forth time, the yield point at time 6.15s, 
remains to the post yield region until the 6.22s and then rebounds and behave elastically until 
the end of the earthquake. All the times, where the plastic hinge reach the yielding point, (t= 
3.91s, t= 4.22s, t= 4.60s, t= 6.15s), are observed as spikes in the wavelet analysis of the accel-
eration response signal in figure 8(b).  
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(b) 

Figure 8. The approximation a5, and the details d1-d5 of the response acceleration signal, s, at the top of the 
frame subjected to (a) Athens earthquake signal and (b) four times, scale up, Athens earthquake signal. 

The moment curvature curve for the base column is shown in figure 10. In this figure 
seems that the hinge reach the yield point at time 4.22s, which is the same time when the 
beam yields for second time. It is observed that when any structural element starts yielding for 
first time or rebounds and yields again for the subsequence times this phenomenon is im-
printed as spikes in the wavelet analysis of the acceleration response of the signal.  
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Figure 9. Moment-rotation hysteretic curve for fist floor beam of the two story frame subjected to four time scale 
Athens earthquake record. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Moment-rotation hysteretic curve for base column of the two story frame subjected to four time scale 
Athens earthquake record. 

Similar results are obtained in eight story building. In figure 11 are shown the locations of 
plastic hinges, (damage), the wavelet analysis of the response acceleration of the eighth floor 
of the frame subjected to Athens earthquake signal scaled with the factors 1 and 8 respectively. 
When the building subjected to the Athens earthquake signal no plastic hinges have appeared 
and no spikes in the details of the response signal were observed. When the earthquake was 
scaled up by a factor of 8, then plastic hinges, (damage), were created at the beams, between 
the time period 3.80s-4.11s. Plastic hinges were also created at the base columns at time 3.84s. 
In the details of the wavelet analysis of the response signal spikes are observed at the same 
period of the hinges creation.  
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Figure 11. The approximation a5, and the details d1-d5 of the response acceleration signal, s, at the top of the 
frame subjected to (a) Athens earthquake signal and (b) eight times scale up Athens earthquake signal. 

5 NOISE INFLUENCE 

In the previous examples, the response data were obtained by the computer program with-
out contain noise. In practice the presence of noise in measurement signals is unavoidable. In 
the work of Hera and Hou (2004) is shown the effect of noise to the wavelet approach. The 
effectiveness of the wavelet approach for structural health monitoring depends on the meas-
urement noise level and the damage severity. The lower the level of noise is, the easier to de-
tect the damage. As far as the damage level concerns, the higher the damage severity is, the 
easier to detect the damage by wavelet analysis. In this study the measurement noise was 
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modelled as a Gaussian process with signal to noise ratio equal to 15%. A measurement noise 
was added to the acceleration response signal and then wavelet analysis was performed again. 
In order to detect spikes in the details of noise signal, the level of details and the order of the 
wavelet were increased. In this case, the level of details decomposition in the wavelet analysis 
was increased to twelve, (12), instant of five, (5), which was in the examples for signals with-
out noise. The order of the wavelet which is used is also increased. For the noise signal the 
Daubechies wavelet of twelve order was used instant of fourth order which was used for the 
signals without noise.  

Another factor that plays important role in the analysis of the noise signal is the sampling 
rate. The higher the sampling the better it is. In the numerical example the response signal 
without noise was obtained by non linear dynamic analysis where the sampling interval was 
0.01 s. While, for the noise response signal was obtained by non linear dynamic analysis 
where, the sampling interval was decreased to 0.0001 s. 

The wavelet analysis of the noise response acceleration signal, of the single story building 
is shown in figure 12. In this figure, are shown the approximation and the details of the re-
sponse acceleration signal, s, contaminated with noise. In the detail level 9, a spike it is ob-
served for time period between 4.00 to 4.10 s which is in agreement for the case of single 
story frame without noise. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. The approximation a12, and the details d1-d12 of the response acceleration signal, s, contaminated 
with noise, at the top of the single story frame subjected at four times scale up the Athens earthquake signal. 

6 CONCLUSIONS  

A discrete wavelet analysis for damage detection of frame structure subjected to earth-
quake excitation has been done. Wavelet analysis is a good tool to analyze the non-stationary 
dynamic behaviour of inelastic structures. It was shown that structural damage, which was 
introduced by non linear behaviour of structural elements, and the time that this occurred can 
be clearly detected by spikes in the details of discrete wavelet analysis of the response signal. 
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These spikes can also be observed in the case where the response signal contaminates noise. 
In order to detect the spikes of the noise signal the level of details and the order of the wavelet 
must be increased. The numerical results show the great promise of the wavelet approach for 
damage detection in structures subjected to earthquake excitation. 
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