
1 INTRODUCTION  

The health of structures continues to be an issue for 
the construction industry as the costs of repair and 
maintenance are escalating. With aging of structures, 
we need appropriate examination procedures or 
techniques concerning important buildings to eradi-
cate or prevent the concealed damage to these build-
ings. Generally speaking, there are two kinds of 
techniques to identify the healthy status of an exist-
ing building: the local technique including visual, 
acoustic, magnetic field, eddy current and so forth; 
the global technique or the vibration-based structural 
health monitoring method. The use of global struc-
tural health monitoring technique to identify and lo-
cate damage in dynamic systems has evolved in the 
past two centuries from a difficult and expensive 
technique restricted to application in military and 
mechanical systems into a new, novel and promising 
method of detecting healthy status in large civil 
structures. 

A key issue in global vibration-based damage as-
sessment method is to seek some damage indices 
that are sensitive to structural damage. The most 
commonly used damage indicators include modal 
parameters as natural frequencies, mode shapes and 
its derivatives. All these indicators have demon-
strated various degrees of success in numerical and 
experimental investigations. However, there are still 
several confounding factors that hinder their practi-
cal application. A thorough reviews and comments 

on all these damage indicators can be found in Doe-
bling et al. 1998. A desirable damage index needs to 
possess the following features: i) it should be a sole 
function of the structure itself; ii) it should comply 
with the physical conditions and iii) the parameters 
should be easy to measure or calculate from the 
measured data. (Liang et al. 2001).  

One new way to achieve such kind of damage in-
dex is to develop damage indices that are “signal-
based” and “mode-free”, such as wavelet packet 
(Sun et al. 2002) , Dynamic Reciprocal Parameter 
(DRP) (Liang et al. 2001) and ARMA coefficients 
(Sohn et al. 2001). They share the same core idea of 
extracting damage indicator directly from measured 
structural responses by certain signal analysis tool. 
Inspired by these studies, this paper attempts to de-
velop a new signal-energy-based damage index. The 
signal energy of structural response measured from 
the intact and damaged structure is first decomposed 
by the empirical mode decomposition (EMD) 
method across orthogonal basis functions called in-
trinsic mode functions (IMFs). Significant variation 
of the signal energy of the IMFs is treated as an in-
dicator to reveal existence of damage in the struc-
ture, and its spatial distribution along the structure is 
utilized to locate the damage. As preliminary study, 
the applicability and effectiveness of the suggested 
damage indicator is numerically explored via the 
ASCE structural health monitoring benchmark prob-
lem (Phase I). All the observations from this re-
search demonstrate potential application of the sig-
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nal-energy-based damage index in structural health 
monitoring. Higher-level application of the index i.e. 
complicated damage scenarios, damage quantifica-
tion, however, needs further investigation. 

2 METHODOLOGY 

2.1 Signal-energy-based damage indicator 
The motion of mechanical (dynamical) system is de-
scribed by either differential of integral principles. 
The differential principles describe a motion at every 
time instant, while the integral principles describe a 
motion globally in some time interval. Among all the 
famous principles the Hamilton’s principle is inte-
gral (Henrych, 1990). Starting from this concept, if 
one is seeking parameters containing all the required 
parameters of a system, as well as its motion and the 
acting forces, such a university parameter should be 
energy. Therefore, a signal-energy-based damage in-
dicator can be suggested.  

Without loss of generality, let ( )txi  be the accel-
eration responses measured from sensor i  mounted 
in a structure. It is first decomposed into several 
components across frequency band, thereby decom-
posing signal energy into a summation of component 
energies that correspond to different frequency 
bands. That is 
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where ( )tx j
i  is the j th component, N  is the total 

number of components, iE  is the signal-energy of 
( )txi ,whilst j

iE  is the signal-energy of component 
( )tx j

i .Then, the following damage index is intro-
duced 
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Hereafter, the superscript ‘d’ denotes damaged 
structure. Thus, d

iE  means the signal-energy of ac-
celeration response measured in the damaged struc-
ture from the same sensor i .  

Further, suppose there are in total L  sensors in-
stalled on the structure, i.e. 1...i L= . For normaliza-
tion purpose, all the damage indices of L  sensors 
are normalized by the maximum value. It is assumed 
that under similar acting force when damage occurs 
in the structure it will in turn alter the signal energy 
distribution across certain frequency band. Signifi-
cant change in jε  indicates the existence and loca-
tions of the structural damage. 

2.2 Empirical mode decomposition (EMD) 
At the core of the above framework of definition of 
signal-energy-based damage indicator is the decom-
position of structural responses and the calculation 
of signal energy. To tackle these problems, the newly 
developed data process technique: the empirical 
mode decomposition method is adopted in this paper.  

The empirical mode decomposition (EMD) 
method, developed by Huang et al (1998), is a new 
data processing method, which can decompose any 
data set into several intrinsic mode functions (IMF) 
by a procedure called the sifting process. Suppose 

( )x t  is the signal to be decomposed. The sifting 
process is conducted by first constructing the upper 
and lower envelope of ( )x t  by connecting its local 
maxima and local minima through a cubic spline. 
The mean of the two envelopes is then computed 
and subtracted from the original time history. The 
difference between the original time history and the 
mean value, 1c , is called the first IMF if it satisfies 
the following two conditions: (1) within the data 
range, the number of extrema and the number of 
zero-crossings are equal or differ by one only; and (2) 
the envelope defined by the local maxima and the 
envelope defined by the local minima are symmetric 
with respect to the mean. The difference between 

( )x t  and 1c  is then treated as a new time history 
and subjected to the same sifting process, giving the 
second IMF. The EMD procedure continues until the 
residue becomes so small that it is less than a prede-
termined value of consequence, or the residue be-
comes a monotonic function. The original time his-
tory ( )x t  is finally expressed as the sum of the IMF 
components plus the final residue 
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where M is the number of IMF components; and 
)(tr  is the final residue. One of the most important 

application of IMF is to calculate the instantaneous 
frequency by Hilbert transform, since it is pointed 
out that the instantaneous frequency definition of a 
given signal is meaningful only if the signal is an 
IMF function.  

For any given data ( )x t , the Hilbert Transform 
( )y t  can be obtained as 
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where P  denotes the Cauchy principal value. Hav-
ing obtained the IMF components from data ( )x t  
and after performing the Hilbert transform to each 
IMF component, the original data can be expressed 



as the real part (RP) in the following forms 
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The above equation gives both amplitude and fre-
quency of each component as function of time. This 
frequency-time distribution of the amplitude is des-
ignated as the Hilbert Amplitude spectrum, ),( tH ω , 
or simply Hilbert Spectrum. The signal-energy can 
then be calculated by 

( , )j j
i iE H t dtdω ω= ∫ ∫  (7) 

where ( ),j
iH t ω  Hilbert spectrum of the jth IMF 

component.  
In the above equation, ω  is instantaneous fre-

quency. According to Hilbert transform theory, the 
analytic signal ( )z t  associated with ( )x t  can be 
defined as 

)()()()()( tietatiytxtz θ=+=  (8) 

where the time-dependent amplitude )(ta  and 
phase )(tθ  are found as 

)()()( 22 tytxta +=  (9a) 

( ) ( )( ) arctan /t y t x tθ =  (9b) 

Finally, the instantaneous frequency is defined as 

( ) ( ) /t d t dtω θ=  (10) 

2.3 Ranking criterion  
It is clear that EMD decompose any time signal by 
its own local time scale without incurring any prior 
selection of basis functions, a distinct feature of 
EMD against wavelet transform and Fourier analysis 
where basis functions as mother wavelet and har-
monic functions are needed. There are both advan-
tages and disadvantages to this feature. On one hand, 
the EMD is capable to decompose any complicated 
signal such as non-stationary or non-linear signal, as 
claimed and emphasized by Dr. Huang (1998). On 
the other hand, the interpretation of the physical 
meaning of each IMF component is difficult. In ad-
dition, the number of IMF components of responses 
from the same sensor might be different for intact 
and damaged structure. For instance, suppose ( )ix t  
and ( )d

ix t  are, respectively, the responses meas-
ured by sensor i  from undamaged and damaged 
structure. Apply EMD to ( )ix t  and ( )d

ix t  might 
produce, for instance, M  and dM  IMF compo-
nent, and sometimes dM M≠ . Consequently to 
gain a reasonable damage indicator (see Eq.2) a 
ranking criterion is necessary to align the IMF com-
ponents from undamaged and damaged condition. 

Trivial as this problem appears, experiences show 
that it is not a simple task to find a solid guideline, 
which should be conceptually simple and theoreti-
cally tractable, to rank the IMF components. From 
the viewpoint of practical application, the way used 
in this study is that. Firstly, pick up the first a few, 
say K (K< M  and K< dM ), IMF components for 
both ( )ix t  and ( )d

ix t . Then, the mean value of the 
instantaneous frequencies of each IMF components 
are calculated and adopted as a factor to align the 
IMF components. A threshold of 15% is set as sig-
nificance level. It should be pointed out that the sug-
gest ranking criterion is theoretically applicable for 
only minor damage situation since local damage in 
structure may cause the mode order to change, lead-
ing to entirely new vibration modes for the structure. 
Whether the ranking criterions is tenable for moder-
ate and sever local damage needs further investiga-
tion. 

3 APPLICATION AND DISCUSSION 

3.1 ASCE health monitoring benchmark building  
Since various studies employ different approaches to 
different numerical or experiment structures, it is 
very difficult to make side-by-side comparisons be-
tween different approaches. In order to provide a 
platform for comparing the performance of various 
existing SHM methodologies and for assessing their 
capabilities and limitations a benchmark problem 
was set up by the IASC–ASCE Task Group on SHM. 
Details of the SHM benchmark study can be found 
in Johnson et al. 2000&2004, Fig.1 shows the di-
mensions of the ASCE health monitoring benchmark 
building. 
 

 
Figure 1. ASCE health monitoring benchmark building 
 
 

Six damage scenarios are simulated in the analyti-
cal model, denoted as damage Case1 to damage 
Case6. Details of the six damages are briefed as fol-
lows:  
Case 1: All the braces in the 1st floor are removed; 



Case 2: All the braces in the 1st and 3rd floor are 
removed; 
Case 3: One brace in the 1st floor is removed; 
Case 4: One brace in the 1st floor and one brace in 
the 3rd floor are removed; 
Case 5: The same as Case4 and the left end of a 
beam in the first floor (element 18) is unscrewed; 
Case 6: The area of one brace in 1st story is reduced 
to two-thirds. 

For description convenient, damage case1, case3 
and case6 are referred as simple damage scenario in 
the following sections, whilst all the other damage 
cases are referred as complicated damage scenario. 

3.2 No damage situation   
First the no damage situation case is studied. To this 
purpose, the acceleration responses of each floor of 
the building are calculated by the MATLAB pro-
gram provided by the Structural Health Monitoring 
Benchmark Building Group with the following 
computation parameters: 12-DOF shear building 
model with load on all stories in y-direction, 5% 
noise level, 0.001 sec sampling time and 10sec time 
duration. There are in total four cases with different 
input force are calculated. Taking the first case as 
reference (intact structure), the damage index can 
then be computed by Eq.2, the results are summa-
rized in Table1. It is seen that for no damage cases 
there has no significant change in the amount of 
damage index. 
 
Table 1. Damage index (No damage case)  
Case No Floor1 Floor2 Floor3 Floor4 
1 0.0073 0.0066 0.0099 0.0007 
2 0.0104 0.0080 0.0119 0.0012 
3 0.0113 0.0034 0.0134 0.0013 
4 0.0146 0.0072 0.0098 0.0046 
Average 0.0109 0.0063 0.0112 0.0019 
 

3.3 Simple damage scenario  
For damage case 1, i.e. damage occurs in the first 
story of the building, the signal energy damage in-
dex obtained for eight cases with different exciting 
forces are listed in Table 2. For description conven-
ient, the results for each case are normalized by the 
maximum value and the normalized values are de-
picted in Fig.2. It is seen from Table2 and Fig.2 that 
the maximum damage index appears in the first sto-
rey where the simulated structural damage is intro-
duced. Typically, the amount of damage index of the 
first floor is more than ten times than that of other 
floors. By this observation, one may concluded there 
is damage occurring in the first storey. For this sim-
ple damage scenario, it seems that the signal-energy 
damage index is capable to identify the occurrence 

and location of the damage. However, there do have 
cases (case1 and case4 in Table 2 , for instance) that 
the damage index of floor3 is of the same order as 
that of the first floor. This is may be due to the ad-
verse effect of measurement noise and the different 
exciting force. This problem might be solved by tak-
ing average of damage index from several segments 
of the measured responses. 
 
Table 2. Damage index ( Damage Case1)  
Case No Floor1 Floor2 Floor3 Floor4 
1 0.0859 0.0013 0.0232 0.0170 
2 0.0250 0.0022 0.0054 0.0042 
3 0.0582 0.0067 0.0160 0.0108 
4 0.0381 0.0027 0.0259 0.0039 
5 0.0318 0.0038 0.0096 0.0072 
6 0.0250 0.0037 0.0055 0.0055 
7 0.0528 0.0028 0.0180 0.0045 
8 0.0490 0.0009 0.0036 0.0030 
Average 0.0457 0.0030 0.0134 0.0701 
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Figure 2. Damage index for damage case 1  
 

Table 3 and Table 4 show the damage index ob-
tained for damage case3 and case6, where only a 
brace element in the first storey is damaged. For 
damage case3, it is seen that the average value of 
damage index of the first storey is about 13, 5 and 6 
times that that of the second, third and fourth storey. 
For damage case6, the corresponding ratios are 13,5 
and 12. The result suggests that the new damage in-
dex is sensitive to minor damage. 

3.4 Complicated damage scenario  
The damage index obtained for damage case2 and 
case4 are given in Table 5 to Table 6 respectively. 
The damage index calculated in case5 is found al-
most the same as that of case4, which implies that 
the loosening off one end of an element has no sig-
nificant effect on the structural responses. The result 
for case5 is thus omitted.  

For damage case2, it is found that the damage in-
dex of the first, second and third floor are larger than 
that of the fourth floor. The damage area might then 



be broadly located by this observation. Larger dam-
age index in the second storey is expected since the 
damages are simulated in its upper and lower 
neighbor floor. For damage case4, the result demon-
strates that the damage existence and location can be 
clearly identified by larger amount of the signal-
energy based damage indicator in the first and third 
storey (see Table 6). Based on all the above observa-
tions, one may say that the new damage indicator is 
capable for applying to complicated damage sce-
nario.  
 
Table 3. Damage index ( Damage Case3)  
Case No Floor1 Floor2 Floor3 Floor4 
1 0.0240 0.0012 0.0251 0.0101 
2 0.1175 0.0056 0.0056 0.0018 
3 0.0449 0.0111 0.0144 0.0106 
4 0.0743 0.0007 0.0083 0.0110 
5 0.0743 0.0007 0.0081 0.0160 
6 0.0380 0.0037 0.0116 0.0077 
7 0.0174 0.0026 0.0014 0.0071 
8 0.0108 0.0043 0.0049 0.0019 
9 0.0214 0.0034 0.0031 0.0042 
10 0.0291 0.0002 0.0060 0.0010 
Average 0.0452 0.0034 0.0089 0.0071 
 
Table 4. Damage index ( Damage Case6)  
Case No Floor1 Floor2 Floor3 Floor4 
1 0.0268 0.0013 0.0003 0.0010 
2 0.0139 0.0053 0.0094 0.0010 
3 0.0312 0.0056 0.0141 0.0012 
4 0.0268 0.0001 0.0003 0.0010 
5 0.0383 0.0010 0.0128 0.0075 
6 0.0268 0.0013 0.0003 0.0010 
7 0.0855 0.0053 0.0182 0.0094 
8 0.0375 0.0010 0.0021 0.0063 
9 0.0747 0.0062 0.0188 0.0023 
Average 0.0402 0.0030 0.0085 0.0034 
 
Table 5. Damage index ( Damage Case2)  
Case No Floor1 Floor2 Floor3 Floor4 
1 0.0352 0.0564 0.0329 0.0064 
2 0.0322 0.0490 0.0271 0.0107 
3 0.0230 0.0214 0.0509 0.0064 
4 0.0333 0.0184 0.0342 0.0034 
5 0.0326 0.0441 0.0348 0.0183 
6 0.0189 0.0152 0.0400 0.0064 
7 0.0186 0.0132 0.0352 0.0049 
8 0.0219 0.0336 0.0643 0.0011 
Average 0.0269 0.0314 0.0399 0.0072 
 
Table 6. Damage index ( Damage Case4)  
Case No Floor1 Floor2 Floor3 Floor4 
1 0.0503 0.0038 0.0092 0.0178 
2 0.0291 0.0129 0.0783 0.0125 
3 0.0364 0.0257 0.0434 0.0278 
4 0.0219 0.0011 0.0231 0.0038 
5 0.0346 0.0009 0.0199 0.0099 
6 0.0135 0.0001 0.0095 0.0083 
7 0.0142 0.0042 0.0182 0.0073 
8 0.0266 0.0051 0.0067 0.0004 
9 0.0112 0.0003 0.0281 0.0051 
Average 0.0264 0.0060 0.0263 0.0103 

4 CONCLUDING REMARKS 
A new signal-energy-based damage index is sug-
gested in this paper that releases the limitation of ac-
curate measurement requirement of structural modal 
parameters involved in the traditional damage in-
dictors. The new data process technique EMD is 
adopted to decompose the measured signal and to 
define the signal energy. It is then applied to the 
ASCE Structural Health Monitoring Benchmark 
Building. The results demonstrate that the new dam-
age index is capable to identify the existence and lo-
cation of structural damage of both simple damage 
(one damage location) scenario and complicated 
damage (multiple damage locations) scenario. How-
ever, further investigation regarding issues as dam-
age quantification, effect of acting forces, and selec-
tion of proper IMF components for comparison is 
needed before a solid conclusion can be drawn on 
the practical application of the new damage index. 
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