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Abstract- Damage in any structure alters the dynamic characteristics of the entire system. The changes can be characterized by 
the changes in the modal parameters, namely modal frequencies, mode shapes and modal damping values. The modal 
parameters are the functions of physical properties of the structure such as mass, damping and stiffness.  The presence of crack 
influences the vibration response as well as dynamic properties of the system. Damage Detection based on vibration has gained 
a lot of interest in engineering research field  in order to find out the damage identification, estimating the damage location and 
extend of damage severity. The basic essential part of vibration based damage detection is the changes in structural properties 
such as stiffness and damping. The changes in the stiffness of the structure are associated with the decrease in the natural 
frequencies as well as in the modification of the modes of vibration of the system. This property can be used as damage 
indicators. Detecting the structural damages in its early stages can help the maintenance and repair works to extend the life time 
of the system and reduce the life-cycle costs. This paper describes the different methods for the damage detection based on 
modal data and its validation in field of engineering. 
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I. INTRODUCTION 
 
Structural Health Monitoring (SHM)  is a technology 
which  provides  information  about  the state  of the 
structure for a periodic intervals or continuously. SHM 
defines the process of  evaluating the  state of health of 
a structure and of predicting its remaining life. SHM 
has the intention of providing the tools for the constant 
or periodic monitoring of critical structural  in order  to 
determine the need for the remedial action and to  
prevent the catastrophic failures.  So SHM has many 
potential application in many disciplines including 
aerospace, mechanical and civil engineering.  Current  
non-destructive evaluation  (NDE) techniques include 
visual inspection, x-ray, ultrasonic, eddy current, and 
thermal  field methods. These methods are local in 
nature and need knowledge of the damage location 
before the damage identification process starts in any 
structure. These methods can be applied limited to 
areas of the structure which are accessible by people. 
The implementation of a global damage detection 
system in aging structures is very essential as it can 
obtain damage information for the entire structure 
immediately. These methods could help to reduce the 
numerous repair numbers and could prevent 
catastrophic damages which could even result in a loss 
of life. These global Damage Detection (DD) 
algorithms  would be an integral part of the SHM, used 
for predicting life of the structure.    Currently, Modal 
data  based  damage  detection has been used with a  
reasonable degree of success in  damage detection in 
all fields. Salawu [1] evaluated change in natural 
frequency method to detect damage. Yuen [2] found 
out the systematic changes occurring in the first mode 
shape with respect to the damage location. Pandey et al 

[3] found out the curvature mode shapes is more 
sensitive than the mode shapes for damage 
identification.R. Salgado et al [4] compared different 
DD techniques.  Dora Foti[5]  investigated two 
different experimental techniques for predicting 
damage  location and severity in a finite element 
bridge. In this study the finite element models 
corresponding to healthy and damaged were made. 
The damage is created by changing the stiffness of 
selected elements by reducing the Young’s modulus.  
 
II. ANALYTICAL MODEL  
 
A free-free beam and a cantilever beam of uniform 
cross-section are being studied in this paper. The 
dimension of the beam is shown in Figure 1.   
 

 
Figure 1. Beam model with 40 elements. 

  
The damage in the structure will affect the stiffness 
distribution of the structure. So the change in the 
stiffness due to damage was modeled by the reduction 
in the modulus of elasticity for the section.   
 
A study was conducted with a 50 percentage reduction 
of modulus of elasticity for beam with cantilever and 
free-free boundary condition. Three damage cases 
were considered  by reducing the modulus of elasticity 
by 50 percent for 10th element, 20th element and 30th 
element respectively.   
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III. DAMAGE DETECTION METHODS  
  
Correlation can be defined as the initial step to assess 
the extent of damage between healthy and damaged 
structure.  The modal properties, frequencies and 
associated mode shapes, corresponding to the healthy 
are considered as the base model.  The correlation 
methods form a set of techniques to compare the 
healthy and damaged    modal data.  The most often 
used correlation techniques are given below.  
 
A. Direct Natural Frequency Correlation  
The most common and simplest approach to correlate 
two modal models is the direct comparison of the 
natural frequencies. A percentage difference can be 
defined as shown in Equation (1)   
 

 
 
An overall frequency scatter indicator may be used as 
presented in Equation (2). 
 

 
 

where frej and fraj are the experimental and analytical  
frequencies [2] of j-th mode respectively and mf is the  
number of measured frequencies.   
 
B.  Modal Assurance Criteria (MAC)  
MAC provides a measure of the least square deviation 
or scatter of the points from the straight line 
correlation. A criterion that represents the degree of 
correlation between healthy and damaged mode 
shapes. 
 
MAC is based on dot product of vectors, so a scalar 
quantity and is a useful means of quantifying the 
comparison between two sets of mode shape data, 
even if the mode shape data are complex.  
 
The modal assurance criterion varies from zero to one, 
where zero represents no consistent correspondence 
and one represents a consistent correspondence. MAC 
is defined by   
 

 

 
 
D.  Coordinate Modal Assurance Criterion (COMAC)  
The Coordinate Modal Assurance Criterion 
(COMAC) is the difference in mode shape vectors 
between the damage and the healthy cases. COMAC is 
the linear combinations of the two evaluated vectors 
and it gives local information combining the data from 
different modes. 
 

 
 
E.  Mode Shape Curvature  
Curvature mode shape method is very efficient among 
the damage detection methods. It is related to the 
flexural stiffness of the beam at any point. If a crack 
appears in any structure, it will get reflected in the 
flexibility aspect of the beam especially by reduction 
in the value and thereby increment in the moment of 
curvature. Central difference method, mixed approach 
method etc are being recommended for producing the 
solution.  Curvature mode shapes are usually obtained 
numerically by using a central difference 
approximation as   

 

 
 

 
 
IV. NUMERICAL RESULTS  
 
A.  Damage located in Cantilever beam model   
There are three cases of damage studied with the 
cantilever beam. Case 1 is the damage at element 10; 
case 2 is the damage at elements 10 and 20; case 3 
represents the damage in elements 10, 20 and 30. All 
the three cases are studied with a reduction of 50 
percent in modulus of elasticity. From the natural 
frequency correlation method, there seems to a change 
in frequency between the healthy to the damage cases 
,listed in Table 1,which can define the damage is 
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detectable, but there is no indication of the location of 
damage without further analysis. The Modal 
Assurance Criterion (MAC) and Normalized Modal 
Difference (NMD) values for the damaged and healthy 
displacement mode shapes for the 3 cases are listed in 
Tables  2, 3    respectively. COMAC is plotted Figure 
3.MAC, NMD cannot detect the damage location 
whereas COMAC is good in detecting damage 
location for large damage, so it cannot be used for 
detecting damage in early stages. Curvature mode 
shapes are bit more sensitive even to small damages 
compared to all the other methods. This method is 
being encouraged by the fact that the second derivative 
of the mode shape is much more sensitive to even 
small perturbations in the system than in mode shape 
itself. 
 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 2: First three mode shapes for healthy and damaged 
cantilever beam. 
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Figure 4: Mode Shape Curvature difference for damage cantilever (element 10);(a) for mode 1;(b) for mode 2;(c) cumulative mode 

shape curvature difference for mode 1 and 2. 
 

 
 

 
 

B.  Damage located in free-free beam model   
A similar analysis with same cases of damage was also 
done with the free-free beam .The percentage change 
in frequency is listed in Table 4.  
 
Response due to this method is same as that of 
cantilever beam, it cannot locate the damage but it can 
detect the presence of damage in the system.MAC and 
NMD are also being listed in Tables 5,6. COMAC is 
plotted Figure 8.Among the three, COMAC can be 
able to locate the damage clearly. Mode Shape 
Curvature is the best tool for damage detection and 
identification of the location. The increase in the 
curvature mode shape is due to the increase in the 
damage size. So it is easily detectable. Figure 
represents the displacement mode shapes for first three 
different modes for healthy and damaged free-free 
beam.   

 
(a) 
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(b) 

 

 
(c) 

Figure 7: First three mode shapes for healthy and damaged cantilever beam. 
 
Table 4 Natural frequency of the first three modes of healthy and damaged free-free beam for different damage 

cases 

 
 

Table 5 MAC values for healthy and damaged cantilever for three modes 

 
 

Table 6 NMD values for healthy and damaged cantilever for three modes 

 
 
 

 
Figure 8  : COMAC values of the healthy and damaged free-free beam for the three damage cases;  (a) damage at 

element 10; (b) damage at elements 10 and 20; (c) damage at elements 10 , 20 and 30. 
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Figure 9  : Mode Shape Curvature difference for damage free-free (element 10) for mode 1, 2 and 3 respectively   

and cumulative mode shape curvature difference for mode 1, 2 and 3 . 
 
 

 
Figure  10  : Mode Shape Curvature difference for damage free-free (element 10 and 20) for mode 1, 2 and 3  

respectively  and cumulative mode shape curvature difference for mode 1, 2 and 3. 
 

 
Figure 11  : Mode Shape Curvature difference for damage free-free (element 10,20 and 30) for mode 1, 2 and 3  

respectively  and cumulative mode shape curvature difference for mode 1, 2 and 3 . 
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DISCUSSION AND CONCLUSIONS  
  
The results obtained from cantilever beam model and 
the free-free beam model demonstrate the 
effectiveness of the different damage detection 
methods .Curvature mode shape is preferred rather 
than the displacement mode shapes because of the fact 
that curvature mode shapes are localized in the 
damage region, whereas displacement mode shapes 
are not localized about the damage location.  
 
The Direct Natural Frequency Correlation, Modal 
Assurance Criterion (MAC), Coordinate Modal 
Assurance Criterion (COMAC) can detect the damage 
in any system but they are not very sensitive towards 
the damage in its earlier stages.  
 
Mode shape curvature is a better option to detect the 
damage and its location. For obtaining the mode shape 
curvature, one has to take full sets of reading on the 
structure, by using experimental modal analysis. So 
the natural frequency correlation method can be used 
in conjunction with curvature mode shapes.  
 
Once the damage is detected by natural frequency, 
curvature mode shapes can be used to locate the 
damage. In order to quantify the damage size, methods 
like neural networks and genetic algorithms can be 
used.  
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