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Abstract 
 

Health monitoring of Structures is a vital tool for engineers to ensure the life of important structures like Dams and bridges, Stadiums 

and buildings and, Platforms and vessels, Wind turbines Airframes, and large machinery and equipments. SHM helps to detect damage at 

earlier stage before failure occurs by sensing systems. Various damage detection methods are available in accordance with vibrational 

characteristics of the structure. In this paper Frequency contour method which consumes less time is employed to detect, locate, and 

characterize damage in structural and mechanical systems. 

Experimental and Numerical modal analysis were carried out on cracked and healthy beams of steel with cantilever support conditions of 

size 20mmx20mm and of length 300mm using ABAQUS. Three natural frequencies are obtained as a basic criterion for crack detection. 

To locate the damage of the normalized frequency in terms of location and depth of the crack were designed using MATLAB. The inter-

section of three contour lines represents crack location and crack depth. Prediction of damage using frequency contour method gives 

good result. 
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1. Introduction 

Health Monitoring is an improved way to make Non-Destructive 

Evaluation in the civil Engineering domain. It involves the inte-

gration of sensors, smart materials, computational power, data 

transmission, and processing capacity inside the structures.The 

existence of damage in a structure alters the vibrational character-

istics of a structure. The dynamic characteristics of a structure are 

mode shapes, modal damping and natural frequencies. The 

Knowledge on these variations had driven way to the location, 

detection and characterization of the damage. The essential key 

principle is to carry a comparative study on the structural behav-

iour in the undamaged and damaged conditions. Such studies have 

become a core research in the field of Structural Health Monitor-

ing. 

There are various methods to predict the existence of damage in a 

structure. In this paper Frequency contour method is used which is 

less time consuming and efficiency the advantage of this method 

is frequency can be found out at any point in a beam without dis-

turbing the structure. 

Deokar et al. [1] discussed a detailed methodology for detection of 

open transverse crack in a steel cantilever beam. Experimental 

Modal Analysis (EMA) was carried out on healthy and cracked 

beams. The results of the experimental investigation to find the 

location and the depth of the crack was similar to the actual crack 

size and location on the corresponding specimen. Kumar A. & 

Mahto, J. N. [2] investigated the crack in aluminum cantilever 

beam using digital storage oscilloscope (DSO). Siebel et al. [3] 

studied the application of health monitoring techniques in wind 

turbines. The study shows that the damages are located by the 

proposed algorithms with the strain and acceleration data’s. How-

ever, there is a high sensitivity to noise in curvatures calculated 

from the acceleration data. Cawley and Adams et al.[4] proposed a 

methodology down to the element level in which the incomplete 

and noise measured modal data are utilized to locate and to esti-

mate the magnitude of damage in a structures. In the laboratory, 

damage cases of the European Space Agency structures and a 

single bay two-story portal steel frame structures are investigated. 

The proposed approach results in effective location and quantifica-

tion of damage in real life structures. Salehi et al. [5] suggested a 

damage technique based on the real and imaginary parts of meas-

ured FRFs. The analytical modeling is eliminated because this 

method uses the intact and damaged state information of structure. 

Park et al. [6] delivered a damage detecting GA algorithm which 

includes natural frequency, mode shape, and modal strain energy. 

On free-free beams the experimental studies were carried out and 

the proposed algorithm was good in locating the damages. Pandey 

et al. [7] employment a new method based on the modal strain 

energy for determining the damage locations and estimation of 

their severities, requiring only the information about the changes 

of a few lower natural frequencies. 

The objective is to perform comparative studies based on numeri-

cal and experimental works. Using Frequency Contour method the 

crack location and depth of steel beam were studied. 

2. Theoretical background 

2.1. Equation for cantilever beam 

The natural frequencies for first three modes of a cantilever beam 

is derived as follows. The equation governing the transverse vibra-
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tion of a beam subjected to external force is used for deriving the 

Natural vibration frequencies. The general solution obtained is 

 
d4Y

dx4
− β4Y(x) = 0                                                                         (1) 

 

β4 =
ω2m

EI
                                                                                      (2) 

 

n = 1,2,3 … . ∞ and βnL = nπ  

 

ωn = αn
2√

EI

mL4
                                                                             (3) 

 

Where 

 

αn = 1.875,4.694,7.885   

3. Numerical studies 

3.1. Model description of steel beam with cantilever 

support condition 

Change in natural frequencies, damping and stiffness can be ob-

served due to the presence of crack in structures Free vibration 

analysis is carried out in a cantilever steel beam using ABAQUS 

FEA Software. The cross-sectional dimension and the span of the 

beam is 20mm x 20mm and 300 mm. Young’s modulus, mass 

density and poisons ratio are 2.06x105MPa, 7850kg/m3 and 0.35 

respectively. The beam was modeled as an eight nodded brick 

element (C3D8I).Cantilever Boundary Conditions was applied. 

First three natural frequencies for the undamaged beam were ob-

tained by free Vibration Analysis. Then a single crack has been 

modeled and the free vibration analysis was performed consider-

ing the geometric and material non linearity.49 damaged beams 

were used for the analysis, in which the cracks provided were 

modeled as open cracks along the top of the beam with various 

depths (d) of 2mm, 4.5mm, 6mm, 7.5mm, 10mm, 12mm, 14mm 

with various crack location(x). The frequency of the damaged 

beam is lesser when compared to the undamaged beam which 

confirms the presence of damage in the beam. Table 1shows the 

first three natural frequencies of an undamaged beam. 

 

 
 

 
Fig. 1, 2: Undamaged and Damaged Beam Modeled in ABAQUS. 

 
Table 1: Natural Frequencies of Undamaged Steel Beam 

S. No Natural Frequency (ω) Hz 

1 183.94 

2 1129.6 

3 3068.8 

 

 
 

 
Fig. 3&4: First and Second Mode Shape of A Damaged Steel Beam (D = 
10mm, X = 25 Mm). 

 

 
Fig. 5: Third Mode Shape of A Damaged Steel Beam (D = 10 Mm, X = 25 
Mm). 

4. Experimental studies 

4.1. Experimental setup 

Free vibration analysis is carried out in a cantilever steel beam 

using digital storage oscilloscope. The cross-sectional dimension 

and the span of the beam is 20mm x 20mm and 300 mm Young’s 

modulus, mass density and poisons ratio are 2.06x105MPa, 

7850kg/m3 and 0.35 respectively. The setup consists of 49 dam-

aged beams and 1 undamaged beam.Fig-6 shows the experimental 

setup of cantilever beam with oscilloscope. 

 

 
Fig. 6: Vibration Test. 

4.2. Methodology 

The modelled steel beam was placed between the two thick steel 

plates and the vibration exciter was connected at the free end of 

the steel beam. In un-cracked beam, the first three natural frequen-



International Journal of Engineering & Technology 39 

 
cies were measured. During testing, the Cracks were developed 

and then the crack depth has been increased by using EDM wire 

cut method. In this investigation, total 49 beams were modeled 

and the cracks were kept open during the dynamic testing which is 

placed in different locations. In each location, the depth of crack 

were maintained from 2mm to 15mm also excited by vibration 

exciter that served as an input to the model. It is to be noted that 

the model was excited at few millimeters away from the center of 

the model to avoid the nodal point. Since the beam would not 

respond for that mode at that point. As a result, the dynamic re-

sponses were measured by using accelerometer which placed on 

the beam model as shown in Fig. 1. Using the digital storage oscil-

loscope (DSO), the response measurements were noted only one at 

a time.  

5. Results and discussions 

Tables 2, 3 and 4 lists the normalized natural frequencies of a 

damaged cantilever beam modeled in ABAQUS with single crack 

at different locations and depths.  

5.1. Surface plot for normalized natural frequency of a 

cantilever beam for numerical studies 

Surface plot is plotted using MATLAB script. The decrease in 

frequency is very small when the crack depth is small. To find the 

location and depth of cracks, the first three natural frequencies are 

sufficient. Near the supports in cantilever beam the changes in 

natural frequency was observed to be higher. Therefore it is con-

cluded that if bending moment is less the change in frequency is 

low and vice versa. For cantilever beam bending moment is zero 

at the free end and maximum at the fixed end. Figure.7 shows the 

surface plot of the first Normalized natural frequencies and from 

the plot it may be noted that a greater variation in Normalized 

natural frequencies are observed when the depth of crack is more. 

 

 
Fig. 7: Surface Plot For First Normalized Natural Frequencies. 

 

 
Fig. 8: Surface Plot for Second Normalized Natural Frequencies. 

 

 
Fig. 9: Surface Plot for Second Normalized Natural Frequencies Normal-

ized Natural Frequencies of Analytical Studies 

 
Table 2: First Normalized Natural Frequencies 

X a=2 a=4.5 a=6 a=7.5 a=10 a=12 a=14 

25 0.919 0.915 0.909 0.901 0.907 0.880 0.863 

60 0.918 0.912 0.905 0.895 0.866 0.826 0.773 
100 0.916 0.900 0.884 0.862 0.816 0.764 0.702 

140 0.919 0.919 0.918 0.916 0.913 0.907 0.895 

150 0.919 0.919 0.919 0.918 0.917 0.914 0.911 
200 0.915 0.895 0.873 0.846 0.789 0.737 0.679 

265 0.919 0.915 0.911 0.904 0.884 0.847 0.767 

 
Table 3: Second Normalized Natural Frequencies 

X a=2 a=4.5 a=6 a=7.5 a=10 a=12 a=14 

25 0.917 0.914 0.889 0.873 0.843 0.832 0.791 
60 0.920 0.919 0.919 0.919 0.917 0.915 0.913 

100 0.919 0.911 0.903 0.892 0.868 0.837 0.796 

140 0.916 0.896 0.875 0.848 0.787 0.718 0.628 
150 0.915 0.894 0.872 0.843 0.777 0.703 0.610 

200 0.917 0.902 0.886 0.862 0.803 0.732 0.622 

265 .920 0.919 0.919 0.918 0.915 0.909 0.898 

 
Table 4: Third Normalized Natural Frequencies 

X a=2 a=4.5 a=6 a=7.5 a=10 a=12 a=14 

25 0.999 0.995 0.989 0.981 0.987 0.960 0.943 

60 0.998 0.992 0.985 0.975 0.946 0.906 0.853 

100 0.996 0.980 0.964 0.942 0.896 0.844 0.782 
140 0.999 0.999 0.998 0.996 0.993 0.987 0.975 

150 0.999 0.999 0.999 0.998 0.997 0.994 0.991 

200 0.995 0.975 0.953 0.926 0.869 0.817 0.759 
265 0.999 0.995 0.991 0.984 0.964 0.927 0.847 

 
Table 5: First Normalized Natural Frequencies 

 X a=2 a=4.5 a=6 a=7.5 a=10 a=12 a=14 

 25 0.997 0.994 0.969 0.953 0.923 0.912 0.871 

 60 1 0.999 0.999 0.999 0.997 0.995 0.993 
100 0.999 0.991 0.983 0.972 0.948 0.917 0.876 

140 0.996 0.976 0.955 0.928 0.867 0.798 0.708 

150 0.995 0.974 0.952 0.923 0.857 0.783 0.690 
200 0.997 0.982 0.966 0.942 0.883 0.812 0.702 

265 1 0.999 0.999 0.998 0.995 0.989 0.978 

 
Table 6: Second Normalized Natural Frequencies 

X a=2 a=4.5 a=6 a=7.5 a=10 a=12 a=14 

25 0.993 0.961 0.926 0.882 0.786 0.680 0.558 

60 0.995 0.972 0.948 0.917 0.839 0.748 0.642 
100 0.998 0.984 0.970 0.950 0.901 0.835 0.732 

140 0.999 0.993 0.986 0.975 0.948 0.909 0.834 
150 0.999 0.994 0.988 0.980 0.958 0.925 0.864 

200 1 0.999 0.998 0.996 0.990 0.981 0.962 

265 1 1 1 1 1 1 1 

 
Table 7: Third Normalized Natural Frequencies 

X a=2 a=4.5 a=6 a=7.5 a=10 a=12 a=14 

25 0.913 0.881 0.846 0.802 0.706 0.600 0.478 
60 0.915 0.892 0.868 0.837 0.759 0.668 0.562 

100 0.918 0.904 0.890 0.870 0.821 0.755 0.652 

140 0.919 0.913 0.906 0.895 0.868 0.829 0.754 

150 0.919 0.904 0.908 0.900 0.878 0.845 0.784 

200 .920 0.919 0.918 0.916 0.910 0.901 0.882 
265 .920 .920 .920 .920 .920 .920 .920 

 



40 International Journal of Engineering & Technology 

 
Normalized Natural Frequencies of Experimental Studies 

Table-5, 6, 7 shows the first three normalized natural frequencies 

of cantilever beam using digital storage oscilloscope (DSO).  

5.3. Contour plot 

Damage detections are based on the changes in the natural fre-

quencies. The first three normalized natural frequencies are used 

to plot the contours in MATLAB.Contour line resulting from a 

combination of different crack depths and crack locations (for a 

particular mode) are plotted in MATLAB with location and depth 

of the crack as its axes.The plotted contour lines intersects at the 

crack location of 150mm and at the crack depth of 7.5 mm of can-

tilever beam for the numerical studies as shown in Fig.10. The 

position detected is the actual location of the crack detected in 

simply cantilever beam. The same procedure is followed for ex-

perimental studies of a cantilever steel beam. The contour lines 

plotted intersect at the crack location of 150 mm and at the crack 

depth of 7.5 mm as shown in Fig.11. The position detected is the 

actual location of the crack detected in cantilever beam. 

 

 
Fig. 10: Frequency Contour Plot of First Three Normalized Frequencies in 
Case of Cantilever Beam for Numerical Studies (X = 150 Mm, D = 7.5 

Mm). 

 

 
Fig. 11: Frequency Contour Plot of First Three Normalized Frequencies in 

Case of Cantilever Beam for Experimental Studies (X = 150 Mm, D = 7.5 

Mm). 

6. Conclusion 

In this paper a numerical study and experimental study has been 

undergone to detect the cracks in a steel beam with cantilever 

support conditions by taking natural frequency as the basic crite-

ria .Beam frequency reduces due to the presence of damage in the 

structure. When the crack depth is more than 75% of its total 

depth, the decrease in frequencies is identified to be higher. The 

variation of natural frequency is very less when the damage is far 

away from the support. It is concluded the in case of cantilever 

beam the variation in natural frequency is found to be more if the 

crack depth is large when located near the support. 

The important conclusions arrived from this study are presented  

• The stiffness of the beam decreases as more materials get 

removed and hence the natural frequency of the beam is de-

creased. 

• The crack location is represented by the intersection of the 

three contours of Normalized natural frequencies. 

• The natural frequencies of the undamaged beam were found 

to be higher than the natural frequencies of the damaged 

beam. 

Frequency contour method is one of the best methods suited to 

detect damage in civil, mechanical & aerospace elements. 
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