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Abstract: Structural health monitoring (SHM) is the process of monitoring the performance and evaluating the state of health of 

structures based on measurements from on-structure sensing systems. This technique helps to detect the damages at the earlier stage 

before failure occurs.  The occurrence of damage in a structure produces changes in its global dynamic characteristics such as its 

natural frequencies, mode shapes, modal damping, modal participation factors, impulse response and frequency response functions. 

Various methods are available to detect the damages based on the dynamic characteristics of the structures as damage alters the 

dynamic behaviour of the structure. Frequency Contour method is used in this paper, which is one of the less time consuming method, 

in which the damage location and size can be detected accurately. 

 In a steel beam of size 20 mm x 20 mm and of length 300 mm, Numerical study is undergone to validate the Frequency 

Contour method. The free vibration analysis is done in the beam in undamaged state and the first three natural frequencies is obtained 

using ABAQUS, FEA Software. The same is done in damaged beams. In damaged beams cracks were created at various locations 

along the length of the beam by varying the depths to 5 mm, 10 mm, 12 mm and 15 mm. The ratio of damaged to undamaged natural 

frequencies gave the Normalized natural frequencies. The intersection of the contours of Normalized natural frequencies for the first 

three modes plotted gives the crack location and depth. In order to plot the contours of Normalized natural frequencies code is written 

in MATLAB. The prediction of damage by using Frequency contour method gave good results. 

Keywords: Structural Health Monitoring, Non-Destructive, Dynamic, Frequency Contour, Normalized natural frequencies, damage. 

1. INTRODUCTION 

 SHM is concerned with performance monitoring of 

structures to ascertain the strength and performance states of 

critical members of the structures and determine the presence 

of damage, or evaluate its degradation and remaining service 

life. Damage changes the vibratory behaviour of a structure 

and, therefore, structural diagnostics based on dynamic 

methods has potentially great importance in engineering 

applications. The parameters such as natural frequencies, 

Mode shapes and Modal damping changes due to the presence 

of damages in a structure. This has lead to the detection of 

damage location, depth and its severity in the structure. The 

essential underlying principle here is to compare the structural 

behaviour in the damaged and undamaged states. In the field 

of Structural Health Monitoring, Such studies have become an 

active research.  

 Structural damage is often thought as a decay of the 

mechanical properties of a portion of the structure and it is 

represented by a localized decrease of stiffness. The presence 

of damage in a structure can be detected using various 

methods. In this study Frequency Contour method is used, 

which is based on the changes in natural frequencies of the 

structure. The study is carried out in a Simply supported steel 

beam. The frequency measurements can be done accurately 

and quickly which is the benefit of this method. In case of 

single crack, measurement of first three Natural frequencies 

will be sufficient to determine the crack location and depth. 

Numerical study is undergone in this paper to validate the 

Frequency Contour Method.  

 Conner Shane, et al [1] investigated three damage 

locations for three damage cases for each location. . In this 

study, discrete packets of sensor data were analyzed using the 

Singular Value Decomposition (SVD) which is a discrete 

realization of POD. To test the ability of the damage detection 

algorithm to predict and localize damage, a finite element 

(FE) model of a carbon-fiber epoxy plate was developed using 

ANSYS. The results have shown that the developed algorithm 

is capable of detecting both location and severity of damages 

even under changing loading conditions and with a high level 

of confidence. Jae-Hyung Park, et al [2] proposed an 

improved GA-based damage detection algorithm using a set of 

combined modal features that include natural frequency, mode 

shape, and modal strain energy. Experimental tests were 

performed on free-free beams; it was selected to reduce 

modelling uncertainty related to support boundary conditions.   
L. Pieczonka, W. J., et al [3] presented some preliminary 

results with respect to investigates related to the effect of low-

frequency vibration on nonlinear vibro-acoustic wave 

modulations. Numerical simulations have been performed to 

investigate possible modal excitation frequencies for future 

nonlinear vibro-acoustic wave modulation test used to detect 

impact damage composites. T. Siebel, et al [4] studied the 

application of vibration-based damage detection methods to a 

wind turbine model. A numerical study has shown that the 

proposed algorithms were capable to locate damage correctly 

based on both strain and acceleration data. However, it was 

demonstrated that curvatures calculated from acceleration data 

have a high sensitivity to noise. Ahmed S. Noman , et al [5] 

examined the Structural Health Monitoring Using Vibration-

Based Methods and Statistical Pattern Recognition 

Techniques. The methods have been applied to the Crowchild 

Bridge in Calgary to detect various damages. The Damage 

Index and Matrix Update algorithms have been chosen for the 

analysis. The method was found suitable for the study. 

 The main objective of this paper is to numerically 

study the crack location and depth in a simply supported Steel 

beam, using Frequency Contour Method. 
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2. THEORETICAL ASPECTS 
 The first three natural frequencies of a Uniform 

simply supported beam is derived as follows. The equation 

governing the transverse vibration of a straight beam 

subjected to external force is used for deriving the Natural 

vibration frequencies. The general solution obtained is  

 

Ф(x) = C1 sin βx + C2 cos βx + C3 sinh βx +      

            C4 cosh βx                      (1) 

 

and       β4 = ω2m                   (2) 

       EI 

 

 At both ends of the beam displacement and bending 

moment are zero. Thus applying for  x= 0 and x = L in the 

corresponding equations and substituting in equation (1) gives 

 

Ф(x) = C1 sin βx + C3 sinh βx                                      (3) 

 

 βL = nπ            n = 1,2,3,…                            (4) 

 

 By using equation (2) we get 

 

ωn = n2π2(EI/mL4)1/2   n = 1,2,3,…                     (5) 

 

 By substituting n = 1,2,3,… the vibration 

frequencies for infinite series can be obtained. The first, 

Second and Third natural frequencies obtained are ω1 = 

π2(EI/mL4)1/2, ω2 = 4ω1, ω3 = 9ω1. 

       

3. FREE VIBRATION ANALYSIS USING 

ABAQUS FEA SOFTWARE 
 

3.1Modelling  

 A decrease in natural frequencies, Stiffness and 

damping can be observed due to the presence of crack in 

structures. In Frequency Contour method, the changes in 

natural frequencies were taken as a basic criterion to detect the 

damages. Free vibration analysis is carried out in a simply 

supported steel beam using ABAQUS FEA Software. Table 1 

shows the properties of the beam. 

 The first three natural frequencies for the beam in 

undamaged state has been obtained by free Vibration Analysis. 

In the beam a single crack has been has been modeled and the  

free vibration analysis was performed considering the 

geometric and material non linearity. Totally 116 damaged 

beams were used for the analysis, in which the cracks 

provided were modeled as Open cracks along the bottom of 

the beam with various depths (d) of 5mm 10mm, 12mm and 

15mm at each location(x) of 8mm interval along the length of 

the beam as shown in Figure.2.  

 The first three natural frequencies were obtained for 

each damaged beam model. The damaged natural frequencies 

obtained were lesser than the undamaged natural frequencies, 

which confirmed the damage. 

Table 1. Properties of the beam 

  

         The damaged and undamaged natural frequencies 

obtained were used for finding the Normalized natural 

frequencies, which is the ratio of damaged natural frequency 

(ωd) to that of the undamaged natural frequency (ω).  

 

 
Figure.1 Cracked beam model 

 

 
Figure.2 First Mode Shape of a damaged beam  

(d = 5 mm, x = 158 mm) 

 

 
Figure.3 Second Mode Shape of a damaged beam 

 (d = 5 mm, x = 158 mm) 

Width of the beam 20 mm 

Depth of the beam 20 mm 

Length of the beam 300 mm 

Poisson’s ratio 0.35 

Elastic modulus 2.06 x 105 MPa 

Density 7850 kg/m3 

Element type C3D8I, an eight noded brick 

element 
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Figure.4 Third Mode Shape of a damaged beam  

(d = 5 mm, x = 158 mm) 

 
 Figure.2, 3, 4 shows the first, second and third 

Mode shape of a damaged beam with damage located (x) at 

158 mm and depth (d) 5 mm. 

 

4 RESULTS AND DISCUSSIONS 

 Tables 2, 3 and 4 lists the first three 

Normalized natural frequencies of the damaged beams 

with single crack located at various locations with 

varying depths.  
 

4.1 Comparison of Normalized natural 

frequencies 
 The comparison of the Normalized natural 

frequencies of the damaged beams is done using the surface 

plot. The effect of damages in beams varies depending upon 

the location and depth of the crack. The surface plot is plotted 

by writing coding in MATLAB Software. Figure.5 shows the 

surface plot of the first Normalized natural frequencies. The 

changes in natural frequency were found to be low at both the 

ends of the beam, and at the centre of the beam the variation is 

higher. Therefore, it may be concluded that, towards the 

centre of the beam there will be a greater change in natural 

frequency in the case of simply supported beams. The 

Bending Moment will be Maximum at the centre and zero at 

the supports for simply supported beams. Hence, there will be 

a decrease in Normalized natural frequency when there is an 

increase in Bending Moment and vise versa. From Figure.5 it 

may be noted that when the depth of crack is more, a greater 

variation in Normalized natural frequencies were observed. In 

some cases a particular natural frequency may correspond to 

the different crack locations. 
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Figure.5 Surface plot for first Normalized natural frequencies 

Table 2. First Normalized natural frequencies 

 
x d = 5 d = 10 d =12 d =15 

8 1 0.9951 0.9898 0.957 

18 0.9997 0.9887 0.9776 0.9107 

28 0.9977 0.9769 0.955 0.8524 

38 0.9947 0.9614 0.9272 0.7934 

48 0.9909 0.9453 0.8998 0.7399 

58 0.9881 0.929 0.8711 0.6937 

68 0.9824 0.9124 0.8494 0.6596 

78 0.9792 0.8954 0.8268 0.6121 

88 0.9765 0.8777 0.8034 0.6286 

98 0.9725 0.8679 0.7839 0.5687 

108 0.9696 0.8603 0.7711 0.5549 

118 0.9678 0.8485 0.7598 0.5426 

128 0.9668 0.8415 0.7523 0.5353 

138 0.9640 0.8341 0.748 0.5314 

148 0.9636 0.8349 0.7468 0.5311 

158 0.9655 0.8357 0.7443 0.5428 

168 0.9654 0.8412 0.7542 0.5426 

178 0.9678 0.8458 0.7629 0.5481 

188 0.9718 0.8599 0.7745 0.5739 

198 0.9738 0.8701 0.7893 0.584 

208 0.9777 0.8834 0.8084 0.6072 

218 0.9799 0.8961 0.8297 0.6363 

228 0.9854 0.9139 0.8543 0.6485 

238 0.9893 0.9314 0.8811 0.726 

248 0.9920 0.9487 0.9085 0.787 

258 0.9956 0.9656 0.9369 0.8414 

268 0.9978 0.9803 0.9611 0.8933 

278 0.9999 0.9915 0.9817 0.9481 

288 1 0.9987 0.9938 0.9819 

 x = Crack location, d = Crack depth 
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Figure.6 Surface plot for second Normalized natural 

frequencies 

Table 3. Second Normalized natural frequencies 
 

x d = 5 d = 10 d = 12 d = 15 

8 0.9841 0.9606 0.9531 0.9356 

18 0.9981 0.9914 0.9874 0.9729 

28 0.9990 0.9940 0.9902 0.9785 

38 0.9980 0.9906 0.9854 0.9697 

48 0.9965 0.9845 0.9768 0.9550 

58 0.9947 0.9774 0.9665 0.9398 

68 0.9931 0.9716 0.9584 0.9264 

78 0.9922 0.9678 0.9534 0.9204 

88 0.9917 0.9664 0.9526 0.9213 

98 0.9922 0.9690 0.9556 0.9252 

108 0.9932 0.9740 0.9625 0.9360 

118 0.9951 0.9804 0.9713 0.9498 

128 0.9968 0.9869 0.9808 0.9654 

138 0.9983 0.9927 0.9892 0.9794 

148 0.9994 0.9968 0.9948 0.9889 

158 0.9996 0.9979 0.9964 0.9910 

168 0.9990 0.9958 0.9933 0.9858 

178 0.9977 0.9907 0.9864 0.9740 

188 0.9960 0.9843 0.9769 0.9586 

198 0.9941 0.9767 0.9668 0.9416 

208 0.9923 0.9707 0.9579 0.9291 

218 0.9913 0.9655 0.9512 0.9181 

228 0.9905 0.9634 0.9479 0.9090 

238 0.9909 0.9638 0.9487 0.9105 

248 0.9921 0.9681 0.9525 0.9191 

258 0.9938 0.9742 0.9613 0.9331 

268 0.9957 0.9817 0.9719 0.9474 

278 0.9974 0.9883 0.9827 0.9683 

288 0.9976 0.9912 0.9874 0.9772 
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Figure.7 Surface plot for third Normalized natural frequencies 

 

Table 4. Third Normalized natural frequencies 

 
x d = 5 d = 10 d = 12 d = 15 

8 0.9888 0.9648 0.9531 0.9250 

18 0.9959 0.9798 0.9705 0.9451 

28 0.9953 0.9772 0.9650 0.9399 

38 0.9935 0.9717 0.9584 0.9272 

48 0.9929 0.9689 0.9552 0.9229 

58 0.9930 0.9703 0.9577 0.9303 

68 0.9942 0.9763 0.9661 0.9439 

78 0.9971 0.9845 0.9775 0.9626 

88 0.9987 0.9926 0.9887 0.9806 

98 0.9999 0.9974 0.9949 0.9891 

108 0.9999 0.9971 0.9899 0.9263 

118 0.9979 0.9722 0.9295 0.8402 

128 0.9954 0.9269 0.8722 0.7861 

138 0.9928 0.8899 0.8289 0.7890 

148 0.9914 0.8709 0.8043 0.7904 

158 0.9912 0.8710 0.8042 0.7907 

168 0.9930 0.8910 0.8346 0.7884 

178 0.9955 0.9287 0.8871 0.8247 

188 0.9982 0.9764 0.9472 0.8990 

198 1 0.9986 0.9969 0.9726 

208 1 0.9984 0.9970 0.9931 

218 0.9988 0.9931 0.9894 0.9814 

228 0.9963 0.9841 0.9771 0.9615 

238 0.9938 0.9744 0.9641 0.9418 

248 0.9919 0.9675 0.9526 0.9268 

258 0.9913 0.9592 0.9340 0.9070 

268 0.9921 0.9595 0.9268 0.8829 

278 0.9936 0.9708 0.9459 0.8782 
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288 0.9946 0.9749 0.9620 0.9154 

 

 The surface plot for the second Normalized natural 

frequencies is shown in Figure. 6. At the centre of the beam, 

the natural frequency variations were found to be greater. The 

natural frequency variations are found to be very low at one-

third and two-third positions. Comparing to first mode the 

changes in natural frequencies are very low. From Figure.7 it 

may be observed that there is a slight change in natural 

frequency at the supports of the beam and then there is a rapid 

decrease in natural frequency.  

 Only a slight variation in natural frequencies is 

observed in third mode comparing to first mode. A very small 

variation in frequency is observed when the crack depth is 

small. To determine the crack location and depth, measuring 

the first three natural frequencies will be sufficient. It may be 

concluded that when the crack depth is increased to 75% of 

beam depth the natural frequency is decreased significantly. In 

addition to the above conclusion it may also be noted that at 

the location where the Bending Moment is maximum, 

decrease in frequencies is greatest. 

 

4.2 Damage Identification 
 In frequency contour method, the identification of 

damage is based upon the changes in natural frequencies. In 

this method, the intersection of the contours of the first three 

Normalized natural frequencies gives the crack location and 

depth. A contour line, which has the same normalized 

frequency change resulting from a combination of different 

crack depths and crack locations, could be plotted in a curve 

with crack location and crack depth as its axes. The crack 

located at 88mm from the left support of the beam with a 

crack depth of 12mm is considered for the study of single 

damage detection in the beam. The Normalized natural 

frequencies at this location are 0.8034 for first mode, 0.9526 

for the second mode and 0.9887 for the third mode from 

Tables 2,3 and 4. The contour plot of the three Normalized 

natural frequencies was plotted by writing coding in 

MATLAB Software. 
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Figure.8 Frequency Contour plot for Normalized frequency of 

0.8034 for the First Mode 
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Figure.9 Frequency Contour plot for Normalized frequency 

of 0.9526 for the Second Mode 

 
 The contour plot of Normalized frequency for first, 

second and third modes were shown in Figure.8, Figure.9 and 

Figure.10 respectively. Since, the frequencies depend on the 

crack depth and location these values can be uniquely 

determined by the solution of a function having solutions one 

order higher than the number of unknowns to be determined. 

This is the reason for the requirement of three modes in order 

to detect a single crack location. If more parameters other than 

the crack depth and location are required, then one will 

require more number of modes to identify the unknown 

parameters. 
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Figure.10 Frequency Contour plot for Normalized frequency 

of 0.9887 for the Third Mode 

 

 Figure. 8, 9, 10 shown above are then plotted on 

the same plot to detect the crack. The intersection of the three 

contours of Normalized natural frequencies gives the crack 

depth and location. Figure. 11 show the contour plot of the 

three Normalized frequencies. The three contours are found to 

intersect at the location (x) 88 mm and crack depth (d) 12 mm. 

This location detected is the actual location of the crack 

modelled in the beam.  
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Figure.11 Frequency contour plot of first three modes of 

0.8034, 0.9526, 0.9887 Normalized frequencies. 

 

 The location and depth of the crack is thus 

accurately and easily located using the Frequency contour 

method. Thus, the Frequency contour Method is validated.  

 

 

5. CONCLUSION 
 

 Numerical study of damage detection using 

Frequency Contour Method in a steel beam is done in this 

paper, The basic assumption is that, due to damages in the 

structures the natural frequency, Stiffness gets decreased and 

the damping is increased. In this study it is found that when 

the crack depth is increased to 75% of the beam depth, greater 

decrease in natural frequencies were obtained this is due to the 

fact that as more materials gets removed the stiffness of the 

beam decreases and hence the natural frequency. The first 

three natural frequencies will be sufficient to determine the 

crack depth and crack location for a beam with a single crack.  

The method is found to be very simple and less time 

consuming. The location and depth of the cracks were 

accurately detected and matches with the damages created in 

the beam. Thus, this method can be used to detect the damage 

in actual structural elements. 

 

6. ACKNOWLEDGEMENT 
 

This paper is published with the permission of the 

Director, CSIR-Structural Engineering Research Centre. 

 

7. REFERENCES 
 

[1] Anil K. Chopra, “Systems with Distributed                 Mass 

and Elasticity,” in Dynamics of Structures, 2nd ed., vol. 1, 

USA, Prentice Hall, 1995, pp 585-595. 

 

[2]  Carlos Alberto Riveros, Edwin Fabian García, Manuel 

Alonso Builes, “A Numerical Approach for fault detection 

in beam-like structures using Modal strain energy”, 

Journal of Revista EIA, pp. 171-184. 2010. 

 

[3] Cawley, P and Adams, R. D, “The Location of Defects in 

Structures from Measurements of Natural Frequencies.” 

Journal of Strain Analysis, pp. 49-57, 1979. 

 

[4] Mohamed Abdel-Basset Abdo, “Damage detection in 

plate-like structures using High-Order mode shape 

derivatives”, International Journal of civil and structural 

engineering, Volume 2, No 3, 2012.   

 

[5] Luna Majumder, C.S. Manohar, “A time-domain approach 

for damage detection in beam structures using vibration 

data with a moving oscillator as an excitation source”, 

Journal of Sound and Vibration, pp. 691-716, 21 

November 2002.   

 

[6] Lakshmanan, N, et al, “Detection of Contiguous and 

Distributed Damage through Contours of Equal Frequency 

Change.” Journal of Sound and Vibration, 329, pp. 1310-

1331, 2010. 

 

[7] Mehdi Salehi, et al, “A Structural Damage Detection 

Technique Based on Measured Frequency Response 

Functions”, Journal of Contemporary Engineering 

Sciences, Vol. 3, no. 5, pp. 215 – 226, 2010. 

 

[8] Ratcliffe, C. P,” Damage Detection Using a Modified 

Laplacian Operator on Mode Shape Data”,Journal of 

Sound and Vibration, 204 (3), pp. 505-517, 1997. 

 

[9] A. V. Deokar and V. D. Wakchaure, “Experimental 

Investigation of Crack Detection in Cantilever Beam 

Using Natural Frequency as Basic Criterion”, Nirma 

University, Ahmedabad, pp. 08-10 December, 2011.   

 

[10]  Pandey, A.K, et al,” Damage detection from changes in 

curvature mode shapes”, Journal of Sound and Vibration 

145 (2), pp. 321-332,1991. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

  
 

 

 


