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Abstract 

Mostly the structural members and machine elements are subjected to progressive static 

and dynamic loading and that may cause initiation of defects in the form of crack. The 

cause of damage may be due to the normal operation, accidents or severe natural 

calamities such as earthquake or storm. That may lead to catastrophic failure or collapse 

of the structures. Thereby the importance of identification of damage in the structures is 

not only for leading safe operation but also to prevent the loss of economy and lives. The 

condition monitoring of the engineering systems is attracted by the researchers and 

scientists very much to invent the automated fault diagnosis mechanism using the change 

in vibration response before and after damage. The structural steel is widely used in 

various engineering systems such as bridges, railway coaches, ships, automobiles, etc. 

The glass fiber reinforced epoxy layered composite material has become popular for 

constructing the various engineering structures due to its valuable characteristics such as 

higher stiffness and strength to weight ratio, better damage tolerance capacity and wear 

resistance. Therefore, layered composite and structural steel have been taken into account 

in the current study. The theoretical analysis has been performed to measure the vibration 

signatures (Natural Frequencies and Mode Shapes) of multiple cracked composite and 

structural steel. The presence of the crack in structures generates an additional flexibility. 

That is evaluated by strain energy release rate given by linear fracture mechanics. The 

additional flexibility alters the dynamic signatures of cracked beam. The local stiffness 

matrix has been calculated by the inverse of local dimensionless compliance matrix. The 

finite element analysis has been carried out to measure the vibration signatures of cracked 

cantilever beam using commercially available finite element software package ANSYS. It 

is observed from the current analysis, the various factors such as the orientation of cracks, 

number and position of the cracks affect the performance and effectiveness of damage 

detection techniques. The various automated artificial intelligent (AI) techniques such as 

fuzzy controller, neural network and hybrid AI techniques based multiple faults diagnosis 

systems are developed using vibration response of cracked cantilever beams. The 

experiments have been conducted to verify the performance and accuracy of proposed 

methods. A good agreement is observed between the results.  

Keywords:  Natural Frequency, Mode shape, Fuzzy, Neural network, Vibration response. 

 



  

v | P a g e  

Table of Contents 

Declaration......................................................................................................……….i  

Certificate....................................................................................................................ii 

Acknowledgements.....................................................................................................iii 

Abstract........................................................................................................................iv 

Table of Contents.........................................................................................................v 

List of Tables................................................................................................................ix 

List of Figures..............................................................................................................xi 

Nomenclature.............................................................................................................xviii 

 

1 Introduction 1 

 1.1 Motivation for development of fault diagnosis techniques 1 

 1.2 Aim and objective of the dissertation 2 

 1.3 Novelty of the thesis 3 

 1.4 Organization of dissertation 3 

2 Literature Review 6 

 2.1 Introduction 6 

 2.2 Study of structural integrity monitoring techniques 6 

  2.2.1 Classic methods for identification of damage 7 

  2.2.2 Finite element methods used for crack identification 14 

  2.2.3 Artificial intelligence techniques used for crack identification 17 

   2.2.3.1 Fuzzy inference system 18 

   2.2.3.2 Artificial neural network techniques 20 

   2.2.3.3 Genetic algorithm system 23 

   2.2.3.4 Adaptive Neuro Fuzzy Inference System (ANFIS) technique 26 

   2.2.3.5 Hybrid AI techniques used for crack identification 28 

  2.2.4 Miscellaneous methods used for crack identification   32 

 2.3 Summary 35 

3 Theoretical Analysis of Multiple Cracked Cantilever Beam for 

Measurement of Dynamic Response 

36 

 3.1 Introduction 36 



  

vi | P a g e  

3.2 Analysis of dynamic response of cracked composite beam 37 

 3.2.1 Calculation of stiffness and mass matrices for composite beam 

element 

37 

3.2.2 Calculation of stiffness matrix for cracked composite beam element 39 

3.3 Analysis of dynamic response of cracked steel beam 49 

 3.3.1 Determination of the local flexibility and local stiffness matrix of a 

cracked beam under bending and axial loading 

49 

3.3.2 Vibration analysis of the multiple cracked cantilever steel beams 52 

3.4 Evaluation and comparison of experimental and theoretical analysis results 60 

3.4.1 Analysis of experimental results and theoretical results for   

composite beam 

60 

 3.4.2 Analysis of experimental results and theoretical results for steel 

beam 

66 

3.5 Comparison and validation of theoretical analysis results and experimental 

analysis results 

71 

 3.6 Discussion 74 

 3.7 Summary 75 

4 Finite Element Analysis of Multiple Cracked Cantilever Beam for 

Measurement of Dynamic Response 

76 

 4.1 Introduction 76 

 4.2 Analysis of finite element method  77 

 4.3 Finite element analysis of composite beam 78 

  4.3.1 Selection and description of element in the analysis   78 

  4.3.2 The properties of material and selection of the crack orientation 79 

  4.3.3 Mesh convengence testing 80 

 4.4 Finite element analysis of steel beam 82 

  4.4.1 Selection and description of element in the analysis   82 

  4.4.2 The material properties and dimensions of beam 83 

 4.5 Discussion 88 

 4.6 Summary 88 

5 Study of Fuzzy Logic System for Identification of Multiple Cracks of 

Cantilever Beam 

90 

 5.1 Introduction 90 



  

vii | P a g e  

 5.2 Overview of Fuzzy logic system 91 

  5.2.1 Selection of fuzzy membership function 92 

  5.2.2 Developing the fuzzy logic controller using fuzzy rules 94 

  5.2.3 Analysis of defuzzification mechanism 94 

 5.3 Study of fuzzy logic system for detection of cracks 95 

  5.3.1 Fuzzy logic system for identification of crack 97 

  5.3.2 Analysis of fuzzy logic system for composite beam 99 

  5.3.3 Analysis of fuzzy logic system for Steel beam 106 

 5.4 Results and Discussion 113 

 5.5 Summary 118 

6 Study of Neural Network for Identification of Multiple Cracks of 

Cantilever Beam 

119 

 6.1 Introduction  119 

 6.2 Overview of Neural Network Technique 120 

  6.2.1 Type of learning process in ANNs 122 

 6.3 Analysis of Back Propagation Neural Network  122 

  6.3.1 Application of back propagation neural network for identification 

of crack 

123 

  6.3.2 BPNN mechanism for prediction of crack 124 

 6.4 Analysis Radial basis function neural network 127 

  6.4.1 RBFNN Mechanism for identification of damage 127 

   6.4.1.1 Determination of the RBFcenters 128 

   6.4.1.2 Determination of the RBF unit widths. 129 

   6.4.1.3 Determination of the weights 129 

   6.4.1.4 Selection of K and β 129 

  6.4.2 Application of radial basis function neural network for 

identification of crack 

130 

 6.5 Analysis of Kohonen self-organizing maps 132 

  6.5.1 Kohonen Self-organizing Maps Mechanism 132 

  6.5.2 Application of Kohonen Self Organizing Maps for identification of 

Damage 

134 

 6.6 Results and Discussion 136 

 6.7 Summary 142 



  

viii | P a g e  

7 Study of Hybrid Fuzzy-Neuro Technique for Identification of Multiple 

Cracks of Cantilever Beam 

143 

 7.1 Introduction 143 

 7.2 Analysis of the hybrid fuzzy-neuro technique 144 

  7.2.1 Analysis of fuzzy part of hybrid model 151 

  7.2.2 Analysis of neural part of hybrid model 151 

 7.3 Results and discussion 152 

 7.4 Summary 161 

8 Analysis & Description of experimental investigation 162 

 8.1 Analysis and Specification of instruments required in vibration 

measurement 

162 

 8.2 Systematic experimental procedure 165 

 8.3 Results and discussion 168 

9 Results and discussion 170 

 9.1 Introduction 170 

 9.2 Analysis of results derived from various methods 170 

 9.3 Summary 174 

10 Conclusions and Scope for future work 175 

 10.1 Introduction 175 

 10.2 Contributions 175 

 10.3 Conclusions 176 

 10.4 Scope for the future work 178 

 REFERENCES 179 

 List of Published/Communicated Papers  194 

 APPENDIX A 196 

 APPENDIX B 200 

 APPENDIX C 203 

 APPENDIX D 204 

 

 

 



  

ix | P a g e  

List of Tables 

Table Title Page 

3.1 Comparison of the results between Theoretical and 

Experimental analysis (Composite beam) 

72 

3.2 Comparison of the results between Theoretical and 

Experimental analysis (Steel Beam) 

73 

4.1 Material properties of Glass fiber- reinforced epoxy composite 80 

4.2 Mesh convergence testing for composite beam 80 

4.3 Material properties of structural steel 83 

4.4 Comparison of the results among Theoretical, FEA and 

Experimental analysis (Composite beam) 

86 

4.5 Comparison of the results among Theoretical, FEA and 

Experimental analysis 

87 

5.1 Explanation of fuzzy linguistic variables 98 

5.2 Examples of some fuzzy rules out of several hundred fuzzy 

rules for composite beam 

99 

5.3 Examples of some fuzzy rules out of several hundred fuzzy 

rules for steel beam 

106 

5.4 Comparison of the results derived from Fuzzy Triangular, 

Fuzzy Gaussian, Fuzzy Trapezoidal model and Experimental 

(Composite beam) 

114 

5.5 Comparison of the results derived from Fuzzy Gaussian 

model, Theoretical and FEA (Composite beam) 

115 

5.6 Comparison of the results derived from Fuzzy Triangular, 

Fuzzy Gaussian, Fuzzy Trapezoidal model and Experimental 

(Steel beam) 

116 

5.7 Comparison of the results derived from Fuzzy Gaussian 

model, Theoretical and FEA (Steel beam) 

117 

6.1 Comparison of the results derived from RBFNN, KSOM, 

BPNN model and experimental (Composite beam) 

138 

6.2 Comparison of the results derived from RBFNN, Fuzzy 

Gaussian model, Theoretical and FEA (Composite beam) 

139 



  

x | P a g e  

 

6.3 

 

Comparison of the results derived from RBFNN, KSOM, 

BPNN model and experimental (Steel beam) 

 

140 

6.4 Comparison of the results derived from RBFNN, Fuzzy 

Gaussian model, Theoretical and FEA (Steel beam) 

141 

7.1 Comparison of the results derived from Triangular Fuzzy -

BPNN, Gaussian Fuzzy -BPNN, Trapezoidal Fuzzy -BPNN 

model and Experimental (Composite beam) 

153 

7.2 Comparison of the results derived from Triangular Fuzzy - 

RBFNN, Gaussian Fuzzy - RBFNN, Trapezoidal Fuzzy - 

RBFNN model and Experimental (Composite beam) 

154 

7.3 Comparison of the results derived from Triangular Fuzzy - 

KSOM, Gaussian Fuzzy - KSOM, Trapezoidal Fuzzy - KSOM 

model and Experimental (Composite beam) 

155 

7.4 Comparison of the results derived from Gaussian Fuzzy -

BPNN, Gaussian Fuzzy - RBFNN, Gaussian Fuzzy-KSOM 

and Gaussian Fuzzy model (Composite beam) 

156 

7.5 Comparison of the results derived from Triangular Fuzzy -

BPNN, Gaussian Fuzzy -BPNN, Trapezoidal Fuzzy -BPNN 

model and Experimental (Steel beam) 

157 

7.6 Comparison of the results derived from Triangular Fuzzy - 

RBFNN, Gaussian Fuzzy - RBFNN, Trapezoidal Fuzzy - 

RBFNN model and Experimental (Steel beam) 

158 

7.7 Comparison of the results derived from Triangular Fuzzy - 

KSOM, Gaussian Fuzzy - KSOM, Trapezoidal Fuzzy - KSOM 

model and Experimental (Steel beam) 

159 

7.8 Comparison of the results derived from Gaussian Fuzzy -

BPNN, Gaussian Fuzzy - RBFNN, Gaussian Fuzzy-KSOM 

and Gaussian Fuzzy model (Steel beam) 

160 

8.1 Description and Specifications of the instruments used in the 

experiments 

164 

 

 



  

xi | P a g e  

List of Figures 

Figure Title Page 

3.1(a) Nodal displacements in element coordinate 37 

3.1(b) Applied forces on beam element 37 

3.2(a) Relative natural frequencies vs. Relative crack location from the 

fixed end for I-mode of vibration 

43 

3.2(b) Relative natural frequencies vs. Relative crack location from the 

fixed end for II-mode of vibration 

43 

3.2(c) Relative natural frequencies vs. Relative crack location from the 

fixed end for III-mode of vibration 

44 

3.3(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667& ψ2=0.5 

45 

3.3(b) Magnified view at the first crack location (β1=0.25) 45 

3.3(c) Magnified view at the second crack location (β1=0.5) 46 

3.4(a) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration), β1=0.25, β2=0.5, ψ1=0.1667& ψ2=0.5 

46 

3.4(b) Magnified view at the first crack location (β1=0.25) 47 

3.4(c) Magnified view at the second crack location (β1=0.5) 47 

3.5(a) Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667,ψ2=0.5 

48 

3.5(b) Magnified view at the first crack location (β1=0.25) 48 

3.5(c) Magnified view at the second crack location (β1=0.5) 49 

3.6 Geometry of beam: (a) Multiple cracked cantilever beam and (b) 

cross- sectional view of the beam 

50 

3.7 Relative crack depths (a1/H) vs. Dimensionless Compliance 

  1,2j  1,2iA ln   

52 

3.8 Front view of the cracked cantilever beam 53 

3.9(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 

56 

3.9(b) Magnified view at the first crack location (β1=0.25) 56 

3.9(c) Magnified view at the second crack location (β1=0.5) 57 

   



  

xii | P a g e  

3.10(a) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration), β1=0.25, β2=0.5, ψ1=0.1667& ψ2=0.5 

57 

3.10(b) Magnified view at the first crack location (β1=0.25) 58 

3.10(c) Magnified view at the second crack location (β1=0.5) 58 

3.11(a) Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667& ψ2=0.5 

59 

3.11(b) Magnified view at the first crack location (β1=0.25) 59 

3.11(c) Magnified view at the second crack location (β1=0.5) 60 

3.12 Schematic block diagram of experimental set-up 61 

3.13(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 

61 

3.13(b) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 

62 

3.13(c) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 

62 

3.14(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 

63 

3.14(b) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 

63 

3.14(c) Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode 

of vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 

64 

3.15(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.3125, β2=0.5525, ψ1=0.333& ψ2=0.25 

64 

3.15(b) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration) β1=0.3125, β2=0.5525, ψ1=0.333& ψ2=0.25 

65 

3.15(c) Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode 

of vibration) β1=0.3125, β2=0.5525, ψ1=0.333& ψ2=0.25 

65 

3.16(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 

66 

3.16(b) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 

67 

3.16(c) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 

67 



  

xiii | P a g e  

3.17(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 

68 

3.17(b) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 

68 

3.17(c) Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode 

of vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 

69 

3.18(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.3125, β2=0.5525, ψ1=0.333& ψ2=0.25 

69 

3.18(b) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration) β1=0.3125, β2=0.5525, ψ1=0.333& ψ2=0.25 

70 

3.18(c) Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode 

of vibration) β1=0.3125, β2=0.5525, ψ1=0.333& ψ2=0.25 

70 

4.1 Geometrical configuration of SOLSH 190 79 

4.2(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 

81 

4.2(b) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 

81 

4.2(c) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 

82 

4.3 Geometry of SOLID185 element 83 

4.4(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 

84 

4.4(b) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 

85 

4.4(c) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 

85 

5.1(a) Triangular membership function 93 

5.1(b) Gaussian membership function 93 

5.1(c) Trapezoidal membership function 94 

5.2 Fuzzy logic controller 96 

5.3(a) Triangular fuzzy model 96 

5.3(b) Gaussian fuzzy model 96 

5.3(c) Trapezoidal fuzzy model 96 



  

xiv | P a g e  

 

 

5.4 Triangular fuzzy membership functions for (1, 2, 3) relative 

natural frequency of first three bending mode of vibration, (4, 5, 6) 

relative mode shape difference of first three bending mode of 

vibration, (7, 8) first and second crack depth and (9, 10) first and 

second crack location for composite beam.  

100 

5.5 Gaussian fuzzy membership functions for (1, 2, 3) relative natural 

frequency of first three bending mode of vibration, (4, 5, 6) 

relative mode shape difference of first three bending mode of 

vibration, (7, 8) first and second crack depth and (9, 10) first and 

second crack location for composite beam. 

101 

5.6 Trapezoidal fuzzy membership functions for (1, 2, 3) relative 

natural frequency of first three bending mode of vibration, (4, 5, 6) 

relative mode shape difference of first three bending mode of 

vibration, (7, 8) first and second crack depth and (9, 10) first and 

second crack location for composite beam. 

102 

5.7 Aggregated values of first and second crack orientation (relative 

crack depths and relative crack locations) from triangular 

membership function when Rules 6 and 16 are activated of table 2 

for composite beam. 

103 

5.8 Aggregated values of first and second crack orientation (relative 

crack depths and relative crack locations) from Gaussian 

membership function when Rules 6 and 16 are activated of table 2 

for composite beam. 

104 

5.9 Aggregated values of first and second crack orientation (relative 

crack depths and relative crack locations) from trapezoidal 

membership function when Rules 6 and 16 are activated of table 2 

for composite beam. 

105 

5.10 Triangular fuzzy membership functions for (1, 2, 3) relative 

natural frequency of first three bending mode of vibration, (4, 5, 6) 

relative mode shape difference of first three bending mode of 

vibration, (7, 8) first and second crack depth and (9, 10) first and 

107 



  

xv | P a g e  

second crack location for steel beam 

5.11 Gaussian fuzzy membership functions for (1, 2, 3) relative natural 

frequency of first three bending mode of vibration, (4, 5, 6) 

relative mode shape difference of first three bending mode of 

vibration, (7, 8) first and second crack depth and (9, 10) first and 

second crack location for steel beam 

108 

5.12 Trapezoidal fuzzy membership functions for (1, 2, 3) relative 

natural frequency of first three bending mode of vibration, (4, 5, 6) 

relative mode shape difference of first three bending mode of 

vibration, (7, 8) first and second crack depth and (9, 10) first and 

second crack location for steel beam 

109 

5.13 Aggregated values of first and second crack orientation (relative 

crack depths and relative crack locations) from triangular 

membership function when Rules 10 and 22 are activated of table 

3 for steel beam. 

110 

5.14 Aggregated values of first and second crack orientation (relative 

crack depths and relative crack locations) from Gaussian 

membership function when Rules10 and 22 are activated of table 3 

for steel beam. 

111 

5.15 Aggregated values of first and second crack orientation (relative 

crack depths and relative crack locations) from trapezoidal 

membership function when Rules10 and 22 are activated of table 3 

for steel beam. 

112 

6.1 Simple model of an artificial neural network 121 

6.2 Multi layers back propagation neural network model for 

identification of multiple cracks 

123 

6.3 Flow chart for training process of BPNN 126 

6.4 RBFNN model for identification of multiple cracks 130 

6.5 Flowchart for damage detection using RBFNN technique 131 

6.6 Initialization process in Kohonen SOM Network 133 

6.7 KSOM neural network for identification of multiple crack 

detection 

135 

6.8 Flow chart for Kohonen SOM Process 136 



  

xvi | P a g e  

7.1(a) Triangular fuzzy-Neuro (BPNN) hybrid model for identification of 

multiple cracks 

145 

7.1(b) Gaussian fuzzy-Neuro (BPNN) hybrid model for identification of 

multiple cracks 

146 

7.1(c) Trapezoidal fuzzy-Neuro (BPNN) hybrid model for identification 

of multiple cracks 

147 

7.2(a) Triangular fuzzy-Neuro (RBFNN) hybrid model for identification 

of multiple cracks 

148 

7.2(b) Gaussian fuzzy-Neuro (RBFNN) hybrid models for identification 

of multiple cracks 

148 

7.2(c) Trapezoidal fuzzy-Neuro (RBFNN) hybrid model for 

identification of multiple cracks 

149 

7.3(a) Triangular fuzzy-Neuro (KSOM) hybrid model for identification 

of multiple cracks 

149 

7.3(b) Gaussian fuzzy-Neuro (KSOM) hybrid model for identification of 

multiple cracks 

150 

7.3(c) Trapezoidal fuzzy-Neuro (KSOM) hybrid model for identification 

of multiple cracks 

150 

8.1(a) Photographic view of experimental setup for composite beam 163 

8.1(b) Photographic view of experimental setup for steel beam 163 

8.2(a) Delta Tron Accelerometer 165 

8.2(b) PCMCIA card 166 

8.2(c) Vibration analyzer 166 

8.2(d) Vibration indicator imbedded with PULSE lap Shop software 166 

8.2(e) Signal generator 167 

8.2(f) Power amplifier 167 

8.2(g) Vibration Shaker 167 

8.2(h) Concrete foundation with specimen 168 

A1 Finite element model of cracked composite beam for crack depth 

0.166 

196 

A2 Finite element model of cracked composite beam for crack depth 

0.333 

 

196 



  

xvii | P a g e  

A3 Finite element model of cracked composite beam for crack depth 

0.5 

197 

A4 Meshing at crack tip 197 

A5 Layers stacking in composite beam 198 

A6 (a)  ANSYS generated I mode shape of cantilever beam 198 

A6 (b) ANSYS generated II mode shape of cantilever beam 199 

A6 (c) ANSYS generated III mode shape of cantilever beam 199 

B1 (a) Relative Amplitude vs. Relative distance from fixed end (1st mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 (Composite) 

200 

B1 (b) Relative Amplitude vs. Relative distance from fixed end (2
nd 

mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 (Composite) 

200 

B1 (c) Relative Amplitude vs. Relative distance from fixed end (3
nd 

mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 (Composite) 

201 

B2 (a) Magnified view at the second crack location (β1=0.5) for the 

first mode shape (Composite) 

201 

B2 (b) Magnified view at the second crack location (β1=0.5) for the 

second mode shape (Composite) 

202 

B2 (c) Magnified view at the third crack location (β1=0.25) for the third 

mode shape (Composite) 

202 

C1 Epochs vs mean square error for BPNN model 203 

 

 

 

 

 

 

 

 



  

xviii | P a g e  

Nomenclature 

Although all the primary symbols used in this dissertation are defined in the text as they 

occur, a list of them is presented below for easy reference. On some occasions, a single 

symbol is used for different meanings depending on the context and thus sometimes 

uniqueness is lost. The contextual explanation of the symbol at its appropriate place of 

use is hoped to eliminate the confusion. 

 

English Symbol 

L Length of the beam 

B Width of the beam 

H Thickness of the beam 

Le Length of an element  

a1, a2 Depth of crack 

L1, L2 Location of the crack 

A Cross-sectional area of the beam 

E Elastic Modulus 

G Rigidity Modulus 

u, v, θ Nodal displacement of composite beam element 

F, S, M Applied system force for composite beam element 

Kel Stiffness matrix for composite beam element 

Me Mass matrix for composite beam element  

KI, KII ,KIII    Stress intensity factors 

j Strain Energy release rate 

C Compliance coefficient matrix 

T Transformation matrix 

Kcrack Stiffness matrix for composite beam 

A11 Axial compliance 

A12= A21 Coupled axial and bending compliance 

A22 Bending compliance 

11A   Dimensionless form of  A11 

12 21A A  Dimensionless form of A12= A21 
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22A  Dimensionless form of A22 

Ri (i = 1to 18) Unknown coefficients of matrix R 

i, j Variables 

QI,i(i=1, 2) Stress intensity factors for Fi loads 

Pi (i = 1, 2) Experimentally calculated function 

Fi (i = 1, 2) Axial force (i=1), Bending moment (i=2) 

K  Stiffness matrix for first crack position 

K   Stiffness matrix for second crack position 

K Stiffness matrix for free vibration 

ui(i=1,2) Normal functions (longitudinal) ui(x) 

vi(i=1,2) Normal functions (transverse) vi(x) 

x X co-ordinate of the beam 

y Y co-ordinate of the beam 

Greek Symbols 

υ Poisson‟s Ratio                                

ρ Mass Density 

α Angle of fibers 

ωn Natural frequency 

ψ1 Relative first crack depth (a1/H) 

ψ2 Relative second crack depth (a2/H) 

β1 Relative first crack location (L1/L) 

β2 Relative second crack location (L2/L) 

 Λ  Minimum (min) operation 

 For every 

 ϵ Complement  

µ Degree of association 

 

 

 

 



  

1 | P a g e  

CHAPTER 1 

Introduction 

 

The assessment of damages present in the structures attracts the attention of scientists and 

engineers since last few decades. The presence of damage in the form of crack in 

structural components and machine elements, if not recognised immediately? will be 

severe threat to the integrity of the system and may cause loss of assets as well as human 

lives. The prediction of damage in form of crack is important not only for safety but also 

for the economic growth of industries. The quantitative change in dynamic response of 

structures before and after the damage can be used for crack identification. This chapter 

highlights the various methods those have been implemented for fault diagnosis of 

vibrating structures. The first part of this chapter addresses the background and 

motivation from the analysis of various crack diagnosis techniques. The second part 

describes the aim and objectives of the current research and novelty of the work. The 

organization of this thesis is depicted in the last section of the current chapter. 

1.1 Motivation for the development of fault diagnosis techniques 

Usually, damage may occur in the structural members due to normal operations, 

accidents, and severe natural calamities such as earthquake or storms. These may produce 

structural damage such as cracks, which can lead to sudden failure and breakdown of the 

structures. The development of health monitoring techniques such as vibration based 

damage detection methods is most significant to avoid sudden and unexpected failure of 

the engineering systems. The engineering structures are one of the most important 

elements of the modern society. Any disruption present in these structures may lead to the 

loss of assets as well as the loss of life.  It is, therefore, most important to ensure the safe 

and uninterrupted performance of the engineering structures by periodic monitoring.  

In the literature, many methods are available for the assessment of faults present in the 

engineering structures. Some of these methods are expensive because of their installation 

and maitenance cost like ultrasonic testing, magnetic particles testing and few are less 

sensitive as they require more time and presence of geometrical constraints for techniques 

(liquid penetrant testing). The vibration analysis-based method has high sensitivity, low 
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installation and operation cost so that it can be effectively used as fault diagnosis tool. 

The researchers have measured the change in vibration features of structures before and 

after damage to develop the Artificial Intelligent (AI) techniques based fault detection 

models. The AI techniques are modelled with an objective of fast and accurate 

measurement of damages/cracks present in the structures.  

AI techniques (fuzzy logic system and neural network models) and hybrid fuzzy-neuro 

models have been designed and analyzed in current research for prediction of multiple 

cracks present in the structures to ensure the smooth and safe operation by capturing the 

modal response.  

1.2 Aim and objective of the dissertation 

The quantification and localization of damage are important in any engineering system 

associated with aerospace, civil and mechanical engineering. The engineering systems 

must be free from damage to ensure the safe and smooth operation. The presence of 

cracks in engineering system may lead to sudden and unexpected failure of systems. This 

damage or crack must be identified early to prevent catastrophic failure. The beam-like 

structures are commonly used as a structural element in various engineering systems 

(composite and steel structure, industrial machine) and these elements are subjected to 

static and dynamic loading.  

The uses of the composite materials are rapidly increased in aerospace, civil and 

mechanical engineering over the past few years. Now composite materials have become a 

major constituent of various engineering systems due to their valuable features such as 

high stiffness and strength to weight ratios, better wear and fatigue resistance and damage 

tolerance capacity. The different types of damage may be detected in composite materials 

such as delamination, matrix cracking and fiber breaking. The presences of these damages 

in composite structures reduce the strength and stiffness and may lead to the catastrophic 

failure of the structure. The vibration analysis based methods is preferable over a non-

destructive testing for damage detection in fibre reinforced composite (FRC) and 

isentropic materials (structural steel) beam. However vibration based methods are used 

worldwide for identification of damage. The objectives of dissertation are: 

 To develop AI based structural health monitoring techniques using vibration 

parameters of multiple cracked cantilever composite and steel beams. In the current 

study, a literature review has been carried out in the domain of damage detection 
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methods applied in the various engineering system. It is observed that the results 

obtained by researchers are not systematically applied to the development of methods 

for the identification multiple crack present in the composite structures.   

 In the present analysis, an effort has been carried out to design and analyze novel 

multiple crack identification methods such as theoretical, numerical (FEM), 

experimental and AI techniques using modal parameters of intact and damage 

cantilever composite and steel beams.  

 The results derived from various proposed methods such as theoretical, numerical 

(FEM), experimental, fuzzy logic, neural networks and hybrid fuzzy-neuro models 

have been compared with the experimental results and a close judgment has been 

reported.  

1.3 Novelty of the work 

In the present study, Theoretical, Numerical, Experimental and AI techniques are 

employed for identification of multiple damages of the composite and steel beams. The 

vibration signatures (Natural Frequencies and Mode Shapes) are extracted from 

theoretical and finite element methods. The first three natural frequencies and mode 

shapes are used as input parameters to AI models and outputs are relative first and second 

crack locations and depths. The identification of multiple cracks using AI techniques with 

first three natural frequencies and mode shapes is a unique combination as inputs to AI 

based models for composite structure.  

In this thesis various hybrid AI techniques based models such as Fuzzy-BPNN, Fuzzy-

RBFNN and Fuzzy-KSOM have been developed and designed for identification of 

multiple cracks in steel and composite structures. 

1.4 Organization of dissertation  

The current dissertation is organized as follows. 

Chapter1 gives the introduction on the effect of damage/crack on modal parameters of 

engineering systems and discussion about methods being employed by researchers for 

estimation of the damage of different engineering applications. The aim and objective of 

thesis and motivation to carry out the present research is also reported in this chapter.  

Chapter 2 is the literature review section. It represents the discussion based on 

development and analysis of faults diagnosis methods using vibration analysis and AI 
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techniques. This section discusses the classification of methods in the domain of damage 

detection and also explains the reasons behind the direction of the current study. 

Chapter 3 deals with the theoretical analysis of cantilever composite and steel beam to 

measure the modal indicators (natural frequencies and mode shapes) individually in two 

sections. The presence of crack generates local flexibility at the vicinity of crack, that 

upsets the modal response (observed reduction in natural frequencies and change in mode 

shapes). The changes in modal responses can be used to localize and quantify the crack in 

engineering structures. The authentication of results obtained from the theoretical model 

has been verified with the experimental results and good agreement is observed between 

the results. 

Chapter 4 provides information regarding the application of the finite element method for 

identification of damage present in cantilever beam by capturing change in modal 

responses. These deviations in the modal indicators are used as information to recognize 

crack locations and depths. The results obtained from the numerical simulation are 

compared with theoretical and experimental results for validation.  

Chapter 5 discusses the application of the fuzzy logic system for identification of damage 

in cantilever beam. The detailed procedure for development of the fuzzy system is 

outlined in this chapter. The architectures of various membership functions such as 

Triangular, Gaussian, and Trapezoidal are briefly discussed. The results obtained from 

different fuzzy models have been compared with experimental results to verify the 

performance of the fuzzy system.  

Chapter 6 introduces the artificial neural network techniques such as Back Propagation 

Neural Network (BPNN), Radial Basis Function Neural Network (RBFNN) and Kohonen 

Self Organizing Maps (KSOM) for prediction of crack locations and depths of multiple 

cracked cantilever composite and steel beams. The procedures adopted for the 

development of three types of neural models with their architectures are outlined in the 

present chapter.  

Chapter 7 gives the outline of a hybrid fuzzy-neuro model for prediction of crack 

intensities and severities in engineering systems. The procedure employed to design the 

fuzzy part and neural part of the fuzzy-neural model is presented. The analysis and 

comparisons of results derived from various hybrid fuzzy-neuro models and the 

experimental test are presented.  
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Chapter 8 presents the experimental procedure along with details of experimental 

instruments used in the analysis. The results obtained from the experimental investigation 

are compared with different analysis results discussed in the present thesis. 

Chapter 9 presents a comprehensive review and analysis of outcomes obtained from 

various proposed methods cited in the current research. 

Chapter 10 provides the conclusions derived from different methods of fault diagnosis 

being adopted in current research and suggests the scope of present work in future. 
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CHAPTER 2 

Literature Review 

 

In the current chapter a comprehensive study of different damage detection 

methodologies such as vibration based classical methods, finite element methods, wavelet 

transform method and AI techniques based methods used for identification of damage to 

the structural and machine components are discussed.  In this chapter the findings and 

developments done by researchers and scientists during the past few decades in the field 

of condition monitoring of the structural and machine elements are presented. 

2.1 Introduction 

The scientific and research communities give more attention to the structural integrity 

monitoring because unpredicted failure of structural members may cause reduced 

economy and loss of human life. The literature review section describes the study of the 

published work in the fields of condition monitoring techniques, fault detection methods, 

damage detection algorithm and vibration response analysis methods. Firstly vibration 

based damage identification methods are described, followed by Finite Element Analysis 

(FEA), discreet wavelet transform and sensors based method. The artificial intelligence 

techniques such as fuzzy system, artificial neural network, genetic algorithm, Adaptive 

Neuro Fuzzy Inference System (ANFIS) and hybrid AI methods for damage detection in 

structural members and machine elements are also discussed and analyzed in the detail. 

The literature gives a direction to move forward in the present research. The aim of the 

present research is to design and develop an artificial intelligent technique based 

algorithm, which can be used to detect multiple cracks in the beam like dynamic 

structures. 

2.2 Study of structural integrity monitoring techniques  

Scientists and researchers have developed many methodologies for the prediction of 

damage in different fields of engineering and science. The vibration analysis based 

methods are found to be quite satisfactory for integrity monitoring of cracked dynamic 

structures. Since last three decades extensive research have been done by scientists and 
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researchers in the area of vibration based damage detection methods and significant 

growth has been reported in the field of engineering. A wide range of techniques, 

methodologies and algorithms are invented to solve various problems of different 

structures.  

Doebling et al. [1] have presented the detail review of vibration based damage 

identification and structural health diagnosis methods up to 1996. Dimarogonas [2] has 

also presented a review article on various damage detection methods reported by 

researcher (between 1971-1993). Sohn et al. [3] have presented an updated version of 

review article on the available literature upto 2001. In above discussed articles vibration 

response is the parameters were considered to classify the damage detection methods. 

Carden and Fanning [4] have presented review article on the available literature of 

different damage detection methods, which are published in 1996-2003.But in the above 

papers damage identification methodologies based on soft computing AI technique have 

not been addressed. In this chapter, the different methodologies of damage identification 

in cracked vibrating structures have been described briefly. The different methodologies 

proposed by various researchers and scientists for condition monitoring can be classified 

as: 

2.2.1 Classic methods for identification of damage 

In the present section, classical methods such ultrasonic testing based methods, function 

response based methods, energy operator based method, analytical methods, and 

algorithms based methods, etc. for fault detection are discussed. The research works 

related to the above methodologies are discussed below. 

A review paper to study and compare several damage detection methodologies based on 

natural frequencies, modal strain energy and modal curvature analysis of a damaged 

Euler–Bernoulli beam has been presented by Dessi and Camerlengo [5]. They have 

divided all selected techniques into two classes: one includes techniques that require data 

from literatures for estimating structural changes due to damage; the second category 

contains the modified Laplacian operator and the fractal dimension. No reverse 

identification technique has been reported in the above paper. A multiple damage 

detection method based on Wavelet Transform (WT) and Teager Energy Operator (TEO) 

of beams has been described by Cao et al. [6]. The WT & TEO based curvature mode 

shape structures provide greater resistance to noise and more sensitivity to damage in 

comparison with the conventional curvature mode shape. They observed that proposed 
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WT & TEO curvature mode shape based method actually detect multiple damages even 

in small size in beams in high-noise environment. Wang [7] has developed a new damage 

identification factor called Difference of nearby Difference Curvature Indicator (DNDCI) 

for single-span beams. The proposed DNDCI is very sensitive to the damage region or 

nearby measuring points and also there is no need of any pre-knowledge of the non-

damage beam. The proposed model is compared with examples from literature for 

validation purpose. He has observed that DNDCI can be applied to the actual single-span 

beams supported by bearings.  

A numerical analysis of delaminated composite Timoshenko beams for getting the 

vibration response under consideration of constant amplitude moving force has been 

presented be Kargarnovin et al. [8]. They have derived Governing differential equations 

of motion for proposed model, and delaminated area is modeled using a piecewise-linear 

spring principle. The Ritz method is employed to calculate the dynamic response of the 

beam for the free and forced vibrations and compared with the corresponding available 

literatures. They have also studied the effects of several variables (force, velocity, lamina 

ply angle, single de-lamination size, its span-wise and/or thickness-wise location) on 

vibration parameters and forced critical speed. Argatov et al. [9] have presented a new 

method to detect localized large-scale internal damage in imperfect bolted joint structures. 

They have used the structural damping and the equivalent linearization of the bolted lap 

joint response to separate the combined boundary damage from localized large-scale 

internal damage. In the development of method, they have illustrated the longitudinal 

vibrations in a thin elastic bar with both ends attached by lapped bolted joints with 

different levels of damage. They have found that proposed method can be used for the 

estimation of internal damage severity if the crack location is recognized.  Kargarnovin et 

al. [8] and Argatov et al. [9] have presented the analysis on damage structures but they 

have not discussed about damage detection using soft computing technique. 

Casini and Vestroni [10] have analyzed the nonlinear modal data of a two degree of 

freedom piecewise-linear oscillator with two damage parameters and two discontinuity 

boundaries in the configuration plane. The system can be used to model the dynamics of 

linear systems colliding with elastic obstacles as well as an asymmetrically multi-cracked 

cantilever beam vibrating in bending mode and hence demonstrating a bilinear stiffness.   

Carr and Chapetti [11] have studied the influence of a surface fatigue crack on the 

vibration characteristics of T-welded plates and the results are compared to the control of 

machined through thickness cuts to the dynamic response of cantilever beams. They have 
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analyzed the influence of fatigue cracks growth on the natural frequencies and compared 

to experimental data with two and three dimensions results of numerical modeling. The 

results of their analysis showed the capacity of experimental technique to detect fatigue 

cracks relatively sooner than another method under study. The output of the proposd 

method can be used to design a robust AI model for relatively fast identification of 

fatique crack. An Experimental Modal Analysis (EMA) of structures to get vibration 

parameters under vibrational excitation has been proposed by Farshidi et al. [12]. The 

EMA is used without contact to assess the structural dynamics of a beam by exciting a 

beam cantilever structure using a collimated air pulse controlled by a solenoid valve. 

They have measured the reflected beam air wave surface by an array of microphones. 

They have stated that the experimental tests demonstrate the effectiveness of their 

proposed methodology for both accurate and cost-effective measurement of structural 

dynamics in translation and rotation degrees of excitation using a non-contact sensor and 

engine.  

Rezaee and Hassannejad [13] have used perturbation method for vibration analysis of a 

simply supported beam with fatigue breathing crack. The cracked simply supported beam 

is modeled as a nonlinear single degree of freedom system. They have observed from the 

results; that damping factor is sensitive to the crack depth and location. Moreover, the 

presence of the super harmonics of the fundamental frequency in the response spectra of 

the cracked beam discloses the nonlinear dynamic behavior of the cracked beam, which 

can be used as a crack indicator in structural health monitoring applications. A damage 

assessment technique for the non-destructive detection and size assessment of open 

cracks in beam structures has been developed by Faverjon and Sinou [14]. The 

constitutive relation error updating method is used for the recognition of the crack‟s 

location and size in a simply-supported beam. The transverse open crack is modeled 

through the introduction of the flexibility due to the presence of the crack (by reducing 

the second moment of area of the element at the crack‟s location). They have analyzed 

about a crack in simply supported shaft but have not depicted the methodology for reverse 

identification. Mazanoglu et al. [15] have performed a non-uniform vibration analysis of 

Euler - Bernoulli beams with open multiple cracks and using energy-based method and 

Rayleigh - Ritz approximation method. They have measured the change in strain on the 

cracked beam due to bending. They also analyzed the Euler - Bernoulli beam through the 

finite element program and compared the results with the analytical method and found 

that the results are in good agreement.  
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Lee [16] has proposed a damage detection methodology for beam structures with multiple 

cracks using the Newton-Rapson method, and he has assumed the cracks present in the 

system as rotational springs. A method to measure the local flexibility matrix and stress 

intensity factor of cracked beam to develop an algorithm for damage identification has 

been proposed by He et al. [17]. They have developed the method by dividing the number 

of split tube thin rings. Ebersbach and Peng [18] have prepared an expert system for the 

condition monitoring of fixed plant machinery, using proven industry method. They have 

observed that developed system can be used to detect failure with high precision using the 

dynamic response of the system Finite element methods and wavelets transform method 

were used to find the size and severity of cracks. A damage detection method using 

vibration characteristics of a circular arc in both damaged and undamaged models using 

the theoretical analysis and compared the results with the experimental analysis to design 

has been developed by Cerri et al. [19]. They have used the natural frequencies and mode 

shapes to develop the damage detection model with the assumption, the arch act as a 

torsion spring on the cracked section. Shin et al. [20] have analyzed the vibration 

response of circular arcs with variable cross section. They have represented the equation 

for deriving the natural frequency of the system under different boundary conditions, with 

the application of generalized differential quadrature method and the differential 

transformation process. The results from their proposed method were compared with 

literature. A new crack detection technique based on the Amplitude Deviation Curve 

(ADC) or Slope Deviation Curve (SDC) approach which is upgraded version of 

Operational Deflection Shape (ODS) has been proposed by Babu and Sekhar [21]. They 

have revealed the effectiveness of SDC over ODS for small cracks detection.  

Benfratello et al. [22] have presented numerical and experimental investigations in order 

to assess the ability of non-Gaussianity measures to detect the presence and position of a 

crack. The Monte Carlo method is applied to evaluate in the time domain the higher order 

statistics of a cantilever beam modeled by finite elements. They have used the skew ness 

coefficient of degrees of freedom of rotation for the purpose of identifying a crack in the 

damaged structure. Sinha [23] has analyzed the nonlinear dynamic behavior of the 

mechanical system using higher order spectra tools for detecting the presence of higher 

harmonics in the signals obtained from the system. He has found that the misaligned axis 

of rotation of the shaft and crack exhibits a nonlinear behavior due to the presence of 

higher harmonics spectra in the signal. According to them, the tools of higher order 

spectra can be actually used for condition monitoring of rotatory mechanical systems. 
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Viola et al. [24] have studied the dynamic behavior of multi-step and multi- damaged 

circular arcs using different boundary conditions. They have proposed the analytical and 

numerical solutions for multi-stepped damage and undamaged circular arches. The 

analytical solution is based on the Euler characteristic exponent procedure involving the 

roots of characteristic polynomials while the numerical method is focused on the 

generalized differential quadrature method and the generalized differential quadrature 

element technique.  

Humar et al. [25] have presented a survey on some of common vibration base crack 

detection techniques and discovered the drawbacks in them. The presence of cracks in the 

structure has badly affected the modal response, stiffness, and damping. They have found 

that most of the vibration-based damage detection techniques, fail to perform when 

applied to real structures due to the inherent difficulties. They have presented computer 

simulation studies of some of the techniques and suggested the conditions under which 

they may or may not run. They have concluded that all practical challenges found in a 

real system cannot be simulated by computer applications entirely doing crack base 

vibration assessment methods of a challenging course. In [18-25] it is reported that crack 

and damage have major role on the vibration signatures of the structures. It is also 

observed in the above papers that no systematic approach has been given for prediction of 

multiple cracks and damages in structures. A new technique for identification of cracks in 

the beam based on instantaneous frequency and empirical mode decomposition has been 

proposed by Loutridis et al. [26]. The dynamic behavior of the structure has been 

investigated both theoretically and experimentally under harmonic excitation. They have 

observed that the variation of the instantaneous frequency increases with increasing depth 

of the crack and these changes were used to estimate the size of the crack. Wang et al. 

[27] have investigated coupled bending and torsional vibration of a fiber-reinforced 

composite cantilever with an edge. They have analyzed the composite cantilever beam 

with a surface crack and found that the variation in vibration responses depends on two 

parameters, i.e. the crack location and material properties (fiber orientation and fiber 

volume fraction). They have concluded that the change in frequency can be efficiently 

used to detect the crack position and measure its severity. An experiment was conducted 

by them to authenticate the results obtained by the proposed method. But in the above 

paper methodololy for localization and severity of crack has not been addressed.  

Douka and Hadjileontiadis [28] have studied the nonlinear dynamic behavior of a 

cantilever beam theoretically and experimentally by using time–frequency analysis 
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instead of the traditional Fourier analysis. They have analyzed the simulated and 

experimental response data by applying empirical mode decomposition and Hilbert 

transform method. They found that proposed methodology can accurately analyze the 

nonlinearities due to the presence of a breathing crack. But thoroughly experimental 

validation of results is required for authecation of proposed Hilbert transform method. 

The effects of cracks in anti-resonances of a double cracked cantilever beam using 

analytical and experimental methods have been investigated by Douka et al. [29]. They 

have recognized the cracks of the cracked beam using anti-resonance shift. The results of 

theoretical analysis have been authenticated using the results obtained from the 

experiments of Plexiglas beam for detecting the cracks. This paper has not addressed soft 

computing AI technique for crack identification. 

Cerri and Ruta [30] have investigated a circular arc articulated plan for the development 

of a structural damage detection technique to study the changes in the natural frequency 

of the system. They have discussed two different methods for crack detection. First 

method based is on comparison of the change of the natural frequency, which is obtained 

from the experimental and theoretical analysis and the second method is based on a joint 

intersection of the curves obtained from the modal equations. The equation of curve can 

be written as: 
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Where D
e,rω  and U

e,rω  are the natural frequencies in damage and un-damage state of the 

structure.  

A non-destructive technique for damage detection in structures has been developed by  

Owolabi et al. [31]. Experimental investigations were performed at the crack location and 

crack intensity for fixed beams and simply supported beams. They have measured the 

changes in the first three natural frequencies and their amplitudes to predict the crack in a 

beam structure. But in this paper analysis is not given for computation AI technique. An 

exact solution approach based on the Laplace transform to analyze the bending free 
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vibration of a cantilever laminated composite beam with surface cracks has been 

described Song et al. [32] . They have used the principle of Hamilton variational together 

with the Timoshenko beam model to develop the technique for the detection of damage 

crack in the composite structure. The effects of various parameters such as the ply angle, 

fiber volume fraction, crack number, position and depth on the vibration characteristics of 

the beam has been discussed in detail. Zou et al. [33] have proposed a modified version of 

the local flexibility of a cracked rotor system which more suitable for the theoretical 

model. They have studied the dynamic behavior of the cracked rotor to design for forward 

application as a crack diagnostic model.  

Patil and Maiti [34] have proposed a method for damage recognition in a of slender 

Euler-Bernoulli beam using frequency measurement and the transfer matrix method. They 

have considered cracks as rotating springs in the analytical method for identification of 

cracks. A damage detection algorithm to predict the damage intensity and measure its 

severity using the change in modal parameters of a continuous two beam span has been 

presented by Kim and Stubbs [35]. They have reviewed two algorithms and eliminated 

some of the assumptions and limitations of these methods and developed a new algorithm 

for damage recognition. They have found that new proposed method has a higher 

accuracy than reviewed two algorithms for damage detection. In [34-35] it is reported that 

application of computational AI techniques is not addressed. Chinchalkar [36] has 

developed a general numerical method to detect fault using finite element method. His 

approach is based on measuring the first three natural frequencies of the cracked beam. 

The proposed method for fault detection accommodates different boundary conditions 

and with wide variations in the depth of the crack. Xia and Hao [37] have proposed a 

technique for identification of the damage; select the subset points to measure 

corresponding modes. They have used two factors to detect the cracks: the sensitivity of a 

residual vector for structural damage and damage to the sensitivity of the measured noise. 

They have concluded that the developed method is independent of the state of damage 

and can detect damage using the undamaged state of the structure.  

Messina et al. [38] proposed Multiple Damage Location Assurance Criterion (MDLAC) 

correlation coefficient with the help of two metheds of recognizing the size of damage in 

structural components. The sensivity of frequency of each mode at each damage position 

is the parameter of designing the proposed method. MDLAC is termed as a statistical 

correlation between change in frequency predicted by analytical method (δFa) and change 

in frequency measured by experintal investigation (δFe). The change in analytical 
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frequency (δFa) can be measured as a function of the damage extent vector (δD). The 

magnitude of the damage is obtained by searching for damage extent vector (δD) which 

maximizes the MDLAC value: 
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The MDLAC coeficiant is a pratical approach to datremine the damage extent which is 

verified by numerical and experimental analysis results. This proposed MDLAC approach 

only requires the measurement of change in natural frequency of damage and non-damage 

structure and can be utilized as a powerful tool for detection of damage extent in term of 

both the locatiom and size of damage at single and multiple places. In [34-38], it is 

observed that though the damage has major role in functioning of system, but analysis on 

damage identification required in this paper. 

2.2.2 Finite element methods used for crack identification  

The finite element method is applied by various researchers for identification cracks of 

the faulty dynamic structures, which are described in this section:  

Xu et al. [39] have proposed a crack identification method using curvatures and 

continuous wavelet transforms finite element analysis of beams. A uniform acrylonitrile 

butadiene styrene cantilever beam with crack has been used in the experimental analysis 

to know the fidelity of the proposed method. They have found a good agreement between 

the finite element analysis and experimental analysis results. Wang et al. [40] have 

performed experimental and numerical analysis of a laminated T700/BA9912 composite 

under low-velocity impact to analyze the damage behavior. The 3D Hashin damage 

criterion and the cohesive zone model are used in the finite-element investigation, and the 

numerical simulation displays the de-lamination, matrix damage, and fiber breakage 

present in the composite material. A Non-Damage Inspection (NDI) method is performed 

to evaluate the effectiveness of numerical models. They have found that the predicted size 

and shape of the de-lamination area well agreed with the NDI result and the fiber 

breakage in the bottom layers of the laminates are in good agreement with the 

experimental analysis. An analytical discrete element technique and finite element 

method to determine the dynamic response of the un-damped Euler Bernoulli beam with 

breathing cracks under a point moving mass has been presented by Ariaei et al. [41]. The 
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effect of the moving mass, velocity, location and size of the crack on beam deflection is 

investigated.  

A 3D finite element method to find out plane normal and shearing stresses over critical 

surfaces of adhesively bonded single lap joints with FRP composite adherends has been 

analysed by Panigrahi [42]. The stress distribution over mid surface of the adhesive layer 

of damaged and non-damaged model has been compared with the literature. The 

parameters of vibration and stress distribution obtained in [41-42] can be used to designed 

soft computing AI models for recognition of damage. Potirniche et al. [43] have applied 

finite element method using ABAQUS software for fatigue and fracture application. Two 

dimensional elements with edge crack are considered in the analysis. They have 

determined the stiffness matrix of the crack element from the Castiglione‟s first principle 

and compared the results of the proposed method with results obtained from the physical 

method and they have found good agreement between the results. A non-destructive 

damage detection method to study the influence of a crack on the dynamic response of a 

cantilever beam subjected to bending has been described by Hearndon et al. [44]. They 

have created a cracked finite element model to compute the influence of damage location 

and severity on the stiffness of structures. Due to presence of crack, the change in beam 

deflection is observed, which leads to the reduction of the global stiffness of the beam, 

upset the vibration responses. This property has been used by authors in structural health 

monitoring purpose.  

Al-said [45] has proposed a mathematical model to identify crack location and depth in 

stepped cantilever Euler Bernoulli beam carrying a rigid disk at its tip. He has described 

lateral vibration of the beam using a simple mathematical model combined with mode 

method and long-range equation. The proposed FEA based method is capable of 

recognition of crack location and depth. Andreausa et al. [46] have studied the non-linear 

response of a cantilever cracked beam subjected to harmonic loading with two 

dimensional finite element formulations which is capable to display a breathing crack 

behavior via a frictionless contact model of the interacting surfaces. A numerical 

technique to analyze the free vibration analysis of uniform and stepped cracked beam 

with circular cross section has been presented by Kisa and Gurel [47]. The beam was 

assumed to be detached in two parts from crack section, the finite element and component 

mode synthesis method used in analysis to achieve the goal. The modal parameters of a 

cracked beam obtained from the free vibration analysis, which can be used in the crack 

identification process. A finite element method for crack identification of the beam for 
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free and forced response analysis has been proposed Karthikeyan et al. [48]. A transverse 

surface crack is considered in the Timoshenko beam model. Chasalevris and 

Papadopoulos [49] have presented an inverse crack identification method using the 

dynamic behavior of a shaft with two transverse surface cracks. They have proposed that 

the identification method gives not only the depth and the location of the crack, but also 

the regular orientation of crack around axes of shafts.  

Nahvi and Jabbari [50] have presented analytical and experimental approach for 

identification of crack by vibration measurement. An experimental investigation is 

performed of the cracked cantilever beam excited by hammer and vibration responses 

recorded by accelerometer moving along the length of the beam. To recognize the crack 

contours of normalized frequency was plotted in term of relative crack depth and crack 

location. They have recognized crack depth and crack location by the intersection of 

contours with constant natural frequency planes. Law and Lu [51] have proposed crack 

detection method of a beam structure with Dirac delta function and based dynamic 

measurement in the time domain. The proposed method was based on model 

superposition and optimization technique with regularization on the solution. They have 

compared proposed identification damage algorithm with experimental analysis. 

Vibration parameters (natural frequencies and mode shapes) of cracked beam using finite 

element method have been calculated by Zheng and Kessissoglou [52]. They added 

overall flexibility matrix to a flexibility matrix of the heavy beam instead of local 

flexibility to obtain total flexibility matrix. They have found that the overall flexibility 

matrix gives more accurate vibration parameters than local flexibility matrix. It is 

reported that overall flexibility of system can be used for identification of damage present 

in the structures. 

A Single Damage Indicator (SDI) factor to localize and quantify a crack in beam like 

structure by relating with fractional change in natural frequency has been proposed Kim 

and stubb [53]. They have proposed two models one for crack location and another for 

crack depth by using the parameter fractional change in modal energy to change in natural 

frequencies due to presence of crack. In the first model, (crack location model) fractional 

change in measured the eigenvalue (Zi) and FEM based theoretical modal sensivity of the 

i
th 

modal stiffness corresponding to j
th 

element Fij is described respectively. The 

theoretical modal curvature is determined from a third order interpolation function of 

displacement modeshape. This can be defined as: 
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Then they introduced an error index parameter to localize the error for i
th

 mode and j
th 

location is expressed as: 
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where NM denotes numbers of measured vibration modes. A expression for single 

damage indicator is defined to detect the damage position for all mode of vibration.   
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The damage aj at known position can be expected using the sensitivety equation in the 

crack size model. The crack depth can be recognized from damage parameter ai and this 

model is based on linear fracture mechanics principle. The robustness of crack detection 

model has been evaluated by experimental investigation.  

Saavendra and Cuitino [54] have presented the dynamic behavior of different multi-

beams systems containing a transverse crack using theoretical and experimental analysis. 

An additional flexibility introduces at the vicinity of the crack is evaluated using strain 

energy release rate given by linear fracture mechanics theory. A new cracked finite 

element stiffness matrix is deduced due to the additional flexibility and used in the finite 

element method of the crack system. A procedure for detection of cracks in structures 

using modal test data has been proposed by Viola et al. [55]. They have examined the 

crack depth and crack position by changes in the dynamic behavior of cracked structures. 

Due to crack local flexibility introduced in the structure so that the dynamic response 

changed. But analysis of soft computing AI technique in above paper can be make a 

systematic approach for damage recognition.  

2.2.3 Artificial intelligence techniques used for crack identification  

In this section different types of Artificial intelligence techniques used in the field of 

identification of fault in present in faulty structures have described briefly as follow: 
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2.2.3.1 Fuzzy Inference System  

Sugumaran and Ramachandran [56] have introduced the use of decision tree of a fuzzy 

classifier for selecting the best pair histogram feature that distinguishes the fault condition 

of the roller bearing from is given samples formed. The modal response from a 

piezoelectric transducer is recorded for the different types of errors (good bearing, 

bearing with inner race fault, bearing with outer race fault, and inner & outer race fault) 

of the bearing and it has used to generate the fuzzy rules. A fuzzy classifier is built and 

tested with measured data. The results have found to be satisfactory. A new surface 

cracks identification method based non-phenomenological inverse problems; especially in 

the case of AC field measurement has been introduced by Hasanzadeh et al. [57]. Their 

method is based on a formal framework of aligning electromagnetic probe responses by 

using the concept of similarity measures created by a fuzzy recursive least square 

algorithm as a learning methodology. They have stated that, the proposed technique 

provides a means to compensate for the lack of sufficient samples in available crack 

databases for prediction of crack in structures. They have shown that the combination of 

this fuzzy inference method and the method of the adaptation for different crack shapes 

provides sufficient means as a priori empirical knowledge for the training system.  

A novel Fuzzy Robust Wavelet Support Vector Classifier (FRWSVC) based on a wavelet 

function and developed an Adaptive Gaussian Particle Swarm Optimization (AGPSO) 

algorithm to search the optimal parameters of the unknown FRWSVC has been designed 

by Wu and Law [58]. The experimental analysis results that apply the hybrid diagnostic 

model are based on the FRWSVC and the AGPSO algorithm. But as further analysis, use 

of hybrid fuzzy-BPNN model may give better results. Chandrasekhar and Ganguli [59] 

have revealed that the geometry and measurement uncertainty significant problem in 

recognition of the damage. The Curvature Damage Factor (CDF) of a cantilever beam is 

used as damage indicators in the analysis. They have used Monte Carlo method to 

determine the changes in the damage indicator study due to uncertainty in the geometric 

properties of the beam. The results obtained from the simulation are used for the 

development and testing of the fuzzy logic. In this publication, the uncertainty associated 

with the fuzzy logic system for the detection of structural damage has been directed. 

Saravanan et al. [60] have presented a technique; based on the acquired of the machinery 

to effectively diagnose the state of inaccessible moving components inside the machine 

proposed vibration signals. The proposed method has designed using a fuzzy classifier 
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and a decision tree to automatically generate rules from the feature set. They have tested 

fuzzy classifier with representative data and the results are found quite promising.  

Two novel approaches to improve the performance of the online fuzzy classifier have 

been presented by Angelov et al. [61]. They have developed the fuzzy system for 

handwritten image recognition as well as on a real-life problem of the image 

classification context, where images should be classified into good and bad ones during 

an on-line and interactive production process. In [60-61] it is found that fuzzy classifier is 

one of the powerful soft-computing techniques, which can be used for assessment of 

damage. Kim et al. [62] have presented a computer aided diagnosis system for crack 

concrete structures with fuzzy set theory. The fuzzy training and operation performed 

based on built-in rules on the crack symptoms expressed as linguistic term and some 

numeric data and calculates reliability values and reinforcing values for each crack cause. 

Finally, the system integrates the previous diagnostic results using the Choquet fuzzy 

integral, calculates final reliability values and ranks the crack causes. They have expected 

that proposed system can be used as an effective crack diagnosis tool for both experts and 

non-experts in the regular inspection of RC structures.  

A non-destructive testing and evaluation technique for detection of defects in materials 

using a fuzzy logic approach has been proposed Reza et al. [63]. The method proposed by 

them shows that there is less dependency between the variation of density and size of a 

defect and variations of noise density and distribution. Proposed approach reduces the 

noise and drift, leading to a better detection of defects. From the analysis of above paper, 

it is reported that fuzzy logic can be systematically applied for the crack identification of 

structures. Boutros and Liang [64] have developed fuzzy fused index (FFI) for reliable 

health recognition of machine component which is a fusion of four conditions-monitoring 

indicators based on fuzzy logic and Sugeno-style inference engine. Authors have 

successfully tested and validated in two different applications which are tool condition 

monitoring in milling operations and bearing condition assessment.  

De Miguel and Blázquez [65] have designed a decision module based on fuzzy logic for 

model-based fault diagnosis in a DC motor. A fault detection and isolation system based 

on the input and output parameters have successfully applied in laboratory devices to 

reduce the uncertainty due to disturbances and modelling errors. The experimental 

estimation of the sensitivities of the residual equations has used to estimate the fault size. 

A mobile robot navigation control system based on fuzzy inference system has been 

described by Parhi [66]. Fuzzy rules embedded in the controller of a mobile robot enable 
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it to avoid obstacles in a cluttered environment that includes other mobile robot so that 

the robots do not collide with one another. Mohanta et al. [67] have developed a fuzzy 

Markov model for the maintenance planning of a captive power plant taking into account 

the various parameters that develops the failure repair cycle.   

2.2.3.2 Artificial neural network techniques  

In curent section different types of Artificial Neural Network (ANN) based techniques 

used for crack detection are described. ANN is used as a capable technique for damage 

detection. 

A Back Propagation Neural Network (BPNN) technique for condition monitoring of 

cracked beam has been designed by Rakideh et al. [68]. They have extracted the first 

three natural frequencies of the beam using analytical method and fed these natural 

frequencies to BPNN model to predict the crack location and crack depth. They have 

concluded that the neural network is a powerful method to determine the location and 

depth of the crack. Also, the capability of prediction accuracy has increased with 

increasing the numbers of the natural frequencies. But an experimental verification is 

required in above paper. An artificial neural network based approach for identification of 

damage in an industrial welding robot has been proposed by Eski et al. [69]. To achieve 

the objective, an experimental setup is fabricated to accumulate the related data and the 

accelerations of welding robot, which has six degrees of freedom, are examined. They 

have concluded that RBNN is a capability to analyze the accelerations of manipulator 

joints during a prescribed trajectory. Schlechtingen and Santos [70] have proposed a 

comparison of results obtained from three different models, are the regression based 

model and two artificial neural network based models, which are a full signal 

reconstruction and an autoregressive normal behavior model used for fault identification 

of a wind turbine bearing. After the comparison of results, they have found all three 

proposed models were capable to identify initial faults. They have determined the neural 

network based approaches give best fault visibility with less computational time with 

comparison to regression based approach.  

Multi Layers Perceptron (MLP) and Self Organizing Map (SOM) neural network based 

classifier for prognosis of fault of three phase induction motor and evaluated the 

performance of classifiers have been developed by Ghate and Dudul [71]. The different 

number of learning rules and transfer functions has investigated for different number of 

hidden layers. The simple statistical parameters used as input feature space and principal 
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component analysis are used for reduction of input dimensionality. They have also tested 

their approach with noise and found the performance of the proposed method satisfactory. 

As the further analysis RBFNN may give better results than MLP and SOM. Fan et al. 

[72] have presented a fault detection and diagnosis strategy for local system of air 

handling units. The strategy consists of two stages which are the fault detection stage and 

the fault diagnosis stage, respectively. In the first stage, the neural network fault detection 

model is used by them for generating estimates of sensor values and they have compared 

to actual values to produce residuals. The design neural network fault detection model has 

trained using an abundance of characteristic information from the historical data in the 

system. They have concluded that the trained neural network model can detect the 

abnormal condition in the system.   

Saravanan et al. [73] have evaluated the effectiveness of wavelet-based features for fault 

diagnosis of a gear box using artificial neural network (ANN) and Proximal Support 

Vector Machines (PSVM). They have found PSVM has superiority over ANN in 

classification of features. Paviglianiti et al. [74] have proposed a detection and isolation 

sensor faults in a robotic manipulator. The proposed methods can trackle the influence of 

outer disturbances and uncertainties of the model. The dynamics of the proposed model 

have enhanced by using a radial basis function type of neural network.  A new damage 

detection technique by using the Auto Regressive (AR) with a back propagation neural 

network has been developed by Wang et al. [75]. They have found the difference in the 

values of AR coefficients, which indicates AR coefficients of ideal signal for normal 

machine are deducted from faulty machines. The results obtained by them are compared 

with the three methods, which include the difference of AR coefficients with BPNN, the 

AR coefficients with BPNN and the distance of AR coefficients method for 23 samples. 

The authors have found that the difference of AR coefficients with BPNN were superior 

to AR coefficients with BPNN and distance of AR coefficient methods.  

A fault identification and health monitoring techniques for a gear-set using continuous 

wavelet transform and neural network technique has been presented by Wu and Chan 

[76]. In the proposed fault diagnosis technique, sound emission of the gear-set is used for 

evaluation. A continuous wavelet transform technique combined with a feature selection 

of energy spectrum is used for examining fault signals in a gear-set of machines. They 

have concluded that the sound emission from the system can be used for promising fault 

diagnosis and condition monitoring of the rotating machines. Mehrjoo et al. [77] have 

proposed a damage detection methodology to assess the damage intensities of joints in 
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truss bridge structure using soft-computing technique i.e. back propagation neural 

network. But thorough experimental validation is required in above papers [76-77].The 

Modal frequency parameters such as natural frequencies and mode shapes are fed as input 

to BPNN for evaluation of damage intensities of joints in truss bridge structure. Just-

Agosto et al. [78] have developed a fault detection technique using the Bayesian 

probabilistic neural network. A combination of vibration and thermal parameters sent to 

neural network as input data to detect fault in sandwich composite. A fault diagnosis and 

condition monitoring technique for internal combustion engine using Discrete Wavelet 

Transform (DWT) and neural network has been presented by Wu and Liu [79]. They have 

combined the DWT technique with feature selection of the energy spectrum of diagnosis 

of faults in rotating engines.  

A faults detection methodology for structures using modal parameters and statistical 

neural network model has been presented by Bakhary et al. [80]. They have considered 

the effect of uncertainties in developing ANN model, by applying Rosenblueth‟s point 

estimate method verified by Monte Carlo simulation, the statistics of the stiffness 

parameters are estimated. But thorough experimental verification is needed in the above 

paper. A neural network based methodology for condition monitoring of axial flow fan 

blades has been presented by Oberholster and Heyns [81]. They have developed a 

methodology in two stages, in the first stage. The Neural networks are trained on features 

extracted from on-line blade vibration signals measured on an experimental test structure. 

In the second stage, neural networks trained on Numerical Frequency Response Function 

(NFRF) features obtained from a Finite Element Model (FEM) of the test structure. They 

have concluded that numerical approach is more preferable to the experimental approach 

where it is less costly to construct, update and test an FEM than to test an experimental or 

operational structure by means of damage simulation and suggested methodology can 

handle the online damage classification using sensor for the test structures.  But in above 

paper deviation of results is not discussed. Yeung and Smith [82] have investigated a 

damage detection methodology, using pattern recognition of the vibration signature and 

unsupervised Probabilistic Resource Allocating Network (PRAN). They have found that 

sensitivity of the neural networks can be adjusted so that a satisfactory rate of damage 

detection can be achieved even in the presence of noisy signals.   

A health monitoring of the cantilever beam containing transverse surface crack using 

neural network techniques has been developed by Suresh et al. [83]. They have calculated 

modal frequency parameters for different crack locations and depths using analytical 



  

23 | P a g e  

method and these modal parameters are used to train the neural network to detect the 

damage severity and intensity. A comparative study on the performance neural networks, 

such as multi-layer perception network, radial basis function network is done by authors. 

The authors have found that radial basis function network performance is better than 

multi-layer perception network. Kao and Hung [84] have  presented structural condition 

monitoring technique using a supervised learning type of Neural System Identification 

Networks (NSINs).They first identified the undamaged and damaged states of a structural 

system using NSINs then trained NSINs has  used to generate free vibration responses 

with the same initial condition or impulsive force of structures. In [83-84] it is reported 

that thorough experimental verification is needed for the authentication of results. 

2.2.3.3 Genetic algorithms system 

In the process of identification of crack in structural and machine component, the genetic 

algorithm is one of most effective soft computing technique. The genetic algorithm is 

based methodologies are discussed in this segment. 

Zheng et al. [85] have proposed a crack detection method in beam with double or triple 

cracks as well as four cracks using a Hierarchical Genetic Algorithm (HGA). The 

predicted crack locations and sizes are in good agreement with the actual cracked beam. 

They have observed the numerical simulation reveals the HGA substantially reduces the 

total number of FE computation required and they are many orders smaller compared to 

conventional GA and also demonstrate the advantages of HGA over GA. A reverse crack 

detection technique using automated genetic algorithms in beam-like structures with a 

single transverse edge crack has been presented by Mehrjoo et al. [86]. The vibration 

signatures of beam calculated with the help of new developed theoretical models and 

results of proposed model compare with the two-dimensional (2D) finite element analysis 

results as well as available experimental measurements. They have used known vibration 

signatures as inputs to the genetic controller to predict the crack location and crack depth. 

The proposed model is verified through various examples available on cracked beams 

with different damage configuration. They have found that the present algorithm is able to 

identify various crack configurations in a cracked beam.  

Meruane and Heylen [87] have presented a hybrid real-coded genetic algorithm as a 

powerful tool to solve optimization problems to quantify and locate the structural 

damage. The performance of the five basic functions based on nodal data that they 

studied. In addition, the authors have proposed the use of damaging penalization that 
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satisfactory false detection avoids damage by experimental noise or numerical errors. 

They have tested and found that this approach achieves a much more accurate solution 

than traditional optimization methods, the effectiveness of the proposed technique on a 

three dimensional space frame with single and multiple damage scenarios. A new feature 

extraction and selection scheme for hybrid fault diagnosis of gearbox based on S 

transform, non-negative matrix factorization, mutual information and multi-objective 

evolutionary genetic algorithms has been developed by Li et al. [88]. The S transforms 

function has adapted to the vibration signals for different fault condition of the 

transmission system and the non-negative matrix factorization is obtained to use to extract 

features from the time-frequency representation. The genetic algorithm is used for 

accurate classification of hybrid faults of the gearbox. The results of the experiments as 

described, showed that the proposed feature extraction and selection scheme demonstrate 

to be an effective and efficient tool for hybrid fault diagnosis of the gearbox.  

Nobahari and Seyedpoor [89] have proposed an effective optimization method using 

genetic algorithms for quantification multiple damage in structural members based on the 

changes in the natural frequency. They have applied finite element analysis to evaluate 

the mandatory natural frequencies. A modified genetic algorithm with two new operators 

such as health and simulator operators is presented to accurately identification of the 

locations and extent of the damage. A crack detection tool in structural elements using a 

genetic algorithm optimization process, taking into account the existence of contact 

between the interfaces of the crack has been developed by Buezas et al. [90]. They have 

used bi and three-dimensional models addressed to the dynamics of a structural element 

with a transverse breathing crack. The experiment being performed with a damaged beam 

and the resultant data is used as input for the fault diagnosis of genetic algorithm. But as 

further analysis, use of hybrid technique may give better results. A real time fault 

detection method using the adaptive features extraction algorithm in gearbox to deal with 

non-stationary faulty signals has been developed by Hussain and Gabbar [91]. They have 

concluded that their suggested novel method is based on the combination of conventional 

one-dimensional and multi-dimensional search method that compared with evolutionary 

algorithms such as genetic algorithms showed high performance and accurate fault 

detection results.  Han et al. [92] have studied on the important sensors for chiller 

Automated Fault Detection and Diagnosis (AFDD) application, based on feature selection 

techniques and machine learning methodology. Mutual information based filter has 

adopted for a preliminary idea about how the number of features affects the AFDD 
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performance. The results show that the eight functions / sensors, centered around the core 

cooling cycle and by the proposed method, selected surpass the other three feature subsets 

using the linear discriminant analysis.   

A two-stage identification method to identify a number of cracks and their positions and 

size on a shaft has been presented by Singh and Tiwari [93]. In the first stage, a multi-

crack detection and its quantification and localization algorithm are developed. The 

transverse forced vibration analysis has performed on a non-rotating cracked shaft with 

the help of the finite element method by using the Timoshenko beam theory. This stage of 

the algorithm gives the number of cracks and their approximate locations over the shaft. 

In the second stage of the algorithm, the size and the accurate location of cracks are 

obtained by using multi-objective genetic algorithms. But in the above paper deviation of 

results is not addressed. A new multi-dimensional hybrid intelligent diagnosis method to 

recognize automatically different categories and levels of gear damage has been proposed 

by Lei et al. [94]. The Hilbert transform, wavelet packet transforms and empirical mode 

decomposition method are used on gear vibration signals to extract additional fault 

characteristic data. They have generated multi-dimensional feature sets (time-domain, 

frequency-domain and time–frequency-domain features) are combined with genetic 

algorithms to recognize gear health conditions. The method proposed by the authors can 

be applied to the collected features to identify the gear damage type and damage levels.   

A fault diagnosis technique to detect faults in rolling element bearing using a combination 

of fast kurtogram and genetic algorithm has been proposed by Zhang and Randall [95]. 

The fast kurtogram gives rough estimation of analysis parameters effectively. The 

Genetic algorithms have strong capability for optimization, but are slow unless initial 

parameters are close to optimal. Therefore, the authors present a model and algorithm to 

design the parameters for optimal resonance demodulation using the combination of first 

kurtogram for initial estimates, and a genetic algorithm for final optimization. The 

feasibility and the effectiveness of the proposed method are demonstrated by experiment 

and give better results than the classical method of arbitrarily choosing a resonance to 

demodulate. Perera et al. [96] have used genetic algorithm for solving multi-objective 

optimization for detecting the damage. They have compared genetic algorithm 

optimizations based on aggregate functions with Pareto optimality. Xiang et al. [97] have 

developed a novel crack detection method for detecting crack position and depth in a 

shaft with the application of Rotating Rayleigh-Euler and Rayleigh-Timoshenko beam 

elements of B-spline wavelet. According to them, the first three frequencies are measured 
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to find the crack depths through genetic algorithms. The authentication of the method is 

validated by some numerical examples and experimental data, and it has found that the 

method is able to detect the crack in a shaft.   

A fault diagnosis method based genetic algorithms for cracked beam like structures has 

been developed by Baghmisheh et al. [98]. An analytical and numerical method used to 

model the cracked beam and to get natural frequencies of the cantilever beam 

respectively. The identification of the crack location and depth in the cantilever beam is 

done using optimization technique, and Binary and Continuous Genetic Algorithms 

(BGA, CGA) are used to find the optimal location and depth by minimizing the cost 

function which is based on the difference of measured and calculated natural frequencies. 

But in this paper error percentage of results is not reported. Zhang et al. [99] have used 

genetic programming (GP) to detect faults in the rotating machinery. They have 

compared the results of GP with other techniques such as artificial neural network and 

support vector machines (SVM). The authors have found that performance of GP equal to 

or better compared to ANN and SVM.  He et al. [100] have developed a shaft crack 

detection method by mean of finite element method and genetic algorithms. They have 

concluded that proposed method has potential to solve a wide range of inverse 

identification problems in an effective and efficient way. Friswell et al. [101] have 

developed damage detection methodology based on a Genetic Algorithm (GA) and 

summarized intrinsic sensitivity method for determining the location of damage of the 

structures. The GA has used by them in order to optimize the discrete variables damaged 

area and intrinsic sensitivity method used to optimize the extent of damage. 

2.2.3.4 Adaptive Neuro Fuzzy Inference System (ANFIS) technique  

In this section a discussion about ANFIS technique applied for condition monitoring as 

well as a classification problem by researchers in various fields of engineering is carried 

out. 

A novel analytical technique, based on the ANFIS, for supplier selection decision-making 

problem for textile firm has been presented by Guneri et al. [102].  The proposed 

algorithm consists of two main steps on the basis of available database: input selection 

with ANFIS, and these selected inputs used to construct the ANFIS controller. They have 

found that the constructed ANFIS controller can be successfully applied to the supplier 

selection type of decision making problem in industries.  
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Boyacioglu and Avci [103] have presented an Adaptive Network Fuzzy Inference System 

based mechanism for predicting the stock price index return of the Istanbul Stock 

Exchange (ISE). They have concluded that the economists can be applied ANFIS 

successfully for forecasting the stock price index return. Vairappan et al. [104] have 

proposed an upgraded version of ANFIS with self-feed backs using batch type local 

search learning. The developed mechanism enhanced the ability of the conventional 

ANFIS in handling time-varying occurrence data. The introduction of self-feed backs 

enables the ANFIS to be embedded with memory in order to overcome the limitation of 

its static problem. They have revealed the modified ANFIS can be effectively used with 

dynamic properties such as the time-series data. A model based on ANFIS for prediction 

of the white layer thickness and the average surface roughness in wire electrical discharge 

machine has been proposed by Çaydas et al. [105]. The input parameters of ANFIS model 

are pulse duration, open circuit voltage, dielectric flushing pressure and wire feed rate. An 

experimental analysis had performed to verify the authentication of results predicted by 

the proposed model. From the study of above paper, it is concluded that ANFIS model 

can be systematically applied for the identification of single crack present in the structure. 

Jassar et al. [106] have designed an Adaptive Neuro-fuzzy Inference System (ANFIS) can 

be used to design closed-loop control for space heating systems. The aim of the authors 

has enhanced the overall performance of heating systems, in terms of energy efficiency 

and thermal comfort. They found that the average air temperature results estimated by 

using the designed ANFIS model are close proximity with experimental results.  

Lei et al. [107] have presented a new method for fault diagnosis based on Multiple 

Adaptive Neuro-fuzzy Inference System (MANFIS) is applied to rolling element 

bearings, and the testing results of the MANFIS model represent the proposed model can 

identify different fault classifications and severities, which has a better classification 

performance compared to the individual classifiers based on ANFIS. They have studied 

the efficiency of the proposed feature selection method based on the improved distance 

evaluation technique is also demonstrated by the testing results. An ANFIS based 

technique for a Static Var Compensator (SVC) to improve the damping of power systems 

in the presence uncertainty of load model parameters has been developd by Ellithy and 

Al-Naamany [108]. ANFIS is trained over a wide range of typical load parameters in 

order to adapt the gains of the SVC stabilizer. A MATLAB platform is used for 

simulation to analyze the effectiveness of the proposed ANFIS SVC stabilizer. They 
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concluded on the basis simulation results, the tuned gains of the SVC stabilizer using the 

ANFIS can give better damping than the conventional fixed-gains SVC stabilizer. 

2.2.3.5 Hybrid AI techniques used for crack identification 

This chapter reviewes the various hybrid AI techniques applied for detecting damage of 

structural and machine elements briefly. 

Zhu et al. [109] have proposed an ANFIS and integrated wavelet real-time filtering 

algorithm based helicopter structural damage identification method when the frequency 

and magnitude of harmonic excitation are constant. They have found that proposed 

integrated method can be effectively utilized for identifications of several unknown 

damages and small damages of structures and also it can be used to recognize both the 

time and the location when the structural damage occurs unpredictably. A Wavelet based 

Adaptive Neuro fuzzy Inference System (WANFIS) to measure the nonlinear behavior of 

the structure–MR damper systems has been developed by Mitchell et al. [110] . They 

have observed new WANFIS approach is effective in exhibiting the nonlinear behavior of 

the structure–MR damper system subjected to a variety of natural hazards while resulting 

in shorter training times in comparison with ANFIS model. Beena and Ganguli [111] 

have presented fault detection algorithms for cantilever beam using fuzzy cognitive map 

and neural network based on Hebbian-learning. The continuum mechanics and finite 

element method have been used to extract the vibration responses (First six natural 

frequencies) from cantilever beam. The developed technique works quite well for 

structural damage even in the presence of noise.  

Salahshoor et al. [112] have proposed an innovative fault detection method using three 

ANFIS classifiers for industrial power plants. Each ANFIS classifier is devised to detect 

and diagnose a group category of four stream turbine faults. To organize an overall list of 

12 faults into three fault categories, possessing time series similarities in their symptoms, 

a preliminary set of conceptual and experimental studies is conducted. A nonlinear 

system identification method to detect process fault of a cement rotary kiln has been 

proposed by Sadeghian and Fatehi [113]. To identify the various operation points in the 

rotary kiln, a locally Neuro-fuzzy model is used, which is trained by LOLIMOT 

algorithm. Eslamloueyan [114] has proposed a Hierarchical Artificial Neural Network 

(HANN) for detection of faults of Tennessee–Eastman process (TEP). The first step in 

designing the HANN is to divide the fault pattern space into a few sub-spaces through 

using fuzzy C-means clustering algorithm. For each sub-space of fault patterns a specific 
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agent is trained in order to make fault diagnosis. A supervisor agent is designed to 

specialize in the selection of the relevant fault diagnostic agent. The feed forward 

multilayer perceptron networks have used for developing diagnostic and supervisor 

agents.  

A bearing fault diagnosis technique based on multi scale entropy and adaptive neuro 

fuzzy inference system to measure the nonlinearity presents in a bearing system has been 

developed by Zhang et al. [115]. They have performed an experimental investigation on 

electrical motor bearing with three different fault categories and several levels of fault 

severity. The results obtained from the experimental analysis have used to design and 

train the ANFIS system for fault identification of the bearing system. But as further 

analysis fuzzy-RBFN can give better results if used in the above paper. Simon and 

Hungerbuhler [116] have presented a comparative study of three AI techniques suited to 

perform classification tasks. The neural network trained using Levenberg–Marquardt and 

the Levenberg–Marquardt method with Bayesian regularization, the Neuro-Fuzzy model 

based on clustering and grid partition, and the Takagi–Sugeno fuzzy models for the 

pattern recognition based data analysis of the existing industrial batch dryer. A fault 

diagnostic technique using Neuro-fuzzy approach to pattern classification of rotating 

machinery has been presented by Zio and Gola [117]. They have used this method to get 

high rate of correct classification model. The efficiency of the proposed hybrid model is 

verified by applying to a motor bearing system and the results obtained are satisfactory.  

Yang et al. [118] have developed a fault detection method based on adaptive neuro-fuzzy 

inference system in combination with classification and regression tree. The ANFIS 

model is trained with the data sets obtained from vibration signals and the current signals 

of the induction motors. They have concluded that the developed ANFIS model is capable 

to diagnose the fault present in the induction motors. Quteishat and Lim [119] have 

proposed a Fuzzy Min-Max (FMM) network, which is a supervised neural network 

classifier that forms hyper-boxes for prediction and classification problems. This method 

is applied to the extraction of rule set from FMM to warrant the predicted results. The 

outputs of FMM are compared with results measured from a power generation plant for 

fault recognition with the help of sensors. Fang et al. [120] have shown performance of a 

structural health monitoring tool of based on frequency response and neural network. The 

dynamic steepest descent algorithm and the fuzzy steepest descent algorithm have used to 

improve the training rate of ANN. They have investigated a tunable steepest descent 

algorithm using a heuristics approach, which improves the convergence speed 
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significantly without sacrificing the algorithm ease and the computational time. They 

have concluded that the neural network technique can assess the damage condition with 

high accuracy. As the further study, application of fuzzy-RBFNN hybrid technique along 

with experimental data may give better result.  

A feature selection based network system to diagnose the various types of faults in the 

gearbox has been designed by Hajnayeb et al. [121]. The authenticity of the proposed 

method is verified by experimental analysis. The results of feature selection method are 

compared with genetic algorithm results. They have found a close proximity between the 

results. Firpi and Vachtsevanos [122] have presented a genetically programmed artificial 

features extraction based method for identification of the faults of the gearbox. The 

artificial features extracted from vibration parameters, which is sensed by accelerometer 

to identify and detect a crack fault a crack fault in a gearbox of a helicopter‟s main 

transmission. 

Han et al. [123] have proposed an automated fault diagnosis method for induction motors 

through the combination of Discrete Wavelet Transform (DWT), feature extraction, GA 

and ANN techniques. The DWT improve the quality of signal to noise ratio at 

preprocessing features are extracted from motor stator current during reducing data 

transfers. GA is extracted most significant features from the available features database 

and also optimized the ANN structure characteristics. Samanta [124] has presented a 

study on gear fault detection using Artificial Neural Networks (ANNs) and Support 

Vector Machines (SMVs). The vibration parameters of a rotating machine with damage 

and non-damage gears are processed for feature extraction. He has used extracted features 

from damage and non-damage gears as inputs to both classifiers (ANNs and SVMs) for 

the state recognition of gear box. The extracted features optimized using a genetic 

algorithm.   

Samanta et al. [125] have presented a comparative study of the performance of the 

bearing fault detection techniques using two classifiers namely artificial neural networks 

and support vector machines. The vibration analysis performed to get the vibration signal 

of a rotating machine with defective and non-defective bearing processes for feature 

extraction. The extracted features from original and processed signals are used as inputs 

to the classifier for two senses (normal and fault) detection. The number of nodes in 

hidden layers (for ANNs) and width of radial basis function along with selected input 

features are optimized using a genetic algorithm. Jack and Nandi [126] have examined 

and compared the performance of artificial neural networks and support vector machines 



  

31 | P a g e  

classifier in two sense faults and no-fault recognition of the bearing assembly. They have 

used a genetic algorithm based feature selection process to improve the overall 

performance of both the proposed techniques. 

A hybrid fuzzy-genetic system to damage detection in both single and multiple cracked 

Timoshenko beam has been designed by Aydin and Kisi [127]. They have optimized the 

fuzzy membership function using genetic algorithms for hybridization process to get, the 

more accurate damage position. The natural frequencies and maxima of rotational mode 

shape deviations fed as input to the integrated system. The efficiency of design, integrated 

model is evaluated through several error measurements. They have observed that 

predicted hybrid model results have good fidelity with theoretical models. A Fuzzy v-

Support Vector Classifier Machine (Fv-SVCM) which is new version of support vector 

machine to establish the non-linear diagnosing system of car assembly line has been 

designed by Wu [128]. The Fv-SVCM mode can easily handle the fuzzy fault detection 

pattern with highly precision compared to the fuzzy - neural network. Therefore Fv-

SVCM diagnosed fault with input parameters successfully and support vector classifier 

machine extends the application scope. In the above paper thorough experimental 

verification is required for the authentication of results. 

Pawar and Ganguli [129] have developed a structural health monitoring technique based 

genetic fuzzy system for global online damage detection of composite helicopter rotor 

blades using displacement and force based measurement deviations between damage and 

healthy condition and for local online damage detection using strain energy. Yuan and 

Chu [130] have proposed an Artificial Immunization Algorithm (AIA) to optimize the 

parameters in the support vector machine (SVM). The AIA is a new optimization method 

based on the biological immune principle of humans and other animals. It can effectively 

prevent premature convergence and guarantee the diversity of solution. With the 

optimized parameters of AIA, the total capacity of the SVM classifier is improved. The 

fault diagnosis of turbo pump rotor shows that the SVM optimized by AIA give higher 

recognition accuracy than normal SVM. A hybrid genetic-fuzzy system to detect damage 

location and its extent has been analyzed by Pawar and Ganguly [131]. A finite element 

method is used to get change in natural frequencies between damage and healthy 

cantilever beam. A fuzzy system is developed using these changes in natural frequencies 

and genetic algorithm use to optimize the fuzzy rule base and membership functions. But 

as further analysis, use of fuzzy-neuro hybrid technique along with experimental data 

may give better result.  
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2.2.4 Miscellaneous methods used for crack identification   

Some miscellaneous algorithms and methods are also used for identification of damage 

are briefly depicted in this section. 

Hosseinabadi et al. [132] have proposed a new wavelet network based technique for 

structural damage identification using the guided ultrasonic wave. A Fixed Grid Wavelet 

Network (FGWN) algorithm developed for feature extraction and pattern recognition to 

quantitatively characterize damage in a thick steel beam. The FEM simulation data used 

for training the FGWN; however the FEM simulation and experimental data used for 

testing the FGWN damage identification algorithm. A novel leak identification method to 

localize the leak in pipelines carrying crude oils and liquid fuels using rough set theory 

and support vector machine has been proposed by Mandal et al. [133]. An artificial Bee 

Colony Algorithm (ABC) and a Particle Swarm Optimization (PSO) technique have used 

to design SVM. The results obtained from the ABC algorithm compared with PSO 

technique, results and observed close proximity between them. They have observed that 

proposed method is capable of localizing leaks in pipelines successfully.  

Bacha et al. [134] have presented a new method for fault classification in a power 

transformer using Dissolved Gas Analysis (DGA) and multi-layer support vector machine 

classifier. The effectiveness of SVM diagnosis is analyzed with polynomial and Gaussian 

functions. The real data sets are used to investigate its viability of the DGA methods, fault 

classification in power transformer oil. The experimental investigation results show the 

efficiency of the proposed model for predicting the DGA method in the power 

transformer oil. A condition-based maintenance model for industrial machines by 

computing the remaining life of the machine component with the help support vector 

machine has been developed by Kim et al. [135]. To validate the feasibility of the 

proposed model, real life fault, historical data from the bearings of high pressure-liquefied 

natural gas pumps was analyzed and used to obtain the optimal prediction of remaining 

useful life. The obtained results were very promising and showed that the proposed 

prognosis system based on health state probability estimation has the potential to be used 

as an estimation tool for remnant life prediction in industrial.  

A K-means clustering algorithms for the automated diagnosis of defective rolling element 

bearings has been designed byYiakopoulos et al. [136]. They have said that K-means 

clustering is an unsupervised learning procedure, that method can be directly executed in 

the vibration indices. Thus, the need for training the method with data measured on the 
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particular systems under defective bearing conditions is excluded. They have found that, 

the proposed K-means clustering based method is effective for localization of damages 

present in the bearing systems. Jun [137] has developed a fault detection system in a 

swine wastewater treatment plant using Dynamic Time Warping (DTW) and discriminant 

analysis with Oxidation–Reduction Potential (ORP) and Dissolved Oxygen (DO) values. 

He has found that the ORP method performs better than other two methods which have 

used for diagnosis of fault present in the system. Fagerholt et al. [138] have performed an 

experimental and numerical investigation on the fracture behavior of a cast aluminium 

alloy. They have used the classical flow theory for modeling the fracture in the alloy. 

They have also used Digital Image Correlation (DIC) to collect the data about the 

displacement and strain field in the specimen. They found the results derived from the 

numerical measurement are good agreement with the experimental data.  

Cusido et al. [139] have proposed a different signal processing method, integrated 

wavelet and power spectral density techniques, giving the power detail density as a fault 

factor. The method demonstrates good theoretical and experimental results. Bachschmid 

et al. [140] have used the model of a turbo-generator unit to perform a numerical 

sensitivity analysis, in which the vibrations of the shaft-line, and more in detail the 

vibrations of the shaft in correspondence to the bearings, have calculated for all possible 

positions of the crack along the shaft-line, and for several different values of the depth of 

the crack. They have established a relation between the dynamic response and the 

position of crack location and depth present in the system. Dilena and Morassi [141] have 

demonstrated the natural frequency and anti-resonant frequency shifts contains certain 

generalized Fourier coefficients of the stiffness variation due to presence of damage. 

According to them the results of numerical simulations on rods with localized or diffused 

cracks are in good agreement with theory. They have concluded that the experimental 

results show that the inverse problem solution, noise and modeling errors on anti-

resonances amplified strongly than the natural frequency data used.  

A novel Laplacian model to form an improved damage identification algorithm has been 

proposed by Cao and Qiao [142]. The novel Laplacian model exhibits apparent 

advantages such as high-noise insusceptibility, insightful in damage revealment, and 

visualized damage presentation over the standard Laplace operator. They have measured 

the curvature of mode to model the damage detection tool. The results derived from the 

proposed Laplacian concept have been compared with experimental results. Curadelli et 

al. [143] have presented a new technique to assess structural damage by means of the 
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instantaneous damping coefficient due to higher sensitivity from natural frequencies or 

modal shapes to damage using a wavelet transform. They have found important changes 

in damping parameters of damage structure, though experimental and numerical 

simulation. Also represent the wavelet transform effectively applied in a procedure for 

instantaneous frequencies and damping identification of the free vibration parameters.  

Friswell [144] has reviewed about application of inverse method to localize and quantify 

the crack using modal indices. He has stated in the present research, uncertain parameters 

present in the models have to be identified. He has discussed number of problems with 

the application of this method for the assessment of damage, including modeling error, 

environmental efforts, damage localization and regularization. A new concept of 

Nonlinear Output Frequency Response Functions (NOFRFS) to identify the cracks 

present in beams like vibrating structures using modal indices has been introduced by 

Peng et al. [145]. They found the NOFRFS are a sensitive indicator to notify the presence 

of cracks. They have reported that this method establishes a basis for the application of 

NOFRF models in identification of cracks present in the structures. Rus and Gallego 

[146] have proposed a work based on hyper singular shape sensitivity boundary integral 

equation for the solution of the inverse problem for localization of crack. The 

performance, accuracy and sensitivity of the proposed method have been verified by the 

simulated/experimental results.  

Pakrashi et al. [147] have developed a new wavelet–kurtosis based damage detection 

method for different crack depth ratios and crack positions, including the effects of 

varying signal to noise ratio. An experimental analysis carried out in damaged aluminium 

beam with open cracks of different configuration for validation of the proposed method. 

The damaged shape of beam expected by using a novel video camera based pattern 

recognition technique. They have concluded that the integration wavelet analysis with a 

kurtosis based damage assessment can be effectively utilized for structural damage 

detection purpose under the presence of measurement noise. A novel method for 

assessment of crack in beam like dynamic structures based on kurtosis has been presented 

by Hadjileontiadis et al. [148]. They have stated the crack can be localizing by 

measurement of unexpected changes in the spatial variation of response and the size of 

the crack can be measured by estimation of Kurtosis. The performance proposed method 

has been verified by experiments on crack Plexiglas beams. They have concluded that the 

proposed kurtosis-based crack estimation technique is more effective and efficient than 

the available crack detection in literature due to low computational complexity.  
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Kyricazoglou et al. [149] have presented a method to localize the fault in composite 

laminates by computing the slope deflection curve of composite beams in flexure. They 

have provided the mechanism of fault diagnosis and location of damage from a 

comparison of dynamic features response from the faulty vibrating laminates. They found 

in their research slope deflection curve is an encouraging technique for assessment of 

initial damage in composites.  

Agrawalla [150] thesis research is carried out only for single crack present in the 

structures. In his thesis, there is no elaborate discussion of theory of composite beam, FE 

method. He has also not done analysis for multi cracked composite structures and hybrid 

techniques. Dash [151] has done initial study on cracked structure using simple neural 

network. He has not given any analysis on composite structure and has not done 

elaborative study on FE analysis. But in the current research new hybrid methodology 

such as Fuzzy-RBFNN, Fuzzy-KSOM and Fuzzy-BPNN have been considered for 

multiple crack identification. The Fuzzy-RBFNN is found to the best among all 

techniques derived in the current research work. An error 3.5 % is found between the 

results obtained from Fuzzy-RBFNN and experimental analysis.  

2.3 Summary 

The literature review presents an overview of fault diagnosis techniques based on 

vibration analysis for isotropic material and orthotropic (composite) material. It is 

observed that Theoretical, FEM, and AI based methods are used for identification of 

damage of isotropic materials for single crack scenario. Only few research papers are 

available for multiple cracks detection of isotropic material structures and for the 

composite structures it is still unreported using AI techniques. The AI techniques can be 

used more effectively for fault diagnosis. But it is observed that the potential of AI based 

methods are not completely explored to design the intelligent multiple fault detection 

model in the engineering systems. 

In the present research, a systematic approach has been carried out to design AI based 

techniques such as fuzzy logic, neural networks (BPNN, RBFNN & KSOM) and various 

hybrid fuzzy-neuro models for prediction of fault intensities and severities present in the 

composite and steel beams.  The desired parameters to design and train the AI models 

have been derived from theoretical, finite element and experimental analysis of cantilever 

beam. 
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CHAPTER 3 

Theoretical Analysis of Multiple Cracked 

Cantilever Beam for Measurement of 

Dynamic Response 

 

The presence of damage in the form of crack in a structural component is a serious threat 

to the integrity of structures as well the safety of human life. Several methods are 

available in literature used for assessment of the damage in form crack to prevent the 

catastrophic failure of structures. The vibration based methods are most successfully 

applied for recognition of the damage [1]. It is observed that dynamic response, e.g. 

natural frequencies and mode shapes of structure changes due to damage [31]. 

3.1 Introduction 

The vibration response of the cracked structure has been investigated successfully by 

researchers [1-5]. The vibration response is very sensitive to crack location and its 

intensity. The researchers and scientists have analyzed that effect of cracks on vibration 

responses of faulty structure. These changes in vibration responses can be efficiently 

utilized for developing the crack detection method. In this chapter a systematic theoretical 

approach is used to analyze the effect of multiple cracks on vibration responses of two 

types of cantilever beams, one is made up of glass-epoxy composite material and another 

is of structural steel. The flexibility of the cracked composite beam element is calculated 

by considering the cracks as massles substitute spring. The flexibility of spring can be 

calculated by using fracture mechanics and Castigliano theorem [152]. The 

transformation function of the cracked composite beam element has been calculated by 

finite element method. Three nodes are taken on a cracked composite beam element with 

three degrees of freedom for each node. The flexibility and transformation function of the 

cracked composite beam element are used to find the stiffness of a beam which is 

subsequently used to calculate the dynamic response of the cracked composite beam. 

The linear fracture mechanics theory has been used to calculate the stress intensity factor 

and strain energy release rate for cracked steel beam element, which is further used to 

derive dimension-less compliance matrices and local stiffness matrices. The dynamic 
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response of multiple cracked steel beam has been calculated by using stiffness matrix. 

The robustness of the proposed theoretical model has been established by comparing the 

results with the experimental analysis results. 

3.2 Analysis of dynamic response of cracked composite beam 

3.2.1 Calculation of stiffness and mass matrices for composite beam element 

The method suggested by Krawczuk [153] can be used to find the stiffness and mass 

matrices of the composite beam element. Out of assumed three nodes in an element, one 

node is taken in the middle and two at the extreme ends of the element. There are three 

degrees of freedom at each node δ = {u, v, θ} as shown in figure 3.1 (a) , the applied 

system forces F= {F1, S1, M1, F2, S2, M2, F3, S3, M3} and corresponding displacements δ = 

{u1, v1, θ1, u2, v2, θ2, u3, v3, θ3} are shown in figure 3.1(b). The stiffness matrix for a 

three-node composite beam element with three degrees of freedom at each node, for case 

of bending in x-y plane, is given as follows [153]. 
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Figure 3.1(a) Nodal displacements in element coordinate system 
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Figure 3.2(b) Applied forces on beam element 
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Where qij (i, j=1… 9) are shown as
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Where m=cosα, n=sinα and Cij terms are determined from the relation [155]                                                   
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Where E11, E22, G12 and v12 are the mechanical properties of the composite and can be 

determined as shown in [154]. 
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The mass matrix of the composite beam element can be given as [153] 
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Where Mij (i, j=1… 9) are shown as 

 

 

 

 

 

 

 

                       (3.6) 

3.2.2 Calculation of stiffness matrix for cracked composite beam element 

According to the St. Venant‟s principle, the stress field is influenced only in the vicinity 
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Castigliano‟s theorem in the linear elastic range. In this study, the bending-stretching 

11 22 77 88 14 41

17 71 28 82

2
23 32 38 83 89 98

2
68 86 26 62

2 2
33 99

2 2
66

36 63 69 96

2 15,

30,

180,

90,

( 1890 90),

2 ( 1890 90),

(

e

e

e

e

e e

e e

e

m m m m m m BHL

m m m m BHL

m m m m m m BHL

m m m m BHL

m m BHL L H

m BHL L H

m m m m BHL L















     

    

         

     

  

 

     2 2

2 2
39 93

44 55

12 21 13 31 15 51 16 61 18 81 19

91 24 42 27 72 34 43 35 53 37

73 45 54 46 64 48 84 49 94 56 65

57 75 59 9

945 180),

( 1890 90),

8 15,

e

e e

e

H

m m BHL L H

m m BHL

m m m m m m m m m m m

m m m m m m m m m m

m m m m m m m m m m m

m m m m







  

 

         

         

          

    5 67 76 78 87 79 97 0m m m m m m


























      




  

40 | P a g e  

effect due to mid-plane asymmetry encouraged by the cracks is neglected. The 

coefficients of compliance Cij are derived from the strain energy release rate (J), which 

induced by cracks developed by Griffith–Irwin theory [156]. J can be expressed as;                   

,( )iU P A
J

A
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Where A = area of the crack section, Fi = corresponding loads, U = strain energy of the 

beam due to presence of crack and can be written as [155]. 
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                                         (3.8)                 

Where: KI, KII and KIII are the stress intensity factors for fracture modes of opening, 

sliding and tearing type of crack.  D1, D12, D2 and D3 are the coefficients depending on 

the material parameters [155]. 
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The coefficients s1, s2 and ijd  can be measured from following equation [154]. 
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Where ijd  constants can be calculated as  
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                     (3.10)  

Where cos ;   sinm n    and ijd are compliance constants of the composite along the 

principal axes. The ijd  can be related to the mechanical constants of the material by 

2 2 222 12
11 12 22 23 12 23

11 11 22 11

66 12 44 23 55 66

1 1
(1 ),   (1 ),   (1 )

1 ,   1 ,

E v
d v d v d v
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                                   (3.11) 

The stress intensity factors, KI, KII and KIII expressed as [155]:  
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    /ji i j jiK aY F a H                                                                                        (3.12)                                                                         

Where σi = stress for the corresponding fracture mode, Fji (a/H) = correction factor for the 

finite specimen size; )(jY =correction factor for the anisotropic material [155], a = crack 

depth and H= element height. The correction factors )(jY and Fji (a/H) (j= x, xx and i= 1, 

6) can be calculated from following equations 
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(3.13) 

Where Ω=Πa/H, Additional displacement due to crack, according to the Castigliano‟s 

theorem [152], in the direction of the load Pi, is 

i

i,
i

P

A)U(P
u




                                                                                                              (3.14)                                                                                                                         

Substituting the Eq. (3.7) into Eq. (3.14), displacement and strain energy release rate J 

can be related as follows:  

 ,  i i

i A

u J P A dA
P



                                                                                                          (3.15)                                                                                                  

The flexibility coefficients, which are highly depend on the stress intensity factors and the 

shape and size of crack and, can be written as [156]: 
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                                                      (3.16) 

The compliance coefficient matrix derived from the above equation, can be assumed 

according to the displacement vector  θv,u,δ   as 

)(
ij

cC
66





                                                                                                            (3.17)                                                                                     

Where Cij (i, j=1 to 6) are derived by using eqs. (3.7)- (3.16).  

The transformation matrix [T] for cracked element is calculated by using the equation of 

overall equilibrium of elemental forces is shown in figure 3.1(b). The final transformation 

matrix is; 
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0 0 0 0 0 1

e e

t
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L / L /

 
 
 
 
 
  
   
 

  
 
 
 
 
 

                                                             (3.18) 

Hence the stiffness matrix of a cracked beam element can be obtained as 

     t-
Crack TC TK

1
                                                                                           (3.19)                                                                                             

The model parameters of composite beam can be calculated by the characteristic equation 

of vibration and can be written as; 

      0K M x                                                                                                      (3.20) 

Where λ= function of natural frequency, x = function of mode shape, and M= mass per 

unit length    

The natural frequency of the beam can be computed as;   

f                                                                                                                          (3.21) 

The variation of natural frequencies for I, II and III modes of vibration with different 

crack locations and depths respectively have been shown in figures 3.2(a), 3.2(b) and 

3.2(c). It is seen that the relative natural frequency for first mode of vibration is on 

increasing trend while for other two modes attains minimum and maximum value at 

different crack locations. 
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Figure 3.2(a) Relative natural frequencies vs. Relative crack location from the 

fixed end for I-mode of vibration 
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Figure 3.2(b) Relative natural frequencies vs. Relative crack location from the 

fixed end for II-mode of vibration 
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Figure 3.2(c) Relative natural frequencies vs. Relative crack location from the 

fixed end for III-mode of vibration 

 

The theoretical analysis results for the 1
st
 , 2

nd
 and 3

rd
  mode shapes for non-cracked and 

cracked composite beam are shown in figures 3.3, 3.4 and 3.5 and the orientation of the 

cracks are  β1=0.25, β2=0.5, ψ1=0.1667 and ψ2=0.5. The magnified view at the vicinity of 

the first and second crack for 1
st
, 2

nd
 and 3

rd
 mode of vibration are shown in figures 

3.3(b), 3.3(c), 3.4(b), 3.4(c), 3.5(b) and 3.5(c). A sudden jump has been observed in 

relative amplitudes at crack locations. These changes in amplitudes will be helpful in the 

prediction of crack locations and intensities.      
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Figure 3.3(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667& ψ2=0.5 
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Figure 3.3(b) Magnified view at the first crack location (β1=0.25) 
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 Figure 3.3(c) Magnified view at the second crack location (β1=0.5) 
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Figure 3.4(a) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode of 

vibration), β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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Figure 3.4(b) Magnified view at the first crack location (β1=0.25) 
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Figure 3.4c Magnified view at the second crack location (β1=0.5) 
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Figure 3.5(a) Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode of 

vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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Figure 3.5(b) Magnified view at the first crack location (β1=0.25) 
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Figure 3.5(c) Magnified view at the second crack location (β1=0.5) 

 

3.3 Analysis of dynamic response of cracked structural steel beam 

A theoretical model has been presented to extract the dynamic response (natural 

frequencies and mode shapes) of the multiple cracked steel beam. During the analysis of 

the theoretical results, a noticeable change is observed in the first three mode shapes, 

especially in the vicinity of crack locations. 

3.3.1 Determination of the local flexibility and local stiffness matrix of a cracked 

steel beam  

A cracked cantilever beam is subjected to axial force (F1) and bending (F2) as shown in 

figure 3.6 (a). Two transverse cracks of depth „a1‟ and „a2‟ are presence on the surface of 

the beam of width „B‟ and height „H‟ introduce a local flexibility, this can be defined in 

matrix form, and the size of the matrix depends on the degree of freedom. The cross-

sectional view is also shown in figure 3.6 (b). 
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Figure 3.6 Geometry of beam: (a) Multiple cracked cantilever beam and (b) cross- 

sectional view of the beam 

The strain energy release rate at cracked segment can be written according to Tada [158] 

as; 

2
21

1
)Q(Q

φ
J II 


 ,                                                                                                       (3.22)                                                                                                        

Where 
φ
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φ

211 



(for plane strain condition);    

                  = 
φ

1
(for plane stress condition)        

The Stress intensity factors QI1, QI2 are for mode I (opening of the crack) for load load F1 

and F2 respectively. The values of stress intensity factors from earlier studies [158] are;  
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The expressions for F1 and F2 are as follows 
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Assuming Ue is the strain energy due to presence of crack. The additional displacement 

along the force Fi according to the Castigliano‟s theorem is;  

i

i

e u
F

U





                                                                                                                    (3.26) 

Strain energy will have,
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                                                      (3.27)              

Where
a

U
J e




 , the strain energy density functions.  

From eqs. (3.26) and (3.27), we have; 
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                                                                                                    (3.28)                                                                                                           

The flexibility, influence co-efficient Aij by definition is; 
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And can be expressed as;        
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Using eq. (3.25) the compliance A11, A22, A12 (=A21) are as follows; 
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The dimension-less form of the influence co-efficient will be; 
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             (3.34)              

The inversion of compliance matrix will lead to the formation of local stiffness matrix 

and can be written as; 
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The stiffness matrices for the first and second crack location can be obtained as follows: 
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The variations of dimensionless compliances with respect to relative crack depth have 

been shown in figure 3.7 and from the graph it is observed that the dimensionless 

compliance increases with increase in relative crack depths. 

3.3.2 Vibration analysis of the multiple cracked cantilever steel beams 

In this section double crack cantilevers beam with length „L‟ width „B‟ and depth „H‟ is 

shown in figure 3.8. The locations of cracks are „L1‟ and „L2‟ from the fixed end and the 

crack depths are „a1‟and „a2‟. The amplitudes of longitudinal vibration have been taken as 

u1(x, t), u2(x, t), u3(x, t) and amplitudes of bending vibration have been considered as 

v1(x, t), v2(x, t), v3(x, t) for the section-1(before 1
st
 crack), section-2 (in between the 

cracks), section-3 (after the 2
nd

 crack) respectively as shown in figure 3.8.   

Figure 3.7 Relative crack depths (a1/H) vs. Dimensionless Compliance   1,2j  1,2iA ln   
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The following are the expressions of normal functions of the system  
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The constants Ri, (i=1, 18) are to be calculated by using boundary conditions. The 

following are the boundary conditions for the cantilever beam; 

;)(u 001    ;)(v 001     ;)(v 001       ;)(u 013      ;)(v 013      .)(v 013      

At the cracked section: 

(ββ)'u)(β'u 211       );(βv)(βv 121 1        );(βv)(βv 121 1        )(βv)(βv 121 1     

);(β'u)(β'u 22 32       );(βv)(βv 221 2
     );(βv)(βv 221 2

     )(βv)(βv 121 1      

The expression in equation (3.38) can be found out because of the discontinuity of axial 

deformation to the right and left of the first crack location at the distance L1 from the 

fixed end of the cantilever beam. Also at the cracked section, we have;    

)
dx
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Aφ 1112

12111211
11                                            (3.38) 
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   on both sides of the equation (16) we get;                             
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Figure 3.8 Front view of the cracked cantilever beam 
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                                    (3.39) 

The expression in equation (3.39) can be found out because of the discontinuity of slope 

to the left and right of the crack at the crack section.     
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Multiplying 
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2 qqL

φI


on both sides of the equation (3.40) we get;            
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                                 (3.41) 

Similarly, considering the second crack we can have;  

2 2 2 2 22 3 2 3 25 6 6 5( ) ( ( ) ( )) ( ( ) ( )M M u M u u M v v    
  

     (3.42) 
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                             (3.43) 

Where   

  

By using the normal functions, equation (3.37) with the laid down boundary conditions as 

mentioned above, the characteristic equation of the system can be expressed as; 

0K                                                                                                                           (3.44)                                                                                                                                  

This determinant is a function of natural frequency (ω), the relative locations of the crack 

and the local stiffness matrix (Q) which in turn is a function of the relative crack depth. 

Where K  is a 18x18 matrix and is expressed as; 
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The theoretical analysis results for first three mode shapes for non-cracked and cracked 

steel beam are  shown in figures 3.9,3.10, and 3.11 for cracks orientation β1=0.25, β2=0.5, 

ψ1=0.1667 and ψ2=0.5. Magnified view at the vicinity of the first and second crack for 

first three mode of vibration are shown in figures 3.9(b), 3.9(c), 3.10(b), 3.10(c), 3.11(b) 

and 3.11(c). A sudden jump has been observed in relative amplitudes at crack locations; 

these changes in amplitudes will be helpful in the prediction of crack location and its 

intensity. 
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Figure 3.9(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode of 

vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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   Figure 3.9(b) Magnified view at the first crack location (β1=0.25) 
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Figure 3.9(c) Magnified view at the second crack location (β1=0.5) 
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Figure 3.10(a) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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Figure 3.10(b) Magnified view at the first crack location (β1=0.25) 
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Figure 3.10(c) Magnified view at the second crack location (β1=0.5) 
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Figure 3.11(a) Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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Figure 3.11(b) Magnified view at the first crack location (β1=0.25) 
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 Figure 3.11(c) Magnified view at the second crack location (β1=0.5) 

3.4 Evaluation and comparison of experimental and theoretical analysis 

results 

3.4.1 Analysis of experimental results and theoretical results of composite beam 

The glass fibers reinforced epoxy composite beam with dimension (800x50x6 mm) has 

been considered in analysis for evaluation of vibration response. The numbers of 

experiments have been conducted on specimens with various configurations of first and 

second crack locations and its size to measure the first three mode shapes and 

corresponding natural frequencies. The schematic block diagram experimental setup is 

shown in figure 3.12. The experimental investigation has been performed to obtain mode 

shapes for three sets of 1
st
 and 2

nd
 relative crack location and relative crack depth: first set 

is 0.25, 0.5 (crack location) and 0.1667, 0.5 (crack depth), second set is 0.1875, 0.4375 

(crack location) and 0.5, 0.416 (crack depth) and third set is 0.3125, 0.5625 (crack 

location) and 0.333, 0.25 (crack depth) has been compared with the theoretical analysis 

for cracked and non-cracked composite beam. The comparisons are plotted for the first 

set in figures 3.13(a) to 3.13(c). 
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1. Delta tron Accelerometer; 2. Vibration analyzer; 3. Vibration indicator embedded with 

Pulse Labshop software; 4. Power Distribution box; 5. Signal generator; 6. Power 

amplifier; 7. Vibration Shaker; 8. Cracked beam with foundation 
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Figure 3.13(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 

Figure 3.12 Schematic block diagram of experimental set-up 
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Figure 3.13(b) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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Figure 3.13(c) Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode 

of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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Figure 3.14(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 
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Figure 3.14(b) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 
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Figure 3.14(c) Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode 

of vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 
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Figure 3.15(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode 

of vibration) β1=0.3125, β2=0.5525, ψ1=0.333& ψ2=0.25 
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Figure 3.15 (b) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode 

of vibration) β1=0.3125, β2=0.5525, ψ1=0.333& ψ2=0.25 
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Figure 3.15(c) Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode 

of vibration) β1=0.3125, β2=0.5525, ψ1=0.333& 
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3.4.2 Analysis of experimental results and theoretical results for steel beam 

The structural steel beam with dimension (800x50x6 mm) as discussed in the previous 

section has been considered in the analysis for evaluation of vibration response. Many 

cracked specimens are collected with different configurations of first and second crack 

locations and depths and are used to conduct the experiments for identifying the first three 

mode shapes and corresponding natural frequencies. The schematic block diagram 

experimental setup is shown in figure 3.12. 

 

     

0

0.01

0.02

0.03

0.04

0.05

0 0.2 0.4 0.6 0.8 1

Theoretical Non-crack
Theoretical Crack
Experimental Crack

Relative distance from fixed end

R
el

at
iv

e 
A

m
p
li

tu
d
e

 

Figure 3.16a Relative Amplitude vs. Relative distance from fixed end (1
st
 mode of 

vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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Figure 3.16b Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode of 

vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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Figure 3.16c Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode of 

vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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Figure 3.17a Relative Amplitude vs. Relative distance from fixed end (1
st
 mode of 

vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 
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Figure 3.17b Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode of 

vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 
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Figure 3.17c Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode of 

vibration) β1=0.1875, β2=0.4375, ψ1=0.5 & ψ2=0.416 
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Figure 3.18a Relative Amplitude vs. Relative distance from fixed end (1
st
 mode of 

vibration) β1=0.3125, β2=0.5525, ψ1=0.333& ψ2=0.25 
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Figure 3.18b Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode of 

vibration) β1=0.3125, β2=0.5525, ψ1=0.333& ψ2=0.25 
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Figure 3.18c Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode of 

vibration) β1=0.3125, β2=0.5525, ψ1=0.333& ψ2=0.25 
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3.5 Comparison and validation of theoretical analysis results and 

experimental analysis results 

The fidelity and performance of the theoretical model has been verified by experimental 

test, performed on the glass fibers reinforced epoxy composite and steel composite beam.  

The results of first three mode shapes obtained from theoretical and experimental analysis 

are compared for cracked composite beam in figures 3.12 to 3.14 and for cracked steel 

beam in figures 3.15 to 3.17. The theoretical analysis results and experimental 

investigation results are compared in this section, only ten results from the available data 

pool is represented in table 3.1 for composite beam and in table 3.2 for steel beam. 

The relative natural frequency and relative mode shape difference used in the analysis can 

be defined as follows. 

beam) noncracked offrequency  (Natural

beam) cracked offrequency  (Natural
frequency natural Relative   

beam) noncracked of (Amplitude     

beam) cracked of Amplitude- noncracked of (Amplitude
difference shape mode Relative 

  

The first three relative natural frequencies are presented in the first three columns of 

tables 3.1 and 3.2 whereas relative mode shapes of first three mode of vibration are 

presented in the fourth, fifth and sixth columns of the tables. The relative first crack 

depth, relative first crack location, relative second crack depth and relative second crack 

location obtained from theoretical analysis are displayed in seventh, eighth, ninth and 

tenth column respectively. The relative first crack depth, relative first crack location, 

relative second crack depth and relative second crack location obtained from 

experimental test are displayed in eleventh, twelfth, thirteenth and fourteenth column of 

both tables respectively.  
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3.6 Discussion 

This section is subjected to discussion on analysis of results derived in the theoretical and 

experimental evaluation. This chapter is divided in two categories; first part is theoretical 

analysis of cantilever beam then its experimental validation and second part is the 

theoretical analysis and its verification by experimental test for structural steel.  

The nodal displacement of composite beam element and applied force on the beam 

element are shown in figures 3.1(a) and 3.1(b) respectively. The variation of first three 

natural frequencies with crack locations and depths are presented in figures 3.2(a)-3.2(c).  

Figures 3.3 to 3.5 represents noticeable deviation in first three consecutive mode shapes 

of cracked and intact composite beam and magnified view at the vicinity of first crack 

(figures 3.3(b), 3.4(b) & 3.5(b)) and second crack (figures 3.3(c), 3.4(c) & 3.5(c)). A 

sudden jump is observed in mode shape behavior at the crack position. It is the signal of 

noticeable change in mode shape behavior due to presence of crack in the structure. The 

significant variations in the mode shapes have been observed with increase in crack depth 

and are shown in figure 3.3(a) to 3.3(c).  

Figures 3.6(a) and 3.6(b) represents multiple cracked cantilever beam of structural steel 

and cross-sectional view of cantilever beam respectively. It is observed that the 

dimensionless compliance constant increases with increase in the depth of crack due to 

reduction in stiffness at the crack location.  

Similar to the composite structure, steel beam also depicted the variation in the mode 

shapes for cracked and intact beam and are displayed in the figures 3.9 to 3.11 and 

magnified view near the first and second crack position are shown in the figures 3.9(b), 

3.10(b), 3.11(b), 3.9(c), 3.10(c) & 3.11(c). It is found that there is significant deviation in 

the mode shape due to presence of cracks. Figure 3.12 presents schematic block diagram 

of experiment setup. A comparison and verification of the results derived from theoretical 

model are plotted with results of experimental examination and are shown in the figures 

3.13 to 3.15 (for composite) and figures 3.16 to 3.18 (for structural steel). The results 

derived from theoretical and experimental observation are displayed in tabular form with 

first three modal parameters (natural frequencies and mode shapes) and relative crack 

location and crack depth in the tables 3.1 and 3.2 for composite beam and steel bream 

respectively.  
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3.7 Summary  

The conclusions are drawn in this section from the results derived from theoretical and 

experimental examination in this chapter. The modal parameters (natural frequencies and 

mode shapes) upset due to presence of crack in the structure. It can be seen in the 

magnified view at the crack locations. The vibration signatures derived from theoretical 

model have been verified with the results of experimental investigation and a close 

proximity is found between them for both composite and structural steel beam. The total 

percentage of deviation of the theoretical analysis is 3.8% for composite beam and 4.4% 

for structural steel. The deviation in the dynamic behavior of the structure can be used as 

the factor for diagnosis of the damage and dynamic characteristics can also be used for 

modelling the inverse method for identification of damage. The proposed method can be 

successfully applied for the design of smart artificial intelligent techniques for online 

measurement of the damage present in the structures. In the successive chapters various 

artificial intelligent based techniques have been discussed for identification of multiple 

cracks present in composite and steel beam. 
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CHAPTER 4 

Finite Element Analysis of Multiple Cracked 

Cantilever Beam for Measurement of 

Dynamic Response 

 

The presence of cracks in the rotor, shaft and structural components are serious risk to the 

integrity of system. This may cause of destruction and collapse of the structures. The 

detection of crack in early stage of the system is beneficial. In the last two decades many 

researchers and engineers have developed several methods and presented many models 

for prediction of crack, based on vibrational behaviors of damage structures. The 

vibration based methods are used for identification of damage; offer some advantages 

over other conventional methodologies. These methods can help to detect crack location 

and depth using vibrational data, obtained from cracked structure. The presence of crack 

in structures generates flexibility at the vicinity of crack which causes the reduction of 

natural frequencies and change in mode shapes. Hence it may be possible to detect crack 

location and intensity by measuring the change in vibration parameters. This chapter 

introduces finite element analysis for identification of multiple cracks present in the beam 

like structures. The results of finite element analysis have been compared with theoretical 

analysis and experimental analysis results to secure the robustness of proposed numerical 

method. Finally it is concluded that proposed finite element method can be successfully 

applied for multiple crack detection of structures.  

4.1 Introduction  

Automation of damage detection techniques in different engineering system can be 

termed as systematic approach to predict and quantify the damage present in the system. 

The concerned of the failure analysis of faulty beam structure is to secure the overall 

safety and performance of the system. The vibrational response of faulty structural 

members can be effectively used to seize the damage feature such as crack location and 

crack depth. The researchers have been proposed various damage detection methods 

based on thermal radiation, energy, discreet wavelet and numerical methods such as 

artificial intelligent and finite element methods. In the past few decades scientists have 
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developed a model for single crack structure based on the finite element method and 

found that the performance of finite element method is better as compared to the 

theoretical model designed for crack diagnosis. So this method can be used to diagnose 

the crack parameters such as crack location and crack depth of the system using modal 

response of the system. 

In the present section finite element method has been used to find crack locations and 

depths for multiple cracked composite and structural steel beams. It is found that the 

presence of cracks on the beam structure potentially affect the dynamic behavior of the 

beam. The finite element results have been compared to that of theoretical and 

experimental analysis results and a close proximity between the results is found.  

4.2 Analysis of finite element method  

The finite element method is a powerful finite element method that can be used to solve 

complex problem using interpolation or approximation method.  The finite element 

method is a systematic approach for solving the complicated problems. So the finite 

element method can be applied in vibrating structures with different boundary conditions 

to get approximate solution. In the finite element analysis, whole structure is first divided 

in small parts in various shapes. These small parts known as elements and procedure 

employed to divide the structures in small parts is called discretization and generation of 

the regular shape pattern in the structure is called meshing. The efficiency of finite 

element method is dependent on the quality of the mesh. Each element of finite element 

model has corner points that connect to another element called nodes. Each finite element 

associated with equation of motion and that can be easily interpolated. The solutions of 

each finite element are combined together to get global mass and stiffness matrices, 

which describes the vibration response of the structure. The global mass and stiffness 

matrices can be analyzed to get vibrational parameters of the structure.  

The finite element analysis of cantilever beam has been done using ANSYS software. 

ANSYS is commercially available finite element analysis software with capacity of 

solving wide range of complex problems. The application of ANSYS is spread over many 

fields of engineering and technology such as structural, thermal, mechanical, 

electromagnetic and computational fluid dynamics. The modelling and simulation of 

composite and steel cantilever beam has been done in ANSYS using multi-physics 
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platform. The first three natural frequencies and relevant mode shapes have been 

extracted from block lanczos, mode extraction method [159]. 

The following steps are involved in order to solve the any problem using finite element 

software. 

 (1) Preprocessing Phase: This section of the ANSYS involves the selection of type of 

the element with respect to problem types. The ANSYS also provides the CAD modelling 

facility. Meshing process is the most important feature of FE analysis, which is generated 

in this section using mapped meshing feature of the ANSYS. 

(2) Solution Phase: Applying the boundary conditions and load on the structural 

component are the most significant feature of this section. ANSYS then attempts to solve 

the equation of motion of the system element. The selection of mode extraction method is 

also very important parameter of this solution phase. The block lanczos, mode extraction 

method is taken in the present investigation. 

(3) Post processing phase: This section allows the review of the results. The post 

processing is most significant tool for viewing the results after the solution phase. These 

results may be in form of color contour plot and graphical representation of the stress, 

thermal, buckling, electromagnetic, vibration and computation fluid dynamics analysis 

etc. 

4.3 Finite element analysis of composite beam 

The finite element analysis software ANSYS is powerful numerical technique for 

extraction of vibration response of cracked and non-cracked composite beam. The 

additional flexibility is generates at the vicinity of the crack. This flexibility changes the 

dynamic of cracked composite beam. The change in the vibration response between 

cracked and non-cracked structure has been observed in terms of natural frequencies and 

mode shapes. 

The numerical analysis for glass fiber reinforced epoxy composite has been done using 

ANSYS finite element analysis software package. The finite element model of cracked 

composite beam model, Meshing at the crack tip, Layer stacking of composite beam and 

ANSYS generated mode shape models has been shown in appendix A. 

4.3.1 Selection and description of element in the analysis   

The modelling and the simulation of composite beam are done in ANSYS platform. The 

selection of element is significant approach in ANSYS. In the current investigation 3D 
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Solid shell190 (SOLSH 190) element is taken in the analysis. The SOLSH 190 element is 

allowed to create crack at any extent in laminated structures. The SOLSH 190 is mostly 

used for layered structural application such as construction of sandwich and laminated 

shell with a wide range of thickness. This element has eight nodes and each node has 

three degree of freedom (Translation in X, Y and Z direction) and total twenty four 

degree of freedom of the each element. The geometrical configuration of SOLSH 190 is 

shown figure 4.1[159]. 
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Figure 4.1 Geometrical configuration of SOLSH 190 

4.3.2 The properties of material and selection of the crack orientation 

The different sets of orientation of the cracks (in term of location and depth) are taken for 

composite and structural steel and are in the following patterns:  

The relative crack locations (β1,β2 ) for composite beam  are (0.182,0.424); (0.121,0.848); 

(0.303,0.485);(0.242,0.545); (0.363,0.727); (0.424,0.545); (0.545,0.666); (0.606,0.848); 

(0.182,0.303); (0.424,0.545). 

The relative crack locations (β1 ,β2 ) for steel beam  are (0.121,0.241); (0.241,0.483); 

(0.362,0.603); (0.181,0.302);(0.422,0.663); (0.543,0.784); (0.483,0.724); (0.302,0.543); 

(0.422,0.639); (0.603,0.844). 

1
st
 relative crack depth (ψ1=a1/H) taken between 0.0833 to 0.5 at step size of 0.0833 

2
nd

 relative crack depth (ψ2=a2/H) taken between 0.0833 to 0.5 at step size of 0.0833                   

The following dimensions of the beam are used in the current section: Length of the 

Beam (L) = 800mm; Width of the beam (W) = 50mm; Thickness of the Beam (H) = 6mm 

The individual material properties of the fiber (glass) and matrix (epoxy) are depicted in 

table 4.1. 
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Table 4.1 Material properties of Glass fiber- reinforced epoxy composite 

                                                       Fiber (Glass)                         Matrix (Epoxy) 

 Elastic Modulus (Gpa)                    Ef = 72.4                                  Em = 3.45 

 Rigidity Modulus (Gpa)                 Gf = 29.67                                Gm = 1.277 

 Poisson‟s Ratio                               υf = 0.22                                   υm = 0.35 

 Mass Density (gm-cm
-3

)                 ρf = 2.6                                     ρm = 1.2 

 

The results of finite element analysis for first three mode shape of cracked composite 

beam are displayed with that of theoretical and experimental results for authentication of 

finite element analysis are shown in figures 4.2(a) to 4.2(c) and table 4.1 represents a 

comprehensive comparison of results of all proposed theoretical, numerical and 

experimental analysis.   

4.3.3 Mesh convergence study    

The mesh convergence testing is very significant parameter of finite element analysis. 

This begins with a mesh discretization and then comparison of successive results within 

threshold difference value between the previous results. Now repeat the problem with a 

finer mesh (i.e. more elements) and then compare the results with the previous test. If the 

results are nearly similar (approx. less than 5%), then the first mesh is probably good 

enough for that particular geometry, loading and constraints. If the results differ by a 

large amount then, it will be necessary to try a finer mesh yet. If there is no significant 

change in results observed, when the mesh size 2×2, then the current mesh size is taken 

into account. Similarly mesh convergence study has been opted for structural steel beam. 

The mesh convergence testing results for composite beam is shown in table 4.2. 

Table 4.2 Mesh convergence study for composite beam 

S. No. 
Mesh 

Size 
Natural Frequency (Hz) Amplitude (mm) 

I II III I II III 
1 16×16 7.602 47.597 131.854 132.860 132.813 132.755 
2 8×8 6.940 43.452 120.370 121.289 121.246 121.193 
3 4×4 6.404 40.099 111.084 111.931 111.892 111.843 
4 2×2 6.105 38.226 105.895 106.703 106.665 106.619 
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Figure 4.2(a) Relative Amplitude vs. Relative distance from fixed end (1
st
 mode of 

vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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Figure 4.2(b) Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode of 

vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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Figure 4.2(c) Relative Amplitude vs. Relative distance from fixed end (3
rd

 mode of 

vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 

4.4 Finite element analysis of steel beam 

The finite element analysis is performed for studying the modal response of a dynamic 

beam structure. The natural frequencies and mode shapes are the most important 

parameters in designing a structure under the dynamic and complex loading conditions. 

The finite element analysis is performed by using the ANSYS software in the frequency 

domain to find change in behaviours of vibration parameters. The presence of damage in 

the form of crack alters the vibration indices. The change in behaviour of vibration 

characteristics can be applied to develop the structural health monitoring techniques. 

4.4.1 Selection and description of element in the analysis    

The selection of the elements is significant in the ANSYS.  A higher order 3-D, 8-node 

element (Specified as SOLID185 in ANSYS) with three degrees of freedom at each node: 

translations in the nodal x, y, and z directions are selected and used throughout the 

analysis. The SOLID185 can be used in 3-D modeling of solid structures. The SOLID185 

has plasticity, hyper elasticity, stress stiffening, creep, large deflection, and large strain 

capabilities. It also has mixed formulation capability for simulating deformations of 
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nearly incompressible elastic plastic materials, and fully incompressible hyperplastic 

materials. The geometry and node locations of element are shown in figure 4.3 [157]. 

 

 

4.4.2 The material properties and dimensions of beam 

The following dimensions of the beam are used in the current section:   

Length of the Beam (L) = 800mm; Width of the beam (W) = 50mm; Thickness of the 

Beam (H) = 6mm 

The material properties of the structural steel used in the analysis are shown in the table 

4.3 

Table 4.3 Material properties of structural steel 

Young‟s Modulus (E)                                                       200Gpa 

Poission ratio‟s (ν)                                                            0.3 

Density (ρ)                                                                       7850 kg/m
3
 

 

The first three mode shapes for cracked beam derived from finite element based finite 

element analysis are plotted along with theoretical and experimental analysis results of 

cracked steel beam and the orientation of cracks (β1=0.25, β2=0.5, ψ1=0.1667 and ψ2=0.5) 

is shown in the figure 4.4a-4.4c. 

 

 

Figure 4.3 Geometry of SOLID185 element 
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Figure 4.4a Relative Amplitude vs. Relative distance from fixed end (1
st
 mode of 

vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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Figure 4.4b Relative Amplitude vs. Relative distance from fixed end (2
nd

 mode of 

vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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rd

 mode of 

vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 
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4.5 Discussion 

The brief discussion on the outcome of proposed finite element method has been 

presented in this section. 

It is noticed that presence of damage in the form of crack in the structure alters the 

vibration response. It can be seen in the magnified view of mode shapes at the crack 

location. The various step involved in the ANSYS to solve any problem are discussed. 

These steps are: preprocessing phase, solution phase and post processing phase. The 

selection of the element is very important to get the most refined results from the 

ANSYS. The SOLSH190 element is chosen for composite beam. The geometrical 

configuration of SOLSH190 is shown in the figure 4.1. Similarly SOLID185 has been 

selected for structural steel. The geometry of element and nodal position is shown in 

figure 4.3. The individual material properties of composite constituent and material 

properties of structural steel are presented in tables 4.1 and 4.3 respectively. The mesh 

convergence testing is presented in table 4.2. The results derived from finite element 

method are authenticated by results obtained from experimental test for composite 

structure as well as for structural steel beam. The results for first three consecutive mode 

shapes obtained from finite element analysis are plotted with corresponding mode shapes 

derived from theoretical and experimental diagnosis for cracked composite and are shown 

in figures 4.2(a)-4.2(c). Similarly graphs are plotted for structural steel has been shown in 

figures 4.4(a)-4.4(c). The results for relative first crack depth and crack position and 

relative second crack depth and crack position are derived from theoretical, FEA and 

experimental examination corresponding to relative 1
st
, 2

nd
 & 3

rd
 natural frequencies and 

mode shapes are presented in table 4.4 and 4.5 for composite and steel beam respectively. 

It is observed that results are in good agreement. 

4.6 Summary  

The conclusions are drawn in this section from the results derived from numerical 

method. The simple, effective and robust finite element method is presented to analyze 

the multiple cracks in the composite and structural steel beam. It is observed that the 

modal response obtained from finite element analysis show the deviation between 

cracked and intact beam model. This can be observed in figures B1 (a) and B1(c).  
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The modal response such as first three consecutive mode shapes and natural frequencies 

are derived from finite element method and found to be of close proximity with results 

obtained from theoretical and experimental observations as shown in figure 4.2-4.4. The 

total percentage of deviation of finite element analysis is 3.10% for composite beam and 

3.50% for structural steel. The dynamic response derived from finite element analysis can 

be utilized to design and develop the fault diagnosis and condition monitoring techniques 

based on artificial intelligent techniques such as fuzzy logic and various types of neural 

networks. The data obtained from FEA are subsequently used in hybrid fuzzy-neural 

techniques as training patterns for prediction of crack locations and depths. The artificial 

intelligent techniques based structural health monitoring algorithms have been discussed 

in the upcoming chapters. 
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CHAPTER 5 

Study of Fuzzy System for Identification of 

Multiple Cracks of Cantilever Beam 

 

The presence of damage is a grave threat to the integrity of the system, which leads to 

reduce the life and may cause the failure of the system. Hence, it is needed to develop the 

online automated method to predict the damage effectively, present in the engineering 

system. It is well-established fact that the presence of crack in the system upset the 

vibration parameters (e.g. Change the natural frequencies and mode shapes). So these 

changes can be effectively used to locate damage severity and intensity. On the ground of 

these modifications in vibration parameters, automated AI techniques can be used to 

detect the crack locations and crack depths to avoid the catastrophic failure of engineering 

systems. 

In the current chapter, fuzzy logic system has been applied to forecast the structural 

damage in the form of crack. 

5.1 Introduction 

Fuzzy Logic System (FLS) was first developed by Mamdani and Assilan around 1975 

[160], although L A Zadeh [161] has presented the concept of fuzzy set in 1965.  

Essentially, Fuzzy Logic (FL) is a multi-value logic, which permits interval qualities to be 

characterized by linguistic expressions like yes/no, high/low, true/false. In the most recent 

couple of decades, specialists is utilized the FL approach for applications, such as feature 

extraction, identification and classification of geometrical properties and so on. FLS can 

mimic the human conduct by taking the distinctive thinking modes keeping in mind the 

end goal to make the computer system act like humans. The investigation of the 

imprecision and vulnerability underlies the exceptional human capacity to comprehend 

different engineering applications. FL can determine mapping principles regarding words 

instead of numbers. Another essential idea in FLS is the fuzzy if–then rule which is for 

the most part utilized as a part of the advancement of the fuzzy rule-based system. FLS 

can show nonlinear capacities of self-assertive many-sided quality to a desired level of 

precision. FLS is an advantageous approach to guide a data space to output space and is 
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one of the apparatuses used to model multi-inputs, multi-outputs systems. Henceforth the 

fuzzy methodology can be adequately utilized as a crack diagnostics tool for multiple 

cracked systems. 

In the current section, the Fuzzy Logic Controller (FLC) has been used for multiple 

cracks of a beam of composite and steel material. The FLC has been modeled with six 

input variables such as relative first three consecutive natural frequencies and relative first 

three consecutive mode shape difference. Moreover, four output variables such as relative 

first and second crack location, relative first and second crack depth are taken for 

diagnosis of multiple cracks. Various fuzzy linguistic terms and fuzzy membership 

functions such as Triangular, Trapezoidal and Gaussian have been utilized to build up the 

proposed multiple cracks recognition technique. The rule base is designed for FLC with 

the help of vibration response and which is obtained from the numerical analysis. The 

robustness of FLC for diagnosis of multiple cracks has been compared with theoretical, 

numerical and experimental analysis results. It is observed that the proposed fuzzy model 

can be successfully applied for the diagnosis of the structural damage.  

5.2 Overview of Fuzzy logic system 

The fuzzy logic technique is a popular computing system based on the concept of fuzzy 

set theory, fuzzy reasoning, and fuzzy if-then rules. The application of fuzzy logic is 

found successfully in wide variety of fields such as bioinformatics, pattern recognition, 

business, data classification, automatic control, decision analysis, robotics, expert systems 

and time series prediction. A fuzzy logic controller primarily takes a decision by 

nonlinear mapping of the input information in a scalar output, using fuzzy rules. The 

mapping could be possible through fuzzy if–then rules, input/output membership 

function, a total of output sets, and de-fuzzification. An FLC can be taken as a 

congregation of autonomous multi-data, single-output network. The FLC mainly contains 

four parts: the fuzzifier, inference engine, rules base, and de-fuzzifier. The rule base of 

the FLC can be created using the numeric information. Once the fuzzy rules are 

developed, FLC becomes a system that gives output data, after processing the input data 

using fuzzy rules and fuzzy linguistic expressions. The fuzzifier takes data values and 

checks the level of relationship with each of the fuzzy sets through the membership 

functions. The FLC changes crisp inputs into crisp outputs. The fuzzy logic system 

consists of five stages to complete the operation. These are as follows; 
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Stage 1: Feed input data to FLS 

The input data is fed to FLS. The fuzzy system distinguishes the degree of association of 

input variables using fuzzy rule database and membership functions. That is called 

fuzzification of input data. 

Stage 2: Functions of Fuzzy Operator 

The fuzzy system measures the degree of association of each fuzzified input data that 

satisfies for each rule of the fuzzy rule base. If the rule exists between more than one 

membership functions, the fuzzy operator gets a single value of the rule. 

Stage 3: Apply the algorithm for generation of rules 

The fuzzy membership function is reshaped through an algorithm, which is a parameter of 

a fuzzy set. A function is associated for reshaping the output, related to the forerunner. 

Stage 4: Clustering the results 

Each rule of the fuzzy database produces a result that is integrated to get a decision from 

fuzzy logic system. The clustering of each rule base results leads to an aggregated fuzzy 

set as output. 

Stage 5: Defuzzification 

In the defuzzification layer of FL system a method like a centre of gravity, mean of 

maxima and weighted average is applied in order to convert the fuzzified value to crisp 

value. 

5.2.1 Selection of fuzzy membership function 

The fuzzy membership function plays a significant role in the modeling of the fuzzy logic 

controller. The fuzzy membership function describes the fuzzy set and provides a 

measure of the degree of similarity or inaccurate dependencies of an element to a fuzzy 

set also. The Triangular, Gaussian, Trapezoidal, Bell-shaped, etc. are the membership 

functions mostly used in the fuzzy logic analysis, but any other type of membership 

functions can also be used. The fuzzy set elements with a non-zero degree of membership 

recognized as support are know as the core of the fuzzy set. The membership functions 

are usually called μF (x) is shown in the following figures. Where μ is the degree of the 

weight of the element x in the fuzzy set F., The height or size of the membership function 

is typically referred to zero to one. Therefore, each component of the fuzzy set fit with a 
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degree in the range of [0, 1]. The following three types of membership function selected 

in the present analysis are address below. 

(1) Triangular membership function 

The Triangular membership function is shown in figure 5.1 (a). The Triangular 

membership function μF(x) has three vertices „a‟, „b‟ and „c‟ of the fuzzy set „F‟. The 

degree of membership is equivalent to zero at point „a‟ & „c‟ and degree of membership is 

equal to one at point „b‟. The mathematical exemplification of the fuzzy triangular 

membership function μF(x) can be described below. 

 

(2) Gaussian membership function 

The fuzzy Gaussian membership function is shown in figure 5.1 (b). The mathematical 

exemplification of the fuzzy Gaussian membership function can be described as below.  

 

 Where σ = center; w= width; n=fuzzification factor  

(3) Trapezoidal membership function 

The fuzzy trapezoidal membership function is shown in figure 5.1 (c). The trapezoidal 

membership function has two base points (a, b) and two shoulder points (c, d). A 

mathematical expression of the trapezoidal membership function is described as follow. 

μF(x) = 

0 if x ≤ a 

 (x- a) / (b- a) if a ≤x ≤ b 

 (a- x) / (a- b) if b ≤x ≤ e 

0 if x ≥ a 

Figure 5.1(a) Triangular membership function 

 

μF (x, σ, w, n ) = Exp [-0.5{ (x - σ) /w}
n
] 

 

1 

x 

μF(x) 

0 σ 

Figure 5.1(b), Gaussian membership function 
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5.2.2 Development of the fuzzy logic model using fuzzy rules 

The input and output variables intricately depend on working domain of any real complex 

problem, so the optimization of input and output data is necessary for better solution of 

complex systems. Sometimes approximation of input and output variables of a complex 

application is preferable, rather than going through an elaborate process, which get more 

time to solve the same problem. The approximation of the input and output parameters in 

the fuzzy system has been performed using membership functions and fuzzy rules. The 

fuzzy membership functions are significant parameters of the fuzzy system, which are 

designed by suitable fuzzy linguistic terms and fuzzy rules. The conditional statements 

and fuzzy rules have been used for fuzzification of the input variables and defuzzification 

of the output variables. The conditional statements like fuzzy intersection, union and 

complement have been used to develop the membership functions of the fuzzy system. 

Hence, the fuzzy model takes the input variables from the working domain to an absolute 

state of condition and using the rules, it will provide an organized action as preferred by 

the system. A general model of a fuzzy controller has been shown in figure 5.2.  

5.2.3 Analysis of defuzzification mechanism 

The conversion of fuzzy outputs into crisp output in the fuzzy system is called 

defuzzification. Before an output is de-fuzzified, all the fuzzy outputs of the system are 

aggregated with conditional operator and de-fuzzifier gives the single crisp value. The 

selection of the defuzzification method depends on the structures of work domain. The 

relationship between the fuzzy output set (Fs), de-fuzzifier and crisp production (C0) can 

be written in form of following equation: 

C0 = defuzzifier (Fs)                                                                                                      (5.1) 

μF (x, a,c, d, b)= 

0 when x ≤ a  

(x – a) / (c – a) when a ≤ x 

≤c 
1 when c ≤ x ≤d 

(b – x) / (b – d) when d ≤ x ≤b 

 

x 

 

1 

a c d b 

μF(x) 

 

0 

Figure 5.1(c) Trapezoidal membership function 
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There are some defuzzification methods available for development the fuzzy logic 

system, few of them are; 

(1) Centroid of the area,                (2) Mean of maximum 

(3) Height method,                        (3) Weighted average method       

5.3 Study of fuzzy logic system for detection of cracks 

In the current analysis Triangular, Gaussian, and Trapezoidal membership functions have 

been used for development of fuzzy models. The six input data are fed into fuzzy model 

and four variables are received as output. The linguistic variables used for the inputs are 

as follows; 

 “rfnf”= Relative first  natural frequency; 

 “rsnf”= Relative second natural frequency;  

 “rtnf”= Relative third  natural frequency;  

 “rfmd”= Relative first  mode shape difference;  

 “rsmd”= Relative second mode shape difference;  

 “rtmd”= Relative third mode shape difference.  

The linguistic variables used for the outputs are as follows; 

 “rfcl”= Relative first crack location;  

 “rfcd”= Relative first crack depth; 

 “rscl”=Relative second crack location;  

 “rscd”=Relative second crack depth. 

The illustrative view of the Triangular membership, Gaussian membership, Trapezoidal 

membership fuzzy models are shown in figures. 5.3(a), 5.3(b) and 5.3(c) respectively. 

Several fuzzy linguistic variables and fuzzy rules (Twenty four) used to design and train 

the knowledge-based fuzzy logic systems are shown in table 5.1 and table 5.2 

respectively. The membership functions used in developing the fuzzy inference system 

for crack diagnosis have been shown in figures 5.4 to 5.6. Twelve membership functions 

have been used for each input parameters to the fuzzy model. In designing the output 

membership functions for the output parameter such as relative first crack location (rfcl) 

and relative second crack location (rscl), forty six membership functions has been taken. 

Whereas for relative first crack depth (rfcd) and relative second crack depth (rscd), 

nineteen membership functions have been used. The defuzzification process of the 
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Triangular, Gaussian, and Trapezoidal membership functions are presented in figures 5.7, 

5.8 and 5.9 respectively by activating the rule no 6 and rule no 16 from table 5.2. 
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Figure 5.2, Fuzzy logic controller 
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Figure 5.3(a) Triangular fuzzy model 
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Figure 5.3 (b) Gaussian fuzzy model 
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5.3.1 Fuzzy logic mechanism for identification of crack  

The rules for fuzzy mechanism can be defined, based on above fuzzy linguistic terms as 

follow: 















gfe

cba

is rtmd and rtmd is rsmd and rsmd mdrfmd is rf

is rtnf and rtnf is rsnf and rsnf nfrfnf is rf
f i                                             (5.2) 

Then rfcl is abcdefgrfcl  and rfcd is abcdefgrfcd and rscl is abcdefgrscl and rscd is abcdefgrfcl  

where a, b, c, d, e, f, g=1to12 

 According to fuzzy methodology a factor, abcefgW   is defined in the rules as follows [66, 

162]:  

       

   

mod

           mod mod

abcefg a a a b a c e e

f f g g

W μ rfnf  freq   μ rsnf  freq   μ rtnf  freq   μ rfmd  shdif  

 μ rsmd  shdif   μ rtmd  shdif  

   

 
   

(5.3) 

Where:  freq , freqfreq cba  and are the first, second and third relative natural frequencies 

of the cracked cantilever composite beam respectively; emodshdif , fmodshdif  and 

relative mode shape differences of the cracked cantilever composite beam. The 

membership values of the relative crack location and relative crack depth, (location) rcli 

and (depth) rcdi (i= 1, 2) by applying the composition rule of inference can be written as 

[66, 162]; 

 rcdi 
depth

     (depth)   
rcdi

 μw(depth)
rcdi

μ

 rcli 
length

 (location)
rcli

 μw(location)
rcli

μ

abcefg
abcefg 

abcefg

abcefg
abcefg 

abcefg





                        (5.4)                    

The outputs of all the fuzzy set rules combined to achieve the inclusive conclusions can 

be written as follows;  

(depth)
rcli

μ.....(depth)  
rcli

 μ....(depth) 
rcli

 μ(depth)
rcli

μ

(location)
rcli

μ..  (location)
rcli

 μ..(location)
rcli

 μ(location)
rcli

μ

abcefg

abcefg

12121212121211111

12121212121211111





 

The crisp values of the relative crack location and relative crack depth can be written with 

the help Centre of gravity method as [66,160]:  













 d (depth) (depth) .μ

d (depth)(depth) . μ(depth) . 
 )rfcd, rscdck depth (lative cra

ation)) . d (loc (locationμ

tion) . d (loca(location) . μ(location)
scl)n (rfcl, rck locatiolative cra

,

,

,

,

rcl

rcl

rcl

rcl

21

21

21

21

Re

Re

         (5.5) 
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Figure 5.4 Triangular fuzzy membership functions for (1, 2, 3) relative natural frequency 

of first three bending mode of vibration, (4, 5, 6) relative mode shape difference of first 

three bending mode of vibration, (7, 8) first and second crack depth and (9, 10) first and 

second crack location for composite beam. 



  

101 | P a g e  

 

(7)  

1.0 
S10CD1 S9CD1 S8CD1 S7CD1 S6CD1 S5CD1 S4CD1 S3CD1 S2CD1 S1CD1 MCD1  L1CD1 L2CD1 L3CD  L4CD1 L5CD1 L6CD1 L7CD1  L8CD1 L9CD1 L10CD1 

 

    0.01     0.05        0.09     0.13       0.17     0.21     0.25      0.29      0.33     0.37      0.41      0.45      0.49     0.53      0.57      0.61      0.65      0.69     0.73    0.77      0.81      0.85      0.9 
0.0 

(1)  (2)  

(3)  

(5)  

(4)  

(6)  

1.0 
S10CD2 S9CD2 S8CD2 S7CD2 S6CD2 S5CD2 S4CD2 S3CD2 S2CD2 S1CD2 MCD2  L1CD2 L2CD2 L3CD2  L4CD2 L5CD2 L6CD2 L7CD2  L8CD2 L9CD2 L10CD2 

 

    0.01     0.05        0.09     0.13       0.17     0.21     0.25      0.29      0.33     0.37      0.41      0.45      0.49     0.53      0.57      0.61      0.65      0.69     0.73    0.77      0.81      0.85      0.9 
0.0 

(8)  

              0.01     .0496      .0892      .1288    .1684       .208      .2476       .2872     .3268      .3664      .406       .4456      .4852      .5248     .5644      .604       .6436      .6832     .7228     .7624       .802       .8416      .8812     .9208      .9604        1.0  
                    .0298      .0694     .109      .1486      .1882     .2278     .2674        .307        .3466     .3862     .4258      .4654      .505      .5446       .5842      .6238     .6634      .703       .7426      .7822     .8218      .8614      .901       .9406      .9802 

1.0 

0.0 

       S23CL1     S21CL1   S19CL1    S17CL1     S15CL1    S13CL1    S11CL1     S9CL1      S7CL1      S5CL1       S3CL1      S1CL1      M2CL1     B1CL1      B3CL1      B5CL1      B7CL1      B9CL1    B11CL1      B13CL1    B15CL1   B17CL1    B19CL1   B21CL1    B23CL1 
               S22CL1    S20CL1    S18CL1    S16CL1     S14CL1    S12CL1     S10CL1     S8CL1       S6CL1       S4CL1      S2CL1     M1CL1    M3CL1      B2CL1       B4CL1      B6CL1      B8CL1    B10CL1    B12CL1    B14CL1    B16CL1    B18CL1     B20CL1   B22CL1 
 

(9)  

1.0 

0.0 

       S23CL2     S21CL2   S19CL2   S17CL2     S15CL2    S13CL2     S11CL2     S9CL2      S7CL2       S5CL2       S3CL2      S1CL2      M2CL2     B1CL2      B3CL2      B5CL2      B7CL2      B9CL2     B11CL2      B13CL2    B15CL2   B17CL2    B19CL2   B21CL2    B23CL2 
               S22CL2    S20CL2    S18CL2    S16CL2     S14CL2     S12CL2     S10CL2     S8CL2       S6CL2     S4CL2       S2CL2      M1CL2    M3CL2      B2CL2       B4CL2      B6CL2      B8CL2    B10CL2    B12CL2    B14CL2    B16CL2    B18CL2     B20CL2   B22CL2 
 

              0.01     .0496      .0892      .1288    .1684       .208      .2476       .2872     .3268      .3664      .406       .4456      .4852      .5248     .5644      .604       .6436      .6832     .7228     .7624       .802       .8416      .8812     .9208      .9604        1.0  
                    .0298      .0694     .109      .1486      .1882     .2278     .2674        .307        .3466     .3862     .4258      .4654      .505      .5446       .5842      .6238     .6634      .703       .7426      .7822     .8218      .8614      .901       .9406      .9802 

(10)  

1.0 
   L5NF1    L4NF1   L3NF1   L2NF1   L1NF1 M1NF1  M2NF1  H1NF1  H2NF1  H3NF1  H4NF1  H5NF1 
  

0.0 

  L5NF2   L4NF2   L3NF2   L2NF2   L1NF2 M1NF2  M2NF2  H1NF2  H2NF2  H3NF2  H4NF2  H5NF2 
1.0 

0.0 

1.0 

0.0 

L5NF3    L4NF3   L3NF3   L2NF3   L1NF1 M1NF3  M2NF3  H1NF3  H2NF3  H3NF3  H4NF3  H5NF3 
1.0 

0.0 

L5MS1  L4MS1  L3MS1   L2MS1  L1MS1  M1MS1 M2SM1 H1SM1 H2MS1 H3MS1  H4MS1 H5MS1 
 

1.0 

0.0 

L5MS2  L4MS2  L3MS2   L2MS2  L1MS2 M1MS2 M2SM2 H1SM2 H2MS2 H3MS2 H4MS2 H5MS2 
 1.0 

0.0 

L5MS3  L4MS3  L3MS3   L2MS3  L1MS3  M1MS3 M2SM3 H1SM3 H2MS3 H3MS3  H4MS3 H5MS3 
 

0.9302 0.9355 0.9409  0.9463   0.9516  0.9570  0.9624  0.9678   0.9731  0.9785  0.9839   0.9892   0.9946   1.0   0.9540  0.9575   0.9611  0.9646  0.9681  0.9717  0.9752  0.9788  0.9823   0.9858  0.9894  0.9929   0.9964   1.0 

 0.9879  0.9888   0.9898   0.9907  0.9916  0.9925  0.9935  0.9944 0.9953  0.9963  0.9972  0.9981 0.9991   1.0 -0.01   -0.0084   -0.0069  -0.0054  -0.0038   -0.0023  -0.0008   0.0008   0.0023    0.0038    0.0054   0.0069    0.0084     1.0 

-0.03    -0.0254   -0.0208   -0.0161  -0.0115  -0.0069  -0.0023   0.0023   0.0069    0.0115   0.0161   0.0208   0.0254  0..03 -0.05   -0.0423    -0.0346   -0.0269   -0.0192 -0.0115 -0.0038   0.0038   0.0115   0.0192    0.0269   0.0346    0.0423   0.05 

 

 

Figure 5.5 Gaussian fuzzy membership functions for (1, 2, 3) relative natural frequency 

of first three bending mode of vibration, (4, 5, 6) relative mode shape difference of first 

three bending mode of vibration, (7, 8) first and second crack depth and (9, 10) first and 

second crack location for composite beam. 
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Figure 5.6 Trapezoidal fuzzy membership functions for (1, 2, 3) relative natural 

frequency of first three bending mode of vibration, (4, 5, 6) relative mode shape 

difference of first three bending mode of vibration, (7, 8) first and second crack depth and 

(9, 10) first and second crack location for composite beam. 
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Figure 5.7 Aggregated values of first and second crack orientation (relative crack depths 

and relative crack locations) from triangular membership function when Rules 6 and 16 

are activated of table 2 for composite beam. 
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Figure 5.8 Aggregated values of first and second crack orientation (relative crack depths 

and relative crack locations) from Gaussian membership function when Rules 6 and 16 

are activated of table 2 for composite beam. 
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Figure 5.9 Aggregated values of first and second crack orientation (relative crack depths 

and relative crack locations) from trapezoidal membership function when Rules 6 and 16 

are activated of table 2 for composite beam. 



  

106 | P a g e  

5.3.3 Analysis of fuzzy logic for Steel beam 
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Figure 5.10 Triangular fuzzy membership functions for (1, 2, 3) relative natural 

frequency of first three bending mode of vibration, (4, 5, 6) relative mode shape 

difference of first three bending mode of vibration, (7, 8) first and second crack depth and 

(9, 10) first and second crack location for steel beam 
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Figure 5.11 Gaussian fuzzy membership functions for (1, 2, 3) relative natural frequency 

of first three bending mode of vibration, (4, 5, 6) relative mode shape difference of first 

three bending mode of vibration, (7, 8) first and second crack depth and (9, 10) first and 

second crack location for steel beam 
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Figure 5.12 Trapezoidal fuzzy membership functions for (1, 2, 3) relative natural 

frequency of first three bending mode of vibration, (4, 5, 6) relative mode shape 

difference of first three bending mode of vibration, (7, 8) first and second crack depth and 

(9, 10) first and second crack location for steel beam 
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Figure 5.13 Aggregated values of first and second crack orientation (relative crack depths 

and relative crack locations) from triangular membership function when Rules 10 and 22 

are activated of table 3 for steel beam. 
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Figure 5.14 Aggregated values of first and second crack orientation (relative crack depths 

and relative crack locations) from Gaussian membership function when Rules10 and 22 

are activated of table 3 for steel beam. 
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Figure 5.15 Aggregated values of first and second crack orientation (relative crack depths 

and relative crack locations) from trapezoidal membership function when Rules10 and 22 

are activated of table 3 for steel beam. 
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5.4 Results and Discussion 

The analysis of results derived from developed fuzzy models for identification of multiple 

cracks for composite and steel structure has been depicted in the current section. The 

fuzzy logic model has been developed with simple but effective architecture for six inputs 

variables (first three consecutive natural frequencies and mode shapes) and four outputs 

variables (relative first and second crack locations and depths ). Three types of 

membership functions (Triangular, Gaussian and Trapezoidal) are used in the 

development of fuzzy system, presented in figures 5.1(a), 5.1(b) and 5.1(c). The various 

phase involved in the fuzzy logic system are shown in figure 5.2. Table 5.1 presents the 

various linguistic variables employed in the development of the fuzzy system. The 

membership functions (Triangular, Gaussian and Trapezoidal) with linguistic variables 

are shown in figures 5.3(a) to 5.3(c). The some fuzzy rule are presented in the table 5.2 

for composite beam and table 5.3 for structural steel beam and are used for designing 

fuzzy logic based crack detection system. Figures 5.4 to 5.6 are represent Triangular, 

Gaussian and Trapezoidal membership functions for relative natural frequencies and 

mode shapes of first three modes of vibration, relative first and second crack depth and 

relative first and second crack location respectively for composite beam. Similarly figures 

5.10 to 5.12 are represent membership functions for structural steel. The defuzzification 

of inputs using various membership functions (Triangular, Gaussian and Trapezoidal) 

have been performed with the help of activated rules 6 and 16 of table 5.2 and are 

presented in figures 5.7 to 5.9. Likewise for structural steel, it has been shown in the 

figures 5.13 to 5.15. The results derived from various fuzzy models (Triangular, Gaussian 

and Trapezoidal) and experimental test have been compared in table 5.4 for composite 

beam and likewise table 5.5 presents the comparison between results obtained from 

various method for structural steel. The tables 5.6 and 5.7  represent the comparison of 

results obtained from theoretical, finite element analysis and fuzzy Gaussian model for 

composite beam and structural beam respectively.  
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5.5 Summary  

The fuzzy logic method has been adopted in the current chapter to detect the fault in the 

both type of the cantilever beams and the following conclusions are drawn from present 

study.  

The presence of the cracks in structural member upsets the vibration response of dynamic 

structures. The first three natural frequencies and mode shapes are fed as inputs to the 

fuzzy system and relative crack locations and relative crack depths are outputs of the 

developed fuzzy system. The robustness of proposed fuzzy models have been verified by 

comparing the results derived from fuzzy models with results derived from theoretical, 

finite element and experimental analysis. All results are in close proximity. Based on 

above study, it is found that fuzzy model with Gaussian membership function gives better 

results as comparison to theoretical, FEA, triangular and trapezoidal models for both 

types beams. Hence Gaussian fuzzy model can be effectively used for fault diagnosis. It is 

therefore the Gaussian fuzzy model results chosen to compare with other AI model, 

discussed in the next chapter to compare their effectiveness and performance in regard to 

Gaussian fuzzy model. The total percentage of deviation of results for triangular fuzzy 

model is 8.1%, for Gaussian fuzzy model is 5.1%, for Trapezoidal fuzzy model is 7.4% in 

the case of composite beam. Similarly for structural steel, total percentage of deviation of 

results for triangular fuzzy model is 7.5%, for Gaussian fuzzy model is 4.3 %, for 

Trapezoidal fuzzy model is 6.8%.   
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CHAPTER 6 

Study of Neural Network for Identification 

of Multiple Cracks of Cantilever Beam 

 

The presence of damage is a serious threat to proper functioning of structures and 

machines. Early detection of damage now has become the subject of serious concern for 

the researchers to secure the performance of systems. Since the last few years, many 

techniques have been applied to identify the fault in the engineering system. Few of them 

have used the sensors (Radiograph, Magnetic field, eddy current and thermal fields) to 

identify damage and others based on visual method (Dye penetration method). These 

methods consume much time to seize the fault in the system. Since last few years, some 

mathematical models and experimental investigations have been proposed by the 

researchers to determine the crack initiation and propagation. 

In the current chapter, intelligent techniques have been applied based on artificial network 

techniques to locate the multiple cracks, present in the engineering system. The Back 

Propagation Neural Network (BPNN), Radial Basis Function Neural Network (RBFNN), 

and Kohonen Self-Organizing Maps (KSOM) have been used in the current study.  

6.1 Introduction 

The biological nervous system in a human body has massively parallel interconnected 

group of neurons enabled for the different type of output actions i.e. breathing, thinking 

and like other human activities. The ANN is robust and efficient due its novel structure of 

the information processing system.  

The Artificial Neural Networks (ANNs) are simplified models of the biological central 

nervous system. ANN is a massively parallel distributed information processing system 

made up of highly interconnected neural computing elements that have the ability to learn 

and thereby acquire knowledge and make it available for use. Many researchers believe 

neural models offer a most promising integrated approach to build truly intelligent 

computer system. The biological network able to process millions of input stimuli in 

milisec even through the process is electrochemical in nature and, therefore, propagates 

relatively at slow milisec rate.  
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McCulloh and Pitts [163] have proposed several neural models and described how 

neurons worked with various assumptions. The proposed neural models based on the 

simple neurons, are considered as binary device with fixed threshold. Rosenblatt [164] 

has designed a novel perceptron. The proposed perceptron has three layers type of neural 

network, middle layer of perceptron is known as an associative layer. This perceptron 

could learn to connect with given input to a random output. Haykin [165] has defined that 

the neural network is highly parallel associated processing units called neurons, which 

has the ability to adopt the knowledge from available information and to make it available 

for use. 

Since last few decades, many researchers have developed a health monitoring algorithm 

for the structural elements. The development of structural health monitoring techniques is 

a significant achievement of science fraternity because the presence of crack reduces the 

service life of the structural element and accountable for economic damage and in few 

cases may be loss of human life. The various non-destructive techniques are available in 

the literature for predicting the structural damage, that is not efficient in term of accuracy 

and computation time for real problems. Moreover the development of mathematical 

model for the complex problems is almost impossible. In the present analysis, application 

of ANN with adaptive learning, self-organization capacity, real time operation, fault 

tolerance ability and pattern recognition capability are suitable for design of an automated 

intelligent system. It is capable for fault recognition with very high accuracy and less are 

computation time for faulty dynamic structure. In the present scenario various scientist 

continuously engaged for developing a damage detection tool using ANNs. 

In this section, three types of ANNs have been discussed (i.e. BPNN, RBFNN, and 

KSOM). All three types of ANNs are designed for six input variables (relative first three 

natural frequencies & relative first three mode shapes) and four output variables (relative 

first and second crack location and relative first and second crack depth). A comparison 

of results obtained from all three ANN models with results obtained from theoretical, 

numerical and experimental is done in current chapter. The RBFNN gives the best results 

as compared to other discussed ANNs models. Experimental investigation authenticates 

the fidelity of neural models. 

6.2 Overview of Neural Network Technique 

ANNs are computational parallel distributed information processing system. It is 

therefore effectively applied in many industrial applications such as fault diagnosis 

control & optimization, industrial process, and sale forecasting, etc. The ability to work 
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under challenging environment and parallel computing ability make ANNs most efficient 

and robust to solve the problem easily unlike using analytical methods.  

An artificial neuron is acted like a device with many inputs and one output. The neuron is 

working on two modes of operation, one is training mode and another is using mode. The 

training mode of ANNs is more significant for potential and smooth results. In the 

training mode, neuron can be trained to fire (or not) for the specific input array. In the 

using mode, a learned input array is detected as the input, allied output becomes present 

output. If the input array does not belong in the learned input array list, the firing role is 

used to determine whether to fire or not.  

 

 

The important characteristics of the neural network are depicted bellow. 

(1) The input variables with synaptic weights are assigned to train neuron that turn upset 

the decision-making capacity of ANN. The inputs to the neuron with synaptic weight 

are also called weighted inputs. 

(2) These weighted inputs are then summed together in summing point and if they exceed 

with pre-set threshold value, the neuron fires. Moreover, for any other cases neuron 

does not fire. 

(3) For limiting the output of neuron, an activation function is provided. The most 

popular activation function is sigmoidal. Mostly the normalized amplitude range of 

the output of a neuron is given as closed unit interval [0, 1] or [-1, 1]. 

 

Σ 

Summation of 

weighted inputs 

Activation 

function 

W1 

W2 
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X3
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Threshold 
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Figure 6.1 Simple model of an artificial neural network 
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6.2.1 Type of learning process in ANNs 

The learning process in ANNs is defined as adopted in an algorithm for updating the 

input weights to secure the adaptive nature of ANNs in the complex environments. The 

learning methods of ANN are broadly divided into the following three categories. 

(a) Supervised learning  

In the supervised learning both input and output data are provided to the network for 

proper training. When the inputs to the neuron of the network, the outputs of neuron have 

been compared to the target data through the learning process of the network, then 

weights are adjusted in order to bring the outputs closer to the targets. 

(b) Unsupervised learning 

This type of learning process does not require output data for the training of the network. 

The network modifies the weights as per the input response. 

(c) Reinforcement learning 

The learning of a score is provided with the help of algorithm instead of correct output for 

each input. The score represents the network performance over the sequence of inputs. 

A neuron p can be described mathematically through the following equations:  





x

j

jpjp zwu
1

                                   (6.1) 

 pp ufy                           (6.2) 

Where: wp1, wp2... wpx are the synaptic weights of neuron p; z1, z2... zx are the input signals; 

 f  is the activation; up is the linear combined output; and yp is the output signal of 

neuron. 

6.3 Analysis of Back Propagation Neural Network  

The multilayers neural network has been trained using back propagation algorithm and 

performance of the network is based on mean square error also called as approximate 

steepest gradient algorithm. The weights should be adjusted in such as way that the error 

between the actual output and desired output is minimum. This is the training process of 

neural network. The change in error has been calculated by managing the input weights. 
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6.3.1 Application of back propagation neural network for identification of crack 

A back propagation neural network has been designed for identification of multiple crack 

of cantilever composite and steel beam. The BPNN model has been designed for six input 

and four output parameters. The input variables to the neural model are: „rfnf‟, „rsnf‟, 

„rtnf‟, „rfmd‟, „rsmd‟ and „rtmd‟. The output variables of BPNN model are: „rfcl‟, „rfcd‟, 

„rscl‟ and „rscd‟. 

The BPNN model is made with one input layer, five hidden layers and one output layer. 

The input and output layer contain six and four neurons respectively. The input layer 

neurons represent the relative first, second & third natural frequencies and first, second & 

third mode shapes difference and similarly output layer neurons represent first & second 

crack location and first & second crack depth of the cantilever and steel beam. Figure 6.2 

represents multiple layers back propagation neural network architecture for identification 

of multiple cracks. 

 

Input      

layer            
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First Hidden 

layer            

(18 Neurons) 

Second Hidden 

layer              

(50 neurons 

Third Hidden 

layer           

(150 neurons 
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layer              
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layer           
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rfnf 

rsnf 

rtnf 
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rsmd 

rsmd 

rfcl 

rfcd 

rscd 
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Figure 6.2 Multi layers back propagation neural network model for identification of 

multiple cracks 
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6.3.2 BPNN mechanism for prediction of crack 

The neural network used in this section is seven layers feed forward neural model, trained 

with back propagation algorithm [165]. The number of layers has been chosen 

empirically. The input layer of BPNN represents the relative first three natural 

frequencies and relative first three mode shapes difference and relative first & second 

crack location and relative first & second crack depth are represented by output neuron of 

the BPNN. The number of neuron in hidden layers (1
st
, 2

nd
, 3

rd
, 4

th
 and 5

th
) is 18 neurons, 

50 neurons, 150 neurons, 50 neurons and 18 neurons respectively. The number of neurons 

in hidden layers is decided using empirical relation. The designed BPNN model for 

prediction of crack is trained with 1000 data, obtained from various set of crack location 

and depth of the beam. The input parameters fed into BPNN associated with the 

following components. 

£1= deviation in first natural frequency. 

£2= deviation in second natural frequency. 

£3= deviation in third natural frequency. 

£4=deviation in first mode shape difference. 

£5=deviation in second mode shape difference. 

£6=deviation in third mode shape difference. 

The output of BPNN due to sharing of input layer neuron to hidden layer neuron are 

given by [164] 

   L
i

£
L

jVf                                                                                                                       (6.4) 

Where:      1-L
i

£.
i

L
ji

L
j WV ,                                                                                             (6.5) 

Layer number (2 or 6) = L 

j
th

 neuron in hidden layer labeled as „L‟= j 

i
th

 neuron in hidden layer labeled as „L-1‟=i 

 L
jiW = Weight of connection from „i‟ neuron in layer „L-1‟ to j neuron in layer „L‟ 

The activation function taken as  
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ee

ee
xf








                                                                                                               (6.6) 

In the training process output of the neural network  4  1 , toinactual  may be differ from 

actual output  4  1 , toindesired  as presented in training pattern of neural network. The 
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measure of the performance of neural network is instantaneous sum-squared difference 

between nactual  ,  and ndesired  , for the set of given training patterns. 

 2

 

 , ,
2

1
 

pattern
trainingall

nactualndesirederrorE                                                                                (6.7) 

Where;  

Relative first crack location (rfcl) is represented by parameter  1 , nnactual   

Relative second crack location (rscl) is represented by parameter  2 , nnactual  

Relative first crack depth (rfcd) is represented by parameter  3 , nnactual   

Relative second crack depth (rscd) is represented by parameter  4 , nnactual  

BPNN model, error back propagation method is employed to train the network [164]. 

This model computes local error gradients to determine appropriate corrections to reduce 

error. The error gradient for output layer is: 

    nactualndesiredVf  , ,
7

1
7                                                                                         (6.8) 

 Hence local gradients for hidden layer (L) neuron is represented by  

        













  

k

L
kj

L
k

L
J

L
j WVf

11
                                                                                        (6.9) 

The weights are modified as per the following terms: 

     11   jijiji WWW                                                                                           (6.10) 

       1-L
j

£1 L
jjijiji WWW                                                                        (6.11) 

Where  

α (momentum co-efficient) =0.2 (chosen statically) 

η (learning rate)= 0.35 (chosen statically) 

τ= iteration number 

The final output of the BPNN can be expressed as: 

 7
 , nnactual Vf                                                                                                             (6.12) 

Where   6
i

77 £ 
i

nin WV  
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Figure 6.3 Flow chart for training process of BPNN 
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6.4 Analysis Radial basis function neural network  

The radial basis function neural network, as a type of feed-forward neural network has 

recently attracted extensive research interest because of its simple architecture, high 

approximation and regularization capability, and good local specialization and global 

generalization ability. RBFNN is a powerful technique for interpolation in multi-

dimensional space. The RBFNN chosen is usually a Gaussian-kernel transfer function, 

the response of such a function is positive for all input values. The RBF neural network 

consists of three layers: an input layer, a hidden layer, an output layer. Hidden units 

provide asset of functions that constitute an arbitrary basis for the input patterns. 

1. Hidden units are known as radial centers. Each radial center can be represented by a 

vector. 

2. The transformation from the input space to be hidden unit space is non-linear whereas 

the transformation from the hidden unit space to the output space is linear. 

6.4.1 RBFNN Mechanism for identification of damage 

A RBFNN is symmetrical about a center (RBF center) point in a multi-dimensional space. 

In the RBFNN, a number of hidden unit nodes with activation functions are connected in 

a feed forward parallel construction. The parameters associated with the RBFs are 

optimized during training. It is not, essentially, the value of these parameters is same 

throughout the network and also they are not directly related to or constrained by the 

actual training vectors.  

RBF type of neural network is capable of universal approximation with one hidden layer. 

The expression for output of RBFNN can be presented as; 





K

i

iijij  ) /σzc (-w (x)y
1

2
exp                                                              (6.13) 

Where y j(x) = j
th 

output, wji = weight from the i
th 

RBF node to the j
th

 output node, ci = 

center of the i
th

 RBF node, σi= width of i
th

 RBF node, K= numbers of RBF nodes. 

The RBF parameters wji, ci and σi are commonly selected by random or regularly the ci 

and then wji and σi are solved by singular value decomposition (SVD) method. Mostly 

this approach is found not satisfactory. An improved and satisfactory approach, proposed 

by Leonard et al [164], the RBF parameters ci, wji and σi can be determined by using K-

means clustering, multiple linear regression and K-nearest heuristic respectively.  A set of 

cluster centers and a share of the training data into subsets are determined by K-means 
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clustering algorithm. Each cluster center is then associated with one of the RBF centers in 

the hidden layer. After the establishment of centers, the width of each center is 

determined to shield the training points to allow a smooth and desirable RBFN controller 

outputs. The width is carefully chosen in this way, the σi is greater than the distance to the 

nearest RBF center, but also try to keep its distance as small as possible to influence, its 

local region. Details of the algorithm used for designing the RBF are discussed below. 

Assume that the r-input for the training of the present RBFNN model. Because all inputs 

are connected to the hidden node, each node has an r -dimensional center, but only one 

width value is used to scale all r -dimensions. The setting of the value of these centers and 

widths is discussed below. 

Assume x1L, x2L, x3L …..... xrL are the component of the incoming vector XL. The vi(xL) is 

the output of i
th

 unit in the hidden layer for given input pattern, can be present as 

22exp iji

r

lj

jiLi /σ)c(x)(xv













 



                                                         (6.14) 

Where cji is the center of the RBF unit for input variables, σi is the width of i
th

 RBF unit, 

xji is j
th 

variable of input patterns.  

The output “ymt” of the m
th 

output node is equal to the summation of the weighted outputs 

of the hidden units, given by; 

 Li

K

i

immt xvwy 



1

                                                                                             (6.15) 

Where k is the number of hidden layer nodes, ymt is the output value of m
th  

node in output 

layer for the i
th 

incoming pattern, wim is the weight between the i 
th

 RBF unit and the m
th

 

output  node. 

6.4.1.1 Determination of the RBF centers 

A set of clusters has been found by „K-means‟ clustering algorithm, each cluster with r-

dimensional centers from the given training data. The dimensions of the centers are 

calculated by the number of variables or nodes of the input layer. The cluster centers then 

become the centers of the RBF units. The number of clusters, k, is a design parameter and 

calculates the number of RBF units (nodes in the hidden layer). The „K-means‟ clustering 

algorithm proceeds as follows; 

(1) Different randomly selected training pattern has been used to initialize the progress of 

each cluster. 
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(2) The Euclidean distance between the training patterns and the cluster centers can be 

calculated through assigning each training pattern to a nearest cluster.  

(3) Determine the average position for each other center after assigning each training 

pattern to a nearest cluster. They then become new cluster centers. 

(4) The steps 2 and 3 repeat, until the new cluster centers do not change during the 

successive iterations. 

6.4.1.2 Determination of the RBF unit widths 

The widths of each RBF can be determined after locating the RBF centers. The width of 

any RBF distance to the nearest β RBF units, where β is a design parameter for the 

RBFNN, for unit is given by 












 

 

β

j

K

K

kjkii )xx(
β

  σ
1 1

2ˆˆ
1

                                                                     (6.16) 

Where kix̂  and kjx̂  are the k
th 

entries of the centers of the i 
th 

and j
 th

 hidden units. 

6.4.1.3 Determination of the weights 

The calculation of the weights depends on the selection of centers and widths of the RBF 

units, then the M training patterns are moved through the hidden RBFN nodes and  

produced a B=K ×M matrix. Assumed S = T× M desired output matrix for the training 

patterns and T be the number of output nodes. The main objective is to find the weights 

that minimize the error between the actual output and the desired output of the network. 

Basically, we are trying to minimize the objective function 

  WBS                                                                                                                        (6.17) 

Where W is the T × K matrix of weights on the connections between the hidden and 

output nodes of the network. The selection of weights between the hidden layer and the 

output layer is computed by linear least square regression. The solution to the previous 

equation can be obtained using the pseudo-inverse of B and is given by; 

1TT )B B(B S W                                                                                                            (6.18) 

6.4.1.4 Selection of K and β 

The design parameters, i.e. the number of RBF units in the hidden layer „K‟ and the value 

of overlap parameter „β’ for the nearest neighbor method, are selected by the model 

builder to achieve the optimal RBF network structure for better performance. The 
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parameters can be easily determined by using an S-fold cross-validation method (SFCV) 

[165], the procedure is as follows: 

(1) Training data are randomly divided into P equal sized sets. 

(2) For a given K and β, RBFNN is trained using P -1 data sets. 

(3) The remaining subset is used to test the network‟s local specialization and global 

generalization ability. 

(4) The mean square difference between the target output and the predicted output is the 

error associated with test subsets. 

(5) This procedure is repeated S times using different P– 1 subsets for training and a 

different subset for testing at each time. 

(6) The mean square error is the error for all the testing set for the proposed RBF 

network. 

(7) This procedure is repeated several times with different values of K and β to obtain the 

optimum network structure with minimum mean square error. 

6.4.2 Application of radial basis function neural network for identification of crack 

A radial basis function neural network is designed for identification of multiple cracks of 

cantilever composite and structural steel beam. The RBFNN model has been designed for 

six input and four output variables. The input variables to the neural model are: „rfnf‟, 

„rsnf‟, „rtnf‟, „rfmd‟, „rsmd‟ and „rtmd‟. The output variables are: „rfcl‟, „rfcd‟, „rscl‟ and 

„rscd‟. 
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Figure 6.4 RBFNN models for identification of multiple cracks 
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Figure 6.5 Flowchart for damage detection using RBFNN technique 
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6.5 Analysis of Kohonen self-organizing maps  

Kohonen Self-Organizing Maps in sort Self-Organizing Maps (SOMs) and can be defined 

as a competitive unsupervised learning type of neural network, invented by Finnish 

Professor Tuevo Kohonen in 1982 [168]. The invention of the SOM was motivated by 

way of microbiological structure of different sensory inputs like visual, motion, auditory 

and acoustic inputs are mapped on their respective area of cerebral cortex topographically 

ordered computational map. The SOMs differ from other artificial neural networks in the 

sense that they use a neighborhood function to prevent the topological properties of the 

input space. This type of neural network is a popular nonlinear technique for 

dimensionality reduction and data visualization.  

6.5.1 Kohonen Self-organizing Maps Mechanism 

The training of the Kohonen‟s self-organizing maps is performed by using a specific 

algorithm. The algorithm responsible for formation of self-organizing maps proceeds first 

by synaptic weight in network.  The complete process or mechanism can be categorized 

into four parts, i.e. Initialization; Competition Mechanism; Co-operative Mechanism and 

Adaptive Mechanism. 

(a) Initialization:  

Each node weights present in the lattice are initialized. An input vector is randomly 

chosen from a set of training data. When the input vector is presented in the map;                  

the distance of the weight vector to each node is computed. The map returns the closest 

node which is called the Best Matching Unit (BMU) or winner neuron as shown figure 

6.6. 

(b) Competition Mechanism:  

For each input pattern the neurons in the network compute their respective value that is a 

discriminant function. This discriminant function provides the platform for competition 

among the neuron. The particular neuron with largest value of discriminant function is 

declared winner of competition or best match unit. A best match unit (BMU) also called 

winner neuron has been found from output neurons in this part of the mechanism.      

   Tm, a, ........, aaa 21


                                                                                              (6.19) 

Where, a


= input vectors, m= dimensional input 

   iliii , w, ........, www 21


                                                                                            (6.20) 

Where, i= 1,2,3,4,...,l, l= Number of output neurons 
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 iw


=Weight vector 

Every output is connected to all inputs. There will be lm number of arrays. We have to 

determine the best match between a


and iw


. Compute x.wT
i for i=1, 2 …l. 

Winner neuron= arg maximize a).(wT

i ,  

The Euclidian distance can be defined as  iwa 


                                                                                 

Winner neuron= arg max )a.(wT
i


=arg min  iwa 


                                                   (6.21) 
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Figure 6.6 Initialization process in Kohonen SOM Network 

(c) Co-operative Mechanism: 

The winning neuron locates the center of a topological neighborhood of co-operating 

neurons. All the neighborhood neuron of the winner neuron should adjust their weights in 

this step. 

If the winner neuron is „j‟ then topological neighborhood: 

ci,j :Topological neighborhood centered on j; encompassing neuron i. 

xi,j :Lateral distance between the winning neuron „j‟and excited neuron „i‟. 

Satisfying two properties: 

Symmetric about xi,j→0 and considering monotonically decaying function, we can get 
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                                                                                                      (6.22) 

Where σ=width of Gaussian function, σ is not constant with time/iteration. As the 

iteration 

Processes, σ is going to be decreased. The topological neighborhood ci,j shrinks and 

narrow down with time. 

,
λ

t
σσ(t)

l










 exp0                                                                                                      (6.23) 

t= number of iterations, σ0=Initial, σ (at t=0), λl=time constant 

σ is a function of iteration number. When t=λl, σ(t)decreases to 0.37 of its maximum 

value. t= 0, 1, 2. . 
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                                                                                           (6.24)             

ci,j ( a


) is called the neighborhood function (the more a node is far from the BMU the 

smaller value is returned by this function). 

(d) Adaptive Mechanism 

This process enables the excited neuron to increase their individual value of discriminant 

function in relation with input pattern through suitable adjustment applied to their 

synaptic weight. The adjustments are made such that the response of BMU to subsequent 

application of similar input pattern is enhanced. This step has been done to update the 

weight in relation with input data. 

(t))w-a(t) (ψ(t) c(t)w)(tw ii,jii


1  & 










2

0 exp
λ

t
  ψψ(t)                             (6.25) 

Where ψ (t) = leaning rate and λ2= another time constant 

6.5.2 Application of Kohonen Self Organizing Maps for identification of Damage  

The relative first three natural frequencies (relative 1
st
 natural frequency=“rfnf”, relative 

2
nd

 natural frequency= “rsnf” and relative 3
rd

  natural frequency=“rtnf”) and first three 

relative mode shape difference (relative 1
st
  mode shape difference= “rfmd”, relative 2

nd
  

mode shape difference=“rsmd” and relative 3rd  mode shape difference=“rtmd”) are the 

input parameters for Kohonen self-organizing maps network and relative first crack 

location= “rfcl”, relative first crack depth=“rfcd”, relative second crack location= “rscd” 
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and relative second crack depth= “rscd” are the outputs of the KSOM. The architecture of 

KSOM for identification of cracks is shown in figure 6.7. 

 

 

 

Figure 6.7 KSOM neural model for identification of multiple cracks 
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Figure 6.8 Flowchart for Kohonen SOM process 

6.6 Results and Discussion 

This section depictes the discussion on analysis of results derived from various neural 

models such as BPNN, RBFNN and KSOM. Figure 6.1 presents the simple architecture 

of an artificial neural network. The seven layered back propagation neural network 

technique for recognition of first and second crack locations and depths is presented in 

figure 6.2. First three natural frequencies and mode shapes of bending mode of vibration 

have been used as input variables to input layer of BPNN model. These input variables 

process through five hidden layers then output layer gives relative first and second crack 

depths and locations. The Flow chart for training process of BPNN has been shown in 

figure 6.3. The RBFNN is a feed forward, supervised learning type of neural network. It 

has approximation and regularization capacity. In present work, the RBFNN has been 

employed for localization and quantification of cracks present in the cantilever composite 

and structural steel beam. Similar to BPNN model, RBFNN consist of one input layer and 
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output layer but RBFNN has only one hidden layer. The input data is fed into input layer. 

Output layer gives relative crack locations and crack depths. Figure 6.4 presents RBFNN 

model for identification of multiple cracks. The procedure of damage detection of beam 

using RBFNN model has been displayed in the flowchart (figure 6.5). Likewise BPNN 

and RBFNN model, Kohonen SOM type of neural network has been discussed in this 

chapter for estimation of multiple cracks present in the composite and steel beam. KSOM 

is a competitive un-supervised learning type neural network. The complete working 

procedure of KSOM can be characterized in four steps: Initialization phase, competition 

mechanism, co-operation mechanism and adaptive mechanism. The initialization and 

competition process of KSOM for identification of multiple cracks are shown in figures 

6.6 and 6.7 respectively. The flowchart for KSOM mechanism is shown in the figure 6.8. 

The results obtained from neural network techniques (BPNN, RBFNN, and KSOM) and 

experimental test are compared and close agreement is observed between each other. The 

results derived from BPNN, RBFNN and KSOM model are compared with experimental 

analysis results and are presented in table 6.1 and table 6.3 for composite beam and steel 

beam respectively. The results obtained from RBFNN, fuzzy Gaussian model, theoretical 

and finite element method have been compared in tables 6.2 and 6.4 for composite and 

steel beam respectively. It is observed that the RBFNN model gives better results as 

compared to fuzzy Gaussian model for composite as well as structural steel beam.  
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6.7 Summary 

This section deals with the conclusions drawn from analysis of results derived from 

various neural network techniques. In this chapter three types of neural network 

techniques such as BPNN, RBFNN and KSOM have been discussed to localize and 

quantify the cracks severities and intensities for composite and structural steel beam. The 

first three modal frequencies and curvature mode shapes have been employed as inputs to 

neural network model and the final outputs of the neural model are relative first and 

second crack location and crack depth. Several hundred of training data have been 

extracted to train the RBFNN and BPFNN model. KSOM model does not require training 

data because it is unsupervised type of the neural network. The BPNN model contained 

different numbers of neural in seven layers for processing the input data into outputs with 

the help of back propagation algorithm. The RBFNN model consists of only three layers. 

In the hidden layer Gaussian kernel activation function has been employed to locate RBF 

units (RBF centers). The RBFNN proceed input space to hidden space non-linearly and 

hidden space to output space linearly. Similarly KSOM type of neural model has been 

used to predict cracks location and depth for composite and steel beam. The results 

derived from developed three type neural model have been compared with experimental 

test results to verify the effectiveness of proposed neural models. The total percentage of 

deviation for BPNN is 4.91%, for RBFNN is 4.6% and for KSOM is 5.4% in the case of 

composite beam. Similarly for the structural steel beam the total percentage of deviation 

for BPNN is 5.7%, for RBFNN is 4.69% and for KSOM is 6.21%. It is observed that 

there is well agreement between them for both composite and steel beam. The results 

obtained from neural models are also compared with the results of fuzzy Gaussian model, 

theoretical and finite element method and a close proximity found between them. These 

developed neural models have been used to develop the hybrid models in the next 

chapter. 
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CHAPTER 7 

Study of Hybrid Fuzzy-Neuro Technique for 

Identification of Multiple Cracks of 

Cantilever Beam 

 

Different fault diagnostics techniques are required to observe the health of various 

machine components and structural elements for acquiring the un-interrupted service. The 

detection of faults before failure of the structures not only prevents loss of economy but 

also saves the human life. Various nondestructive techniques have been applied by 

researchers to locate the damage but they are costly and time consuming. The vibration 

based method along with artificial intelligent techniques can be used to effectively 

identify the damage. The hybridization of fuzzy system and neural models has been done 

by engineers and researchers from various fields of science and technology for 

developing intelligent systems for identification of damage. The fuzzy model has 

potential to solve various engineering problems based on concepts of fuzzy sets, fuzzy 

reasoning and fuzzy rules. The neural models have ability to learn and diagnose any type 

of problems by adjusting the synaptic weights of neuron between the layers. Advantages 

of integration of fuzzy model and neural models have utilized the properties of the both 

models to get more synchronized results. The fuzzy and neural models have ability to 

adopt the challenges present in system and mimic the human behavior. In this chapter 

fuzzy and neural techniques (BPNN, RBFNN &KSOM) have been adopted to develop 

the fault diagnostics tool for condition monitoring of the structures. 

7.1 Introduction 

The hybrid fuzzy-neuro soft computing technique is a powerful tool for solving the 

complex and real time problems. The fuzzy logic system can be developed, if the system 

variables are expressed in terms of linguistic term and fuzzy rules. If training data is 

available for simulation, a neural model can be developed. It is observed from the 

comprehensive study of fuzzy and neural models. The disadvantage of both methods is 

correlative to the each other. Consequently, it is attract to hybridize and to solve the any 

problems by combining the capabilities of fuzzy and neural models. The advantage of 
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fuzzy logic is formation of linguistic rules and learning capability is the advantage of the 

neural method. Therefore integrated fuzzy-neuro method can be used to design condition 

monitoring techniques for identification of multiple cracks present in the composite and 

structural steel beam.  In this chapter, a fault diagnosis technique has been developed 

using vibration responses of cracked cantilever beams. The integrated intelligent model 

has been fabricated for localizing and quantifying the crack positions and depths by 

fusion of capacity of fuzzy and neural models. The performance of hybrid model is 

verified by comparing the results derived from fuzzy-neuro model and experimental 

analysis. The well agreement between the results is ascertained. 

7.2 Analysis of the hybrid fuzzy-neuro technique 

In this chapter, an intelligent integrated fuzzy-neuro models has been designed for 

detection of transverse cracks present on the cantilever composite and structural steel 

beam using vibration responses. The first three modal frequencies and curvature mode 

shapes of the cracked and non-cracked cantilever beam for different crack orientation are 

measured using theoretical and numerical method and verified by experimental 

examination. The calculated vibrational modal response are used as input variables to 

fuzzy section of the hybrid model and outputs of fuzzy section are relative first and 

second crack location (rfclfuzzy, rsclfuzzy) and relative first and second crack depth (rfcdfuzzy, 

rscdfuzzy). The first three relative modal frequencies and first three relative mode shapes 

and output of fuzzy segment are fed as input variables to the neural segment of hybrid 

model and modified final relative crack depths and crack location are output parameters 

of hybrid model. The modal responses are used to generate fuzzy rules for fuzzy model 

and training pattern for the neural model. The robustness of developed hybrid model has 

been verified by experimental analysis. The fuzzy section has used Triangular, Gaussian 

and Trapezoidal membership for prediction of transverse cracks. In the neural section 

three types of neural models (BPNN, RBFNN and KSOM) have been employed to 

develop hybrid model. The Triangular fuzzy-BPNN model, Gaussian fuzzy-BPNN model 

and Trapezoidal fuzzy-BPNN model have been shown in figures 7.1(a), 7.1(b) and 7.1(c) 

respectively. Figures 7.2(a), 7.2(b) and 7.2(c) represent Triangular fuzzy-RBFNN model, 

Gaussian fuzzy-RBFNN model and Trapezoidal fuzzy-RBFNN model respectively. The 

Triangular fuzzy-KSOM model, Gaussian fuzzy-KSOM model and Trapezoidal fuzzy-

KSOM model have been presented in figures 7.3(a), 7.3(b) and 7.3(c) respectively. Each 
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fuzzy membership fuction hybridized with BPNN, RBFNN and KSOM neural model for 

composite and steel beam (shown in figures 7.1, 7.2 and 7.3). 
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Figure 7.1(a) Triangular fuzzy-Neuro (BPNN) hybrid model for identification of 

multiple cracks 
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Figure 7.1(b) Gaussian fuzzy-Neuro (BPNN) hybrid model for identification of multiple 

cracks 
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Figure 7.1(c) Trapezoidal fuzzy-Neuro (BPNN) hybrid model for identification of 

multiple cracks 
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Figure 7.2(a) Triangular fuzzy-Neuro (RBFNN) hybrid model for identification of 

multiple cracks 
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Figure 7.2(b) Gaussian fuzzy-Neuro (RBFNN) hybrid model for identification of 

multiple cracks 
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Figure 7.2(c) Trapezoidal fuzzy-Neuro (RBFNN) hybrid model for identification of 

multiple cracks 
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Figure 7.3(a) Triangular fuzzy-Neuro (KSOM) hybrid model for identification of 

multiple cracks 
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Figure 7.3(b) Gaussian fuzzy-Neuro (KSOM) hybrid model for identification of multiple 

cracks 
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Figure 7.3(c) Trapezoidal fuzzy-Neuro (KSOM) hybrid model for identification of 

multiple cracks 
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7.2.1 Analysis of fuzzy part of hybrid model 

The fuzzy part of hybrid fuzzy-neuro models has been computed for six input variables 

and four interim output variables. The linguistic terminologies have been used for input 

variables such as relative first natural frequency (rfnf), relative second natural frequency 

(rsnf), relative third natural frequency (rtnf), relative first mode shape difference (rtmd), 

relative second mode shape difference (rsmd) and relative third mode shape difference 

(rtmd). The linguistic terminologies for interim outputs from fuzzy part are: fuzzy relative 

first crack location (rfclfuzzy), fuzzy relative second crack location (rsclfuzzy), fuzzy relative 

first crack depth (rfcdfuzzy) and fuzzy relative first crack depth (rscdfuzzy). Various type of 

membership functions (Triangular, Gaussian and Trapezoidal) have been used for 

constructing the fuzzy segment of fuzzy-neuro models. The fuzzy rules and fuzzy 

linguistic terminologies have been used for computing the fuzzy segment of the hybrid 

model as presented in tables 5.1, 5.2 (composite beam) and table 5.3 (steel beam) in 

chapter 5. The fuzzy mechanism for constructing fuzzy-neuro hybrid crack detection tool 

has been already discussed in chapter 5. 

7.2.2 Analysis of neural part of hybrid model 

The neural part of hybrid fuzzy-neuro model has been discussed in this section. Three 

types of neural techniques such as BPNN, RBFNN and KSOM have been integrated with 

fuzzy system. The BPNN based neural model of integrated fuzzy-neuro system has seven 

layers feed forward network trained back propagation algorithm. The working mechanism 

of BPNN has been presented in section 6.3 of chapter 6. The RBFNN based neural 

system is also used to develop hybrid fuzzy-neuro system for identification of multiple 

cracks present in the cantilever beam. The detail working principle of RBFNN has 

already been discussed in the section 6.4 of the chapter 6. Similarly KSOM type of neural 

model is integrated with fuzzy system for development of crack identification tool for 

structures. The results derived from fuzzy part have been used as inputs to the neural 

segment of hybrid model. The input variables of neural part are rfnf, rsnf, rtnf, rfmd, 

rsmd, rtmd and rfclfuzzy, rsclfuzzy, rfcdfuzzy, rscdfuzzy. The final outputs of hybrid model 

obtained from neural segment are as follow: relative first crack location (rfcl), relative 

second crack location (rscl), relative first crack depth (rfcd) and relative second crack 

depth (rscd). 
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7.3 Results and discussion  

In this section, discussion has been given from the analysis of results obtained from 

hybrid fuzzy-neuro system. The fuzzy system with Triangular, Gaussian and Trapezoidal 

membership function has been integrated with neural network models (BPNN, RBFNN & 

KSOM) for designing the smart crack identification mechanism for composite and 

structural beam. The Triangular fuzzy-BPNN hybrid model, Gaussian fuzzy-BPNN 

hybrid system and Trapezoidal fuzzy-BPNN hybrid model have been shown in figures 

7.1(a), 7.1(b) and 7.1(c) respectively. Figures 7.2(a), 7.2(b) and 7.2(c) represent 

Triangular fuzzy-RBFNN hybrid model, Gaussian fuzzy- RBFNN hybrid system and 

Trapezoidal fuzzy- RBFNN hybrid model respectively. Similarly triangular fuzzy-KSOM 

hybrid model, Gaussian fuzzy- KSOM hybrid system and trapezoidal fuzzy- KSOM 

hybrid technique have been presented in Figures 7.3(a), 7.3(b) and 7.3(c) respectively. 

The comparison of results derived from various hybrid fuzzy-neuro systems have been 

displayed in tables 7.1, 7.2 and 7.3 for composite beam. After the study of results, it is 

observed that Gaussian fuzzy-BPNN, Gaussian fuzzy-RBFNN and Gaussian fuzzy-

KSOM hybrid system provides least deviation from that of experimental data. Therefore 

Gaussian fuzzy model integrated with BPNN, RBFNN and KSOM compared with 

Gaussian fuzzy model in table 7.4. Similar patterns have been observed for structural 

steel. The comparison of results obtained from various hybrid models have been 

presented in tables 7.5, 7.6, 7.7 and 7.8. 
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7.4 Summary 

The following conclusions can be drawn by analyzing the results in terms of crack 

locations and crack depths derived from hybrid fuzzy-neuro models. In this section an 

intelligent hybrid fuzzy-neuro model have been presented. The modal characteristics 

derived from theoretical and numerical analysis for various crack depths and crack 

locations for composite and steel beam. These modal data is fed as inputs to the integrated 

fuzzy-neuro model and outputs are relative first and second crack depth and location. The 

feasibility of hybrid fuzzy-neuro models have been verified by experimental examination. 

It is observed that there is a close agreement between them. The Gaussian fuzzy-neuro 

models produce best results in term of first and second crack location and crack depth in 

comparison to other hybrid model. The Gaussian fuzzy-RBFNN model gives most 

efficient results. It is suggested that the Gaussian fuzzy integrated with neural models can 

be used as health monitoring algorithm for structural elements. It is observed that 

percentage of deviation is least in hybrid Gaussian fuzzy-RBFNN model with experiment. 

It is 3.2 % in case of composite beam and 3.17% for the structural steel.     
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CHAPTER 8 

Analysis & Description of Experimental 

Investigation 

 

The experimental investigation has been carried out to evaluate the modal characteristics 

(natural frequencies and mode shapes) of cracked and non-cracked beam (composite and 

steel) for different combination of crack depths and crack locations. The modal response 

derived from experimental test has been compared with that of theoretical, numerical and 

various AI techniques data as discussed in previous chapters. This chapter addresses the 

experimental investigation procedure and required vibration measuring instruments for 

measuring vibration response of cantilever beam. 

8.1 Analysis and Specification of instruments required in vibration                            

measurement  

Experiments have been performed using established Bruel & kjaer experimental 

procedure for composite beam (figure 8.1(a)) and for structural steel (figure 8.1(b)). The 

experiments are conducted for both types of beams (composite and steel). Ten cracked 

beam specimens have been taken for each material in experimental analysis with different 

crack locations and depths. The cantilever beam was clamped on a vibrating table one by 

one for each material. The cracked and non-cracked cantilever beams have been vibrated 

with the help of an exciter and a signal generator. The modal responses such as natural 

frequencies and mode shapes of the beams corresponding to 1
st
, 2

nd
 and 3

rd
 mode of 

vibration have been recorded by placing the accelerometer along the length of the beams 

and displayed on the vibration indicator. Accelerometer received the signals from 

vibrating beam in term of modal signatures and vibration analyzer analyzed the signals 

and then displaced on the vibration indicator. The following instruments used in 

experimental analysis have been shown in table 8.1 with their specification in detail. 
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Figure 8.1(a) Photographic view of experimental setup for composite beam 
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Figure 8.1(b) Photographic view of experimental setup for steel beam 
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Table 8.1 Description and Specifications of the instruments used in the experiments 

Sl.  

No 

Name of the Instrument Description of Instruments 

 

1 

 

 

Vibration Analyzer 

 

Product Name Pocket front end 

Product Type 3560L 

Manufacturer Bruel & kjaer 

Frequency Range 7 Hz to 20 Khz 

Channels 2 Inputs, 2 Tachometer 

Input Type Direct/CCLD 

2 

 

Delta Tron Accelerometer 

 

Manufacture Bruel & kjaer 

Product Type 4513-001 

Sensitivity 10mv/g-500mv/g 

Frequency Range 1Hz-10KHz 

Supply voltage 24volts 

Operating  

temperature range 

 

-50
0
C to +100

0
c 

3 Vibration Indicator 

Manufacture Bruel & kjaer (PULSE 

LabShop Software 

Version 12) 

4 Vibration shaker 

Product Type        4808, Permanent 

Magnetic    Vibration 

shaker 

Manufacture Bruel & kjaer 

Frequency Range 5Hz to 10 kHz 

1
st
 t axial resonance 10 kHz 

Maximum bare  

Table acceleration      

700 m/s2 (71 g) 

 

5 Power Amplifier 

Product Type 2719  

Manufacture Bruel & kjaer 

Power Amplifier 180VA 

6 Test specimen 
Double crack cantilever beam with dimension 

800mmx50mmx6mm 

7 Power Distribution box 220V power supply, 50Hz 

 

 

8 

 

 

Signal Generator 

 

Product Model FG200K  

Manufacturer Aplab  

Frequency Rang 0.2Hz to 200 KHz      

Output Level 15Vp-p into 600 ohms 

Rise/Fall Time <300nSec                  
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8.2 Systematic experimental procedure 

The experimental investigation has been performed on the cracked and non-cracked 

cantilever beams of layered composite and structural steel to verify the robustness of the 

results derived from theoretical, numerical and various AI techniques. The cracks at 

various locations and different depths are introduced in the specimen with the help of 

wire cut EDM for structural steel beam and for layered composite by putting the slips 

during the fabrication of composite beam. The test specimens have been clamped one by 

one of each material in the vibrating table as shown in figure 8.1. The test specimen are 

excited by signal generator at desirable signal and power amplifier is used for amplify the 

signal. The specimens have been excited at their first three consecutive modes of 

vibration and corresponding vibration response (natural frequency and mode shape) 

received by Deltatron accelerometer by suitable positioning of accelerometer and tuning 

the vibration shaker at the corresponding resonance frequencies. The vibration analyzer 

examined the vibration signal received from intact and cracked cantilever beam and 

displayed in the vibration indicator loaded with the Pulse labshop software. Vibration 

analyzer is connected with Pulse labshop software with the PCMCIA card. The snapshot 

of various instruments used in experimental test shown in figures 8.2(a) to 8.2(h). 

 

 

Figure 8.2(a) Delta Tron Accelerometer 
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Figure 8.2(b) PCMCIA card 

 

Figure 8.2(c) Vibration analyzer 

 

Figure 8.2(d) Vibration indicator imbedded with PULSE lap Shop software 
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Figure 8.2(e) Signal generator 

 

Figure 8.2(f) Power amplifier 

 

Figure 8.2(g) Vibration Shaker 
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Figure 8.2(h) Concrete foundation with specimen 

8.3 Results and discussion 

This section depicts the analysis of results derived from experimental investigation. 

The intact and cracked beams with various crack locations and different crack depths 

have been examined in experimental bed to get vibration response. This is used to verify 

the robustness of results obtained from various techniques discussed in the previous 

chapters. A comparison and verification of the results derived from theoretical model for 

multiple cracks beam with orientation of cracks (β1=0.25, β2=0.5, ψ1=0.1667 and ψ2=0.5) 

are shown in chapter 3 and It is plotted with results of experimental examination in the 

figures 3.13 to 3.15 (for composite) and figures 3.16 to 3.18 (for structural steel). The 

results derived from theoretical and experimental observation are displayed in tabular 

form with first three modal parameters (natural frequencies and mode shapes) and relative 

crack location and crack depth in the table 3.1 and table 3.2 for composite beam and steel 

bream respectively. Good agreement between the results is observed. The total percentage 

of deviation of the theoretical analysis is 3.8% for composite beam and 4.4% for 

structural steel. The results for first three consecutive mode shapes are obtained from 

numerical analysis for multiple cracks beam with orientation of cracks (β1=0.25, β2=0.5, 

ψ1=0.1667 and ψ2=0.5) in chapter 4. It is plotted with corresponding mode shapes derived 

from theoretical and experimental diagnosis for cracked composite beam and have been 

shown in figures 4.2a-4.2c. Similarly graph plotted for structural steel has been shown in 

figures 4.4a to 4.4c. The results for relative first crack depth and crack position and 

relative second crack depth and crack position are derived from theoretical, numerical and 
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experimental examination corresponding to relative 1
st
, 2

nd
 & 3

rd
 natural frequencies and 

mode shapes. And it is presented in table 4.2 and table 4.4 for composite and steel beam 

respectively. The total percentages of deviation of numerical analysis are 3.10% for 

composite beam and 3.50% for structural steel. In chapter 5, the results derived from 

various fuzzy models (Triangular, Gaussian and Trapezoidal) and experimental test have 

been compared in table 5.4 for composite beam and likewise table 5.5 presents the 

comparison of results obtained from various method for structural steel. The total 

percentage of deviation of results for triangular fuzzy model is 8.1%, for Gaussian fuzzy 

model is 4.6%, for Trapezoidal fuzzy model is 7.4% for the case of composite beam. 

Similarly for structural steel, total percentage of deviation of results for triangular fuzzy 

model is 7.5%, for Gaussian fuzzy model is 4.3 %, for Trapezoidal fuzzy model is 6.8%.  

In chapter 6 presents discussion about various neural models. The results derived from 

BPNN, RBFNN and KSOM model compared with experimental analysis results and has 

been presented in tables 6.1 and 6.3 for composite beam and steel beam respectively. The 

percentage of total deviation for BPNN is 4.9%, for RBFNN is 4.6% and for KSOM is 

5.4%for composite beam. Similarly for the structural steel beam the total percentage of 

deviation for BPNN is 5.7%, for RBFNN is 4.3% and for KSOM is 6.21%. The 

comparison of results derived from various hybrid fuzzy-neuro systems have been 

displayed in tables 7.1, 7.2 and 7.3 for composite beam. After the study of results, it is 

observed that Gaussian fuzzy-BPNN, Gaussian fuzzy-RBFNN and Gaussian fuzzy-

KSOM hybrid system provides least deviation in the results. A similar pattern is observed 

for structural steel. The comparison of results obtained from various hybrid models have 

been presented in tables 7.5, 7.6 and 7.7. A close proximity is found between the results.  

 

 

 

 

 

 

 

 

 

 



  

170 | P a g e  

CHAPTER 9 

Results and Discussion 

 

9.1 Introduction 

This chapter describes the systematic analysis of performance of various techniques used 

for identification of multiple damages of cantilever beams cited in the above chapters. 

The vibration responses of faulty structures have been used for development of damage 

assessment tool. Various techniques are discussed in current dissertation for assessment 

of multiple damages of cantilever beams. These techniques are: theoretical method 

(chapter 3), Finite element method (chapter 4), fuzzy logic system (chapter 5), and 

artificial neural network (chapter 6), hybrid fuzzy-neuro methods (chapter 7) and 

experimental investigation (chapter 8). 

9.2 Analysis of results derived from various methods 

The seven techniques have been employed in current research for development of crack 

identification tool of structures as discussed in introduction (chapter 1). This dissertation 

comprises two introductory chapters (Chapter 1- Introduction and chapter 2 - Literature 

review) besides seven chapters. This section addressed the analysis of results derived 

from various methods cited in different chapters. The introduction section (chapter 1) of 

the thesis addressed aim and objective along with the motivation factors to carry out 

current research. The outline of the dissertation is also discussed in last section of chapter 

1. The literature review (chapter 2) part addresses the various methodologies that have 

been presented by researchers and engineers for prediction of cracks in structures and 

machine components. Finally this section provides the knowledge to conclude the 

direction of research.  

The vibration response has been measured by theoretical analysis of intact and cracked 

cantilever layered composite and structural steel beam cited in chapter 3. The variations 

of natural frequencies for the first three consecutive modes of vibration with different 

crack locations and depths have been shown in figures 3.2(a), 3.2(b) and 3.2(c). It is seen 
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that the relative natural frequency for first mode of vibration is on increasing trend while 

for other two modes, it attains minimum and maximum value at different crack location. 

Figures 3.3 to 3.5 represents noticeable deviation in first three consecutive mode shapes 

of cracked and intact composite beam and magnified view at the vicinity of first crack 

(figures 3.3(b), 3.4(b) & 3.5(b)) and second crack (figures 3.3(c), 3.4(c) & 3.5(c)). An 

unexpected jump is observed in mode shape behavior at the crack position. There is a 

signal of noticeable change in the mode shape behavior due to presence of a crack in the 

structure. The significant variation in the mode shapes can be observed with increase in 

crack depth in figures 3.3(a) to 3.3 (c). It is observed that the dimensionless compliance 

constant increases with increase in the depth of crack due to a reduction in stiffness at the 

crack location in case of steel beam. Similar to the composite structure, steel beam also 

depicts the variation in the mode shapes for cracked and intact beam and are displayed in 

the figures 3.9 to 3.11. Magnified view near the first and second crack position are shown 

in the figures 3.9(b), 3.10(b), 3.11(b), 3.9(c), 3.10(c) & 3.11(c). It is found that there is 

significant deviation in the mode shapes due to the presence of a crack. A comparison and 

verification of the results derived from theoretical model are plotted with results from 

experimental examination in the figures 3.13 to 3.15 (for composite) and figures 3.16 to 

3.18 (for structural steel). The results derived from theoretical and experimental 

observation are displayed in tabular form with first three modal parameters (natural 

frequencies and mode shapes) and relative crack location and crack depth in the table 3.1 

and table 3.2 for composite beam and steel bream respectively. The total percentages of 

deviation of the theoretical analysis are 3.8% for composite beam and 4.4% for structural 

steel. 

The finite element based simulation software package ANSYS has been used to extract 

vibrational features of cantilever composite and structural steel beam (in chapter 4). It is 

noticed that presence of damage in the form of crack in the structure can alter the 

vibration responses. The various steps involved in the ANSYS to solve any problem has 

been discussed. The results obtained from the finite element method have been 

authenticated by results of experimental analysis for the composite structure as well as a 

structural steel beam. The results for first three consecutive mode shapes obtained from 

the finite element analysis have been plotted with corresponding mode shapes are derived 

from theoretical and experimental diagnosis for cracked composite and are shown in 

figures 4.2(a)-4.2(c). Similarly, graphs plotted for structural steel are presented in figures 

4.4(a) to 4.4(c). The results for relative first crack depth and crack position and relative 



  

172 | P a g e  

second crack depth and crack position are derived from theoretical, finite element 

analysis and experimental test corresponding to relative 1
st
, 2

nd
 & 3

rd
 natural frequencies 

and mode shapes and presented in tables 4.3 and 4.4 for composite and steel beam 

respectively. It is observed that results have good agreement with each other. The total 

percentages of deviation of finite element analysis are 3.10% for composite beam and 

3.50% for structural steel.  

The analysis of results derived from the developed fuzzy model for identification of 

multiple cracks in composite and steel structure has been depicted in chapter 5. The fuzzy 

logic system has been developed with simple but effective architecture for six input 

variables (first three consecutive natural frequencies and mode shapes) and four output 

variables (relative first and second natural frequencies and mode shapes). Three types of 

membership functions (Triangular, Gaussian and Trapezoidal) are employed in the 

development of the fuzzy system and are presented in figures 5.1(a), 5.1(b) and 5.1(c). 

The various phase involved in the fuzzy logic system has been shown in figure 5.2. The 

defuzzification of inputs using various membership functions (Triangular, Gaussian and 

Trapezoidal) have been performed with the help of activated rules 6, and 16 of Table 5.2 

are presented in figures 5.7 to 5.9. Similarly for structural steel, it has been shown in the 

figures 5.13 to 5.15. The results derived from various fuzzy models (Triangular, Gaussian 

and Trapezoidal) and experimental test have been compared in table 5.4 for composite 

beam and likewise table 5.5 presents the comparison between results derived from 

various method for structural steel. The tables 5.6 and 5.7 represent the comparison of 

results obtained from theoretical, finite element analysis and Fuzzy Gaussian model for 

composite beam and structural beam respectively. The total percentage of deviation of 

results for the triangular fuzzy model is 8.1%, for Gaussian fuzzy model is 5.1%, for the 

Trapezoidal fuzzy model is 7.4% in case of composite beam. Similarly the total 

percentage of deviation of results for the Triangular fuzzy model is 7.5%, for Gaussian 

fuzzy model is 4.3 %, for the Trapezoidal fuzzy model is 6.8% for structural steel.  

Chapter 6 depicts the discussion on the analysis of results derived from various neural 

models such as BPNN, RBFNN, and KSOM. Figure 6.1 presents the simple architecture 

of an artificial neural network. The seven layered back propagation neural network 

technique is analysed from diagnosis of first and second crack locations, and crack depths 

and are presented in figure 6.2. First three natural frequencies and mode shapes of 

bending mode of vibration have been used as input variables to input layer of BPNN 

model. These input variables process through five hidden layers then output layer gives 
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relative first and second crack depth and location. The RBFNN is a feed forward, 

supervised learning type of neural network. In present work, RBFNN is employed for 

localization and quantification of cracks, present in the cantilever composite and 

structural steel beam. Similar to BPNN model, RBFNN consists of one input layer and 

output layer. But RBFNN has only one hidden layer. Moreover, output layer gives 

relative crack locations and crack depths. Figure 6.3 denotes architecture of radial basis 

function neural network for identification of multiple cracks. The procedure of damage 

detection of the beam using RBFNN model has been displayed in the flowchart (figure 

6.4). Likewise BPNN and RBFNN model, Kohonen SOM type of neural network has 

been discussed in chapter 6 for prediction of multiple cracks presence in the composite 

and steel beam. KSOM is a competitive un-supervised learning type neural network. The 

flowchart for KSOM mechanism has been shown in figure 6.7. The results obtained from 

neural network techniques (BPNN, RBFNN, and KSOM) and the experimental test is 

compared and close agreement between each other is observed. The flowchart for KSOM 

mechanism has shown in figure 6.7. The results derived from BPNN, RBFNN, and 

KSOM model compared with experimental analysis results are presented in tables 6.1 and 

6.3 for composite beam and steel beam respectively. The total percentage of deviation for 

BPNN is 4.9%, for RBFNN is 4.6% and for KSOM is 5.4%for the composite beam. 

Similarly for the structural steel beam the total percentage of deviation for BPNN is 5.7%, 

for RBFNN is 4.3% and for KSOM is 6.21%. The results obtained from RBFNN, fuzzy 

Gaussian model, theoretical and finite element method have been compared in tables 6.2 

and 6.4 for composite and steel beam respectively. It is observed that the RBFNN model 

gives better results as compared to the Fuzzy Gaussian model for the composite as well as 

structural steel beam.  

Chapter 7 describes the analysis of results obtained from the hybrid fuzzy-neuro system. 

The fuzzy system with Triangular, Gaussian and Trapezoidal membership function are 

integrated with neural network models (BPNN, RBFNN & KSOM) for designing the 

smart crack identification mechanism for composite and structural beam. The Triangular 

fuzzy-BPNN hybrid model, Gaussian fuzzy-BPNN hybrid system, and Trapezoidal 

fuzzy-BPNN hybrid model have been shown in figures 7.1(a), 7.1(b) and 7.1(c) 

respectively. Figures 7.2(a), 7.2(b) and 7.2(c) represent the Triangular fuzzy-RBFNN 

hybrid model, Gaussian fuzzy- RBFNN hybrid system and Trapezoidal fuzzy- RBFNN 

hybrid model respectively. Similarly Triangular fuzzy-KSOM hybrid model, Gaussian 

fuzzy- KSOM hybrid system and Trapezoidal fuzzy- KSOM hybrid technique has been 
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presented in figures 7.3(a), 7.3(b) and 7.3(c) respectively. The comparisons of results 

derived from various hybrid fuzzy-neuro systems have been displayed in tables 7.1, 7.2 

and 7.3 for the composite beam. After the study of results, it is observed that Gaussian 

fuzzy-BPNN, Gaussian fuzzy-RBFNN and Gaussian fuzzy-KSOM hybrid system provide 

the least deviation in the results. Therefore Gaussian fuzzy model is integrated with 

BPNN, RBFNN and KSOM. A similar pattern is observed for structural steel. The 

comparisons of results obtained from various hybrid models have been presented in tables 

7.5, 7.6, 7.7 and 7.8. 

The experimental investigation is performed to verify the robustness of the results derived 

from the theoretical model, finite element method, fuzzy logic system, neural network 

techniques and hybrid fuzzy-neuro model and is discussed in chapter 8. The schematic 

and snapshot view of the experimental set up with all desired instruments and test 

specimen are shown in figure 3.12 and fig. 8.1 respectively. The systematic experimental 

procedure described in the section 8.2 of chapter 8.  

9.3 Summary 

After the comprehensive investigation of current chapter it is observed that the hybrid 

model fuzzy-neuro models provide better results as compared to the results derived from 

standalone AI techniques. Among all proposed hybrid models, Gaussian fuzzy-RBFNN 

gives far better results. The total percentage for Gaussian fuzzy-RBFNN is 3.2% 

(composite beam) and 3.17% (steel beam). 
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CHAPTER 10 

Conclusions and Scope for future work 

10.1 Introduction 

In the present study, localization and quantification of crack locations and depths present 

in the engineering structures using vibration response have been addressed. The effects of 

multiple transverse cracks on composite and steel beams are analyzed using the intelligent 

fault diagnosis system. The vibration responses of cantilever structures have been 

measured using theoretical, finite element and experimental analysis. The vibration 

response has been adopted to design inverse intelligent damage identification tool such as 

fuzzy logic system, neural network and fuzzy-neuro hybrid models for assessment of 

relative crack locations and relative crack depths. 

10.2 Contributions 

The presence of the crack in the structural members and machines induces local 

flexibility. This flexibility changes the integrity of the structural such as frequency 

response and amplitude of vibration. In previous research, the researchers have analyzed 

the effect of crack on the modal parameters (natural frequencies and mode shapes) in the 

domain of identification of damage in beam like dynamic structures, whereas in the 

present thesis effort has been made to design computational AI techniques based models 

to identify the crack locations and depths present in structural using the natural 

frequencies and mode shapes. 

In the present thesis multiple faults recognition algorithm has been developed, a 

theoretical model has been developed using stress intensity factors and strain energy 

release rate to find out changes in the modal parameters due to presence of the cracks in 

the vibrating structures. Finite element analysis and experimental analysis have also been 

carried out on the cracked steel and composite beam to find out the influence of cracks on 

the modal parameters on vibrating structures. Different AI models have been designed 

and developed for multiple crack identification using fuzzy inference system, artificial 

neural network such as BPNN, RBFNN and KSOM and various hybrid models such as 

fuzzy-BPNN, Fuzzy-RBFNN and Fuzzy-KSOM. 
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10.3 Conclusions  

The conclusions are drawn on the basis of results derived from various methods as 

discussed in the above chapters and are as follows; 

 The theoretical and finite element analysis for cantilever composite and steel beam 

containing multiple cracks has been derived to measure the modal parameters (natural 

frequencies and mode shapes) of the system. 

 The location and size of the crack strongly influence the natural frequencies and mode 

shapes of damaged engineering structures. The noticeable changes in mode shapes are 

observed at the vicinity of cracks. 

 The positions of the cracks affect significantly the changes in the natural frequencies 

of vibrations in the case of constant relative depth of the cracks. When the cracks are 

located near to each other, the changes in the natural frequencies tend to increase.  

 In the case of two cracks of different depths, the larger crack has the most significant 

effect on the natural frequencies of vibration. This is evident for the first natural 

vibration of a cantilever beam. For other modes of vibration this is not so clear, 

because the influence of a crack location at a node is negligible. These changes in 

mode shapes and natural frequencies will be helpful in prediction of crack location 

and its intensity and can further be extended to any multiple cracked systems. 

 It is observed from the analysis that change in frequencies due to presence of cracks 

have no substantial influence especially for least crack depth ratio (if less than 0.1). 

Therefore it is decreasing the chance of localization and quantification of crack 

effectively. But the crack depths have noticeable influence on mode shapes even with 

presence of small crack depth ratios. So, it can be concluded that if there is change in 

natural frequencies and mode shapes of vibrating structures, crack locations and its 

depths can be efficiently recognized. 

 The comparison of mode shape contours drawn from the theoretical analysis of 

cracked and non-cracked composite beam (figures 3.3 to 3.5) and steel beam (figures 

3.9 to 3.11) have been articulated the deviations in mode shape contours. From the 

investigation of mode shape profiles of the cracked cantilever beams at different crack 

locations and crack depths, a substantial pattern has been recognized (A sudden jump 

in the magnitudes of mode shapes have been observed at crack locations and the 

magnitude of mode shapes increase with increase in crack depth). 
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 The experimental test on cracked cantilever composite and steel beams with different 

crack orientations has been performed to verify the authentication of the modal 

parameters obtained from theoretical and numerical methods for composite beam 

(shown in figures 3.13 to 3.15) and for steel beam (shown in figures 3.16 to 3.18). 

The results are in close agreement. 

 The natural frequencies and mode shapes for first three consecutive modes of 

vibration corresponding to different crack locations and its size have been used as a 

platform to design the fuzzy logic system for multiple cracks identification of 

structural system. 

 The Triangular, Gaussian, and Trapezoidal membership functions have been used to 

design and develop the fuzzy logic system with six input and four output parameters. 

From the analysis of results, it is reported that fuzzy system can be efficiently used for 

identification of crack locations and depths.     

 The fuzzy model with Gaussian membership function provides better results as 

compared to Triangular and Trapezoidal fuzzy models. It is reported by the analysis 

of results from the fuzzy models. Hence, a fuzzy model with Gaussian membership 

function is found most suitable for identification of faults present in the vibrating 

structures.  

 The artificial neural network techniques such as BPNN, RBFNN and KSOM have 

been used as fault diagnosis tool with six input and four output parameters in current 

research. The training data for developed neural models have been derived from 

theoretical, numerical and experimental investigations. The results predicted by neural 

network techniques in terms of relative crack locations and its size have good 

agreement with the experimental results. The results predicted by proposed RBFNN 

model provides least deviation from experimental results. Thereby RBFNN model can 

be used more effectively than BPNN and KSOM models for the diagnosis of damages 

in the vibrating structures. 

 From the investigation of results predicted from fuzzy models and neural models, 

Gaussian fuzzy model and RBFNN model are closer to real results (experimental) as 

compared to other proposed fuzzy and neural models. 

 The fuzzy-neuro hybrid models have been designed to predict the damage present in 

the composite and steel beam. The fuzzy model with Triangular, Gaussian and 

Trapezoidal membership functions have been individually integrated with the three 
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types of neural models i. e. BPNN, RBFNN & KSOM. Total nine fuzzy-neural 

models have been discussed in current research. 

 From the analysis of results, Gaussian fuzzy-neural (BPNN, RBFNN & KSOM) 

model provides better results as compared to others fuzzy-neuro models and 

individual fuzzy and neural models. It is concluded that fuzzy-neuro model with 

Gaussian membership function and RBFNN give excellent results than other fuzzy-

neuro models. The Fuzzy-neuro model with Gaussian membership function and 

RBFNN model can be used as potential damage identification tools. 

 The results predicted from proposed AI techniques have been compared with the 

results obtained from theoretical, numerical and experimental analysis. The results 

predicted from Gaussian fuzzy- RBFNN hybrid model provides more accurate results 

as compared to other AI techniques discussed in above chapters. It is concluded that 

this hybrid technique can be used as an efficient fault diagnosis tool in the engineering 

system. 

 The developed intelligent fault diagnosis system can be used for identification of 

damages present in cantilever type of bridges and cranes, turbine shafts, mechanical 

systems, marine structures, various engineering systems etc. 

10.2 Future scope of the work   

 The application of AI techniques may be extended to estimation of damage present in 

the complex engineering system. 

 The AI techniques may be utilized for identification of multiple faults present in the 

different FRC materials with different ply sequence. 

 The hybridization of AI techniques can be used as efficient, accurate and robust fault 

detection technique for identification of damage present in various vibrating dynamic 

systems such as crushers, turbine shafts, helicopter rotors, bridges, rails etc. 
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APPENDIX A 

 

Figure A1 Finite element model of cracked composite beam for crack depth 0.166 

 

     

Figure A2 Finite element model of cracked composite beam for crack depth 0.333  
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Figure A3 Finite element model of cracked composite beam for crack depth 0.5  

 

 

 

Figure A4 Meshing at the crack tip  
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Figure A5 Layers stacking in composite beam 

 

 

Figure A6 (a) ANSYS generated I mode shape of cantilever beam 
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Figure A6 (b) ANSYS generated II mode shape of cantilever beam 

 

 

Figure A6 (c) ANSYS generated III mode shape of cantilever beam 
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APPENDIX B 
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Figure B1 (a) Relative Amplitude vs. Relative distance from fixed end (1st 

mode of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 (Composite) 
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Figure B1 (b) Relative Amplitude vs. Relative distance from fixed end 

(2
nd

 mode of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 (Composite) 
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Figure B1(c) Relative Amplitude vs. Relative distance from fixed end (3
rd

 

mode of vibration) β1=0.25, β2=0.5, ψ1=0.1667 & ψ2=0.5 (Composite)  

 

 

Figure B2 (a) Magnified view at the second crack location (β1=0.5) for the 

first mode shape (Composite) 
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Figure B2 (b) Magnified view at the second crack location (β1=0.5) for 

the second mode shape (Composite) 

 

Figure B2(c) Magnified view at the third crack location (β1=0.25) for the 

third mode shape (Composite) 
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APPENDIX C 

 

Figure C1 Epochs vs mean square error for BPNN model 
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APPENDIX D 
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