
Cop
yri

gh
t

IIT
 K

ha
rag

pu
r

 viii 

 

 

CONTENTS  
 

DECLARATION               i 

APPROVAL OF THE VIVA-VOCE BOARD          ii 

CERTIFICATE             iii 

ACKNOWLEDGEMENT            iv 

ABSTRACT               v 

PREFACE              vi 

CONTENTS            viii 

NOMENCLATURE           xiv 

ABBREVIATIONS           xvi 

  
1 Introduction              1 

 

 1.1 Introduction             1 

 1.2 FRP composites: Constituents and characteristics        2  

 1.3 Functionally Graded Materials (FGM): Constituents and characteristics     4 

  1.3.1 Advantages and applications of the FGMs        5 

  1.3.2 Manufacturing aspects of the FGMs         6 

  1.3.3 Material property gradation schemes for the FGMs       7 

1.4 Joining of laminated FRP composites         8  

  1.4.1 Bonded joint constituents          9 

   1.4.1.1    Adhesive         10 

   1.4.1.2    Adherend         10 

 1.5 Adhesive bonded joint design philosophy       12 

  1.5.1 Stress analyses         13 

  1.5.2 Adhesion failure and delamination damage analyses     14 

 1.6 Joining methods used in composite piping systems      15 

1.7 Scope of adhesion failure and delamination damage analyses of  

            bonded tubular joints made with laminated FRP composites and FGMs   16      

 

               

2 Review of Literature           19 

 

 2.1 Introduction           19 

 2.2 Damage classification of bonded joints       20 

2.3 Stress and failure analyses of adhesive bonded flat joints     21 

2.3.1 Stress analyses         21 

2.3.2 Delamination damage analyses       23 

 2.4 Stress and failure analyses of adhesive bonded tubular joints    24 

  2.4.1 Stress analyses         24 

  2.4.2 Delamination damage analyses       25 

 2.5 Stress and failure analyses of Functionally Graded Materials (FGMs)   26 



Cop
yri

gh
t

IIT
 K

ha
rag

pu
r

 ix 

  2.5.1 Stress analyses         27 

  2.5.2 Failure analyses         29 

2.6 SERR: A fracture mechanics based parameter for characterizing  

the growth of adhesion failures and delamination damages in  

adhesive bonded joints         30 

2.7 Objectives of the present Thesis        31  

     

   

3 Finite Element Modelling of Adhesion Failure and Delamination  

Damage Analyses of Bonded Tubular Joints       35 

 

 3.1 Introduction           35 

 3.2 Constitutive relationship of laminated FRP composites     35 

 3.3 Constitutive elastic formulations for laminated FRP composites    41 

 3.4 Three-dimensional finite element formulations      44 

 3.5 Solution procedure          52 

 3.6 Finite element modelling of bonded tubular joints      53 

  3.6.1 Isoparametric solid brick element (SOLID 45)     53 

  3.6.2 Layered volume element (SOLID 46)      54 

  3.6.3 Multi-Point Constraint element (MPC 184)      57 

  3.6.4 Contact or gap element (CONTA 178)      57 

3.7 Mechanics of adhesion and delamination failures in bonded tubular joints   58 

3.8 Modelling and simulation of adhesion failure and delamination damages   61 

 3.8.1 Modelling approach         62 

 3.8.2 Modelling of adhesion failure and delamination damages using    

   sublaminate technique         63 

3.9 Criteria for onset and growth of failures in adhesive bonded tubular joints   64 

3.9.1 Onset of adhesion/delamination failures in adhesive bonded  

tubular joints          65 

3.9.2 Growth of adhesion/delamination failures in adhesive bonded  

tubular joints          66 

3.9.2.1    Computation of SERR using MCCI vis-à-vis VCCT   67  

  

 

4 Adhesion Failure Analyses of Bonded Tubular Single Lap Joints Made  

with Laminated FRP Composites         71 

 

 4.1  Introduction           71 

 4.2 Specimen geometry and boundary conditions      72 

 4.3 Finite element model validation                   73 

 4.4 Effective overlap length of the bonded TSLJ       74 

 4.5 Onset and growth of adhesion failures       75 

 4.6 Results and discussion         76 

  4.6.1 Three-dimensional stress analyses       76 

  4.6.2 Joint strength characteristics        78 

  4.6.3 Adhesion failure growth characteristics      79 

  4.6.4 Effect of ply-orientation on adhesion failure growth     80 

  4.6.5 Effect of adherend anisotropy on adhesion failure growth    84 

 4.7 Summary and conclusions         84 



Cop
yri

gh
t

IIT
 K

ha
rag

pu
r

 x 

 

5 Adhesion Failure Analyses of Bonded Tubular Socket Joints Made  

with Laminated FRP Composites         87 

 

  5.1  Introduction           87 

 5.2 Specimen geometry and boundary conditions      87 

 5.3 Finite element model validation        89 

 5.4 Suitable joint design parameters of the bonded TSJ      89 

  5.4.1 Gap between the adherends        89 

  5.4.2 Effective coupling length        91 

 5.5 Onset and growth of adhesion failures       94 

 5.6 Results and discussion         95 

  5.6.1 Three-dimensional stress analyses       95 

  5.6.2 Joint strength characteristics        97 

  5.6.3 Adhesion failure growth characteristics      97 

  5.6.4 Effect of ply-orientation on adhesion failure growth     99 

  5.6.5 Effect of adherend/socket anisotropy on adhesion failure growth 103 

 5.7 Summary and conclusions       104 

 

 

6 Delamination Damage Analyses of Bonded Tubular Single Lap Joints Made  

with Laminated FRP Composites       107 

 

 6.1 Introduction         107 

 6.2 Specimen geometry and boundary conditions    108 

 6.3 Finite element modelling       109 

 6.4 Onset and growth of delamination damages     110 

 6.5 Results and discussions       112 

  6.5.1 Three-dimensional stress analyses     112 

  6.5.2 Delamination damage growth characteristics    113 

   6.5.2.1    Delamination damage growth in individual adherends 114 

   6.5.2.2    Delamination damage growth in both the adherends 115 

  6.5.3 Effect of delamination damage growth on stress distributions  

in the joint        117 

   6.5.3.1    Delamination damage propagating in the outer adherend  

   only        117 

   6.5.3.2    Delamination damage propagating in the inner adherend  

   Only        118 

   6.5.3.3    Delamination damages propagating in both the  

   adherends       120 

6.5.4 Effect of delamination damage growth on interlaminar stresses  

in the adherends       121 

   6.5.4.1    Delamination damage propagating in the outer adherend  

   only        121 

   6.5.4.2    Delamination damage propagating in the inner adherend  

   only        124 

   6.5.4.3    Delamination damages propagating in both the adherends 126 

 6.6 Summary and conclusions       128 

 



Cop
yri

gh
t

IIT
 K

ha
rag

pu
r

 xi 

7 Delamination Damage Analyses of Bonded Tubular Socket Joints Made  

with Laminated FRP Composites       131 

 

 7.1 Introduction         131 

 7.2 Specimen geometry and boundary conditions    132 

 7.3 Finite element modelling       133 

 7.4 Onset and growth of delamination damages                134 

 7.5 Results and discussion       135 

  7.5.1 Three-dimensional stress analyses     135 

  7.5.2 Delamination damage growth characteristics    136 

  7.5.3 Effect of delamination damage growth on stress distributions  

in the joint        137 

  7.5.4 Effect of delamination damage growth on the interlaminar stresses  

in the adherends       139 

 7.6 Summary and conclusions       141 

 

 

8 Adhesion Failure Analyses of Bonded Tubular Single Lap Joints Made with 

 Functionally Graded Materials       143 

 

 8.1 Introduction         143 

 8.2 Specimen geometry and boundary conditions    144 

 8.3 Gradation of material properties of the adherends    145 

  8.3.1 Material property gradation in the outer adherend              145

 8.3.2 Material property gradation in the inner adherend   147 

 8.4 Finite element modelling       149 

  8.4.1 Effect of number of layers (M) used in FE mesh on stress 

   distributions in the joint       150 

 8.5 Results and discussion       155 

  8.5.1 Effect of compositional gradient exponent (n) on  

stress distributions in the joint      155 

  8.5.2 Adhesion failure growth characteristics    156 

8.5.2.1     Effect of compositional gradient exponent (n) on the  

    SERR variations      157 

8.5.2.2    Effect of compositional gradient exponent (n) on stress  

               distributions in the joint     159 

8.5.3 Comparison of performances of the bonded TSLJ made with  

laminated FRP composites and FGM adherends   161 

 8.5.3.1    Comparison based on stress distributions in the joint 161 

 8.5.3.2    Comparison based on SERR variations   163 

 8.6 Summary and conclusions       163 

 

 

9 Adhesion Failure Analyses of Bonded Tubular Socket Joints Made with 

Functionally Graded Materials        165 

 

 9.1 Introduction         165 

 9.2 Specimen geometry and boundary conditions    166 

 9.3 Gradation of material properties of the socket and adherends  167 



Cop
yri

gh
t

IIT
 K

ha
rag

pu
r

 xii 

 9.4 Finite element modelling       168 

  9.4.1 Effect of number of layers (M) on stress distributions in the joint 169 

 9.5 Results and discussion       171 

9.5.1 Effect of compositional gradient exponent (n) on the stress 

distributions in the joint       171 

  9.5.2 Adhesion failure growth characteristics    172 

9.5.2.1    Effect of compositional gradient exponent (n) on the  

   SERR variations      173 

9.5.2.2    Effect of compositional gradient exponent (n) on the 

   stress distributions in the joint    174                

9.5.3 Comparison of performances of the bonded TSJ made  

with laminated FRP composites and FGM adherends  177 

 9.5.3.1    Comparison based on stress distributions in the joint 177 

 9.5.3.2    Comparison based on SERR variations   179 

 9.6 Summary and conclusions       180 

 

 

10 Conclusions and Scope for Further Work      183 

 

 10.1 Summary         183 

 10.2 Specific conclusions        184 

10.2.1 Adhesion failure analyses of bonded TSLJs and TSJs made  

with laminated FRP composites     184 

  10.2.2 Delamination damage analyses of bonded TSLJs made  

   with laminated FRP composites     184 

  10.2.3 Delamination damage analyses of bonded TSJs made  

   with laminated FRP composites     185 

  10.2.4 Adhesion failure analyses of bonded TSLJs and TSJs made with 

   Functionally Graded Materials (FGMs)    186 

 10.3 Scope for further work       186 

 10.4 Contributions from the present Thesis     188 

 

 

References           189 

 

Publications from the Thesis 

 

Appendix I Multi-Point Constraint elements (MPC 184) 

 

Appendix II Contact or Gap element (CONTA 178) 

 

VITAE 


