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ABSTRACT 

The lug is the subject matter of the present study, It is used in 

structures, load lifting and load carrying systems and machinery items because 

it is also used in aircraft structures, its study has attracted serious and often 

classified research attention. Increasingly sophisticated methods are being 

employed for investigating the distributions of stress, strain and displacement 

in the body of the lug both in elastic and elasto-plastic range of deformation. 

The present work is focussed on the analysis of stress and measurement of 

strain in a lug. It deals with the development of an approximate boundary 

element model for the engineering analysis of elastic deformation of the lug, a 

finite element model for the analysis of - its plastic deformation and an 

experimental procedure based upon the moire fringe technique for the 

measurement of strain in the lug. 

The boundary element method has been chosen to analyze the elastic 

deformation of the lug because it offers distinct advantages over the finite 

element method. The proposed boundary element method is based upon the 

so-called fictitious stress formulation. While the ligament is considered as 

elastic, the pin is taken as rigid. The governing equations are solved by means 

of guassian elimination. A Fortran program called as BEM2D has been 

developed for solving the model. The model is capable of providing useful 

results on stress and strain distributions in the lug under a variety of loading 
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and frictional conditions. It can assist the designer explore alternative lug 

designs and assess the reliability of a cracked lug. 

A'rigid-plastic finite element model has been proposed for approximate 

engineering analysis of permanent deformation of the lug caused by 

overloading resulting from misuse or accident. The lug material has been 

idealized as rigid-workhardening. A flow formulation has been adopted for 

driving the system equations and the incompressibility condition is enforced 

through a penalty approach. A special purpose finite element code, developed 

by an earlier scholar at lIT Delhi, was suitably modified and enlarged to suit the 

requirements of the proposed model. This program automatically generates 

triangular as well as quadrilateral meshes. The program regenerates a mesh 

whenever the previous mesh gets overly distorted. The total deformation of the 

lug is divided into a large number of increments. The lug geometry is adopted 

at the end of each increment. Computational results on the process of 

deformation, changing distributions of stress and strain and the variation of the 

pin load with pin displacement have been obtained. It is expected that the 

proposed model will help the analyst estimate damage accumulation and 

evaluate joint safety under abnormal loading conditions. 

The moire fringe method has been used to measure actual strain 

distribution in the lug. Procedures have been developed for preparing 

specimens and reproducing gratings on their surface. A loading rig has been 

designed and fabricated for imparting deformations to the specimens. 
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Aluminum, araldite and brass have been used as the specimen materials. 

Gratings of 1000 lines per inch (40 lines per mm) were photographed on the 

models. The mismatch method was used to improve the sensitivity of the 

method. A master grating of 990 lines per inch (39 line per mm) was also 

prepared. It was oriented in two orthogonal directions in order to produce the u-

moire and v- moire fringe patterns. The fringe patterns were photographed and 

analyzed to obtain the distribution of normal and shear strains in the lug. The 

measured strains were used to study the distribimtion of strain in the lug and 

also to test the validity of the proposed boundary element and finite element 

models for stress analysis of the lug. 

The results of the present investigation show that the proposed 

boundary element and finite element models are computationally efficient and 

robust, and yield satisfactory results. Also the experimental procedures 

developed for measuring strains in the lug are reliable and provide good whole 

field moire solutions to the lug problem. 

vi 



TABLE OF CONTENTS 

PAGE 
CERTIFICATE 	 i 

ACKNOWLEDGEMENT 	 ii 

ABSTRACT 	 iv 

LIST OF FIGURES 	 x 

LIST OF TABLES 	 xiv 

CHAPTER - I 	INTRODUCTION 1 
1.1 THE LUG JOINT 1 
1.2 PRESENT INVESTIGATION 2 

1.3 OBJECTIVES OF THE PRESENT STUDY 4 

1.4 LAYOUT OF THESIS 5 

CHAPTER - II 	LITERATURE REVIEW 11 
2.1 INTRODUCTION 11 
2.2 ANALYTICAL MODELS 12 
2.3 NUMERICAL MODELS 14 
2.4 EXPERIMENTAL STUDIES 23 
2.5 CONCLUSION 25 

CHAPTER - III 	ELASTIC STRESS ANALYSIS 28 
3.1 INTRODUCTION 28 
3.2 THE PROPOSED MODEL 29 
3.3 BOUNDARY ELEMENT METHOD 30 
3.4 GOVERNING EQUATIONS 31 
3.5 BOUNDARY DISCRETIZATION 32 
3.6 DERIVATION OF SYSTEM EQUATIONS 33 
3.7 SOLUTION OF SYSTEM EQUATIONS 40 
3.8 COMPUTATIONAL ALGORITHM AND 41 

vii 



COMPUTER PROGRAM 

3.9 COMPUTATIONAL RESULTS 42 

i) 	Verification of the proposed model 44 

ii) 	Deformation pattern 46 

iii) 	Distribution of stress 46 

iv) 	Distribution of stresses on the hole boundary 47 

v) 	Distribution of stress on a horizontal section 49 

through the hole centre 

vi) 	Effect of the contact length 49 

vii) 	Effect of coefficient of friction 50 

viii) 	Effect of interference 51 

ix) 	Stress distribution in the presence of a 52 

radial crack 

x) 	Effect of geometric parameters of the ligament 54 

3.10 CONCLUSION 55 

CHAPTER — tV 	INELASTIC STRESS ANALYSIS  

4.1 INTRODUCTION 93 

4.2 PROPOSED MODEL 94 

4.3 ANALYSIS OF THE MODEL 95 

4.4 DISCRETIZATION OF THE FLOW PROBLEM 97 

4.5 SOLUTION OF SYSTEM EQUATIONS 101 

4.6 BOUNDARY CONDITIONS 103 

4.7 FINITE ELEMENT CODE 107 

4.8 COMPUTATIONAL RESULTS 109 

i) 	Verification of the proposed model 110 

ii) 	Deformation pattern 111 

iii) 	Distribution of stress and strain 112 

iv) 	Distribution of stresses on the hole boundary 113 

v) 	Distribution of stress on a horizontal section 114 

through the hole centre 

viii 



vi) Variation of pin load and stress intensity factor 115 

with pin displacement 

vii) Effect of varying the contact length 	116 

viii) Stress distribution in the presence of a 	117 

radial crack 

ix) Effect of geometric parameters of the ligament 117 

4.9 CONCLUSION 	 118 

CHAPTER - V 	STRAIN MEASUREMENT 149 

5.1 INTRODUCTION 149 

5.2 MOIRE TECHNIQUE 150 

5.3 FRINGES PRODUCED BY LINEAR GRATINGS 152 
OF DIFFERENT PITCH 

5.4 PREPARATION OF SPECIMENS 154 

5.5 REPRODUCTION OF GRATING ON THE 156 

SPECIMENS 

5.6 LOADING RIG 160 

5,7 PROCEDURE OF EXPERIMENTATION 161 

5.8 CALCULATION OF STRAIN COMPONENTS 162 

5.9 EXPERIMENTAL RESULTS 163 

i) Strain distribution 165 

ii) Validation of Numerical Models 168 

5.10 CONCLUSION 169 

CHAPTER — VI 	CLOSURE 198 

6.1 FULFILMENT OF OBJECTIVES 198 

6.2 SUGGESTIONS FOR FURTHER STUDY 200 

REFERENCES 	 202 
BRIEF BIODATA OF THE AUTHOR 	 209 

RESEARCH PAPERS BASED ON PRESENT WORK 	 210 

ix 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10

