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Forward

I am very happy to know that Dr. Sadhu Singh, Professor of
Mechanical Engineering of this University, has written a Textbook
on Experimental Stress Analysis. Thisisa relatively new subject not
only for Indian Universities but also for many universities all over
the world. This book, as far I know, is the first one of its kind, written
on this subject by an Indian author.

The coverage of various aspects of this subject, varying from
theory to practice, is quite comprehensive. The book, apart from
providing up-to-date information on various topics relevant to Stress
Analysis, also contains a selected bibliography at the end of each
chapter. Undoubtedly, this book will be of immense use to
Undergraduate and Postgraduate students of Engineering and
hopefully, it will also help the research workers in pursuing their
work with the consciousness of advanced work already done in the
field.

[ congratulate Dr. Singh for writing a book on this new and
developing subject and hope that the engineering students, research
workers and teachers will find it very useful.

Anand Sarup,

Vice Chancellor

G.B. Pant University of Agriculture & Technology
PANTNAGAR, Distt. Nainital (263145)

U.P.INDIA



Preface

A course on ‘Experimental Stress Analysis’ is now being offered to
students in Mechanical, Production, Civil and Aeronautical
Engineering both at the undergraduate and the postgraduate levels.
The need for a book covering the various aspects of Experimental
Stress Analysis has been felt since long.

This book has been written to serve as a textbook on
Experimental Stress Analysis. An essential feature of the book in
hand is its completeness in respects. A reasonably deep coverage is
presented on each topicincorporating the latest information available.
A number of problems have been solved in each chapter with a
purpose to illustrate the fundamental principles of various methods
of stress analysis. At the end of each chapter, quiz questions,
numerous exercises and references have been added for practice and
further reading.

The book consists of eighteen chapters. The first chapter
outlines the basic principles of elasticity. In chapters two to five,
strain gauges of different types, strain rosettes, circuits for measuring
static and dynamic strains, instrumentation and transducer
applications of strain gauges have been discussed. Semiconductor
strain gauges have been discussed in chapter six. Chapters seven and
eight deal with the two and three dimensional photoelastic methods.
In chapters nine and ten photoelastic coatings and brittle lacquer
coatings have been discussed in detail. The scattered light method
of photoelasticity has been dealt with in brief in chapter seven.
Chapter twelve deals with the grid method of strain analysis and the
moire methods of strain analysis have been discussed in chapter
thirteen. Model laws have been dealt with in chapter fourteen and
the analogous methods in chapter fifteen.

Chapter 16 is on Numerical Method followed by Photo-Holo-
Elasticity nd Photo-Orthotropic Elasticity.

A special advantage of the book is its presentation, which is
simple and thorough. The material embodied has been carefully
chosen from various research journals and books and assimilated by
the author over the past many years. It is hoped that the book will
be appreciated for the immense value it has for the readers.

I wish to record my sincere thanks to the Society for
Experimental Stress Analysis (SESA), USA ; Joint British Society
for Stress Analysis (JBSSA), Uk ; British Society for Strain
Measurements (ASME), USA and the Japanese Society of Mechanical
Engineers (JSME),Japan ; whose valuableliterature in their journals



was consulted during the preparation of this book. Thanks are also
due to M/s Photoelastic Inc. ; Vishay Intertechnology, Inc. ; BLH
Electronics ; Magnaflux Corporation ; Ailtech and Micro-
Measurements of USA ; Tinsely Telcon Ltd., UK ; CIBAGIEGY of
India Ltd. ; Electronics Corporation of India Limited, Hyderabad &!
Motwane Private Ltd., Bombay. They were very kind in sending
their literature on the various instruments manufactured by them.

I am very grateful to Sh. Anand Sarup, Vice Chancellor, G.B.
Pant Krishi Evam Praudyogik Vishwavidyalaya, Pantnagar, for
writing a beautiful foreward to the book. I am also thankful to my
many friends and celleagues from whom I received constant
encouragement and suggestions during the writing of this book.

Obviously, I shall be failing in my duty if I did not thank and
express my gratitude to my wife Mrs. Manjit and the Children,
Kamal, Gudia &Rinku, without whose patience and cooperation this
work would not have been possible.

Suggestions for the improvement of the book shall be highly
appreciated and acknowledged.

—Dr. Sadhu Singh

Dedicated to the loving sweet memory of my mother
who could not see what I am today



Contents

Chapters Pages
1. Basic Concepts of Elasticity 1—-33
1.1. Intruduction 1
1.2. Concepts of Stress 1
1.3. Transformation of Stress Components 4
1.4. Principic Stresses 6
1.5. Equilibrium Equations 7
1.6. Boundary Conditions 8
1.7. Concept of Strain i3
1.8. Transformation of Strain Components 14
1.9. Principal Strains 15
1.10. Strain Compatibility Equations 15
1.11. Stress Strain Relations 15
1.12. Two-Dimensional Analysis 16
1.12.1. Stress Analysis 16
1.12.2. Strain Analysis 16
1.13. Lame-Maxwell Equations 17
1.14. Equations of Equilibrium in Terms of Principal Stresses 20
1.15. Equations of Equilibrium Along Lines of Maximum
Shear Stress 21
1.16. Metihods of Solution of Elasticity Problems 22
1.17. Plane Stress 23
1.18. Plane Strain 24
1.19. Airy’ Stress Functions and Biharmonic Equation 25
1.19.1. Cartesian Coordinates 25
1.19.2. Polar Coordinates 25
1.20. Some Useful Results 26
1.20.1. Circular disc under diametral compression 28
1.20.2. Stresses in a thin plate with a circular hole
under uniaxial tension 28
1.20.3. Concentrated load acting on the free surface of a
semi-infinite plate 29
1.20.4. Bending of a cantilever loaded at the end 29
1.20.5. Bending of a beam by uniform load 30
1.21. Quiz Questions 30
Exercises 31
2. Strain Gauges 34—54
2.1. Introduction 34
2.2. Characteristics of a Strain Gauge 34



2.3. Mechanical Strain Gauges 35
2.4. Optical Strain Gauges 41
2.4.1. Optical lever principie 41
2.4.2. Mechanical lever principle 43
2.5. Interferometric Strain Gauge 44
2.5.1. Vose interferometer 44
2.5.2. Sharpe interferometer 45
2.5.3. Diffraction strain gauge 47
2.6. Acoustical Strain Gauge 48
2.7. Pneumatic Strain Gauge 50
2.8. Scratch Gauge 51
2.9. Quiz Questions 52
Exercises 53
3. Electrical Strain Gauges 55—115
3.1. Introduction 55
3.2, Inductance Strain Gauges 56
3.2.1. Electromagnetic strain gauge 60
3.2.2. Linear variable differential transformer (LVDT) 61
3.3. Capacitance Strain Gauge G3
3.4. Electrical Resistance Strain Gauges 65
3.5. Types of Resistance Strain Gauges 65
3.6. Selection of Gauges 70
3.7. Gauge Factor 71
3.8. Materials for Gauges 72
3.9. Carrier Materials 72
3.10. Bonding Cements 76
3.11. Lead Wire System and Materials 77
3.12. Protective Coatings a1
3.13. Strain Gauge Application Technigues 82
3.14. Temperature Compensation 83
3.15. Transverse Sensitivity 86
3.15.1. Theoretical determination of transverse
sensitivity factor B7
3.15.2. Corrections for transverse sensitivity 88
3.15.3. Determination of Poisson’s ratio 92
3.15.4. Errors in stresses 93
3.15.5. Mohr’s circle method for transverse
sensitivity corrections i
3.15.6. Experimental determination of transverse
sensitivity 101
3.16. The Stress Gauge 104
3.16.1. Grid forms 104
3.16.2. Conventional gauge as a stress gauge 106
3.16.3. Plane shear gauge 111



(ix)

3.17. Quiz Questions 111
Exercises 112
4, Strain Rosettes 116—168
4.1. Introduction 116
4.2, Stress Rosette Configurations 116
4.3. Stress-Strain Relationship 118
4.4, Computation of Strain Rosette Data 120
4.4.1. Analytical solutions 121, 130
4.4.2. Graphical solutions 133
4.4.3. Semi-graphical or vectorial layout method 140
4.4.4. Analylical expressions for solving rosettes 146
4.4.5. Plotting of stress rosette readings 149
4.5. Comparison of Strain Rosette 150

4.6. Effect of Transverse Sensitivity Errors in Strain
Rosettes 150
4.7. Three-Dimensional Strain Rosette 162
4.8. Reduction of Strain Rosettes in the Plastic Range 164
4.9. Quiz Questions 165
Exercises 165

5. Strain Gauge Circuits, Instrumentation and
Transducers 169—244
5.1. Intreduction 169
5.2. Basic Circuits {Constant Voltage Type) 170
5.2.1. The Wheatstone bridge circuit 172
5.2.2. Effect of finite load resistance 179
5.2.3. Null balance bridges 181
5.2.4. Temperature compensation 183
5.2.5. Balancing techniques 183
5.2.6. Individual strain gauge desensitization 187
5.3. Calibration Methods 189
5.4, Commercial Wheatstone Bridge 194
5.5. Strain Gauge Switching 195
5.6. Effect of Lead Wires, Switches and Slip Rings 197
5.7. The Potentiometer Circuit 202
5.7.1. Temperature compensation 204
5.7.2. Calibration 205
5.7.3. Effect of the resistance of the measuring

instrument 206
5.8. Constant Current Circuits 208
5.8.1. Wheatstone bridge circuits 209
5.8.2. Potentiometer circuits 211
5.9. Alternating Current Bridges 211
5.10. Associated Instrumentation 215
5.10.1. Static strains 215



(x)

5.10.2. Dynamic strains 220
5.10.3. Telemetry systems 227

5.11. Transducer Applications 227
5.11.1. Displacement transducer 228
5.11.2. Force transducers 229
5.11.3. Pressure transducers 232
5.11.4. Velocity and acceleration transducers 236

5.12. Quiz Questions 241
Exercises 242

6. Semiconductor Strain Gauges 245—280
6.1. Introduction 245
6.2. Semiconductor Materials 245
6.3. Semiconductor Gauges 246
6.4. Construction of Semiconductor Gauges 246
6.4.1. Gauge materials and manufacture 246
6.4.2. Types of semiconductor gauges 248

6.4.3. Properties of semiconductor strain gauges 250

6.5. Temperature Compensation 259
6.6. Circuits for Semiconductor Strain Gauges 261
6.7. Piezoresistive Accelerometer 263
6.8. Piezoelectrie Effect 265
6.9. Deformation Modes 265
6.10. Piezoelectric Materials 268
6.11. Coefficients for Piezoelectric Materials 270
6.12, Piezoelectric Strain Gauge 273
6.13. Equivalent Circuit and Y'requency Response 273
6.14. Linear Seismic Piezoelectric Accelerometer 275
6.15. Quiz Questions 279
Exercises 279

7. Two-Dimensional Photoelasticity 281—363
7.1. Introduction 281
7.2. The Nature of Light 282
7.3. Wave Theory of Light 282
7.4. Natural Double Refraction 285
7.4.1. Production of plane polarized light 285

7.5. Temporary Double Refraction 288
7.6. Stress Optic Law 288
7.7. Basic Elements of a Polariscope 290
7.7.1. Plane polariscope 291

7.7.2. Circular polariscope 292

7.8. Effect of a Stressed Model in a Plane Polariscope 293
7.8.1. Dark—Field set up 293

7.8.2. Bright—Field set up 298



(xi)

7.9. Effect of a Stressed Model in a Circular Polariscope 296
7.9.1. Dark-field set up 296

7.9.2. Bright-field set up 300

7.10. Double Exposure Photography in Photoelasticity 301
7.11. Practical Problems in a Polariscope 301
7.12. Determination of Integral Fringe Orders 303
7.13. Photoelastic Photography 304
7.14. Fractional Fringe Photography 306
7.15. Fringe Sharpening in Photoelasticity 310
7.16. Fringe Multiplication in Photoelasticity 312
7.17. Mesnager's Theorem 314
7.18. Properties of Stress Trajectories 316
7.19. Construction of Stress Trajectories 316
7.20. Isoclinics and Their Properties 319
7.21. Fractional Fringe Order Determination 320
7.21.1. Compensation techniques 320
7.21.2. Colour matching technique 330
7.21.3. Equidensometry method 331

7.22. Calibration Techniques 333
7.23. Separation of Principal stresses 376
7.24. Selection of Photoelastic Materials 356
7.25. Photoelastic Materials and Their Properties 357
7.26. Quiz Questions 360
Exercises 381

8. Three-Dimensional Photoelasticity 364—392
8.1. Introduction 364
8.2, Stress Locking-in Methods 365
8.2.1. The stress freezing method 365

8.2.2. The creep methed 366

8.2.3. The curing method 367
8.2.4. The gamma ray irradiation method 367

8.3. Material for the Models 368
8.4. Casting Technique for Models 369
8.5. Machining and Heat Treatment of Models 369
8.6. Stress Freezing Technique 369
8.7. Methods of Slicing 370
8.8, Technique of Mixing Immersion Fluids 370
8.9. Determination of Fringe Order 372
8.10. Analysis Techniques 372
8.10.1. The stresses on a free surface 372
8.10.2. The core method 375
8.10.3. Principal stresses in a general slice 376
8.10.4. The tilting stage method 377

8.11. Effective Stresses 379



(xiii)

10.2.3. Effect of refrigeration 474
10.2.4. Load required to produce secondary cracks
when stress ratiois 2: 1 475
10.3. Crack Patterns 477
10.3.1. Direct loading 477
10.3.2. Relaxation loading 479
10.4. Refrigeration Techniques 482
10.5. Load Relaxation for Compressive Stresses 483
10.6. Crack Detection Methods 483
10.7. Types of Brittle Coatings 484
10.8. Evaluation of the Coating 485
10.9. Basic Brittle Lacquer Technique 486
10.10. Lacquer Selection 486
10.11. Lacquer Application Method 489
10.12. Test Procedure 489
10.13. Calibration Method 490
10.14. Variables Influencing the Coating Behaviour 493
10.15. Advantages of Britile Coatings 495
10.16. Brittle Coating Applications 495
10.17. Brittle Lacquer Technique for GFRP 495
10.18. Quiz Questions 498
Exercises 498
11. Scattered Light Photoelasticity 504—530
11.1. Introduction 504
11.2. Preliminary Optics 507
11.3. Formation of Fringe Pattern 509
11.4. Stress Optic Law 510
11.4.1. The scattering property used as a polarizer 510
11.4.2. The scattering property used as an analyser 512
11.4.3. Effect of rotation of secondary principal stresses 513
11.5. Directions of the Secondary Principal Stresses 515
11.5.1. Approximate methods 515
11.5.2. Exact methods 516
11.6. Solution of General Three-Dimensional Problems 519
11.7. Establishing the Boundary Retardation 523
11.8. Scattered Light Technique for Two-Dimensional
Problems 225
11.9. The Scattered Light Polariscope 527
11.10. Quiz Questions 528
Exercises 529
12. Grid Method 531—540
12.1. Introduction 531
12.2. Principle of the Method 531
12.2 Strain-Displacement Relations for Large Strains 532



(xiv)

12.3.1. Normal strains 532

12.3.2. Shear strains 534

12.3.3. Small rotations 536

12.3.4. Small strains 537

12.3.5. Small rotations and small strains 537

12.4. Application of Grid 537

12.5. Displacement Measurement Method 539

12.6. Quiz Questions 539

Exercises 540

13. Moire’s Fringe Methods 541—586

13.1. Introduction 541

13.2. Fundamental Properties of the Moire’s Fringes 542

13.3. Moire’s Fringe Analysis Techniques 544

13.3.1. Geometrical approach 544

13.3.2. Displacement approach 548

13.4. Mismatch Techniques 552

13.4.1. Linear mismatch method 552

13.4.2. Moire’s grid analyzer method 533

13.4.3. Combined linear and rotational mismatch 555

13.5. Fringe Ordering 559

13.6. Sign Determination 559

13.7. Sensitivity of Moire’s Fringe Shifting 561

13.8. Moire’s Gap Effect and fringe shifting 561

13.8.1. Generalised Moire’s gap equation 561

13.8.2. Mechanism of fringe shifting 353

13.9. Sharpening and Multiplication of Moire’s Fringes 567

13.9.1. Fringe Sharpening 567

13.9.2. Fringe multiplication 569

13.10. The shadow Moire's Methods 573

13.10.1. Parallel illumination and parallel receiving 573

13.10.2. Use of curved grating in shadow Moire’s 574
13.10.3. Shadow Moir'e method with two discrete

sensitivities 577

13.11. The Reflection Moire’s Method (Ligtenberg Method) 579

13.11.1. Indirect method 579

13.11.2. Direct method 582

13.12. Applications 584

13.13. Advantages 585

13.14. Quiz Questions 585

Exercises 586

14. Similarity and Model Laws 587—605

14.1. Introduction 587

14.2. Theory of Similitude and Modelling 587



(xv}

14.2.1 Characteristic equation method 588
14.2.2. Dimensional analysis 588
14.3. Scaling Errors in Photoelectricity 595
14.3.1. Structural similarity 599
14.4. Directional Analysis 599
14.5. Quiz Questions 604
Exercises 605
15. Analogous Methods 606—634
15.1. Introduction 606
15.2. Membrane Analogy 607
15.2.1. Membrane analogy of torsion 607
15.2.2. Membrane analogy supplementing
photoelasticity 611
15.2.3. Membrane analogy techniques 612
15.2.4. Sources of error 616
15.3. Electrical Anatogy 616
15.3.1. Electrical analogy for torsion 617
15.3.2. Jacobsen’s analogy 618
15.3.3. Thum and Bautz's analogy 619
15.3.4. Swannell’s method 620
153.3.5.  Conducting sheet analogy for Laplace equation 622
154, Fluid Flow Analogy 624
15.5. Hydrodynamic Analogy 625
15.6. Electro-Optic Analogy 626
15.7. Plate Analogy 628
15.8. Electrical Network Analogy 632
15.9. Quiz Questions 632
Exercises 633
168. Numerical Methods 635—648
16.1. Introduction 635
16.2. Finite Difference Method 635
16.2.1. Relaxation Techniques 638
16.3. Finite Element Method 644
16.4. Method of Lines 647
16.5. Quiz Questions 647
Exercises 648
17. Photo-Holo-Elasticity 649—677
17.1. Introduction 649
17.2. Historical Developments 649
17.3. Laser Optics 651
17.4. Fundamentals of Holography 652

17.5. Hologram Interferometry 654



{xvi)

17.6. Holography in Photoelasticity 656
17.6.1. Two-Dimensional Photoelasticity 656
17.6.2. Three-Dimensional Photoelasticity 663
17.7. Separation of Isochromatic and Isepachic Fringe
Patterns 665
17.8. Calibration Method 673
17.9. Recording of Isoclinic Fringe Patterns 674
17.10. Fringe Multiplication Methods 675
17.11. Quiz Questions 676
Exercises 677
18, Photo-Orthotropic Elasticity 678—720
18.1. Introduction 678
18.2. Historical Developments 678
18.3. Stress-strain Relations for Orthotropic Materials 680
18.4. Determination of Elastic Constants 683
18.5. Stress-Optic Law for Unidirectional Composites 686
18.5.1. Determination of Photoelastic Constants 690
18.6. Stress-Optic Law for Orthotropic Composites 696
18.7. Stress-Optic Law for Orthotropic Materials in Biaxial
Stress Fields 702
18.8. Interpretation of Isoclinics 705
18.9, Strain Optic Law 707
18.9.1. Approximate Strain—Optic Law 710
18.10. Composite Materials 711
18.11. Manufacture of Composite Materials 713
18.12. Numerical Method for Separation of Stresses 714
18.13. Effect of Residual Birefringence 717
18.14. Experimental Determination of the Material Fringe
Values 718
18.15. Quiz Questions 719
Exercises 719
References 721
Suggested Reading 725
Subject Index 727



Experimental Stress Analysis

EXPERIMENTAL
STRESS
ANALYSIS

Publisher : KHANNA

PUBLISHERS ISBN : 9788174091823 Author : Dr. Sadhu Singh

Type the URL : http://www.kopykitab.com/product/22285

W Get this eBook



https://www.kopykitab.com/Experimental-Stress-Analysis-by-Dr-Sadhu-Singh

	Experimental Stress Analysis

