
Table of Contents
Preface................................................................................................... XI

1 Historical review...................................................................................  1
References.............................................................................................  13

2 Fundamentals of strain gage technology...........................................  17
2.1 Measurement principle and structure................................................  17
2.1.1 Basic principles..................................................................................... 17
2.1.2 Carrier material....................................................................................  30
2.1.3 Measuring grid material......................................................................  32
2.2 Sensitivity..............................................................................................  35
2.3 Transverse sensitivity........................................................................... 42
2.4 Temperature effects.............................................................................  47
2.4.1 Temperature effect on sensitivity........................................................  47
2.4.2 Thermal output of strain gages...........................................................  49
2.5 Mechanics of the strain gage............................................................... 55
2.5.1 Strain transfer from the measurement object to the

measurement grid................................................................................. 55
2.5.2 Creep.....................................................................................................  57
2.5.3 Hysteresis..............................................................................................  64
2.6 Influence of pressure...........................................................................  66
2.6.1 Hydrostatic pressure............................................................................  66
2.6.2 Operation in a vacuum........................................................................  72
2.7 Dynamic behaviour..............................................................................  74
2.7.1 First measurements using graphite layer strain gages.........................  74
2.7.2 Fatigue strength....................................................................................  75
2.7.3 Shock load............................................................................................  80
2.7.4 Fatigue-life gage....................................................................................  82
2.8 Heat dissipation....................................................................................  84
2.9 Measuring at elevated temperatures................................................... 87
2.9.1 Previews................................................................................................. 87
2.9.2 Weldable encapsulated tube strain gages............................................  90
2.9.3 Free-filament strain gages.................................................................... 93
2.10 Stress gages........................................................................................... 94

References.............................................................................................  98

3 Installation of strain gages...................................................................  109
3.1 Preparatory work.................................................................................  109
3.1.1 General preparation.............................................................................  109
3.1.2 Preparation of the strain gage.............................................................  110
3.1.3 Preparation of the measurement point............................................... 110
3.2 Methods of fastening............................................................................  112

http://d-nb.info/1099112761


3.2.1 Requirements........................................................................................ 112
3.2.2 Cyanoacrylate........................................................................................ 114
3.2.3 Methyl acrylate.....................................................................................  116
3.2.4 Epoxy adhesives....................................................................................  117
3.2.5 Phenolic resin adhesives....................................................................... 119
3.2.6 Ceramic putty........................................................................................ 120
3.2.7 Flame spraying.....................................................   121
3.2.8 Spot welding.........................................................................................  123
3.3 Different measurement object materials.............................................  124
3.3.1 Glass, enamel, glazed porcelain........................................................... 124
3.3.2 Concrete................................................................................................  124
3.3.3 Wood.....................................................................................................  127
3.3.4 Plastics................................................................................................... 129
3.4 Measurement point protection............................................................ 134
3.5 Quality tests of the strain gage installation......................................... 140

References.............................................................................................. 142

4 The Wheatstone bridge circuit............................................................  147
4.1 Circuit principle...................................................................................  147
4.2 Basic equation of the bridge circuit..................................................... 147
4.3 Temperature compensation................................................................. 152
4.4 Limit of the bridge signal resolution...................................................  155
4.5 Examples of some elementary bridge circuits.................................... 156

References.............................................................................................  162

5 Adjustment and compensation circuits............................................... 163
5.1 General.................................................................................................. 163
5.2 Compensation of zero shift with temperature change and

zero adjustment....................................................................................  166
5.3 Compensation of temperature effects on the sensitivity and

linearity measures................................................................................. 171
5.4 Adjustment of the characteristic value................................................ 176
5.5 Creep compensation............................................................................  178
5.6 Full-bridge circuits connected in parallel...........................................  179

References.............................................................................................  182

6 Cable between the strain gage bridge circuit and measuring
instrument............................................................................................. 183

6.1 Basic.......................................................................................................  183
6.2 Ohmic resistance of the cable.............................................................  183
6.2.1 Preliminary remarks.............................................................................  183
6.2.2 Ohmic resistance of the cable in full-bridge circuits.........................  183
6.2.3 Ohmic resistance of the cable in half and quarter-bridge circuits...  185
6.3 Influence of cable capacitance.............................................................  187
6.3.1 Preliminary remarks.............................................................................  187
6.3.2 Capacitive asymmetry..........................................................................  188



6.3.3 Phase shift.............................................................................................  189
6.3.4 Amplitude drop....................................................................................  191
6.4 Full-bridge connection in four-wire technology................................  193
6.5 Six-wire circuit...................................................................................... 196
6.6 Dual-channel principle........................................................................  197
6.7 Connection of half and quarter bridges.............................................. 200
6.8 Protection against disturbing influences.............................................  204
6.8.1 Protection against electrical and magnetic fields...............................  204
6.8.2 Electromagnetic compatibility.............................................................  206
6.8.3 Protection against overvoltage............................................................  207

References.............................................................................................  210

7 Signal processing.................................................................................  211
7.1 Introductory viewing...........................................................................  211
7.2 Analogue instrumentation amplifier...................................................  212
7.2.1 Structure of analogue signal processing.............................................  212
7.2.2 Bridge supply with carrier frequency..................................................  214
7.2.3 Bridge supply with direct current.......................................................  219
7.3 Digital amplifier concepts....................................................................  222
7.3.1 Computer controlled analogue amplifier...........................................  222
7.3.2 New methods of analogue-to-digital conversion...............................  223
7.3.3 Structure of digital measuring amplifier.............................................  225
7.4 Compensation method.........................................................................  228
7.5 Multipoint measurement..................................................................... 232
7.5.1 Preliminary remarks.............................................................................  232
7.5.2 Serial multipoint measurement...........................................................  233
7.5.3 Parallel multipoint measurement........................................................  236

References.............................................................................................  239

8 Calibration of devices for measuring with strain gages...................... 241
8.1 Introduction..........................................................................................  241
8.2 Measurement chain..............................................................................  241
8.3 Characteristic and sensitivity............................................................... 243
8.4 Calibration of the entire measurement chain as a

measuring device..................................................................................  245
8.5 Compensators......................................................................................  246
8.6 Transducers.......................................................................................... 247
8.6.1 Transducers calibrated by the manufacturer.....................................  247
8.6.2 Calibrating transducers self-made by the user................................... 248
8.7 Calibration measures...........................................................................  249
8.7.1 Calibration unit.................................................................................... 249
8.7.2 Measurement amplifier with built-in calibration device...................  250
8.7.3 Shunt calibration..................................................................................  251
8.8 Calibration of measuring arrangements with self-installed

strain gages............................................................................................ 255
8.8.1 Wheatstone bridge circuit...................................................................  255



8.8.2 Example of the calibration of a measuring device for measuring
with self-installed strain gages.............................................................  256
References.............................................................................................. 257

9 Determination of mechanical stresses from strains measured with
strain gages...........................................................................................  259

9.1 Introduction..........................................................   259
9.2 Terms of stress and strain...................................................................  260
9.3 Elastic deformation and stress of a tensile rod under uniaxial

tensile loading....................................................................................... 262
9.4 The biaxial stress state.........................................................................  269
9.5 Mohrs circle.........................................................................................  272
9.6 Deformation circle................................................................................  277
9.7 Types of rosettes and grid notation..................................................... 280
9.8 Evaluation formulas for 0/45/90° strain gage rosettes.......................  281
9.9 Evaluation formulas for 0/60/120° strain gage rosettes.....................  285

References.............................................................................................. 288

10 Application examples of elastic deformation.....................................  289
10.1 Initial considerations............................................................................ 289
10.2 Principal directions are known...........................................................  291
10.2.1 Examples of measurement objects loaded longitudinally.................. 291
10.2.2 Measurement objects subject to bending loads.................................  291
10.2.2.1 Initial consideration.............................................................................  297
10.2.2.2 Bending beam clamped at one end..................................................... 298
10.2.2.3 Bending beam clamped at both ends..................................................  302
10.2.2.4 Bending beam freely supported at both ends....................................  306
10.2.3 Measurement objects subject to torsion loads................................... 308
10.2.4 Shear stresses in a beam....................................................................... 312
10.3 Stress analysis for unknown principal directions............................... 319
10.3.1 Example of stress analysis using a 0/60/120° rosette......................... 319
10.3.2 Loading of a shaft with superimposed torsion and bending............... 322
10.4 Simultaneous measurement of multiple load components...............  327
10.5 Diaphragm rosettes..............................................................................  334
10.5.1 Basics.....................................................................................................  334
10.5.2 Example of dimensioning a membrane for pressure

measurements....................................................................................... 338
References.............................................................................................. 339

11 Determination of thermal stresses......................................................  343
11.1 Emergence of thermal stresses............................................................  343
11.2 Sensing the prevented thermal expansion at identical temperature

at the compensation gage and the active strain gage......................... 345
11.3 Determination of the restricted thermal expansion by

computational correction of the measured values with previously 
measured thermal outputs on dummies.............................................  347



11.4 Determination of the restricted thermal expansion by mathematical
correction with the thermal outputs determined at the original 
measurement object.............................................................................  349

11.5 The ‘reversible' strain gage..................................................................  349
11.6 Separation of the mechanical strain from the thermal strain...........  350
11.7 Compensated half-bridge strain gage with compensation resistor...  352

References.............................................................................................  353

12 Strain gages as a means for experimental determination of
residual stresses........................................................................

12.1 Preliminary observation...........................................................
12.2 Cutting-down method..............................................................
12.3 Layer removal method
12.4 Ring-core method.....................................................................
12.4.1 Principle of the ring-core method..........................................
12.4.2 Application of the method.......................................................
12.4.3 Electrical connection of the ring-core rosette........................
12.4.4 Practical application example..................................................
12.4.5 Multi-stage application of the ring-core method...................
12.4.6 Modified ring-core rosettes for smaller core diameters........
12.5 Hole-drilling method.............................. .................................
12.5.1 Introduction..............................................................................
12.5.2 Residual stress as an integrated mean value over the

drilling depth............................................................................
12.5.2.1 Introductory remarks...............................................................
12.5.2.2 Stress distribution in the vicinity of a hole.............................
12.5.2.3 Strains measured......................................................................
12.5.2.4 Computation of the residual stress state.........................................
12.5.3 Determination of the residual stress distribution in relationship to

the depth................................................. ............................................
12.5.4 Forming the hole.................................................................................

References............................................................................................

355
355
357
364
371
371
377
379
380 
388 
391 
394 
394

396
396
397 
400
403

404 
409 
411

13 Stress analysis using strain gages in the elastoplastic deformation
range.....................................................................................................  419

13.1 Introduction..........................................................................................  419
13.2 Equivalent state with elastic deformation..........................................  420
13.3 Elastoplastic deformation..................................................................... 422
13.4 Stress analysis.......................................................................................  423
13.5 Practical Example of application......................................................... 425
13.6 Tensorial representation of the elastoplastic deformation................  428

References.............................................................................................  431

14 Strength theories................................................................................... 433
14.1 Preview.................................................................................................  433
14.2 Concept of effective stress.................................................................... 434



14.3 Experimental results............................................................................. 437
14.4 Maximum stress theory.......................................................................  441
14.5 Maximum shear theory......................................................................... 442
14.6 Extended shear theory..........................................................................  443
14.7 Plastic potential theory........................................................................  444
14.8 Distortion energy (shape changing) theory......................................... 446
14.9 Octahedral plane shear stress theory...................   449

References.............................................................................................. 450

Index......................................................................................................  451


