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Itskov • Hans-Ludwig Jessberger • Daniel Jun • Dirk Kamarys • Michael
Kasperski • Christoph Kemblowski •Olaf Kintzel • Andreas S. Kompalka •
Diethard König • Karsten Könke • Stefan Kopp • Wilfried B. Krätzig • San-
dra Krimpmann • Jens Kruschwitz • Detlef Kuhl • Jan Laue • Armin Lenzen
• Roland Littwin • Ludger Lohaus • Dimitar Mancevski • Günther Meschke
• Kianoush Molla-Abbassi • Jörn Mosler • Stephan Müller • Thomas Nerzak
• Hans-Jürgen Niemann • Andrzej Niemunis • Sam-Young Noh • Markus
Peters • Lasse Petersen • Yuri Petryna • Daniel Pfanner • Tobias Pfister •
Gero Pflanz • Igor Plazibat • Rainer Pölling • Markus Porsch • Thorsten
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Preface

At the beginning of 1996, the Cooperative Research Center SFB 398 finan-
cially supported by the German Science Foundation (DFG) was started at
Ruhr-University Bochum (RUB). A scientists group representing the fields
of structural engineering, structural mechanics, soil mechanics, material sci-
ence, and numerical mathematics introduced a research program on “lifetime-
oriented design concepts on the basis of damage and deterioration aspects”.
Two scientists from neighbourhood universities, one from Wuppertal and the
other one from Essen, joined the Bochum Research Center, after a few years.
The SFB 398 was sponsored for 12 years, until the beginning of 2008 – this
is the maximum possible duration of DFG financial support for an SFB.

Safety and reliability are important for the whole expected service duration
of an engineering structure. Therefore, prognostical solutions are needed and
uncertainties have to be handled. A differentiation according to building types
with different service life requirements is necessary. Life-cycle strategies to
control future structural degradations by concepts of appropriate design have
to be developed, in case including means of inspection, maintenance, and
repair. Aspects of costs and sustainability also matter.

The importance of structural life-cycle management is well recognized in
the international science community. Therefore, parallel corresponding ac-
tivities are proceeding in many countries. In Germany, two other related
SFBs were established: SFB 524 “Materials and Structures in Revitalisation
of Buildings” at Weimar University and the still running SFB 477 “Life-
Cycle Assessment of Structures via Innovative Monitoring” at Braunschweig
University of Technology. With these two SFBs, a fruitful cooperation was
developed.

The Cooperative Research Center for Lifetime-Oriented Design Concepts
(SFB 398) at Ruhr-University has carried out substantial work in many fields
of structural lifetime management. Lifetime-related fundamentals are pro-
vided with respect to structural engineering, structural and soil mechanics,
material science as well as computational methods and simulation techniques.
Stochastic aspects and interactions between various influences are included.



VIII Preface

Thus, a solid basis is provided for future practical use and, e.g. also for stan-
dardization.

The wide range of scientific topics among the specification and determina-
tion of external loading and the simulation based lifetime-oriented structural
design concepts is presented in an extraordinary format. All scientists of the
SFB 398, professors and Ph.D. students, have contributed with a great effort
in matchless team work to the present book. As a result of this, the present
work is not only a collection of project reports, in fact it is almost written
in the style of a monograph, whereby several authors fruitfully interact in all
sections from the highest to the deepest level. Within this philosophy of joint
authorship, authors are denoted in chapters and sections down to the third
level. In special cases, where authors have contributed to a selected deeper
section level, they are denoted beside the standard procedure in the regarding
text episode.

All members of SFB 398, with sincere thanks, acknowledge the financial
support of DFG over more than 12 years. The dedicated research work of all
participating colleagues and of many guest scientists from diverse countries
also is gratefully mentioned.

Finally, the great efforts of Springer-Verlag, Heidelberg, to produce this
attractive volume is appreciated very much.

Bochum, Friedhelm Stangenberg, Chairman of SFB 398
March 26th, 2009 Otto T. Bruhns, Vice-chairman of SFB 398



Contents

1 Lifetime-Oriented Design Concepts . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Lifetime-Related Structural Damage Evolution . . . . . . . . . . . . 1
1.2 Time-Dependent Reliability of Ageing Structures . . . . . . . . . . 3
1.3 Idea of Working-Life Related Building Classes . . . . . . . . . . . . . 4
1.4 Economic and Further Aspects of Service-Life Control . . . . . . 5
1.5 Fundamentals of Lifetime-Oriented Design . . . . . . . . . . . . . . . . 7

2 Damage-Oriented Actions and Environmental Impact . . . . 9
2.1 Wind Actions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Wind Buffeting with Relation to Fatigue . . . . . . . . . . . 10
2.1.1.1 Gust Response Factor . . . . . . . . . . . . . . . . . . . . 11
2.1.1.2 Number of Gust Effects . . . . . . . . . . . . . . . . . . . 14

2.1.2 Influence of Wind Direction on Cycles of Gust
Responses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.1.2.1 Wind Data in the Sectors of the Wind

Rosette . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.1.2.2 Structural Safety Considering the

Occurrence Probability of the Wind
Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.1.2.3 Advanced Directional Factors . . . . . . . . . . . . . 23
2.1.3 Vortex Excitation Including Lock-In . . . . . . . . . . . . . . . 25

2.1.3.1 Relevant Wind Load Models . . . . . . . . . . . . . . 27
2.1.3.2 Wind Load Model for the Fatigue Analysis

of Bridge Hangers . . . . . . . . . . . . . . . . . . . . . . . . 29
2.1.4 Micro and Macro Time Domain . . . . . . . . . . . . . . . . . . . 33

2.1.4.1 Renewal Processes and Pulse Processes . . . . . 34
2.2 Thermal Actions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.2.1 General Comments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.2.2 Thermal Impacts on Structures . . . . . . . . . . . . . . . . . . . 35



X Contents

2.2.3 Test Stand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.2.4 Modelling of Short Term Thermal Impacts and

Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.2.5 Application: Thermal Actions on a Cooling Tower

Shell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.3 Transport and Mobility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.3.1 Traffic Loads on Road Bridges . . . . . . . . . . . . . . . . . . . . 46
2.3.1.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.3.1.2 Basic European Traffic Data . . . . . . . . . . . . . . 47
2.3.1.3 Basic Assumptions of the Load Models for

Ultimate and Serviceability Limit States
in Eurocode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.3.1.4 Principles for the Development of Fatigue
Load Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

2.3.1.5 Actual Traffic Trends and Required Future
Investigations . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

2.3.2 Aerodynamic Loads along High-Speed Railway
Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
2.3.2.1 Phenomena . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
2.3.2.2 Dynamic Load Parameters . . . . . . . . . . . . . . . . 82
2.3.2.3 Load Pattern for Static and Dynamic

Design Calculations . . . . . . . . . . . . . . . . . . . . . . 87
2.3.2.4 Dynamic Response . . . . . . . . . . . . . . . . . . . . . . . 90

2.4 Load-Independent Environmental Impact . . . . . . . . . . . . . . . . . 92
2.4.1 Interactions of External Factors Influencing

Durability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
2.4.2 Frost Attack (with and without Deicing Agents) . . . . . 95

2.4.2.1 The ”Frost Environment”: External
Factors and Frost Attack . . . . . . . . . . . . . . . . . 96

2.4.2.2 Damage Due to Frost Attack . . . . . . . . . . . . . . 103
2.4.3 External Chemical Attack . . . . . . . . . . . . . . . . . . . . . . . . 106

2.4.3.1 Sulfate Attack . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
2.4.3.2 Calcium Leaching . . . . . . . . . . . . . . . . . . . . . . . . 107

2.5 Geotechnical Aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
2.5.1 Settlement Due to Cyclic Loading . . . . . . . . . . . . . . . . . 109
2.5.2 Multidimensional Amplitude for Soils under Cyclic

Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

3 Deterioration of Materials and Structures . . . . . . . . . . . . . . . 123
3.1 Phenomena of Material Degradation on Various Scales . . . . . 124

3.1.1 Load Induced Degradation. . . . . . . . . . . . . . . . . . . . . . . . 124
3.1.1.1 Quasi Static Loading in Cementitious

Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124



Contents XI

3.1.1.1.1 Fracture Mechanism of
Concrete Subjected to Uniaxial
Compression Loading . . . . . . . . . . . 124

3.1.1.1.2 Fracture Mechanism of Concrete
Subjected to Uniaxial Tension
Loadings . . . . . . . . . . . . . . . . . . . . . . 125

3.1.1.1.3 Concrete under Multiaxial
Loadings . . . . . . . . . . . . . . . . . . . . . . 126

3.1.1.2 Cyclic Loading . . . . . . . . . . . . . . . . . . . . . . . . . . 129
3.1.1.2.1 Ductile Mode of Degradation in

Metals . . . . . . . . . . . . . . . . . . . . . . . . 129
3.1.1.2.2 Quasi-Brittle Damage . . . . . . . . . . . 131

3.1.1.2.2.1 Cementitious
Materials . . . . . . . . . . . . 131

3.1.1.2.2.2 Metallic Materials . . . . 137
3.1.2 Non-mechanical Loading . . . . . . . . . . . . . . . . . . . . . . . . . 140

3.1.2.1 Thermal Loading . . . . . . . . . . . . . . . . . . . . . . . . 140
3.1.2.1.1 Degradation of Concrete Due to

Thermal Incompatibility of Its
Components . . . . . . . . . . . . . . . . . . . 140

3.1.2.1.2 Stresses Due to Thermal
Loading . . . . . . . . . . . . . . . . . . . . . . . 141

3.1.2.1.3 Temperature and Stress
Development in Concrete at
the Early Age Due to Heat of
Hydration . . . . . . . . . . . . . . . . . . . . . 142

3.1.2.2 Thermo-Hygral Loading . . . . . . . . . . . . . . . . . . 143
3.1.2.2.1 Hygral Behaviour of Hardened

Cement Paste . . . . . . . . . . . . . . . . . . 143
3.1.2.2.2 Influence of Cracks on the

Moisture Transport . . . . . . . . . . . . . 147
3.1.2.2.3 Freeze Thaw . . . . . . . . . . . . . . . . . . . 148

3.1.2.3 Chemical Loading . . . . . . . . . . . . . . . . . . . . . . . 150
3.1.2.3.1 Microstructure of Cementitious

Materials . . . . . . . . . . . . . . . . . . . . . . 150
3.1.2.3.2 Dissolution . . . . . . . . . . . . . . . . . . . . . 152
3.1.2.3.3 Expansion . . . . . . . . . . . . . . . . . . . . . 157

3.1.2.3.3.1 Sulphate Attack
on Concrete and
Mortar . . . . . . . . . . . . . . 157

3.1.2.3.3.2 Alkali-Aggregate
Reaction in
Concrete . . . . . . . . . . . . 158

3.1.3 Accumulation in Soils Due to Cyclic Loading: A
Deterioration Phenomenon? . . . . . . . . . . . . . . . . . . . . . . 160



XII Contents

3.2 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
3.2.1 Laboratory Testing of Structural Materials . . . . . . . . . 163

3.2.1.1 Micro-macrocrack Detection in Metals . . . . . . 163
3.2.1.1.1 Electric Resistance

Measurements . . . . . . . . . . . . . . . . . . 163
3.2.1.1.1.1 Introduction . . . . . . . . . 163
3.2.1.1.1.2 Measurement of

the Electrical
Resistance . . . . . . . . . . . 165

3.2.1.1.1.3 Calculation of the
Electrical Resistance . . 166

3.2.1.1.1.4 Experiments . . . . . . . . . 166
3.2.1.1.1.5 Experimental

Results . . . . . . . . . . . . . 167
3.2.1.1.2 Acoustic Emission . . . . . . . . . . . . . . 169

3.2.1.1.2.1 Location of
Acoustic Emission
Sources . . . . . . . . . . . . . 171

3.2.1.1.2.2 Linear Location of
Acoustic Emission
Sources . . . . . . . . . . . . . 171

3.2.1.1.2.3 Location of Sources
in Two Dimensions . . . 171

3.2.1.1.2.4 Kaiser Effect . . . . . . . . 172
3.2.1.1.2.5 Experimental

Procedures . . . . . . . . . . 172
3.2.1.1.2.6 Experimental

Results . . . . . . . . . . . . . 174
3.2.1.2 Degradation of Concrete Subjected to

Cyclic Compressive Loading . . . . . . . . . . . . . . . 180
3.2.1.2.1 Test Series and Experimental

Strategy . . . . . . . . . . . . . . . . . . . . . . . 180
3.2.1.2.2 Degradation Determined by

Decrease of Stiffness . . . . . . . . . . . . . 182
3.2.1.2.3 Degradation Determined by

Changes in Stress-Strain
Relation . . . . . . . . . . . . . . . . . . . . . . . 183

3.2.1.2.4 Adequate Description of
Degradation by Fatigue Strain . . . . 185

3.2.1.2.5 Behaviour of High Strength
Concrete and Air-Entrained
Concrete . . . . . . . . . . . . . . . . . . . . . . . 187

3.2.1.2.6 Influence of Various Coarse
Aggregates and Different
Grading Curves . . . . . . . . . . . . . . . . 189



Contents XIII

3.2.1.2.7 Cracking in the Microstructure
Due to Cyclic Loading . . . . . . . . . . . 190

3.2.1.2.8 Influence of Single Rest Periods . . . 191
3.2.1.2.9 Sequence Effect Determined by

Two-Stage Tests . . . . . . . . . . . . . . . . 193
3.2.1.3 Degradation of Concrete Subjected to

Freeze Thaw . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
3.2.2 High-Cycle Laboratory Tests on Soils . . . . . . . . . . . . . . 198
3.2.3 Structural Testing of Composite Structures of Steel

and Concrete . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
3.2.3.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
3.2.3.2 Basic Tests for the Fatigue Resistance of

Shear Connectors . . . . . . . . . . . . . . . . . . . . . . . . 212
3.2.3.2.1 Test Program . . . . . . . . . . . . . . . . . . 212
3.2.3.2.2 Test Specimens . . . . . . . . . . . . . . . . . 215
3.2.3.2.3 Test Setup and Loading

Procedure . . . . . . . . . . . . . . . . . . . . . 216
3.2.3.2.4 Material Properties . . . . . . . . . . . . . 217
3.2.3.2.5 Results of the Push-Out Tests . . . . 219

3.2.3.2.5.1 General . . . . . . . . . . . . . 219
3.2.3.2.5.2 Results of the

Constant Amplitude
Tests . . . . . . . . . . . . . . . 219

3.2.3.2.6 Results of the Tests with
Multiple Blocks of Loading . . . . . . . 222

3.2.3.2.7 Results of the Tests Regarding
the Mode Control and the Effect
of Low Temperature . . . . . . . . . . . . 223

3.2.3.2.8 Results of the Tests Regarding
Crack Initiation and Crack
Propagation . . . . . . . . . . . . . . . . . . . . 225

3.2.3.3 Fatigue Tests of Full-Scale Composite
Beams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225
3.2.3.3.1 General . . . . . . . . . . . . . . . . . . . . . . . . 225
3.2.3.3.2 Test Program . . . . . . . . . . . . . . . . . . 226

3.2.3.4 Test Specimen . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
3.2.3.5 Test Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
3.2.3.6 Material Properties . . . . . . . . . . . . . . . . . . . . . . 231
3.2.3.7 Main Results of the Beam Tests . . . . . . . . . . . 232

3.3 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236
3.3.1 Load Induced Damage . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

3.3.1.1 Damage in Cementitious Materials
Subjected to Quasi Static Loading . . . . . . . . . 237
3.3.1.1.1 Continuum-Based Models . . . . . . . . 237



XIV Contents

3.3.1.1.1.1 Damage Mechanics-
Based Models . . . . . . . . 238

3.3.1.1.1.2 Elastoplastic Models . . 244
3.3.1.1.1.3 Coupled

Elastoplastic-
Damage Models . . . . . . 244

3.3.1.1.1.4 Multisurface
Elastoplastic-
Damage Model for
Concrete . . . . . . . . . . . . 246

3.3.1.1.2 Embedded Crack Models . . . . . . . . 252
3.3.1.2 Cyclic Loading . . . . . . . . . . . . . . . . . . . . . . . . . . 255

3.3.1.2.1 Mechanism-Oriented Simulation
of Low Cycle Fatigue of Metallic
Structures . . . . . . . . . . . . . . . . . . . . . 255
3.3.1.2.1.1 Macroscopic

Elasto-Plastic
Damage Model for
Cyclic Loading . . . . . . . 256

3.3.1.2.1.2 Model Validation . . . . . 259
3.3.1.2.2 Quasi-Brittle Damage in

Materials . . . . . . . . . . . . . . . . . . . . . . 261
3.3.1.2.2.1 Cementitious

Materials . . . . . . . . . . . . 261
3.3.1.2.2.2 Metallic Materials . . . . 270

3.3.2 Non-mechanical Loading and Interactions . . . . . . . . . . 285
3.3.2.1 Thermo-Hygro-Mechanical Modelling of

Cementitious Materials - Shrinkage and
Creep . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285
3.3.2.1.1 Introductory Remarks . . . . . . . . . . . 285
3.3.2.1.2 State Equations . . . . . . . . . . . . . . . . 286
3.3.2.1.3 Identification of Coupling

Coefficients . . . . . . . . . . . . . . . . . . . . 288
3.3.2.1.4 Effective Stresses . . . . . . . . . . . . . . . 289
3.3.2.1.5 Multisurface Damage-Plasticity

Model for Partially Saturated
Concrete . . . . . . . . . . . . . . . . . . . . . . . 290

3.3.2.1.6 Long-Term Creep . . . . . . . . . . . . . . . 291
3.3.2.1.7 Moisture and Heat Transport . . . . 292

3.3.2.1.7.1 Freeze Thaw . . . . . . . . . 293
3.3.2.2 Chemo-Mechanical Modelling of

Cementitious Materials . . . . . . . . . . . . . . . . . . . 294
3.3.2.2.1 Models for Ion Transport and

Dissolution Processes . . . . . . . . . . . . 295



Contents XV

3.3.2.2.1.1 Introductory
Remarks . . . . . . . . . . . . 295

3.3.2.2.1.2 Initial Boundary
Value Problem . . . . . . . 296

3.3.2.2.1.3 Constitutive Laws . . . . 297
3.3.2.2.1.4 Migration of

Calcium Ions
in Water and
Electrolyte
Solutions . . . . . . . . . . . . 298

3.3.2.2.1.5 Evolution Laws . . . . . . 300
3.3.2.2.2 Models for Expansive Processes . . . 302

3.3.2.2.2.1 Introductory
Remarks . . . . . . . . . . . . 302

3.3.2.2.2.2 Balance Equations . . . 305
3.3.2.2.2.3 Constitutive Laws . . . . 307
3.3.2.2.2.4 Model Calibration . . . . 311

3.3.3 A High-Cycle Model for Soils . . . . . . . . . . . . . . . . . . . . . 313
3.3.4 Models for the Fatigue Resistance of Composite

Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316
3.3.4.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316
3.3.4.2 Modelling of the Local Behaviour of Shear

Connectors in the Case of Cyclic Loading . . . 317
3.3.4.2.1 Static Strength of Headed Shear

Studs without Any Pre-damage . . . 317
3.3.4.2.2 Failure Modes of Headed Shear

Studs Subjected to High-Cycle
Loading . . . . . . . . . . . . . . . . . . . . . . . 322

3.3.4.2.3 Correlation between the
Reduced Static Strength and
the Geometrical Property of the
Fatigue Fracture Area . . . . . . . . . . . 327

3.3.4.2.4 Lifetime - Number of Cycles
to Failure Based on Force
Controlled Fatigue Tests . . . . . . . . . 329

3.3.4.2.5 Reduced Static Strength over
Lifetime . . . . . . . . . . . . . . . . . . . . . . . 330

3.3.4.2.6 Load-Slip Behaviour . . . . . . . . . . . . 332
3.3.4.2.7 Crack Initiation and Crack

Development . . . . . . . . . . . . . . . . . . . 334
3.3.4.2.8 Improved Damage Accumulation

Model . . . . . . . . . . . . . . . . . . . . . . . . . 337
3.3.4.2.9 Ductility and Crack Formation . . . 341



XVI Contents

3.3.4.2.10 Finite Element Calculations of
the (Reduced) Static Strength
of Headed Shear Studs in
Push-Out Specimens . . . . . . . . . . . . 341

3.3.4.2.11 Effect of the Control Mode -
Effect of Low Temperatures . . . . . . 344

3.3.4.3 Modelling of the Global Behaviour of
Composite Beams Subjected to Cyclic
Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 345
3.3.4.3.1 Material Model for the Concrete

Behaviour . . . . . . . . . . . . . . . . . . . . . 345
3.3.4.3.2 Effect of High-Cycle Loading

on Load Bearing Capacity of
Composite Beams . . . . . . . . . . . . . . . 346

3.3.4.3.3 Cyclic Behaviour of Composite
Beams - Development of Slip . . . . . 349

3.3.4.3.4 Effect of Cyclic Loading on
Beams with Tension Flanges . . . . . 350

3.4 Numerical Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351
3.4.1 Durability Analysis of a Concrete Tunnel Shell . . . . . . 351
3.4.2 Durability Analysis of a Cementitious Beam

Exposed to Calcium Leaching and External
Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354

3.4.3 Durability Analysis of a Sealed Panel with a
Leakage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 356

3.4.4 Numerical Simulation of a Concrete Beam Affected
by Alkali-Silica Reaction . . . . . . . . . . . . . . . . . . . . . . . . . 359

3.4.5 Lifetime Assessment of a Spherical Metallic
Container . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362

4 Methodological Implementation . . . . . . . . . . . . . . . . . . . . . . . . . 365
4.1 Fundamentals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365

4.1.1 Classification of Deterioration Problems . . . . . . . . . . . . 366
4.1.2 Numerical Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 368
4.1.3 Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369
4.1.4 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 370

4.2 Numerical Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 372
4.2.1 Generalization of Single- and Multi-field Models . . . . . 372

4.2.1.1 Integral Format of Balance Equations . . . . . . 373
4.2.1.2 Strong Form of Individual Balance

Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 374
4.2.2 Strategy of Numerical Solution . . . . . . . . . . . . . . . . . . . . 376
4.2.3 Weak Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377

4.2.3.1 Weak Form of Coupled Balance Equations . . 377


