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Introduction

CATHODIC PROTECTION as a supplement to surface coating has in recent years
proved to be the most effective and most economical form of protection against
corrosion in extensive fields of technology.

The technique cannot be successfully applied without a thorough knowledge
of the foundations of corrosion practice and extensive research into the best
methods of controlling corrosion systems. A guide to the technology of cathodic
protection filling these requirements has not previously been available in the
German language.

Both editors of this book are not only well-known experts on basic corrosion
science and protection but also on the technology of corrosion protection. They,
together with their associated contributors, are to be congratulated for their
efforts in uniting modern theory and practice in this handbook. They have
succeeded in presenting the fundamentals and techniques in a precise and
straightforward manner. I hope that as many technologists as possible will
study this book, and I am quite sure that it will make a great contribution to
the proper application and development of cathodic protection.

ProF. DR. HANS-JURGEN ENGELL
(Corrosion Working Party)



Foreword

THE DISCOVERY and use of metals at the end of the stone age was one of the
most important steps in the development of modern technology. Most base
metals are, unfortunately, not stable. In unfavourable environments they can
be destroyed at variable rates by corrosion. The study of such corrosion
reactions and the methods by which metallic corrosion can be fought is a task
of great economic significance.

The processes of cathodic protection can be scientifically explained far more
concisely than many other protective systems. Metallic corrosion in aqueous
solutions or in the soil is principally an electrolytic process controlled by an
electric tension, i.e. the potential of a metal in an electrolyte solution. Accord-
ing to the laws of electrochemistry the reaction tendency and the rate of reaction
will decrease with reducing potential. Although these relationships have been
known for more than a century and although cathodic protection has been
practised in isolated cases for a long time, it required an extended period for
its technical application on a wider scale. This may have been because cathodic
protection used to appear far-fetched and strange and the electrical engineering
requirements hindered its practical application. The practice of cathodic pro-
tection is indeed more complex than its theoretical base.

There are extensive publications on many specific individual problems to-
gether with practical instructions. However, it was difficult for the technologist
in Germany to master the subject, as no comprehensive up-to-date publication
was available in German. The Sub-committee for Corrosion of the DVGW
instigated the publication of a Handbook of Cathodic Protection, and a number
of members offered their co-operation as authors of individual chapters.

The Handbook deals mainly with the practice of cathodic protection, but the
discussion includes fundamentals and related fields as far as these are necessary
for a complete review of the subject. We thought it appropriate to include a
historical introduction in order to explain the technological development of
corrosion protection. The second chapter explains the theoretical basis of
metal corrosion and corrosion protection. We have deliberately given practical
examples of combinations of various materials and media in order to exemplify
the numerous fields of application of electrochemical protection.

At present cathodic protection is only generally applied in contact with
natural waters and soil, but for the future applications are envisaged for indus-
trial plants and containers. For this reason we have included a chapter on
anodic protection which has been applied in isolated cases during the last ten
years. Cathodic 4nd anodic protection are basically very similar systems and
justify the description electrochemical protection in the sub-title of this book.

Most applications combine cathodic protection with a physical protection
system, or surface coating. The chapter on physical protective systems seemed
appropriate because of the various interactions which must be allowed for. A
chapter on general measuring technology has also been added since the practice
of cathodic protection has repeatedly shown how important is the careful study
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FOREWORD

of measuring problems. It requires experience to account for possible sources
of error in calculations, and it is always necessary to check unusual measured
results by independant monitoring. Impressed current installations present
particular measurement problems, remembering that an installation with
reversed polarity generates intensive corrosion. This is worse than an inopera-
tive system or no corrosion protection at all.

Further chapters cover in detail the characteristics and applications of
galvanic anodes and of cathodic protection rectifiers, including specialised
instruments for stray current protection and impressed current anodes. The
fields of application discussed are: buried pipelines, storage tanks, tank farms,
telephone, power and gas-pressurised cables, ships, harbour installations and
the internal protection of water mains and industrial plant. A special chapter
deals with the problems of high-tension effects on pipelines and cables. A study
of costs and economic factors concludes the discussion. The appendix contains
those tables and mathematical derivations which appeared appropriate for
practical purposes and for rounding-off the subject.

The editors take the opportunity to thank all the contributors for their
efforts, Ruhrgas AG and Mannesmann Research Institute GmbH for their
kind assistance, and last but not least the publishers Verlag Chemie for their
generous help in publishing and designing this handbook.

Essen and Duisburg, W. v. BAECKMANN
Spring, 1971 AND W. SCHWENCK
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Note on “potential” and “tension”

IT 1s usual in English to use the terms “ potential ”, * potential difference ” or
“ electromotive force ” to describe quantities commonly met in electrochemi-
cal and corrosion studies. In fact the CITCE Committee on Electrochemical
Nomenclature and Definitions recommends a different system. “ Potential ” is
reserved to mean the absolute charge density within a phase. Differences be-
tween the potentials of phases are referred to as “ Tensions ™.

The translators have retained the system used by the authors, which may be
described as follows:

Potential. This term describes a value measured without significant current
drain in the measuring circuit. The value is actually a potential difference with
respect to a standard reference electrode.

Tension. This is a potential difference or electromotive force across a cell,
or between two terminals. It may be roughly equated to the expression
“voltage ” and implies a practical measurement rather than a theoretical con-
cept.

While the “ Tension” nomenclature has not generally been adopted in
textbooks of electrochemistry, its use in electrical engineering is very familiar,
particularly from phases such as ““ high tension ”.

British Standard Code of Practice CP 1021 : 1973

Since the preparation of the English translation of this book a British
Standard Code of Practice relevant to Cathodic Protection has been issued.
Where appropriate this should be consulted in addition to the standards and
regulations quoted in the text. The code of practice also includes a glossary
of technical expressions in common use which do not always correspond
with those used in this translation. For example, the descriptive term
“ applied current testing ” is used instead of the common expression ““ drainage
testing ” (British Standard) or  polarisation testing ”, both of which can
carry other connotations in the field of corrosion technology.

See also the note on “ Potential and Tension .

Xix



7862319

Contents

LIST OF AUTHORS xviii

Chapter 1
THE HISTORY OF CORROSION PROTECTION

by W. v. Baeckmann 1
1 Corrosion protection for buried pipelines 1
2 Protection by painting 9
3 History of cathodic protection 11
4 Development of stray current protection 15
Chapter 11
FUNDAMENTALS OF CORROSION AND OF ELECTROCHEMICAL CORROSION
PROTECTION
by W. Schwenk 21
1 Theory of electrochemical processes in corrosion 21
1.1 Important corrosion properties of metals and aqueous media 21
1.2 Electrochemical partial reactions during corrosion 24
1.3 Electrochemical thermodynamics 25
1.4 Electrochemical kinetics 27
1.5 Mixed electrodes 32
2 Current density-potential relations and the influence of the

reacting species 37
21 Anodic partial current-density curves of active metals 37
22 Anodic partial current density-potential curves of passive metals 39
23 Significant parameters of materials undergoing corrosion 40
2.4 Significant parameters of the corrosion medium 43
3 Formation and operation of corrosion cells 45
31 Reasons for the formation of heterogeneous surface conditions 46
3.2 Cell formations and local corrosion by external combinations

and influences 49
4 Evaluation of soil aggressivity 50
5 Corrosion protection techniques 56
il Suitability of protection techniques for use in combination 56
5.2 Criteria for electrochemical protection 58
6 Characteristics and requirements of measuring techniques 60
6.1 Measurement of current density-potential curves 60
6.2 Potential measurement on current-carrying electrodes 61
Chapter I11
PHYSICAL CORROSION PROTECTION
by G. Heim 68
1 General 68

ix



CONTENTS

2 Electrochemical properties of protective coatings 69
3 Mechanical properties 74
4 Physico-chemical properties 77
5 Specific wrapping resistance and cathodic current density 79
6 Influence of the protective cathodic current on the coating 83
7 Inorganic coatings 85
8 Economic considerations 86
Chapter IV

TECHNOLOGY OF MEASUREMENT

by W. v. Baeckmann 89
1 General 89
Z Potential measurement 90
2.1 Voltmeters 93
2.4l Indicating instruments 95
2:1.2 Electronic voltmeters 96
213 Recorders 97
2.2 Determination of mean values 98
23 Alternating tension measurement and effects 99
2.4 Reference electrodes 99
3 Current measurements 101
31 Pipe current measurements 101
3.2 Measuring instruments 104
33 Measurement of protective current density 105
4 Resistance measurement 106
41 Measurement of specific soil resistance 107
4.2 Measurement of earth field resistance 111
43 Resistance measuring instruments 112
5 Location of faults 114
54 Fault location using d.c. 115
5.2 Fault location with a.c. 116
6 Coating defect location 117
7 High-tension hole testing 119
Chapter V

PROPERTIES OF GALVANIC ANODES

by H. Stein 121
1 Anode materials 122
131 Aluminium anodes 122
1.2 Magnesium anodes 123
1.3 Zinc anodes 124
1.4 Multi-layer anodes 125
15 Life span of galvanic anodes 125
2 Shape of anode 126

X



CONTENTS

3 Surrounding electrolyte 126
3.1 Current discharge underground 126
3.2 Anodes for protection in soils 127
3.3 Backfill materials 130
34 Fresh water 132
35 Sea water 133
4 Advantages and disadvantages of galvanic anodes 134
Chapter V1

IMPRESSED CURRENT EQUIPMENT

by F. Wolf 136
1 Location and housing 136
1.1 Artificial stone rectifier housing 137
1.2 Sheet steel rectifier box 137
13 Plastic rectifier box 138
2 Rectifier 139
2.1 Rectifier size 139
2.2 Rectifier types 139
2.3 A.C. or three phase rectifiers 140
2.4 Controllable transformer-rectifiers 140
245 Transformer-rectifiers for forced drainage of stray current 141
2.6 Unregulated transformer-rectifiers 141
2.4/ Current smoothing protective transformer-rectifiers 143
2.8 Galvanostatic protective transformer-rectifiers 144
2.9 Potentiostatic protective transformer-rectifiers 144
3 Operation, monitoring and maintenance 145
3.1 Current and tension meters 146
2.2 Current and tension recorders 147
3.3 Automatic circuit breakers, time switches, event recorders 147

Chapter VII
IMPRESSED CURRENT ANODES, TENSION CONTOURS AND INTERACTIONS

by W. v. Baeckmann and W. Prinz 149
1 Materials for impressed current anodes and bedding 149
1.1 Anode materials 149
1.2 Bedding materials 151
2 Arrangement of impressed current anodes 152
24 Extended anode beds 153
2.2 Individual anodes 154
3 Economical lay-out of anode and cables 157
4 Tension gradients 159
4.1 Anodic tension hills 160
42 Cathodic tension wells 161
5 Interaction with foreign lines 162

xi



CONTENTS

il Cathodic interaction
342 Anodic interaction
5.3 Suppression of interactions

Chapter VIII

PIPELINES

by F. Martin and P. Pickelmann

1 Conditions for cathodic protection

471 Electrical conduction along pipelines

152 Pipeline connectors

1.3 Electrical resistance of pipe coatings

1.4 Precautions during construction

1.4.1 Insulating connectors

1.4.2 Precautions for electrically-operated gate valves and regulators
1.4.3 Precautions for pipes traversing concrete walls

144 Metallic contacts with crossing lines and cables

1.4.5 Measuring stations

2 Design of cathodic protection systems

2.1 Protective range of a cathodic protection installation

2.2 Site selection for a cathodic protection installation

23 Applied current tests (Polarisation or current drainage tests)
24 Example of planning cathodic protection for a new pipeline
25 Example of planning cathodic protection for an older pipeline
3 Monitoring and supervision

4 Specific systems

4.1 Distribution networks

4.2 District Central Heating

43 Sleeve pipes

4.4 Borehole tubing

441 Applied current tests (test polarisation)
442 Recording of pipe current profile

Chapter 1X
STORAGE TANKS AND TANK FARMS
by K. Bierenbrodt and R. Giinther

1 Special problems of storage tank protection

2 Preparatory measures

3 Storage tanks

2.1 Determination of protective current; feasibility survey; cathode
and anode connections

3.2 Protection with galvanic anodes or impressed current

3.3 Size calculations for cathodic protection installations based on

practical examples

xii

162
163
164

166
166
166
167
167
167
167
171
172
172
172
174
174
175
176
177
178
178
179
179
179
181
182
182
183

185
185
185
187

187
190

192



CONTENTS

3301 Cathodic protection installation with galvanic anodes for a
fuel tank

3:3.2 Cathodic impressed current protection installation for a
fuel tank

4 Tank farms and handling installations

5 Details of cathodic protection of storage tanks and pipelines
in the vicinity of railways

il General

5.2 Potential equalisation conductors; insulating pieces in pipelines;
insulating rail joints

5.3 Rail earths; protective earthing on electric railways; return
currents; rail potential

5.4 Lightning protection; isolating joints and spark gaps

Bk} Protective current distribution; interactions

5.6 Work on pipelines in the vicinity of railways

6 Other protective measures

7 Operation and maintenance of cathodic protection installations

Chapter X

STRAY CURRENT EFFECTS AND PROTECTION

by §. Pohl

1 Causes of stray current effects

1.1 Corrosion by a.c. and d.c.

1:2 D.C. installations which induce stray currents

13 General protective measures on d.c. installations

2 D.C. railways as a cause of stray currents

21 Regulations for d.c. railways

2.2 Calculations of rail tensions

2.2.1 Basis of calculations

222 Tension drop on outlying lines

2.2:3 Potential variation in the distribution centre

23 Evaluation of the magnitude of stray currents

24 Special problems of tunnels

3 Protective measures on affected installations

31 Stray current drainage and forced drainage

3.2 Combined stray current protection in conurbations

33 Stray current protection of well-coated individual lines

3.4 Measurements for stray current protection and monitoring

Chapter X1

TELEPHONE CABLES
by K. H. Ortmann and G. Figur

1
2

Physical corrosion protection
Installation

192

195
197

198
198

199

199
200
201
201
201
202

204
204
204
204
205
205
205
209
209
211
212
214
216
219
219
224
225
227

229
229
230

xiii



CONTENTS

3 Stray current protection 231
4 Cathodic protection with impressed current anodes 233
Chapter XII
POWER CABLES
by W. v. Baeckmann and §. Pohl 235
1 Stray current protection 235
2 Gas pressurised cables in steel pipes 237
2.1 Direct connection of cable pipelines to the transformer station
earth 237
2.2 Connection of steel cable pipes to earth via resistors 239
2.3 Connection of steel pipes to earthing installation with silicon
diodes 240
2.4 Connection through nickel-cadmium cells 243
Chapter X111
HIGH TENSION EFFECTS ON CATHODIC PROTECTION SYSTEMS
by R. Buckel and G. Rohrl 245
1 Capacitative effects 245
2 Ohmic effects 245
3 Inductive effects 248
3.1 Theory of inductive effects 248
4 Protective measures against ohmic effects 255
4.1 Power and transformer plants; high tension pylons 255
4.2 A.C. railways 256
5 Protective measures against capacitative effects 257
6 Protective measures against inductive effects 258
Chaptaer X1V
SHPS AND STEEL MARINE STRUCTURES
by E. Eberius 260
1 Factors affecting corrosion and corrosion protection 260
1.1 Effect of oxygen 260
12 Effect of water composition 261
1.3 Effect of temperature 263
1.4 Effect of movement 264
1.5 Effect of material compositions and combinations 264
1.6 Effect of pre-treatment and surface coating 265
2 Application of cathodic protection 267
2.1 Galvanic anodes 267
211 Anode materials 267
2.1.1.1 Zinc 267
2.1.1.2  Aluminium 268

Xiv



CONTENTS

2.1.1.3 Magnesium 269
212 Anode shapes 270
2:1.5 Fixing of anodes 271
2.2 Impressed current protection 271
212:1 Rectifier installations 271
2.2:2 Impressed current anodes 273
2.2.2.1 Graphite 273
2.2.2.2 Silicon-iron 274
2223 Lead 274
2.2.2.4 Platinised titanium 276
2.2.2.5 Towed anodes 277
2.3 Reference electrodes 278
3 Protected objects 279
3.1 Ships in service 279
3.1.1 Protection by galvanic anodes 280
3:1.2 Protection with impressed current 282
3.2 Protection of ships in dock 286
3.3 Internal protection of tanks by sacrificial anodes 287
3.4 Drilling, pumping and oil rigs 292
35 Coastal structures 294
3.6 Harbour structures 296
3.6.1 Steel sheet piling and steel piles 296
3.6.2 Lock gates and floating docks 298
3.63 Protection of loading or discharge jetties 300
3.6.4 Dolphins 302
Chapter XV

INTERNAL PROTECTION OF HOT WATER INSTALLATIONS B}
GALVANIC ANODES

by E. Herre 304
1 Materials for sacrificial anodes 304
2 Operating parameters for magnesium anodes 305
3 Electrochemical properties 306
4 Local cell corrosion of magnesium anodes 307
5 Anode consumption 308
6 Hydrogen evolution in water heaters due to the use of mag-

nesium anodes 309
7 Practical application of magnesium anodes 310
Chapter XV1

INTERNAL PROTECTION OF COLD AND HOT WATER INSTALLATIONS BY
IMPRESSED CURRENT

by U. Heinzelmann 314
1 Techniques of electrolytic water treatment 314

XV



CONTENTS

11 Reactions on cathodic surfaces (boiler walls and heating

surfaces) 315
1.2 Reactions on anodes 316
2 Installation of electrolytic corrosion protection 319
3 Type and extent of applications 321
4 Limitations on application 322
5 Undesirable secondary reactions 323
Chapter XV1I
INTERNAL PROTECTION OF INDUSTRIAL EQUIPMENT
by J-W. Kiihn v. Burgsdorff and H. Richter 325
1 General 325
2 Physical protection 325
3 Internal protection of storage tanks 326
3:1 Plate anodes 326
3:2 Rod anodes 327
3.3 Mesh anodes 328
4 Internal protection of pipes 329
4.1 Individual anodes 330
4.2 Wire anodes 331
5 Potential measurement 332
6 Operating conditions 334
7 Economics 334
Chapter XVI1II
ANODIC CORROSION PROTECTION
by H. Grifen 337
1 Electrochemical principles 337
2 Anodic protection in acid and neutral solutions 338
2.1 Impressed current protection 338
2.2 Protection by local cathode 342
23 Protection by inhibitors 342
3 Anodic protection in alkaline solutions 343
4 Anodic protection for localised corrosion effects 344
4.1 In the presence of halogen ions 344
4.2 For inter-crystalline stress corrosion cracking of carbon steels

in alkaline solutions 344
Chapter XI1X
EcoNoMmICs AND cOSTs
by W. v. Baeckmann 347
1 General observations 347
2 Cost of cathodic protection of pipes 349
2:1 Galvanic anodes 349

Xvi



