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 Related titles from Woodhead’s materials engineering list: The deformation and processing of structural materials (ISBN 1 85573 738 8) This new study focuses on the latest research into the performance of a wide range of materials used in structures including concrete, composite materials, timber, iron and steel, aluminium and titanium alloys, superalloys and intermetallics. It considers each material’s processing and its deformation behaviour in structural applications, and shows how the microstructural composition of materials is affected by processing. This book will be invaluable for engineers by giving them a better understanding of the performance of the major structural materials under different conditions. Durability of engineering structures (ISBN 1 85573 695 0) Structures often deteriorate because not enough attention is given to the design stage; most standards for structural design do not cover design for service life. Designing for durability is often left to the structural engineer or architect who does not have the necessary skills, and the result is all too often failure. Knowledge of the long-term behaviour of materials, building components and structures is the basis for avoiding this outcome. This book is aimed at degree students in civil engineering, engineers, architects, contractors, plant managers, maintenance managers and inspection engineers. Advanced polymer composites for structural applications in construction (ISBN 1 85573 736 1) The 2nd International Conference on the application and further exploitation of advanced composites in construction was held at the University of Surrey from 20 to 22 April, 2004. The conference brought together practising engineers, asset managers, researchers and representatives of regulatory bodies to promote the active exchange of scientific and technical information on the rapidly changing scene of advanced composites in construction. This volume of proceedings focuses on the presentation of new concepts, techniques and case studies. Details of these books and a complete list of Woodhead’s materials engineering titles can be obtained by: • •
 
 visiting our web site at www.woodhead-publishing.com contacting Customer Services (e-mail: [email protected]; fax: +44 (0) 1223 893694; tel.: +44 (0) 1223 891358 ext.30; address: Woodhead Publishing Ltd, Abington Hall, Abington, Cambridge CB1 6AH, England).
 
 Corrosion in reinforced concrete structures Edited by Hans Böhni
 
 Cambridge England
 
 Published by Woodhead Publishing Limited, Abington Hall, Abington Cambridge CB1 6AH, England www.woodhead-publishing.com Published in North America by CRC Press LLC, 2000 Corporate Blvd, NW Boca Raton FL 33431, USA First published 2005, Woodhead Publishing Ltd and CRC Press LLC © 2005, Woodhead Publishing Ltd The authors have asserted their moral rights. This book contains information obtained from authentic and highly regarded sources. Reprinted material is quoted with permission, and sources are indicated. Reasonable efforts have been made to publish reliable data and information, but the authors and the publishers cannot assume responsibility for the validity of all materials. Neither the authors nor the publishers, nor anyone else associated with this publication, shall be liable for any loss, damage or liability directly or indirectly caused or alleged to be caused by this book. Neither this book nor any part may be reproduced or transmitted in any form or by any means, electronic or mechanical, including photocopying, microfilming and recording, or by any information storage or retrieval system, without permission in writing from the publishers. The consent of Woodhead Publishing and CRC Press does not extend to copying for general distribution, for promotion, for creating new works, or for resale. Specific permission must be obtained in writing from Woodhead Publishing or CRC Press for such copying. Trademark notice: Product or corporate names may be trademarks or registered trademarks, and are used only for identification and explanation, without intent to infringe. British Library Cataloguing in Publication Data A catalogue record for this book is available from the British Library. Library of Congress Cataloging in Publication Data A catalog record for this book is available from the Library of Congress. Woodhead Publishing ISBN 1-85573-768-X CRC Press ISBN 0-8493-2583-8 CRC Press order number: WP2583 The publishers’ policy is to use permanent paper from mills that operate a sustainable forestry policy, and which have been manufactured from pulp which is processed using acid-free and elementary chlorine-free practices. Furthermore, the publishers ensure that the text paper and cover board used have met acceptable environmental accreditation standards. Typeset by SNP Best-set Typesetter Ltd., Hong Kong Printed by TJ International, Padstow, Cornwall, England
 
 Contents
 
 Contributor contact details Preface 1
 
 Corrosion in reinforced concrete: processes and mechanisms F Hunkeler, Technical Research and Consulting on Cement and Concrete, TFB, Switzerland
 
 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 1.10
 
 Introduction Basics of corrosion of reinforcement in concrete Availability of oxygen Concrete as electrolyte Transport processes in concrete Corrosion induced by carbonation of concrete Chloride-induced corrosion Corrosion rate General aspects of corrosion prevention References
 
 2
 
 Monitoring of corrosion in reinforced concrete structures Y Schiegg, Swiss Society for Corrosion Protection, Switzerland
 
 2.1 2.2 2.3 2.4 2.5 2.6 2.7
 
 Introduction Goals Types of monitoring techniques Sensors for concrete Continuous method/online monitoring Sources of further information and advice References
 
 ix xi
 
 1
 
 1 1 7 9 13 15 24 30 37 42
 
 46
 
 46 47 48 54 55 68 69 v
 
 vi
 
 Contents
 
 3
 
 Numerical modelling of reinforcement corrosion in concrete J Gulikers, Bouwdienst Rijkswaterstaat, The Netherlands
 
 3.1 3.2 3.3 3.4 3.5 3.6 4 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 4.9 4.10 5 5.1 5.2 5.3 5.4 6
 
 6.1 6.2 6.3
 
 Introduction Electrochemical principles of corrosion Methods for numerical modelling Applications of numerical models for the prediction of corrosion rates Recommendations for practical use of corrosion models References Influence of concrete composition P Schiessl and S Lay, TU München, Germany Introduction Carbonation resistance Resistance against chloride ingress Chloride concentration Critical chloride threshold Corrosion rate Recommendations for the use of concrete made of modified cements List of frequently used abbreviations and symbols Sources of further information and advice References Stainless steel in concrete structures U Nürnberger, University of Stuttgart, Germany Stainless steel reinforcement Stainless steel connections Sources of further information and advice References Surface treatments and coatings for corrosion protection M Raupach and G Rößler, RWTH Aachen University, Germany Introduction Principles and methods for protecting reinforcement against corrosion Substrate preparation
 
 71
 
 71 72 76 83 87 88 91 91 93 97 114 118 125 128 129 129 130 135 135 152 160 160
 
 163
 
 163 163 171
 
 Contents 6.4 6.5 6.6 6.7 6.8 6.9
 
 General information on quality assurance and the use of materials Filling cracks and cavities in concrete Mortars and concretes Protective layers for concrete surfaces Coatings for steel surfaces Further reading
 
 vii
 
 174 175 178 181 188 188
 
 7
 
 Corrosion inhibitors for reinforced concrete M Büchler, Swiss Society for Corrosion Protection, Switzerland
 
 190
 
 7.1 7.2 7.3 7.4 7.5 7.6 7.7
 
 Introduction Inhibition of corrosion with chemical substances Application of corrosion inhibitors in concrete Practical experience of corrosion inhibition in concrete Summary Sources of further information References
 
 190 191 199 204 211 212 212
 
 8
 
 Electrochemical techniques for corrosion protection and maintenance R B Polder, TNO Building and Construction Research, The Netherlands
 
 8.1 8.2 8.3 8.4 8.5 8.6 8.7 8.8 8.9 8.10 8.11
 
 215
 
 Introduction Types of electrochemical techniques available Common principles of the electrochemical techniques Common practical aspects Cathodic protection Electrochemical chloride removal Electrochemical realkalisation Advantages and limitations of electrochemical methods: prestressed structures Economics Sources of further information and advice References
 
 215 215 216 218 222 227 231
 
 Index
 
 243
 
 235 236 236 237
 
 Contributor contact details
 
 (* = main contact) Preface Prof. em. Dr Hans Böhni Galgenbuckstr. 1 CH-8193 Eglisau Switzerland Tel: +41 1 867 35 89 E-mail: [email protected]. ethz.ch Chapter 1 Dr F Hunkeler Technical Research and Consulting on Cement and Concrete, TFB Lindenstrasse 10 CH-5103 Wildegg Switzerland Tel: +41 (0)62 88 77 325 Fax: +41 (0)62 88 77 270 E-mail: [email protected] Chapter 2 Dr Y Schiegg Swiss Society for Corrosion Protection SGK Technoparkstrasse 1 8005 Zürich Switzerland
 
 Tel: +41 1 445 15 90 Fax: +41 1 273 04 33 E-mail: [email protected] Chapter 3 J Gulikers Bouwdienst Rijkswaterstaat P.O. Box 20000 3502 LA Utrecht The Netherlands Tel: +31 30 2858733 Fax: +31 30 2888419 E-mail: [email protected]. minvenw.nl Chapter 4 Prof. Dr Peter Schiessl* and Sascha Lay Centre for Building Materials TU München Baumbachstr. 7 D-81245 München Germany Tel: +49-(0)89-289-27062 Fax: +49-(0)89-289-27064 E-mail: [email protected] Chapter 5 Prof. Dr Ulf Nürnberger Materialprüfungsanstalt ix
 
 x
 
 Contributor contact details
 
 Universität Stuttgart Pfaffenwaldring 4 D-70569 Stuttgart Germany Tel: +49 711 685-2745 Fax: +49 711 685-6831 E-mail: [email protected] Chapter 6 Prof. Dr M Raupach* ibac, RWTH Aachen University Schinkelstrasse 3 D-52062 Aachen Germany Tel: +49 241 809 5104 Fax: +49 241 809 2139 E-mail: [email protected] G Rößler ibac, RWTH Aachen Schinkelstrasse 3 D-52062 Aachen Germany Tel: +49 241 809 6784 Fax: +49 241 809 2139
 
 Email: [email protected] Chapter 7 Dr M Büchler Swiss Society for Corrosion Protection Technoparkstrasse 1 CH-8005 Zürich Switzerland Tel: +41 1 445 15 90 Fax: +41 1 273 04 33 E-mail: [email protected] Chapter 8 Dr R B Polder TNO Building and Construction Research Department Civil Infrastructure Van Mourik Broekmanweg 6, Delft P.O. Box 49 NL-2600 AA Delft The Netherlands Tel: +31 15 276 3222 Fax: +31 15 276 3018 E-mail: [email protected]
 
 Preface
 
 Reinforced concrete is a widely used construction material for bridges, buildings and platforms as well as for underground structures such as tunnels or reinforced concrete pipelines. In general, reinforced concrete is a very durable material capable of withstanding a large range of severe environments including marine, industrial and alpine conditions. Despite the fact that the majority of these structures show good long-term performance and high durability, there is still a large number of failures of concrete structures as a result of premature reinforcement corrosion. Owing to either carbonation of the concrete or the ingress of chlorides into the concrete, depassivation of the reinforcing steel occurs, leading to rapid steel corrosion with significant loss of cross-section. From a scientific point of view the depassivation of the reinforcing steel and the subsequent corrosion reactions are very complex due to various interactions of environmental exposure conditions, the different materials involved as well as the design of the structure. With regard to economical aspects the cost of corrosion damage to reinforced concrete bridges in the United States due to the use of deicing salts alone is estimated to be between $325 and $1000 million/year.1 There are similar statistical results from Australia, Europe and the Middle East. In regions with a marine environment and warm climatic conditions the corrosion process may be significantly accelerated.2 The contributions in this book cover all the important aspects in the field of corrosion and corrosion protection of reinforced concrete and give new information on scientific and technological developments. The content is intentionally focused on the corrosion of reinforcing steel, therefore the 1 Transportation Research Board, (1991), Special Report 235, Highway Deicing – comparing salt and calcium magnesium acetate, Transportation Research Board, National Academy of Science, Washington, DC. 2 Broomfield JP (2000), ‘Corrosion of steel in concrete’, in Winston R (ed.), Uhlig’s Corrosion Handbook, 2nd ed., New York, John Wiley & Sons.
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 Preface
 
 corrosion and deterioration of the concrete itself are not treated here. Furthermore, the durability of pre-stressed concrete is also excluded. The interested reader is referred to specialist publications covering this very specific topic. This book discusses two major aspects of corrosion in concrete structures. In the first four chapters the basic processes and mechanisms of reinforcement corrosion including the important rate-controlling parameters are addressed, while in the following chapters new information on well-known and recently developed corrosion prevention techniques are provided. The primary aim of each contribution is to give an overview on the specific subjects. Each chapter provides readers with sufficient scientific and technological information so that they should be able to understand the subsequent practical applications also discussed in the chapter. In addition there are sections within chapters where interested readers will find additional detailed sources and references to literature on the specific topic. For readers with a wider interest in corrosion and corrosion protection the new edition of Uhlig’s Corrosion Handbook is recommended. In Chapter 1 the fundamental aspects of the corrosion process of steel in concrete, together with the most important factors influencing the corrosion process, are discussed. The overall corrosion process is highly complex; there are not only electrochemical and chemical reactions at the steel– concrete interface but there are also transport processes of aggressive substances and reaction products within the concrete. Until about the middle of the twentieth century carbonation of the concrete was the principal cause of reinforcement corrosion, leading mainly to more or less general corrosion of the reinforcing steel bars. At present, the chloride-induced corrosion due to extensive use of deicing salt or of severe marine environmental conditions is becoming increasingly important. In the case of chlorideinduced corrosion the attack occurs very locally forming galvanic macrocells with usually high corrosion rates. In Chapter 2 the various available nondestructive monitoring techniques are presented. In addition, newly developed online monitoring methods are also discussed. These methods are based on highly sophisticated computerised data acquisition and evaluation techniques. These allow, for the first time, direct measurement of the large influence of local environmental conditions on the corrosion propagation rates of real concrete structures. The results clearly show that the micro-climatic conditions on concrete structures determine to a large extent the corrosion behaviour of the reinforcement. Corrosion studies on reinforced concrete structures are usually extremely time consuming and require very large specimens due to the heterogeneous structure of the concrete. Therefore numerical methods that simulate cor-
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 xiii
 
 rosion processes in reinforced concrete and allow parameter studies in addition to laborious experimental investigations have gained increasing attention in recent years. Chapter 3 gives an overview of the present state of the art on this topic. Besides empirical methods, models based on a sound electrochemical background are presented and the scientific as well as the practical significance are discussed. The influence of composition and microstructure of concrete on the corrosion behaviour of reinforced concrete structures is discussed in Chapter 4. Besides Portland cement the use of modified cements as binder in concrete is increasing steadily. It is therefore important to know how these new binder types affect the transport of chlorides, the initiation of corrosion and the resulting corrosion rate. For this reason the results provided in this contribution are of fundamental importance in predicting the performance and durability of concrete structures using modified cements. In the second part of this book different corrosion prevention methods are discussed, starting in Chapter 5 with the application of stainless steels as reinforcement materials. Various investigations and field tests have clearly shown that these alloys behave significantly better than does ordinary steel. When properly selected and handled on the construction site, excellent long-term performance can be expected. Stainless steel reinforcements have already been used in various countries. Application standards exist, for instance, in the UK, Germany, Denmark and Italy. Typical applications of stainless steel reinforcements are in those structures that are exposed to severe environments; for instance bridges in regions where deicing salts are used extensively. Chapter 5 also contains a section on fastening and connection elements where stainless steels are frequently used; within this application safety aspects are especially important. Chapter 6 gives a comprehensive review of the fundamental aspects of corrosion protection methods by surface treatments and coatings. The contribution is structured according to a new European Standard EN 1504 currently in preparation. The authors discuss the different techniques now available as well as the necessary substrate preparation and quality assurance. This approach is doubtless very valuable for engineers and architects dealing with problems of durability at the design and construction stage and during repair work. The last two chapters provide fundamental information on two specific topics that have gained increasing attention in recent years. In Chapter 7 the application of corrosion inhibitors is discussed in detail. The author provides the necessary scientific fundamentals and details of practical experience obtained with various corrosion inhibitors applied as admixtures into the concrete as well as on already existing structures. The discussion also includes environmental aspects that certainly have to be considered before this type of corrosion protection method is chosen.
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 With respect to repair work and maintenance of reinforced concrete structures, electrochemical techniques are of great interest. Chapter 8 gives an extensive overview on the mode and application of cathodic protection (CP), electrochemical chloride removal (ECR) and electrochemical realkalisation (ER). Advantages and limitations as well as economical aspects of these methods are discussed. Electrochemical techniques, only recently adopted for corrosion protection and maintenance of reinforced concrete structures, are certainly interesting and very promising tools; nevertheless, they must be evaluated very carefully before they are applied in practice. In summary, this book contains not only all the important aspects in the field of corrosion and corrosion prevention of reinforced concrete but also discusses new topics and promising new developments. Furthermore, the contributions are based on a sound scientific background and the different topics have been critically discussed in view of practical applications. A combination of theory and practice makes this work a highly valuable tool for engineers and materials scientists. Hans Böhni Swiss Federal Institute of Technology Switzerland
 
 1 Corrosion in reinforced concrete: processes and mechanisms F HUNKELER Technical Research and Consulting on Cement and Concrete, TFB, Switzerland
 
 1.1
 
 Introduction
 
 The conditions which lead to corrosion of steel in reinforced concrete structures are becoming well understood. Nevertheless, many existing concrete structures show significant corrosion, often when comparatively new, leading to the need for expensive repair. In most cases either the structures were not durable enough or the appropriate maintenance had been neglected. Corrosion of the reinforcement embedded in concrete causes most of the failures of concrete structures. Up to the 1950s carbonation of concrete was the main cause of corrosion. Since then chloride-induced corrosion has become much more important for structures exposed to chloride-containing environments (deicing salt, a marine climate, saltcontaminated aggregates). The following sections give fundamental information on the corrosion process of steel in concrete and the most important factors influencing the corrosion rate. Furthermore, the mechanisms of transport of chloride and water in concrete are described. Some general aspects of corrosion prevention and protection measures are included. The corrosion and the deterioration processes of concrete itself are not treated in this chapter.
 
 1.2
 
 Basics of corrosion of reinforcement in concrete
 
 1.2.1 General aspects The high alkalinity of the concrete pore water (pH over 12.5) leads to a passive layer forming on the steel that reduces the corrosion attack to negligible values. As long as this passive layer is sustained, corrosion will not occur. Two processes may destroy this protection layer: • •
 
 Carbonation of concrete. Chloride attack. 1
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 Corrosion of the reinforcement can show different forms, ranging from widespread general corrosion to a very local attack (pitting corrosion). General corrosion, mostly in cases of carbonated concrete, leads to early cracking and spalling of the concrete, often with comparatively little reduction of the cross-section of the reinforcing steel bars, whereas the localised corrosion due to chloride ions results in pits, randomly distributed along the steel bars (Fig. 1.1a and b). The depth of such pits may be large before signs of deterioration of the concrete surface can be seen.
 
 1.2.2 Conditions for corrosion There are four conditions that must be fulfilled to start and maintain the corrosion process. These are summarised in Table 1.1 and in Figs 1.2 and 1.3.
 
 1.2.3 Corrosion as an electrochemical process The corrosion of metals is an electrochemical process (Fig. 1.3). For steel in concrete the following reactions occur: anodic reaction:
 
 2 Fe Æ 2 Fe 2 + + 4e -
 
 [1.1a]
 
 cathodic reaction:
 
 O2 + 2H 2 O + 4e - Æ 4OH -
 
 [1.1b]
 
 sum of the reactions:
 
 2 Fe + 2H 2 O + O2 Æ 2Fe(OH)2
 
 [1.1c]
 
 The anodic reaction represents the dissolution of the metal. The flux of ions and electrons respectively can be taken as a measure of the corrosion rate. This can be given as mass lost per unit of time and area, as reduction of the thickness per unit of time or as current density (current per unit of area). For iron and steel the following statements are valid: Iron/steel:
 
 1 mA/cm2 1 mA/cm2
 
  11.6 mm/year  250 g/m2 day  12 mm/year  0.25 g/m2 day
 
 1.2.4 Corrosion potential The corrosion potential of a metal in a specific electrolyte has a characteristic value. From Table 1.2 containing some values for steel, stainless steel, copper and galvanised steel in concrete it can be seen that the corrosion potential of steel in concrete may differ over several hundreds of millivolts.
 
 1.2.5 Corrosion initiation and propagation The reinforcement in young concrete structures is fully protected: the pH of the pore water is high (Fig. 1.4) and there is only a small quantity of
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 (a)
 
 (b)
 
 1.1 Corrosion of reinforced concrete girders of bridges. (a) Spalling of concrete due to carbonation and chloride ions; (b) Heavily corroded and one cracked prestressing steel wire due to chloride-induced corrosion.
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 Table 1.1 Conditions for corrosion of steel in concrete Condition for corrosion of steel in concrete
 
 Condition is fulfilled, if:
 
 1
 
 An anodic reaction is possible.
 
 The passive layer of the steel bar breaks down and depassivation of the steel occurs. This can be caused by carbonation of concrete (lowering the pH of the pore water) and ingress of chloride into the concrete, reaching a critical level.
 
 2
 
 A cathodic reaction is possible.
 
 Oxygen as the driving force of the corrosion process is available at the interface of the reinforcement in a reasonable amount.
 
 3
 
 A flux of ions between the site of the anodic reaction and the site of the cathodic reaction is possible.
 
 The environment or electrolyte between the site of the anodic reaction and the site of the cathodic reaction conducts well.
 
 4
 
 A flux of electrons is possible.
 
 There is a metallic connection between the sites of anodic and cathodic reactions. For monolithic reinforced concrete structures this condition is usually fulfilled.
 
 O xy
 
 ge n
 
 e lyt tro te ec re El onc c
 
 Corrosion
 
 Carbonation (pH)
 
 Chloride
 
 1.2 Conditions for corrosion of steel in concrete.
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 Metal
 
 Oxidation Fe
 
 5
 
 Electrolyte Rust: FeOOH OH– Cl– SO42–
 
 Fe2+ + 2e–
 
 Flux of electrons in metal
 
 Flux of ions in concrete OH–
 
 Ca2+ Na+ K+
 
 1/2 O2 + H2O + 2e– Reduction
 
 1.3 Corrosion as an electrochemical process (Hunkeler 1994).
 
 Table 1.2 Corrosion potentials of metals in concrete (Hunkeler 1994) Electrode/Metal Reinforcing steel bar in: saturated Ca(OH)2 solution O2-free, water-saturated concrete humid, Cl--containing concrete humid, Cl--free concrete humid, carbonated concrete dry, carbonated concrete dry concrete
 
 Corrosion potential, mVCSE
 
 +0.1 +0.1 +0.2 +0.2
 
 to to to to
 
 -1.1 ≥-1.1 ≥-0.6 -0.1 -0.3 0 0
 
 Stainless steel in humid concrete
 
 +0.1
 
 to
 
 -0.2
 
 Copper in humid concrete
 
 +0.1
 
 to
 
 -0.2
 
 Zinc coated steel in: wet concrete humid, Cl--containing concrete humid concrete humid, carbonated concrete dry, carbonated concrete dry concrete
 
 ≥-1.1 ≥-0.8 similar to reinforcing steel +0.2 to similar to reinforcing steel similar to reinforcing steel
 
 -0.1
 
 chloride ions in the concrete if no chloride-contaminated components for the concrete production have been used (e.g. chloride-containing water, aggregates or admixtures). Some time must elapse before the conditions in the concrete are such that corrosion may start (Fig. 1.5). For a given concrete quality the corrosion rate after the initiation (propagation or corrosion phase) depends mainly on the following factors (see Section 1.8):
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 OH– concentration (mmol/l)
 
 1000
 
 pH = 14.0
 
 800 pH = 13.8
 
 600 400
 
 pH = 13.5 200 pH = 13.0 pH = 12.5
 
 0 0.0
 
 0.2
 
 0.4
 
 0.6
 
 0.8
 
 1.0
 
 % Na2O–equivalent
 
 1.4 OH–concentration of the pore water of cement pastes as a function of the Na2O-Equivalent (Na2OEq = %Na2O + 0.659 K2O) (Hunkeler 1994). Data from Page (1992).
 
 End of service life or rehabilitation
 
 Initiation time: transport processes carbonation chloride ingress
 
 Extent of damage
 
 䊉
 
 Propagation or corrosion time: corrosion kinetics
 
 䊉
 
 䊉 䊉
 
 Influences: concrete quality concrete cover exposure conditions sulphate content 䊉
 
 䊉 䊉
 
 Influences: concrete quality moisture content, electrical resistivity temperature oxygen availability pH of pore water
 
 䊉 䊉 䊉 䊉 䊉
 
 䊉
 
 Construction
 
 Time
 
 End of use
 
 1.5 Extent of corrosion damage over time. The initiation period depends on a variety of parameters such as concrete quality and concrete cover. The propagation period is governed mainly by the electrolyte resistance influenced by temperature and moisture content and to a smaller part by electrochemical reaction resistances.
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 Moisture content and resistivity of concrete. Temperature. Oxygen availability. pH of pore water.
 
 The chloride content itself has a minor influence on the corrosion process.
 
 1.3
 
 Availability of oxygen
 
 1.3.1 Influence of the moisture content of concrete Meanwhile, the content of oxygen in the air is more or less constant; it may vary in concrete locally and with time over orders of magnitude. The content and the diffusion coefficient of oxygen in concrete depend mainly on the concrete quality or permeability and on the moisture content of the concrete. Besides this the access of air to the concrete surface, the salt content and the temperature may have some influence as well. In concrete with a high moisture content the diffusion coefficient of oxygen D(O2) is very low since oxygen has to diffuse through the water in the pores which is a much slower process than in the empty, air-filled pores. In water D(O2) is approximately four decades lower than in air (ª10-5 cm2/s in water compared to ª0.2 cm2/s in air). Since there is lack of systematic investigations on the important influence of the moisture content on D(O2,C) an attempt has been made to calculate the diffusion coefficient of oxygen in concrete D(O2,C) as a function of the moisture content of the concrete (Hunkeler 1994). With the equation from Maxwell used for resistivity calculations the influence of the moisture content may be roughly estimated with Equation 1.2 (Hunkeler 1994). DL DL DL Ê -W + 3ˆ Ë DW ¯ DW D(O2 , C) = D D L L 2 WÊ - 1ˆ + +2 Ë DW ¯ DW
 
 [1.2]
 
 where: D(O2,C) = oxygen diffusion coefficient in concrete, cm2/s DL = oxygen diffusion coefficient in dry concrete, cm2/s DW = oxygen diffusion coefficient in wet concrete, cm2/s W = water content of the concrete, vol.%. The results are shown in Fig. 1.6(a and b). The curves in Fig. 1.6a are primarily dependent on the porosity of the concrete (determines the vertical position, y-axis) and the adsorption isotherm (determines the shape, x-axis). For the calculation it was assumed that the effective D(O2) in concrete is
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 Decreasing porosity Increasing tightness
 
 D(O2,C) (cm2/s)
 
 1E-3
 
 1E-5
 
 1E-7
 
 1E-9 0
 
 20
 
 40
 
 60
 
 80
 
 100
 
 Relative humidity (%)
 
 (a) 1
 
 D(O2,C) normalised
 
 0.8
 
 0.6
 
 0.4
 
 0.2
 
 0 0 (b)
 
 20
 
 40
 
 60
 
 80
 
 100
 
 Relative humidity (%)
 
 1.6 (a) Diffusion coefficient of oxygen D(O2,C) as a function of the relative humidity (Hunkeler 1994). The water content corresponding to a given RH was taken from the adsorption isotherm in Fig. 1.9; (b) Normalised diffusion coefficient D(O2,C) as a function of the relative humidity (Hunkeler 1994).
 
 reduced by a factor of 102 to 104 compared to values in free air or water. The curves shown in Fig. 1.6 are basically in agreement with experimental results (Houst 1992, Houst and Wittmann 1994, Ehrenberg and Diederichs 1994, Kropp and Hilsdorf 1995). It has to be pointed out that for a given
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 Potential (mVCSE)
 
 –100
 
 –300 Oxygen –500
 
 depletion PZ 35 F cem: 300 kg/m3 w/c = 0.5 cover: 40 mm
 
 –700
 
 –900 0
 
 10
 
 20
 
 30
 
 40
 
 Time under water (days)
 
 1.7 Corrosion potential of steel in concrete as a function of time under water (Hunkeler 1994). Data from Raupach (1992).
 
 concrete this type of calculation can only be carried out if the adsorption isotherm of a specific concrete is known.
 
 1.3.2 Oxygen depletion When concrete is thoroughly water saturated, i.e. when it has been in permanent contact with liquid water for a long time, the pores are filled with water, with the exception of the large air and compaction pores. This reduces the access of oxygen to the steel surface to very low values. With the depletion of oxygen the corrosion potential of steel in concrete falls from high to very negative values (Fig. 1.7).
 
 1.4
 
 Concrete as electrolyte
 
 1.4.1 Moisture content – adsorption isotherm Porous materials such as concrete may adsorb water from the air or desorb it to the air again. Figure 1.8 shows that concrete takes up water during a rainy day and loses it afterwards when it is warm and dry. For the adsorption and desorption processes the determining factors are the pore structure (pore radii and their distribution), the pore water composition and the relative humidity of the air (RH). The pore structure of concrete and the pore water composition are influenced by a variety of parameters (Hunkeler 1994). The most important of these are:
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 A
 
 Relative water content (%)
 
 90 B 80
 
 A: After 1 rainy night B: After 1 sunny day C: After 7 sunny days
 
 C 70
 
 100 % water content = 4.9 M %/concrete capillary pores: 11.6 vol.% 60 0
 
 20
 
 40 60 Concrete depth (mm)
 
 80
 
 100
 
 1.8 Water content in cover concrete after a rainy night and after dry summer days (Hunkeler 1994). Data from Rehm (1988). 10 Pore radii for capillary condensation in nm 1 5 10 100 0.2 0.5 2
 
 Water content (M %)
 
 8 6 4
 
 Capillary condensation and adsorption
 
 Adsorption
 
 2 0 0
 
 20
 
 40
 
 60
 
 80
 
 100
 
 Relative humidity (%)
 
 1.9 Typical sorption isotherm of concrete (Hunkeler 1994, and Hunkeler and Holtzhauer, 1994).
 
 • • • •
 
 Type and content of cement, chemical admixtures and mineral additions (e.g. fly ash, silica fume). Water to cement ratio. Curing conditions. Age.
 
 In Fig. 1.9 a typical adsorption isotherm is shown. Up to RH of approximately 40 % the water uptake is basically an adsorption process at the inner
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 surface of the concrete pores. A monolayer of water molecules is built up, which is strongly bonded to the surface by adsorption forces. These water molecules are less mobile than the water which concrete may take up at RH >40 % by capillary condensation caused by capillary forces.
 
 1.4.2 Resistivity and conductivity of concrete The moisture content of the concrete, together with the pore structure and pore water composition, determines the resistivity of the concrete rC, which is important for the corrosion process (Hunkeler 1993, Hunkeler 1994, Hunkeler and Holtzhauer 1994). Figure 1.10 shows the conductivity sC (= reciprocal value of the resistivity rC) as a function of RH of different types of cementitious materials. These sC-RH-curves reflect the different adsorption isotherms of the various materials. It is clearly visible in these figures that sC drastically decreases with decreasing RH and approaches zero at a relative humidity between 40 and 80 %. For the Portland cement concrete it may be concluded that the sC-RHcurves are steeper the higher the w/c-ratios are. Comparing the young and old concrete with the same w/c-ratio the curve for the old concrete (B-alt) is shifted towards lower sC-values. The shift is approximately parallel. There is no general correlation between the resistivity and the total pore volume
 
 0.014
 
 1 1: PC-B; W/Z = 0.65 2: PC-M; W/Z = 0.40 3: PC-B; W/Z = 0.45 4: B-alt; W/Z = 0.46 5: BFSC; W/Z = 0.65
 
 Conductivity (1/W m)
 
 0.012 0.010
 
 2
 
 0.008 0.006 0.004 4 3
 
 0.002
 
 5
 
 0.000 40
 
 60 80 Relative humidity (%)
 
 100
 
 1.10 Dependence of the conductivity on the relative humidity of various mortars and concretes (Hunkeler 1993).
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 since not all the water in the pores is mobile and its composition depends on the concrete mix. Figure 1.11a shows the resistivity profile of a core stored under different conditions (temperature: approximately 20 °C). A pronounced increase of the resistivity is noticed at the outer surface of the core. This increase is caused by the carbonation of the concrete in the cover zone. The sC-RHcurves in Fig. 1.11b represent the outer part of the concrete in a depth of 0 to 17 mm (concrete cover) and of about 30 to 60 mm. At RH = 99 % the last measurements were made after 2 months, at RH = 95 % after 4 months.
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 1.11 (a) Resistivity of a concrete core as function of the storage conditions (relative humidity RH) (Hunkeler 1997); (b) Conductivity as function of the relative humidity (Hunkeler 1997).
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 Transport processes in concrete
 
 1.5.1 Transport mechanisms The transport of gases (O2, CO2), water and ions (chloride, Cl-) in concrete is only possible in cracks, gravel neats and the pore system. It is caused by capillary forces, gradients of pressure (gases, water) or of concentrations (ions), absolute pressure difference (water, gases) and migration (Fig. 1.12, Table 1.3). The characteristic parameters of these transport processes are Transport processes in concrete Driving force
 
 Type Diffusion (gases and ions)
 
 Capillary suction (liquids) Permeation (gases and liquids)
 
 Pores Filled with air or water
 
 concentration gradient dc Partial pressure difference dp
 
 Surface tension s Contact angle q
 
 Absolute pressure difference dp
 
 Filled with air
 
 Filled with air or water
 
 1.12 Transport processes in concrete, based on Paschmann et al. (1995). Table 1.3 Transport processes in concrete and their characteristic parameters (Hunkeler 1994) Transport mechanism
 
 Driving force
 
 Transport coefficient
 
 Symbol [unit]
 
 Water uptake coefficient WA [g/m2s0.5] Water penetration WE [m/s0.5] coefficient Ion diffusion Concentration gradient Diffusion coefficient D [cm2/s] Gas diffusion Partial pressure difference Gas flux Absolute pressure Permeability coefficient KP [m2] Water flux difference Darcy coefficient KD [m/s] Migration Electrical direct voltage Ion mobility (transport ui [cm2/V s] field number of ion b) (tb) Capillary suction
 
 Capillary forces
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 Table 1.4 Ion mobility of some cations and anions (Elsener 1990) Cation
 
 ui [cm2/V s]
 
 H+ K+ Na+ 1/2 Ca2+
 
 36.3 7.6 5.2 6.0
 
 10-4 10-4 10-4 10-4
 
 Anion
 
 ui [cm2/V s]
 
 OHClHCO31/2 SO42-
 
 20.5 7.9 4.6 8.3
 
 10-4 10-4 10-4 10-4
 
 the water suction and penetration, diffusion and permeability coefficient and ion mobility (Table 1.4). Although the coefficients of the transport processes do not all depend in the same way on the pore structure there are some relations between the different coefficients.
 
 1.5.2 Influence of the relative humidity Capillary suction and diffusion processes are very important for the uptake of chloride and the carbonation reaction and thus for the corrosion process. Capillary suction is more efficient for dry than for wet or humid concrete (Fig. 1.13). The diffusion coefficient of ions increases with the moisture content of the concrete (the mobility of ions is greatest in completely waterfilled pores), whereas it decreases for gases (Fig. 1.14).
 
 Water uptake coefficient (l/m2 h0.5)
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 1.13 Influence of the relative humidity during storage and the w/c ratio on the water uptake coefficient WA of concrete. Data from Major (1993).
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 1.14 Influence of the relative humidity and moisture content of concrete, respectively, on the diffusion coefficients of gases and ions (schematic drawing). The increase and decrease, respectively, are primarily influenced by the sorption isotherm (Hunkeler 1994).
 
 1.5.3 Transport processes under practical conditions Figure 1.15 (a–d) on pages 16–19 shows different situations of the water and chloride transport in and across a concrete element. Under most practical conditions chlorides are transported in concrete by capillary suction and diffusion. In completely water-saturated concrete diffusion is the only transport process. The movement of water and ions (chloride) through a concrete element is mainly governed by differences between the moisture content of the front side (side exposed to rain, splash water etc.) and that of the unexposed back side. Capillary suction is the main mechanism for the uptake of water and chloride in the outermost concrete zone (cover concrete). Deeper in the concrete diffusion is the dominant transport mechanism. Dependent on the differences of the moisture content of the front and back side the transport of chloride in the inner zone of the element is favoured or hindered. For reinforced concrete components in chloride-containing water, the water and chloride movement is upwards to the zone where the water can evaporate. In the evaporation zone the chlorides remain in the concrete. Therefore, the highest chloride levels are usually found just above the water level.
 
 1.6
 
 Corrosion induced by carbonation of concrete
 
 1.6.1 Chemical reactions The carbonation of concrete is a consequence of chemical reactions of the alkaline components of the cement paste (e.g. NaOH, KOH, Ca(OH)2 and
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 Variable relative humidity and temperature
 
 Moisture content
 
 Water and chloride ingress
 
 Capillary suction
 
 Chloride content
 
 Diffusion
 
 (a)
 
 1.15 Chloride and water transport in and across a concrete element (Hunkeler 1994).
 
 calcium-silicate hydrates) with the atmospheric carbon dioxide (CO2). These reactions can only occur in the presence of a certain amount of water. Here the pH of the pore water decreases from the original value above >12.5 to values between 6 and 9 (Fig. 1.16). The pH stays at the value of the saturated Ca(OH)2-solution, i.e. around 12.5, as long as not all Ca(OH)2 has reacted. Therefore, the content of Ca(OH)2 of concrete is a decisive parameter of the carbonation resistance of concrete since it determines the time of the decrease of the pH to values below 12.5. During the carbonation the following reactions may occur (Hunkeler 1994):
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 Cross-section of element Front side
 
 Back side
 
 Low relative humidity and temperature
 
 High relative humidity and temperature Water and chloride ingress
 
 Evaporation of water
 
 H2 O
 
 + Cl –
 
 Capillary suction + diffusion
 
 Evaporation zone
 
 Diffusion
 
 Chloride content
 
 Moisture content
 
 Partial pressure difference
 
 (b)
 
 1.15 Continued
 
 Uptake of CO2 in the pore water (formation of carbonic acid) CO2 + H 2 O Æ 2H + + CO32 -
 
 [1.3]
 
 Dissolution of alkaline constituents of the pore water NaOH Æ Na + + OH -
 
 [1.4a]
 
 KOH Æ K + + OH -
 
 [1.4b]
 
 Ca(OH)2 Æ Ca 2 + + 2OH -
 
 [1.4c]
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 H 2O Partial pressure difference Capillary suction
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 1.15 Continued
 
 Full reaction (reaction releases water) 2 NaOH + H 2 O + CO2 Æ Na 2 CO3 + 2H 2 O
 
 [1.5a]
 
 2KOH + H 2 O + CO2 Æ K 2 CO3 + 2H 2 O
 
 [1.5b]
 
 Ca(OH)2 + H 2 O + CO2 Æ CaCO3 + 2H 2 O
 
 [1.5c]
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 1.15 Continued
 
 [Na+] [K+] pH
 
 12.5 Ca(OH)2 - content
 
 [Na+] [K+] Time
 
 1.16 Changes of the pH of the pore water with time due to the carbonation of concrete (schematic); [Na+], [K+]: concentration of the Na+ and K+ ions.
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 Since the solubilities of Na2CO3 and of K2CO3 are much higher than that of CaCO3 they remain dissolved in the pore water, whereas CaCO3 is deposited. With the ongoing carbonation the carbonates react further, if there is enough CO2 and water available, to soluble hydrogencarbonate (HCO3-, bicarbonate). This leads to a further reduction of the pH. Carbonate–bicarbonate equilibrium (reaction takes in water) Na 2 CO3 + H 2 O + CO2 Æ 2 NaHCO3
 
 [1.6a]
 
 K 2 CO3 + H 2 O + CO2 Æ 2KHCO3
 
 [1.6b]
 
 CaCO3 + H 2 O + CO2 Æ Ca(HCO3 )2
 
 [1.6c]
 
 The simultaneous presence of CO32- and HCO3- ions buffers a further decrease of the pH as long as carbonates are still available. The equilibrium of the reactions according to Equations 1.6a to 1.6c depends on the content of CO2 in the air, on the temperature and on the moisture content of the concrete. In relatively dry rooms in buildings the pH of concrete is not reduced as much as it is in concrete out of doors exposed to rain. The pH of reaction according to Equation 1.6c is for a content of CO2 in the air of 0.03 vol .% around 8.5, for content of CO2 1 vol .% around 7 and in pure CO2 atmosphere around 6. The pH values of the reaction according to Equations 1.6a and 1.6b are about one pH unit higher. The final pH, which is reached after a complete carbonation, depends therefore mainly on the following parameters (Hunkeler 1994): • • • • •
 
 Alkali content of the cement (Na2O, K2O). Degree of hydration of the cement. Moisture content of concrete. Partial pressure of CO2. Temperature.
 
 Besides CO2 other gases such as sulphur dioxide (SO2) or nitric oxides (NOx) may contribute to the neutralisation reaction. The contribution of these gases is usually small because the content of SO2 or NOx in the air is generally much lower than that of CO2.
 
 1.6.2 Influence of moisture content Since the diffusion of CO2 is low at high moisture content of the concrete and the carbonation reaction needs water there is a maximum rate of carbonation at a medium range of relative humidity (Fig. 1.17).
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 1.17 Relative diffusion coefficient of CO2 and relative rate of carbonation as a function of relative humidity (schematic) (Hunkeler 1994).
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 1.18 pH of pore water as a function of depth. Results of a pore water analysis (Page 1992). A: carbonation detected, B: carbonation not detected by the phenolphthalein test (pH indicator) (Hunkeler 1994).
 
 1.6.3 Carbonation profile The carbonation of concrete starts at the surface and can advance to greater depth until it reaches the reinforcement (Fig. 1.18). For a durable corrosion protection of the reinforcement a pH of 11 to 11.5 is necessary. If the pH drops to lower values the reinforcing steel bars may start to corrode. In practice phenolphthalein indicator is used to determine the carbonation front, but this does not detect the complete gradient. As shown in this figure
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 the whole pH gradient is approximately 20 mm, but the pH indicator gives only a value between 6 and 7 mm.
 
 1.6.4 Time laws for carbonation There are many papers on the time dependency of the carbonation of concrete and by the 1960s a simple equation based on Fick’s first law had been derived (Schröder et al. 1967, Schiessl 1976, Kropp and Hilsdorf 1995). x=
 
 2D ◊ (c 1 - c 2 ) ◊ t = A t a
 
 [1.7]
 
 where: x = depth of carbonation at time t, m D = diffusion coefficient of CO2 in (carbonated) concrete, m2/s a = necessary amount of CO2 for the carbonation of the alkaline components, g/m3 c1 = CO2 concentration of the surrounding air, g/m3 c2 = CO2 concentration at the carbonation front, g/m3 t = time, s A = carbonation constant For the derivation of this equation several assumptions are necessary that are only valid for constant climatic conditions; such conditions are usually found only indoors or where concrete elements are protected from rain (Schröder et al. 1967, Schiessl 1976, Kropp and Hilsdorf 1995). Under outdoor conditions the progress of carbonation slows down continuously until it reaches a final value (Fig. 1.19). In the mid-1970s Martin et al. (1975) and Schiessl (1976) presented a modified model taking into account the influence of the moisture content of the concrete on the diffusion coefficient of CO2 and the back diffusion of Ca(OH)2. With this extended t-law they ended up with the conclusion that there was a final carbonation depth given in the following equation (Kropp and Hilsdorf 1995): t=-
 
 aÈ x ˆ˘ Ê x - x • ◊ ln 1 Í Ë bÎ x • ¯ ˙˚
 
 [1.8]
 
 where: x = carbonation depth at time t x• = final carbonation depth a = necessary amount of CO2 for the carbonation of the alkaline components (details given in Schiessl 1976)
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 1.19 Carbonation depth as a function of time. Dotted line: curve for the t-law. Data from Wierig (1984).
 
 b = constant depending on the moisture content, which describes the decrease of diffusion coefficient of CO2 as well as the need for CO2 caused by the back diffusion of the alkaline components (details in Schiessl 1976) t = time The use of the simple t-law may lead to an unreasonable overestimation of the extrapolated carbonation depths as shown in Fig. 1.20. This may lead to unnecessary and uneconomical rehabilitation of a concrete structure.
 
 1.6.5 Cracking of the concrete cover due to carbonation The corrosion products of steel in carbonated concrete (e.g. rust) occupy a greater volume than does the original, non-corroded metal. This leads to a pressure build up around the steel rebars, then to visible cracks and finally to spalling of the concrete above the steel rebars. There are a few quantitative results available on the effect of corrosion on cracking and spalling of the concrete cover; such results all show that the admissible mass loss and reduction of the cross-section respectively that lead to cracking are very small. The effect depends primarily on the diameter of the steel rebars, on the length of the corroding section of the rebar and on the thickness of the concrete cover. At a concrete cover to steel diameter ratio of 2 (e.g. concrete cover of 20 mm and a steel bar diam-
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 1.20 Extrapolation of the carbonation progress based on the simple and extended t-law (Equations 1.7 and 1.8, respectively). The carbonation depth at 15 years has been determined for a reinforced concrete silo with Portland cement concrete of medium quality.
 
 eter of 10 mm) cracking may already occur when the corroded metal layer is only 70 mm or less as can be seen in Fig. 1.21. With an increasing mass loss the crack width increases. The corrosion risk due to carbonation of concrete depends on the carbonation depth in relation to the cover (Parrott 1990). This is illustrated in Table 1.5.
 
 1.7
 
 Chloride-induced corrosion
 
 1.7.1 Chloride ingress The fastest ingress of chloride into concrete is caused by capillary suction of chloride-containing water (e.g. sea water, water with dissolved deicing salts, chloride-containing floors, e.g. magnesia floors), which results in more or less deep chloride profiles (Fig. 1.22). Wetting and drying of the concrete accelerates the chloride ingress.
 
 1.7.2 Negative effects of chlorides The chloride has a fourfold negative effect in reinforced concrete (Hunkeler 1994):
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 1.21 (a) Relation between loss of cross-section for crack initiation and ratio of concrete cover to steel rebar diameter. Data from RILEM (1965), Treadaway et al. (1989), fib (2000), Lundgren (2002), El Maaddawy and Soudki (2003); (b) Relation between loss of crosssection and crack. Data from El Maaddawy and Soudki (2003).
 
 •
 
 It destroys the passive film of the steel rebar and makes corrosion attack possible. • It reduces the pH of the pore water since it reduces the solubility of Ca(OH)2. • It increases the moisture content because of the hygroscopic properties of salts present in concrete (e.g. CaCl2, NaCl). • It increases the electrical conductivity of the concrete.
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 Table 1.5 Corrosion risk due to carbonation of concrete based on Parrott (1990) Carbonation depth/ Cover thickness dCarb/dCov
 
 Concrete condition
 
 Rebar condition
 
 Corrosion risk
 
 0.5 ~1.0 >1.0
 
 not cracked not cracked minor cracks cracked, minor spalling/ delamination cracked, major spalling/ delamination
 
 not corroded not corroded minor corrosion significant corrosion
 
 none small increased serious
 
 loss of area
 
 critical
 
 »1.0
 
 1.7.3 Free and bound chloride Not all of the chlorides in concrete are mobile and thus available for initiating or enhancing corrosion. A part of the chlorides is bound to the cement matrix, especially to the aluminates. The binding capacity depends on the type of cement and mineral additions (Fig. 1.23). However, this binding of the cement matrix is not permanent and the chlorides may be released again, e.g. if the pH is further reduced by ongoing carbonation. The correct analysis of the chloride content in concrete has led to research work (Hunkeler et al. 2000). Correct values are important for the assessment and repair of reinforced concrete structures and there is now a draft European standard for the chemical determination of the chloride content of hardened concrete (CEN 2003).
 
 1.7.4 Critical chloride content for corrosion It is commonly known that at higher chloride content in concrete, chlorideinduced corrosion or pitting corrosion of the steel rebars may occur. It is also accepted that the chloride level has to exceed a threshold value at the rebar surface to initiate the corrosion process. Earlier research work suggested a critical value of 0.4% chloride by mass of cement (Richartz 1969) or a critical chloride/hydroxyl ion ratio 0.6 (Hunkeler 1994, Breit 1997a). Since the pH of concrete varies according to the composition of concrete (e.g. type of cement, w/c ratio) and in the concrete cover with the carbonation (Hunkeler 1994, Broomfield 1997) a fixed or single value for this threshold cannot be expected.
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 1.22 (a) Chloride profiles of backwall of a gallery for the traffic exposed to deicing salt water (Hunkeler 1994); (b) Chloride profiles of a free-standing wall of a swimming pool filled with salt water (Hunkeler 1994).
 
 The critical threshold depends on various factors such as concrete quality (e.g. chloride-binding capacity), moisture content, concrete cover (oxygen availability, pH) (Fig. 1.24, Table 1.6). The experiences in many countries show the following relation between the chloride content (by mass of cement) and the corrosion risk: • • •
 
 1.0 M %
 
 low corrosion risk small corrosion risk high corrosion risk
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 1.23 Free chloride concentration as a function of the total chloride content of concrete for different types of cement. FA = fly ash; HS = ground granulated blast furnace slag; MS = silica fume; PC = ordinary Portland cement. Data from Glass et al. (1997).
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 1.24 Influences of the critical chloride content for chloride-induced corrosion (Hunkeler 1994).
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 Table 1.6 Influences on the critical chloride content (Hunkeler 1994) Major influences
 
 Further influences
 
 moisture content of concrete pH of the pore water (depends on e.g. carbonation, type of cement, w/c) ratio chloride/hydroxyl ions chloride-binding capacity of cement concrete cover (O2 availability)
 
 type of cement content of other corrosion enhancing compounds (e.g. SO42-) w/c ratio condition of the surface of the steel rebars before concreting temperature (usual range variation)
 
 Finally it has to be pointed out that the initiation of the corrosion process is a statistical phenomenon since weak spots on the surface of the steel rebar and in the cement matrix as well as of the interface between them are randomly distributed. Different studies have shown that the probability of the initiation increases steadily with increasing chloride level (Breit 1997b, Zimmermann 2000).
 
 1.7.5 Time laws for the chloride ingress There are different equations to describe the time behaviour of the chloride ingress. Many authors have based their calculation on Fick’s second law (e.g. Bamforth 1996, Tang 1996b, Siemens et al. 1998, Thomas and Bamforth 1999, Helland 2001). x È Ê ˆ˘ c(x, t) = c s Í1 - erfc Ë 2 Deff, C ◊ t ¯ ˙˚ Î
 
 [1.9]
 
 where: c(x,t) = chloride content at depth x and time t, M %/cem. erfc = error function, Deff,C = effective chloride diffusion coefficient, m2/s cs = surface or near surface chloride content, M %/cem. x = depth, m t = time (age), s With this equation the chloride profiles can be calculated as a function of time and surface chloride concentration. It must be recognised that the chloride diffusion coefficient is not a constant but varies for instance with the age (time), depth (pore structure) and the moisture content of the concrete (climatic conditions). Additionally, the ingress of chloride is not a pure diffusion process as discussed above. While this calculation gives only a rough figure of the reality, it might be of some help in the design of reinforced concrete structures.
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 1.8
 
 Corrosion rate
 
 1.8.1 Macroelement Corrosion initiated by pH lower than 11.5 or by chlorides leads to a localised attack of the steel rebars that are in the remaining part noncorroding, i.e. in the passive state (Hunkeler 1994). A macroelement is developed; this is a galvanic element between an anode (area of the local attack) and a cathode (noncorroding area) (Fig. 1.25). The effect of a macroelement can roughly be estimated by Equation 1.10, which takes the areas of the anode (Aan) and the cathode (Aca) into account. A ca ˆ 0 Ê i corr = i corr 1+ Ë A an ¯
 
 [1.10]
 
 Compared to the value without any influence of a macroelement, i0corr, the corrosion rate icorr is doubled according to this equation when the anode and cathode have the same dimensions. In practice, the area of the cathode is much larger than the area of the anode and thus for an area ratio of 100
 
 (b) Local attack/pitting
 
 (a) General corrosion
 
 Cathode
 
 Anode / Cathode
 
 Micro anodes + cathodes
 
 Passive layer
 
 A ca = Aan
 
 Local anode
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 Anode: Fe ---> Fe2+ + 2e– (c)
 
 Passive layer
 
 Cathode: O2 + 2H2O + 4e– ---> 4OH–
 
 P
 
 P = Local anode Concrete Current lines/flux Rebar
 
 1.25 (a) General corrosion; (b) Local attack (pitting corrosion) and (c) macroelement corrosion in concrete. A = Area; i = current density (e.g. mA/cm2); I = current (e.g. mA).
 
 Processes and mechanisms
 
 31
 
 1000
 
 Current density (mA/cm2)
 
 slope: 1.0 100
 
 1.2 mm/year
 
 0.7 0.5
 
 10
 
 PZ 35 F; w/c = 0.5 0 to 2 M% Cl–/cement
 
 1
 
 0
 
 1
 
 10
 
 100
 
 1000
 
 10 000
 
 1 + Aca /Aan
 
 1.26 Influence of the ratio Aca/Aan on the corrosion rate icorr according to Equation 1.10 (Hunkeler 1994). Data from Schiessl and Schwarzkopf (1986). PZ: Portland cement.
 
 the icorr increases by a factor of 101 at the maximum (Fig. 1.26). At high ratios of Aca/Aan the increase of icorr is below that expected. The reason for this deviation is caused by the electrochemical resistances of the anodic and cathodic reaction and these electrochemical resistances limit the current flux. Equation 1.11 allows a better estimation taking into account the driving force of the macroelement DU (= potential difference between the anode and the cathode) and the electrochemical resistances (Hunkeler 1994). i corr =
 
 I corr Ê DU ˆ 1 = = Ë A an R an + R ca + R E ¯ A an
 
 U corr,ca - U corr,an rca A an rc A an ran + + A ca L
 
 where Icorr = corrosion current, A icorr = corrosion current density, A/m2 DU = driving force (= difference of the corrosion potentials), V Ran = resistance of the anode, W Rca = resistance of the cathode, W RE = electrolyte, concrete or ohmic resistance, W Ucorr,an = corrosion potential of the anode, V Ucorr,ca = corrosion potential of the cathode, V
 
 [1.11]
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 Corrosion in reinforced concrete structures Aan = area of the anode, m2 Aca = area of the cathode, m2 ran = specific electrochemical resistance of the anode, W m2 rca = specific electrochemical resistance of the cathode, W m2 rC = specific electrical resistance or resistivity of the concrete, W m L = characteristic length, m
 
 For a given macroelement the parameter L is a characteristic length and depends on the concrete volume around the rebar (cover thickness), on the anodic and cathodic area as well as on the distance between anode and cathode (current path) and on the concrete resistivity. The parameters in Equation 1.11 are partly dependent on each other; for instance the electrochemical resistances depend on the current density, the driving force of the macroelement and the cathodic area on the concrete resistivity. In very well-defined laboratory experiments it is possible to determine the influence of the different parameters and from such experiments the following conclusions were drawn (Hunkeler 1994): The driving force DU decreases with decreasing moisture content of the concrete (= increasing concrete resistivity). • The electrochemical resistances (ran, rca) as well as the ohmic resistance increase with decreasing moisture content. The cathodic charge transfer resistance rca grows faster with decreasing moisture content than does ran. In wet concrete the ratio ran/rca is around 10, in dry concrete >100. • The cathodic area of the macroelement increases with decreasing moisture content. • The anodic charge transfer resistance ran depends on the size of the anode and becomes smaller with increasing area of the anode. • The galvanic current of the macroelement increases with: – increasing moisture content of the concrete (decreasing resistances); – increasing area of the corroding site if the ratio Aan/Aca remains constant; – increasing ratio Aan/Aca (up to a maximum which depends mainly on ran and on the moisture of the concrete); – increasing temperature. •
 
 From Equation 1.11 three limiting cases might be deduced: Case 1: anodic control Case 2: cathodic control Case 3: ohmic control
 
 Ran  Rca, RE Rca  Ran, RE RE  Rca, Ran
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 1.8.2 Influence of the relative humidity In real systems the above mentioned limiting cases do not occur in pure form. With the exceptions of very dry or permanently wet concrete with oxygen depletion usually two factors at least determine the corrosion rate. These complex interactions are schematically shown in Fig. 1.27. Results of laboratory experiments on carbonated reinforced concrete samples are given in Fig. 1.28.
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 1.27 Dependency of the corrosion rate on the water saturation and regions of dominant resistance (Hunkeler 1994).
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 1.28 Corrosion of steel in carbonated mortar (Hunkeler 1994). Data from Parrott (1990).
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 The position of maximum current density in respect to the relative humidity (RH) of the air (moisture content of the concrete) depends on Ran and on the ratio Aca/Aan: the smaller Ran and the larger Aca/Aan the higher is the maximum. Because of the dependency of the oxygen diffusion coefficient on the moisture content one can assume that the maximum is reached at RH values lower than 99%. For real concrete components the cathodic area may be in dry or moist concrete and the corroding area rather in the wet part of the concrete element. The oxygen depletion in the wet concrete therefore may not influence greatly the corrosion current density.
 
 1.8.3 Concrete resistivity as reaction-controlling factor Under practical conditions it is not easy to determine the electrochemical resistances because the area of the anode and cathode are unknown and cannot be measured by direct means without destruction of the concrete. In some cases a simplification is possible and the electrochemical resistances may be neglected, e.g. at low moisture content of the concrete. At lower RH values, i.e. at lower moisture content of the concrete, the electrolyte resistance RE and the resistivity rC are the governing factors of the corrosion process (limiting case 3). In this case the corrosion current density iCorr is approximately inversely proportional to the electrolyte resistance RE and resistivity rC, or directly proportional to the conductivity sC according to Equation 1.12. i corr ª
 
 1 1 ~ = sC R E rC
 
 [1.12]
 
 The results of different studies were analysed by Hunkeler (1994) and are shown in Fig. 1.29. Although the scatter is obviously large this type of information may be of great help in practice where one has to determine the corrosion risk and the corrosion rate as well as to judge the effect or efficiency of repair methods, for instance after the application of coatings on concrete surfaces. Although the importance of the resistivity is generally accepted there have been only a small number of systematic and longterm studies on the resistivity of concrete and, specifically, its dependence on the relative humidity.
 
 1.8.4 Potential dependency of the corrosion rate The corrosion potential of the reinforcement decreases with increasing chloride level or decreasing pH at the surface of steel rebars. This dependency is used with the potential mapping technique to find concrete areas with corroding steel rebars. A decreasing corrosion potential is a sign of
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 corrosion; in general, the lower the potential the higher the corrosion rate. Figure 1.30 shows the results of an extensive investigation of chloridecontaminated post-tensioned girders of a bridge in Switzerland. The corrosion rate was calculated based on pit depths measured on excavated
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 1.29 Corrosion rate as a function of the conductivity of concrete (Hunkeler 1994). Data from Nöggerath (1990), Raupach (1992), Tondi et al. (1993).
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 1.30 Corrosion rate of the reinforcement in chloride-contaminated and carbonated concrete of girders of a bridge as a function of the potential. The corrosion rate of the reinforcing and prestressing steel was calculated from the loss of cross-section measured after removal of the concrete cover. The lines represent the upper and lower limit for slabs and of exposed concrete components of Swiss bridges found during long-term monitoring (Schiegg 2002).
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 steel rebars. This figure contains the limits found for different components of Swiss bridges (e.g. decks, columns). From Fig. 1.30 the following can be seen: •
 
 At very negative potentials corrosion rates above 1 mm/year are possible. • Prestressing steel with a higher concrete cover than ordinary reinforcing steel shows much lower corrosion rates. • The corrosion rate increases steeply at potentials below -250 mVCSE. • At a potential of -225 mVCSE the border line for the bridge changes the slope and it is less steep at potentials above -225 mVCSE. This might be caused by the preceding rehabilitation or by corrosion due to the carbonation of concrete.
 
 1.8.5 Influence of temperature The resistivity of concrete and, therefore, the corrosion rate depends strongly on the temperature (Fig. 1.29). The resistivity approaches zero by rather low temperatures around -25 to -40 °C. It can be described by Equation 1.13 (Hunkeler 1994). rC = rC ,0e
 
 br
 
 1 ˆ Ê 1 Ë T T0 ¯
 
 [1.13]
 
 where rC,0 = resistivity at T0 (T0 appr. between -25 and -40 °C) T, T0 = absolute temperature in K br = constant in K For br values between 2100 and 5500 K have been found (Hunkeler 1994, Schiegg 2002). The corrosion rate increases with increasing temperature. This holds true for corrosion caused by carbonated concrete as well as for the chlorideinduced attack. The temperature dependency of the corrosion rate is given by Equation 1.14. i corr = i 0e
 
 bi , corr
 
 1 ˆ Ê 1 Ë T T0 ¯
 
 where I0 = icorr with T0 (T0 approximately between -25 and -40 °C) T, T0 = absolute temperature in K bi,corr = constant in K.
 
 [1.14]
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 1.31 Influence of the temperature on the corrosion rate (normalised to 20 °C) (Hunkeler 1994).
 
 For the constant bi,corr values between 3800 and 7000 K have been found (Hunkeler 1994, Schiegg 2002). These values are slightly higher than those for the resistivity. The influence of the temperature on the corrosion rate is, therefore, slightly stronger than on the resistivity. Figure 1.31 shows graphically this influence. It can be seen that the corrosion rate varies by more than a factor of ten in a common seasonal temperature range from 5 to 30 °C.
 
 1.9
 
 General aspects of corrosion prevention
 
 1.9.1 General considerations Many reinforced concrete structures show signs of deterioration even when young and have to be rehabilitated which involves high financial costs and technical effort. The problem of corrosion due to carbonation of concrete is solved. National standards make provisions for concrete cover and the properties of concrete and an appropriate dense concrete and concrete cover guarantee a long life. In contrast to this there is no established consensus on the most economical and technically feasible steps that can be taken against chloride-induced corrosion attack. Durability design offers different methods and protection possibilities.
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 Generally, not only the cost of the construction but also the cost of maintenance and rehabilitation must be considered (life-cycle costs, LCC). For construction where the aim is to have low or almost zero maintenance costs (‘zero maintenance strategy’) different possibilities may improve the resistance of the construction against deterioration processes (Table 1.7). Improving the concrete quality and increasing the concrete cover are by far the most economical protection measures but are not always enough. Practical experience with epoxy-coated reinforcement gives contradictory results (Richner and Kürsteiner 2001). The same holds true for the application of inhibitors (Hunkeler et al. 2001).
 
 1.9.2 Improving the chloride resistance of concrete The resistance of concrete against chloride ions penetrating (chloride ingress) from the outside, the so-called chloride resistance, can be improved by reducing the water to cement and water to binder ratio, respectively, or by using mineral additions, e.g. fly ash, silica fume, ground granulated blast furnace slag (ggbs) or metakaolin (Fig. 1.32). These figures show the results of a literature review and an extensive research study with a variety of laboratory concretes and concrete samples taken from 20 to 40 year old Swiss reinforced concrete structures. In this figure the results of other research work (Tang 1996a, Tang 1996b, Gehlen 2000, Mackechnie and Alexander 2000) have been included.
 
 1.9.3 Improving the corrosion resistance of the reinforcement The use of stainless steels is one of the most promising measures that can be taken to prevent premature failure. Stainless steels exhibit a much higher corrosion resistance than ordinary black, zinc or epoxy-coated rebars. Although the material costs are higher they may be used as an appropriate additional measure for the protection of concrete components with a high risk of corrosion (Hunkeler 2000, Hunkeler 2001). Table 1.8 gives some information for practical applications.
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 Table 1.7 Overview and comparison of some additional protection measures for durable reinforced concrete structures (Hunkeler 2000, Hunkeler et al. 2001) Measure
 
 Advantage
 
 Disadvantage
 
 Increase the concrete cover of the reinforcement
 
 costs handling (easy to realise) experience eventually higher critical chloride content for corrosion
 
 there are limits for the increase reduces the static height
 
 Use of more tight (less porous) concrete
 
 costs handling (partly) experience (partly)
 
 there are limits for the reduction of the w/c ratio (´ workability) concrete remains – even at very low w/c ratios – a porous material low w/c ratios and the addition of mineral additions (e.g. silica fume, fly ash or ground granulated blast furnace slag) may not or may only slightly change the critical chloride content for corrosion; some mineral additions may even reduce it.
 
 Inhibitors as admixture for concrete
 
 handling eventually a higher critical chloride content for corrosion
 
 costs long-term efficiency and durability not proven
 
 Surface protection systems (e.g. hydrophobic impregnation, coatings, tiles)
 
 positive effect (if the correct system has been chosen and correctly applied) a large variety of systems available appearance of the surface (colours) can be modified
 
 costs handling, susceptibility to damages during work the efficiency has to be monitored needs maintenance and repair modification of the appearance of the concrete surface (loss of the character of fair-faced concrete)
 
 Zinc-coated steel
 
 costs handling performance in carbonated concrete
 
 limited efficiency and durability in highly chloride-contaminated concrete and in cracks no or only a slight influence on the critical chloride content
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 Table 1.7 Continued Measure
 
 Advantage
 
 Disadvantage
 
 Epoxy-coated steel
 
 costs deliverability
 
 handling on construction sites, susceptibility to damages during work mixture between coated and ordinary (non-coated) reinforcement critical long term efficiency and durability not proven (delamination of the coating and corrosion underneath the coating), contradictory experiences no or only a slight influence on the critical chloride content
 
 Stainless steel
 
 handling higher critical chloride content for corrosion (dependent on the steel quality) mixture between stainless and ordinary reinforcement without any restrictions or additional measures possible efficiency
 
 costs restricted deliverability, availability, delivery forms, deadlines and amount of delivery experience
 
 Cathodic protection Waterproofing membranes
 
 efficiency experience
 
 costs handling (‘complicated’) monitoring necessary costs handling (risk of damages) not always applicable
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 1.32 (a) Relation between chloride migration coefficient (= measure of the resistance of concrete against chloride ingress) and water-tobinder ratio (Hunkeler et al. 2002); (b) Relation between chloride migration coefficient and compressive strength and influence of mineral additions. The regression curve for Portland cement concrete was calculated based on results on young laboratory concrete and on concrete cores taken from 20 to 40 years old reinforced concrete structures; ggbs = ground granulated blast furnace slag (Hunkeler et al. 2002).
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 Table 1.8 Survey of the use of stainless steel rebars for concrete structures exposed to chloride-containing environments and with a concrete cover of the rebars of about 30 mm, compared with other rebar materials (Hunkeler 2000, Hunkeler 2001). CRC = corrosion resistance class; PRE = pitting resistance equivalent; classification: + appropriate, - inappropriate; classification in parenthesis: classification uncertain Rebar material
 
 PRE1
 
 CRC
 
 zero
 
 Carbonated concrete yes no yes [yes]2 [yes]2 Chloride content3 zero low low mid high
 
 +
 
 -
 
 +/-
 
 (-)
 
 + + +
 
 + + +
 
 (+) + +
 
 (+/-) (+/-) + +
 
 (+)
 
 +
 
 +
 
 +
 
 +
 
 +
 
 no
 
 Ordinary black steel rebar Epoxy-coated steel rebar4 Zinc-coated steel rebar Chromium steels5 Chromium–nickel steels and chromium–nickel– molybdenum steels Chromium–nickel– molybdenum steels Chromium–nickel– molybdenum steels6
 
 0 0 0 10–16 17–22
 
 0 ? 0/1 1 2
 
 23–30 3 >31
 
 -
 
 +
 
 -
 
 4
 
 1 PRE: Pitting resistance equivalent. PRE = %Cr + 3.3%Mo + 0%N. The minimum content of chromium and molybdenum according to EN 10088 and Stahlschlüssel (Germany) was used for the calculation. The nitrogen content was not taken into account. 2 The influence of the chloride content dominates. Carbonation is of minor importance since the rate of carbonation is low or the concrete cover is high. 3 Chloride content: low: £0.6 M % by mass of cement middle: ≥0.6, but £1.5 M % by mass of cement high: ≥1.5, but £5 M % by mass of cement very high: >5 M % by mass of cement 4 The classification is uncertain/controversial. 5 The susceptibility to pitting corrosion of chromium-steels with a low chromium content increases rapidly with decreasing pH. Depending on the concrete cover the carbonation of the concrete is, therefore, more or less important. 6 For special cases e.g.: • very high chloride content. • high chloride content and further unfavourable circumstances.
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 2.1
 
 Introduction
 
 Corrosion of rebars in reinforced concrete structures is a complex process that is strongly influenced by the interaction of the exposure conditions with the concrete. From the experience of condition surveys on reinforced concrete bridges it is known that the exposure of a structure has a decisive influence on the location and extent of corroding rebars. However, in most cases it is difficult to quantify its influence on past and future corrosion propagation. In the last 15 years the goal of repair work was to stop or at least strongly decrease the ongoing corrosion processes and to protect concrete against the penetration of water and pollutants e.g. chlorides. In this period the methods of condition survey and data evaluation were constantly improved. However, there was clearly less attention paid to the corrosion monitoring of new and repaired structures and, as a consequence, there are only few methods and little experience available in this field today. In this chapter the goals and different methods for the monitoring of reinforced concrete structures are presented. These methods can be used for new, existing or repaired structures. Often the situation is more complex after repair work on a structure, because this can involve different products and interfaces, than on a new or existing structure. Furthermore, the installation of different kinds of sensor elements is much easier for new structures. In addition, the state of the art sensor-based monitoring system is presented that allows the important parameters of the corrosion process to be measured. The instrumentation consists of chloride and resistance sensors as well as isolated corroding rebars that are mounted into drill cores from real structures or cores produced in the laboratory.The cores equipped with sensors are cast into structures with different exposure conditions. A data acquisition system was used for the continuous recording (measuring interval ≥ 1 minute) of concrete resistivity, potential, macrocell current and climatic parameters such as temperature and relative humidity. 46
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 47
 
 Goals
 
 There are various goals for the monitoring of corrosion in reinforced concrete structures. They depend on the state of the structure and on the measures taken to protect it. •
 
 •
 
 •
 
 New structures – time of corrosion initiation; – causes of corrosion (chloride concentration, pH value, concrete humidity). Repaired structures – effectiveness and durability of repair work; – experience with specific repair methods or products; – causes of corrosion (chloride concentration, pH value, concrete humidity). Existing structures – corrosion rate; – causes of corrosion (chloride concentration, pH value, concrete humidity).
 
 In addition, indirect information for the evaluation of the corrosion risk can be gained. Corrosion protection measures such as inhibitor treatment or hydrophobic treatment can readily be characterised regarding its efficiency and durability, e.g. the effectiveness of a surface protection can be investigated. A proper water-rejecting hydrophobic treatment reduces the water absorption, which leads to a low concrete humidity. Whether this impregnation is capable of reducing the corrosion rate sufficiently cannot be answered without additional information. Often quantitative results (e.g. corrosion rate) are not readily available for concrete. Nevertheless, in many cases the knowledge of relative changes of important parameters is sufficient to make a reasonable evaluation of a corrosion propagation trend. A pronounced increase of concrete humidity in a bridge deck can be related to leakages of the sealing or an increase of the corrosion current will show the reinitiation of corrosion attacks. The type of a monitoring system and the parameters investigated depend on the following factors: • • •
 
 Importance of a structure (statics, aesthetics, accessibility). Cause of corrosion (chlorides, carbonation). Readiness of the owner to install a monitoring system, costs.
 
 Only limited information is available on the monitoring of corrosion in reinforced concrete structures. This is also true for many repair methods, especially regarding their durability. Basic questions about corrosion
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 mechanisms of steel in concrete must be answered and for this reason an increasing number of monitoring applications should be considered. This in turn leads to new findings on durability of reinforced concrete structures.
 
 2.3
 
 Types of monitoring techniques
 
 With the different methods for corrosion monitoring one can differentiate between cover-all and local measurements. Local information can be derived from the following: • •
 
 Built-in the structure (sensors, reference electrodes). Mobile structures, but these however are not suitable for cover-all measurement (high duration for one measurement, not non-destructive).
 
 In Table 2.1 the most important methods are shown. In the following sections some applications are explained in more detail.
 
 Table 2.1 Overview of the most important methods for corrosion monitoring Parameter
 
 Method
 
 Application
 
 Corrosion rate
 
 Polarisation resistance linear polarisation resistance (LPR) impedance spectroscopy (EIS) galvanostatic pulse measurement (GPM)
 
 Mobile/local
 
 Macrocell current
 
 Artificial anodes insulated rebars macrocells
 
 Fix/local
 
 Potential
 
 permanent reference electrode movable reference electrodes
 
 Mobile Fix/local
 
 Concrete resistivity
 
 4-electrode-resistivity measurement insulated rebars instrumented cores multi-ring electrode
 
 Mobile Fix/local Fix/local Fix/local
 
 Chloride concentration
 
 chloride analysis of concrete cores chloride sensors
 
 Mobile/local Fix/local
 
 Carbonation depth
 
 phenolphthalein test potential profiles
 
 Mobile/local Mobile/local
 
 temperature sensors
 
 Fix/local
 
 humidity sensors
 
 Fix/local
 
 Auxiliary parameters air and concrete temperature relative humidity
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 2.3.1 Corrosion rate The measurement of the polarisation resistance Rp by means of electrochemical methods allows calculation of the corrosion rate according to Equation 2.1. 1 i corr = [2.1] RP B where: Rp = polarisation resistance [W-1 cm-2] icorr = corrosion current density [mA cm-2] B = system constant [V] The reciprocal polarisation resistance is the slope of the current density–potential curve in the proximity of the corrosion potential1. The system constant B contains the kinetics of the anodic and cathodic reaction and amounts to 26 mV for corroding steel and 52 mV for passive steel in concrete2. The polarisation resistance can be determined by the following methods. All these methods have a similar measuring set-up with counter and reference electrodes on the concrete surface (Fig. 2.1). 2.3.1.1 Linear polarisation resistance In linear polarisation resistance measurements (LPR) a constant potential x (x = xcorr ± 5 mV and ±10 mV) is applied to the steel in the concrete. After some minutes (stationary conditions) the resulting current is measured. The effective polarisation resistance Rp,eff must be compensated by the ohmic resistance of the concrete, which can be determined by an impedance measurement.
 
 WE
 
 RE V
 
 A
 
 CE
 
 Potentiostat or Galvanostat Reference electrode Counter electrode
 
 Reinforcement Concrete
 
 2.1 Schematic set-up for electrochemical measurements on reinforced concrete structures.
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 2.3.1.2 Electrochemical impedance spectroscopy The measurement set-up of electrochemical impedance spectroscopy (EIS) is similar to that of LPR. An AC voltage signal in a frequency range from several MHz to approximately 100 kHz is applied and the resulting AC current is measured. By analysing the impedance spectrum the ohmic resistance of the concrete or the polarisation resistance can be determined. A disadvantage of this method is the time exposure for one measurement, depending upon the lowest frequency and therefore EIS is barely applied on real structures. 2.3.1.3 Galvanostatic pulse measurement Galvanostatic pulse measurement (GPM) is the most efficient method for the determination of the polarisation resistance Rp (length of time per measurement approximately 10 seconds). A galvanostatic current is applied to the reinforcement and the polarisation is recorded by a computer. The current of the pulse is selected in such a way that the change of the corrosion potential is less than 20 mV. By curve fitting and extrapolation of time towards infinity the ohmic resistance of the concrete and the polarisation resistance Rp can be calculated. 2.3.1.4 Results and experience In laboratory investigations a good agreement of the results of the methods described with the actual corrosion rate was found if the measured results were compensated by the ohmic resistance of the concrete3. For an estimation of the corrosion rate in real structures the geometry-independent specific polarisation resistance R* has to be determined since the measured polarisation resistance depends on both the ohmic resistance of the concrete and the effectively polarised reinforcement surface. The current spread is dependent on: • • • • •
 
 Corrosion state of the reinforcement. Concrete cover. Concrete resistivity. Diameter and distance of the rebars. Diameter of the counter electrode.
 
 From the literature3,4 it can be stated that in the case of homogeneously active reinforcement the current is concentrated below the counter electrode and no current spread occurs. Hence the determination of R* is comparatively easy. However, passive steel has a very high polarisation resistance, which leads to a pronounced current spread. The distance of the
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 current spread can be estimated by Lcrit from computer simulations. Lcrit is defined as the distance from the edge of the counter electrode up to a current spread of 95% and the major difficulty concerning Lcrit is the fact that the corrosion state of the reinforcement has to be known. The wide current spread with passive reinforcement can be limited by using a guard ring5. In the case of chloride-induced corrosion the current is concentrated on the anodic area. This leads to an underestimation of the concrete resistance and an overestimation of the polarisation resistance (too small corrosion rates). The practical application of Rp measurements is appropriate for the investigation of relative changes over time. It can be used, in conjunction with other methods (e.g. potential field measurements), for monitoring of reinforced concrete structures. However, the interpretation of the data has to be handled with care where there may be significant changes of exposure conditions or concrete humidity.
 
 2.3.2 Macrocell currents Since the anode and cathode are geometrically separated in macrocell corrosion it is possible to measure the macrocell current by isolating the anode and the cathode from each other and to estimate the mass loss of the rebar. Generally, the macrocell currents can be measured by installation of artificial anodes or by mechanical cutting of the rebar mat. In both cases the corrosion elements must be measured with the smallest possible disruption of the existing concrete in order to generate no unwanted effects that do not represent the investigated structure. This requires the use of small test samples and small openings and the macrocell current can be measured over an internal shunt of a voltmeter or a zero ampere meter. It is not always possible to separate the anode from the cathode completely and in such cases only a part of the macrocell current will be measured and the corrosion rate can be underestimated.
 
 2.3.3 Potential mapping In order to estimate the necessity of repair work it is necessary to know the exact place and the extent of corrosion attacks at the reinforcement. Corrosion sites must be identified rapidly, non-destructively and over the entire surface. Potential mapping is used during three stages of bridge maintenance: • • •
 
 During inspection (basis for the repair concept). During repair work. After repair work (quality assurance, monitoring).
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 2.3.3.1 Principle and application The principle of potential mapping is the potential difference of corroding and passive reinforcement. The corrosion potential of a corroding rebar in chloride-contaminated or carbonated concrete varies up to several 100 mVs from a non-corroding rebar in alkaline chloride-free concrete. The potential difference results in the macrocell current and the resulting potential drop in the concrete is measured. However, it has to be considered that besides the corrosion state the potential can be affected by other factors (e.g. concrete humidity, chloride content, pH value of the pore solution, stray currents), which lead occasionally to difficulties in the interpretation of the measured values. Potential mapping provides no information about the corrosion rate. Under certain conditions it is possible to estimate the corrosion rate on the basis of the potential gradients and the concrete resistivity6. The set-up for the measurements is shown in Fig. 2.2. Potential mapping requires a reference electrode with a well-known and constant potential, an electrical connection to the reinforcement and a voltmeter with a high input resistance. By placing the reference electrode on the concrete surface the resulting potential can be recorded. For easy evaluation of the data a colour code is used; during the evaluation a certain colour is assigned to the different potential values. This representation of the data permits a rapid determination of the extent of the corrosion attacks and can be used to determine the area of concrete removal. 2.3.3.2 Evaluation and interpretation of the potential readings The correct evaluation of the data requires a knowledge of the corrosion of metals, in particular of the corrosion of steel in concrete. In addition to Voltmeter
 
 Reference electrode e.g. Cu/CuSO4
 
 Reinforcement local corrosion site –700 mV (anode)
 
 Concrete
 
 2.2 Schematic set-up for potential mapping on reinforced concrete structures.
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 graphical illustration the potentials are statistically analysed and groups of corresponding values (e.g. active and passive zones) can be recognised. The statistical evaluation is a useful tool in specifying critical values for corrosion. More detailed explanations of the evaluation and the statistical analysis of the data are presented in the literature7. In addition to the statistical analysis of the data the results of visual inspection of rebars and chloride content in the concrete should be considered. It is important that the places for openings and drill cores are coordinated with the results of the potential measurement.
 
 2.3.4 Concrete resistivity measurements Concrete resistivity is an important parameter during corrosion processes and can be measured in various ways8. Measurements of concrete resistivity can be accomplished using DC or AC voltage. However, with DC voltage measurements polarisation effects at the electrodes have to be considered, which can falsify the results but this unfavourable influence can be eliminated e.g. by 4-point-measurements (see below). By use of AC voltage the polarisation potentials at the electrodes disappear. The impedance and the resulting phase shift depend on the frequency of the applied voltage. The measurement of impedance spectra can be used to characterise the dielectric behaviour of cementitious materials. Ideally, the measurements of concrete resistivity should be performed with frequencies within the range of 10 to 100 kHz. 2.3.4.1 Measurements using 4-electrode-resistivity For the measurement of concrete resistivity at real structures, devices are used that are based on the 4-electrode-method, according to Wenner9. An AC-current is applied to the outside pair of electrodes and on the internal pair of electrodes the voltage drop is measured that leads to the electrical resistance. The advantage of this method is the elimination of possible electrode processes and the concrete resistivity can be determined from the surface. Information about concrete resistivity on different depths is achieved by the variation of the electrode gaps. Frequent difficulties of this method are the contacting of the electrodes on the concrete with wet sponges, the rebar mat, high impedance layers and an inhomogeneous moisture distribution in the concrete. In laboratory tests the four electrodes can be mounted into concrete samples (e.g. drill cores), which eliminates the disadvantages of the contacting on the concrete surface.
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 2.4
 
 Sensors for concrete
 
 Today the development and the use of sensor systems built into concrete for monitoring corrosion is increasing significantly. Based on the working principle sensor measurements can be differentiated into direct and indirect methods. Direct methods measure electrochemical parameters such as corrosion potential, macrocell current and polarisation resistance while indirect methods give information about the aggressiveness of the electrolyte or micro-cracking of the concrete due to corrosion processes (acoustic emission). Different sensors for corrosion monitoring listed in Table 2.2 are commercially available. Artificial anodes are active corroding reinforcing bars that are embedded into a chloride-contaminated concrete or mortar. An electrical connection between the anode and the reinforcement mat of the structure is established to measure the macrocell current. It is recommended that the anodic rebar is weighed before installation so that the effective mass loss, depth of pitting holes and the anodic area can be determined at a later point of time. Such macrocell probes can be used in repaired or new structures. The use of artificial cathodes such as stainless steel or activated titanium is not recommended since the measurable currents are too small (the main part of the macrocell current flows into the extensive reinforcement mat) and no clear interpretation of the corrosion situation is possible. A method without modification of the concrete properties around the anode is the use of insulated rebars. After localisation a corroding rebar is Table 2.2 Sensors for corrosion monitoring Direct methods
 
 Sensor systems
 
 Indirect methods
 
 Sensor systems
 
 Corrosion potential
 
 Reference electrodes such as MnO2
 
 Concrete resistivity Concrete humidity
 
 Multi-ring electrode,
 
 Macrocell current Polarisation resistance Initiation of corrosion
 
 Artificial anodes, artificial cathode, insulated rebars LPR-sensors Rebar probes, expansion-ring-anode, anode-ladder-system, anode-nail-system
 
 Chloride concentration Acoustic emission Concrete humidity pH value
 
 Instrumented cores with resistivity sensors, humidity sensors, (artificial anodes, insulated rebars) Ag/AgCl chloride sensor, fibre optic sensors Local area monitoring system Humidity sensors, concrete resistivity sensors Fibre optic sensors
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 cut near the crosses of the mat. On one end the electrical connection is made after removing a small amount of concrete and afterwards the opening is filled with a suitable mortar. A common problem of this technique is the precise localisation of the anodic spot which can be very time consuming. The expansion ring-anode10, anode-nail-system and anode-laddersystem11 are monitoring systems that are used to determine the time of initiation when the critical chloride concentration is exceeded. If the steel sensors of the anode-ladder-system are connected to the lateral titanium bars the macrocell currents can also be measured. Due to the large dimension the anode-ladder-system is mainly suitable for new or repaired structures. Microcracking of the concrete caused by corrosion processes can be recorded by acoustic emission measurements12. The local area monitoring system (LAM) is designed to monitor acoustic emission activities from defects on small areas of bridges. AgCl-chloride sensors can be used to measure the ingress of chlorides into cement-based materials. In laboratory investigations the sensors work very well and give accurate results13 and in field tests the chloride sensor combined with a reference electrode such as the MnO2 electrode is a promising tool to determine the critical chloride concentration for corrosion initiation in concrete structures14. Experience from field tests shows that the sensors are particularly satisfactory in new structures. If there are already corroding areas present the potential measurement of the sensors can be strongly influenced by the electric field of the macrocell corrosion (potential shift) resulting in erroneous chloride concentrations15. The voltage drop cannot be quantified because it depends on the exact position of the sensors and the reference electrode and on the corrosion current variation in the structure. Since concrete resistivity is related to it, the humidity in concrete is an important parameter in providing information on the corrosion risk. There are different sensor systems (e.g. multi-ring electrodes16, instrumented cores) that allow monitoring the humidity exchange in the concrete cover by means of resistivity measurements. The perfect sensor does not exist for each sensor system has its advantages and disadvantages. The engineer or the owner of a concrete construction must study the goals of a planned monitoring system carefully and clarify what information is needed for the problem in hand.
 
 2.5
 
 Continuous method/online monitoring
 
 The term online monitoring means the continuous measurement of certain parameters at real structures, where sensor devices are built into the concrete. By the use of short measuring intervals (minutes to hours) repeated
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 in a systematic way, both temporary changes and long-term differences can be measured. To investigate the corrosion propagation, a new measuring technique has been developed, which allows important corrosion parameters to be measured directly at real structures17.
 
 2.5.1 Sensors and instrumentation Investigations on corrosion propagation were based on the development of concrete cores equipped with sensors capable of monitoring the major parameters involved in the ongoing corrosion processes. In order to measure the moisture content and the chloride uptake as a function of the concrete depth, up to eight chloride and resistivity sensors are cast into cylindrical concrete samples (Fig. 2.3). The cores were taken from concrete structures or prepared in the laboratory. A further core contains a reinforcing bar (ordinary carbon steel, length 40 mm, Ø 8 mm) for corrosion current measurements, a chloride sensor as well as three PT1000 temperature sensors. The reinforcing bar can be removed later for further investigations. The lateral surfaces of the cores with the eight sensor elements are coated with
 
 5 R1 12.5 5
 
 R2
 
 20
 
 15 27.5
 
 R3 R4
 
 35 42.5 50
 
 20 T1
 
 35 60
 
 T2
 
 R5 R6
 
 57.5
 
 100
 
 R7
 
 100
 
 2.5
 
 T3
 
 Chloride and resistivity sensors
 
 (a)
 
 Epoxy-coating
 
 ∆ 75 - 100
 
 Rebar probe and temperature sensors
 
 ∆ 75 - 100
 
 120 mm 40 mm
 
 2
 
 (b)
 
 5
 
 4
 
 1 = silver wire ∆ 0.5 mm 2 = Ag Cl coating 3 = Teflon tube (insulation)
 
 6
 
 3
 
 1
 
 4 = stainless steel tube ∆ 2.5 mm 5 = epoxy sealing 6 = insulation
 
 2.3 Instrumented cores for field tests. The following sensors were used: chloride and resistivity sensor (detail below the cores), rebar probe and temperature sensor.
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 an epoxy-resin coating in order to permit only one-dimensional water uptake perpendicular to the concrete surface. The instrumented cores are then fixed with a low viscosity mortar into boreholes at different locations on the concrete structure and the potentials of the chloride sensors are measured using an MnO2-reference electrode embedded in the vicinity of the sensors. The cell factor of the resistivity sensors was determined in Na2SO4 solutions with different conductivities. Using instrumented drill cores and additional sensors for the registration of the climatic influences the following parameters can be measured: • • • • •
 
 Electrical concrete resistance, RC [W]. Potential of the reinforcement, chloride sensor, U [V(MnO2)]. Corrosion current, Icorr [A]. Air and concrete temperature, TA/C [°C]. Relative humidity, rh [%].
 
 The cores with the sensors were mounted in the boreholes of structures with different exposure conditions.
 
 2.5.2 Data acquisition A data acquisition system for the continuous recording (measuring interval ≥1 minute) of resistivity (concrete humidity), potential (corrosion state, chloride content), corrosion current (material loss) and climatic parameters such as temperature and relative humidity were used. Such a system contains four different measuring modules (potential, current, resistance and auxiliary). These measuring modules are protected by means of a protection module against overvoltages (e.g. lightning impact). Altogether, 32 potentials, 8 currents, 24 resistances and 5 auxiliary variables can be measured. The recording interval can be flexibly selected at minute intervals. There is the possibility of connecting together up to 16 data collection systems by an RS485-network. The control and the current supply (12V battery) of the devices take place from a central, well accessible place. The selected data are stored on the PC in a text file and can be further processed with the usual statistic software. More information about the instrumentation and the data acquisition system is given in Schiegg.17
 
 2.5.3 Results of field investigations Reinforced concrete structures of the Swiss national highway A13 were equipped with instrumented cores and data acquisition systems for online monitoring in 1998. A number of typical exposure conditions and structures were chosen where different weathering and corrosion conditions were expected. In order to examine the influence of porosity, an instrumented
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 core from the structure and mortar cores from the laboratory (max. grain size 4 mm, water cement ratio 0.5 and 0.6) were used. 2.5.3.1 Climatic influence on concrete resistance and corrosion current Figure 2.4 shows the corrosion current of a corroding rebar (chloride content 1.2 m%/cement) and the concrete temperature over time in the edge beam of a highway bridge during one year. There is a pronounced temperature dependence of the corrosion current (daily peaks and seasonal differences). In this example, the corrosion current differs between winter and summer by approximately a factor of 3.5 to 4. Within the daily fluctuations and the seasonal fluctuations, the increase of the corrosion current during a rise in temperature reaches a factor of 1.8 to 2.0 per 10 °C. The corrosion processes do not cease even at temperatures below 0 °C. An important parameter influencing the corrosion rate is the concrete humidity. The concrete resistances measured by means of AC-resistance measurement provide information about humidity changes in the zone near the surface of the concrete. Figure 2.5 shows the concrete resistances over time at three depth levels in the edge beam of a highway bridge, the concrete temperature and the amount of rain for the selected time period. Similar to that shown by the corrosion current, the concrete resistance shows a pronounced temperature dependence (2.5 kW/10°C). After a drying period lasting until 31 December, precipitation caused a strong decrease of
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 2.4 Microcell current of a corroding rebar in the edge beam of a highway bridge and the concrete temperature over one year.
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 2.5 Concrete resistances over time (depth 5–35 mm) of a mortar core (w/c = 0.6) in the edge beam of a highway bridge, concrete temperature and the amount of a precipitation over time (data from Swissmeteo). December 1998 to January 1999.
 
 the concrete resistance in a depth of 5–12.5 mm (approx. factor 3) in the following days, whereby the gradient of the resistance decreased with increasing concrete cover. Resistance measurements show that it is possible to differentiate between wet and dry periods. 2.5.3.2 Modelling temperature dependence of concrete resistivity For an assessment of the humidity exchange in the concrete and the consequences on the corrosion rate, changes in the concrete resistivity had to be separated from the effect of temperature. The exponential relation between the electrical concrete resistance and temperature was derived from the Arrhenius equation (Equation 2.2). In the literature, values between approximately 1500 and 5000 K for the temperature coefficients b are given18. In Fig. 2.6 the exponential correlation between concrete temperature and resistivity is clear. However, the variation of the concrete resistances in the depth 12.5–20 mm is much larger than in the depth
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 2.6 Correlation between concrete resistance and temperature for two concrete depths (12.5–20 mm and 27.5–35 mm) of a mortar core w/c = 0.5 in the arch of a highway bridge.
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 2.7 Determination of the b-value for two different temperatures with the ordinary least squares method. With an unfavourable temperature hysteresis loops and wrong b-values result.
 
 27.5–35 mm. This means that the b-value is not constant but depends on concrete humidity and therefore an evaluation procedure for the exponential correlation of temperature and resistivity over time had to be developed. Since the b-value is dependent on concrete humidity, Equation 2.2 may be applied only for short time periods, during which the humidity does not change or does so only slightly. The analysis of the performed field tests, where a measuring interval of 10 minutes was selected, indicated that the determination of a b-value is optimal over 24 hours (day and night). As Fig. 2.7 shows, it is essential that measurements of the temperature and the con-
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 crete resistance are performed at the same depth from the surface in order to obtain an exact determination of the b-value. It has to be noted that the temperature gradient is not constant in a concrete structure and, because of the good heat conductivity of the concrete, gradient changes take place very quickly, but the heating and cooling rates of the concrete near the surface are different. R T1 = R T 0 ◊ e
 
 b
 
 1 ˆ Ê 1 Ë T1 T 0 ¯
 
 [2.2]
 
 where RT1 = concrete resistivity at temperature T1 RT0 = concrete resistivity at temperature T0 b = temperature coefficient T1, T0 = concrete temperature
 
 [Wm] [Wm] [K] [K]
 
 2.5.3.3 Determination of the b-values and temperature-compensation of the concrete resistance The b-values over 24 h (144 measured values) for the temperature compensation of the concrete resistances were extrapolated with an ordinary least squares method. Figure 2.8 shows the temperature compensated (reference temperature 20°C) concrete resistivities in three depths for a mortar (w/c ratio 0.5) in the edge beam of a highway bridge, the b-values and the amount of rain. The b-values are situated between 2000 and 4000 K. The strongest fluctuations occur within the first depth level (5 to 12.5 mm), which is the result of the changing concrete humidity due to direct weathering. It is noticeable that, apart from the initial phase, strong fluctuations of the concrete humidity occur mainly in surface proximity. The transport of water and aggressive substances (e.g. chlorides) into larger depths of the concrete structure takes place about two to three times a year. This characteristic course of the concrete resistivities was found for all exposure conditions. From this behaviour short-term humidity changes which only cause a change of the humidity directly below the surface of the concrete (small incidents with transport zones 300 WM (exposures XD2/XD1: spray, partially wet/indirect weathering). But there is a sharp increase of the corrosion rate if the concrete resistivity is 10°C. For the
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 2.11 Correlation between concrete resistivity, corrosion rate, annual material loss and four exposure conditions for chloride-induced corrosion. Exposures XD1: indirect weathering, XD2: spray, partially wet, XD3: splash water, XD4: direct weathering.
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 exposure XD2 the corrosion rate was higher than 5 mA/cm2 in the case of temperatures >10°C. These are effective temperatures and not mean values over a year which means that for the evaluation of the corrosion propagation the true temperature conditions over time have to be considered. If no temperature measurements are available data from meteo stations can be used for a primary estimation. 2.5.3.6 Conclusions With the development and use of sensor instrumented cores as well as a data acquisition system for the continuous measuring of corrosion-relevant variables, a new measuring technique is available to monitor the corrosion of reinforced concrete constructions. The field tests at different buildings permit the following conclusions: • •
 
 •
 
 •
 
 The concept of monitoring the instrumented cores is well suited to practical application and provides valuable results. Concrete resistance and corrosion current are considerably influenced by temperature. For high quality of temperature dependence modelling of the two parameters characterisation of the temperature, by measurement or by calculation, at an exact depth from the surface is necessary. The temperature coefficients b (concrete resistance) and a (corrosion current) are dependent on the moisture content in the concrete and are mainly determined by the exposure conditions of the concrete structures. At bridge structures with direct weathering and splash water, corrosion rates up to approximately 0.4 to 0.6 mm/year are to be expected, while structures with indirect weathering clearly corrode more slowly (0.5 and OPC as binder, missing the effect of low w/b ratios and the effect of new binders. (d) Laboratory or field exposure tests of concrete with chlorides in the mixing water, thereby allowing for the use of low w/b-ratios, thick cover depth and various binder types, missing the effect of steel passivation in chloride-free concrete and incorporating the effect of different chloride binding and hydration mechanisms when compared to subsequent penetrated chlorides. (This is the most erroneous method).
 
 4.5.3 Results from tests under defined laboratory conditions The results of Pettersson48,49 and Hansson and Sørensen50 were derived from studies of steel electrodes embedded in concrete submerged in chloride solution in the laboratory. They indicated that the time until depassivation depends on the binder type and the w/b-ratio, as could be expected because the diffusion coefficient is altered significantly. A significant influence of the binder type upon the chloride threshold value could not be proven. Breit56 investigated the chloride threshold value in the laboratory by means of potential–current measurements on embedded steel electrodes, which were submerged in solutions of different Cl-/OH--ratios. Here again a significant influence of the concrete composition could not be found.
 
 Influence of concrete composition
 
 123
 
 4.5.4 Results from tests under practical exposure conditions Thomas55 studied the rebar mass loss vs. the chloride content at bar location for various contents of fly ash in concrete exposed in a marine splash zone (Canada). As a criterion he defined a mass loss of 0.1 % at the rebar. For pure OPC he obtained a threshold of around 0.7 wt.-%/cement. An increase in fly ash portion of 15, 30 and 50 % caused a decrease in threshold by around 7, 30 and 70 % respectively. Sandberg51 exposed reinforced concrete slabs of different composition (binder, w/b-ratio) under variation of the concrete cover in a marine environment (field station Träslövsläge). The state of depassivation was determined by a combination of half-cell potential and polarisation resistance measurements. If depassivation was confirmed the total chloride content was determined at the vicinity of the reinforcement. From the total study Sandberg concluded that the chloride threshold value: • • • •
 
 •
 
 Is about twice as high in submerged compared with marine splash conditions. Increases with rising cover depth (covers of 10–20 mm were tested). Increases for lower w/b-ratios (domain of 0.3–0.75 was tested). Is not significantly altered when using silica fume or fly ash instead of OPC, but may be reduced by the application of cement with high slag content. Is significantly raised, if voids >0.1 mm at the steel–concrete interface can be avoided (by good compaction).
 
 Low threshold values for slag cements were mainly attributed to the higher sensitivity for the formation of air voids and micro-cracks (due to shrinkage) at the steel surface. The lower calcium hydroxide reservoir was also taken into consideration. The effects of cover and w/b-ratio are mainly controlled by the induced moisture variations at the depth of the reinforcement. The effect of cover depth is assumed to be decisive until a depth of around 20 mm for concrete with w/b of around 0.40 and 55 mm for concrete with w/b of around 0.55. Beyond this depth changes in moisture content with time are thought to be of negligible importance.
 
 4.5.5 The chloride threshold value: conclusions The aspects of concrete composition and exposure environment were summarised during the widely recognised HETEK project headed by the Danish Road Directorate, Table 4.7. This table indicates that the threshold value decreases with incorporation of concrete additions or blending agents
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 Table 4.7 Thresholds in macro-crack free concrete in various marine or laboratory exposure regimes (see details above) based on work of Pettersson45, Pettersson and Sandberg52, Sandberg53, Arup54, Thomas55 and Breit56. Test conditions (A, B and C) as outlined in Section 4.6.2 Binder
 
 CEM I CEM I CEM I 5 %SF 5 %SF 20 %FA CEM I CEM I 5 %SF CEM III/A CEM I 5 %SF 20 %FA
 
 Submerged
 
 Splash
 
 [wt.-%/cem]
 
 Test
 
 1.5–2.0 1.6–2.5 >2.0 1.0–1.9 0.8–2.2
 
 A B C A B
 
 >2.0 >2.2 >1.5
 
 >2.2 >1.6 1.4
 
 A B A
 
 A A A
 
 [wt.-%/cem]
 
 Atmospheric Test
 
 [wt.-%/cem]
 
 Test
 
 w/b = 0.50 0.6–1.9 1.2–2.7 0.3–1.4
 
 A B C
 
 1.5–2.2
 
 B
 
 0.3–0.8
 
 C
 
 w/b = 0.40 0.9–2.2
 
 A
 
 0.4–0.9
 
 A
 
 w/b = 0.30 >1.5 >1.0 0.7
 
 A A A
 
 and increasing w/b-ratio. This is mainly attributable to an increase in ion mobility at high w/b-ratios. The concept of a chloride threshold value implies the idea that a rapid increase in corrosion rate occurs at a particular value, which is not observed in reality. It must be realised that the chloride contamination must rather be understood as an increase in corrosion probability. This leads to the expression of the chloride threshold as a statistical distribution, reflected in Fig. 4.19. Threshold values as given above in Table 4.7 are usually presented in different ways, determined by different methods and in general miss relevant information. A statistical analysis to provide input data is thus rather difficult. As outlined above, threshold values depend on the cover depth, where different micro-climates at the steel–concrete interface are produced. The data that constituted the basis for the values in Table 4.7 were usually determined with cover thickness below 25 mm. The values can also be used safely for higher cover depth, for which sufficient quantification is currently lacking. In constantly wet (submerged) conditions the microclimatic conditions are more homogeneously distributed. This leads to a higher mean value and a relatively lower standard deviation. In the EU project DuraCrete57 a standard deviation of 0.2 is proposed under these circumstances. For constantly
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 4.19 Probability distribution function of chloride threshold according to data given in Breit56.
 
 humid or frequently changing ambient conditions a proportionally higher standard deviation of 0.1 (for w/b 0.40 and 0.50) and 0.15 (for w/b = 0.30) is proposed. It should be realised that the above proposed figures reflect the currently best available knowledge. However, it is still necessary to carry out wellplanned research to link clearly the dependence between the concrete specific threshold values and the environmental exposure conditions. Moreover, it should be kept in mind that the steel–concrete interface is still considered as the overwhelming influence on the threshold level, which is to a large extent dependent on the workmanship. An appropriate characterisation and, more importantly, a prediction of this key parameter seems currently out of reach. A good quality insurance system is thus necessary to keep the real threshold values in the expected domain.
 
 4.6
 
 Corrosion rate
 
 4.6.1 General As already detailed in Chapters 1 and 3, the electrolytic resistivity of the concrete is a major and currently the only well-investigated parameter with respect to the active corrosion phase.All further explanations on the dependence of the corrosion rate upon the concrete composition are thus focused on this decisive parameter. The electrical resistivity (the inverse is referred to as conductivity) of a material is the resistance towards transmittance of a continuously and uniformly distributed electrical current in a volume with length L and constant cross-sectional area A: r=
 
 A ◊R L
 
 [4.12]
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 where r = resistivity [W m] A = cross-sectional area [m2] R = resistance [W] L = length of conduction path [W] The most common units for resistivity are kW cm or W m. Various methods for measurement in laboratory or in-situ have been developed in the past. Generally measurement is conducted by means of alternating current techniques (AC) at low frequencies in order to avoid polarisation effects induced by direct current measurement.
 
 4.6.2 Effect of binder type At the beginning of the hydration most of the mixing water and the dissolved ions are available as an electrolyte for the current transport. As the hydration progresses the amount of free water in the pore structure is reduced. With increasing degree of hydration the electrolytic resistivity of concrete also increases.This time-dependent development differs widely for the various existing binder types. 4.6.2.1 Effect of fly ash, slag and silica fume Electrical resistivity of concrete with fly ash is much higher compared to that of OPC. At an age of 28 days the resistivity of concrete produced with w/b-ratios from 0.40 to 0.60 is around 330–550 W m for slag cements (CEM III), 380–410 W m for cement with silica fume, 70–220 for cements with fly ash in comparison with 40–114 W m for OPC58,59,60,61,62,63,65. A significant increase of resistivity with silica fume content was found by Berke et al.64. The rate of increase of resistivity with time is very high for concrete produced with additions of fly ash or slag. The hydration and thus the increase in resistivity of such concrete proceeds for a much longer time in comparison with OPC, with or without additions of silica fume. During the proceeding hydration the resistivity tends towards a finite end value56,65.
 
 4.6.3 Effect of water–binder-ratio The electrolytic resistivity of concrete decreases with increasing w/b-ratio in an exponential manner (see Fig. 4.20). In water-saturated concrete the effect of w/b-ratio is less significant in comparison with those conditions where concrete is allowed to dry out, which has been demonstrated by Gjørv et al.66. A reduction in water saturation causes a more pronounced increase in resistivity at low in comparison with that in high w/b-ratios, Fig. 4.21.
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 4.20 Electrolytic resistivity of concrete with different binder types and w/b-ratios at an age of 28 d under water saturation (20 °C), Gehlen3.
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 4.21 Effect of water saturation and w/b-ratio on electrolytic resistivity (OPC). Data from Gjørv et al.66.
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 4.6.4 Effect of binder content The electrolytic resistivity is dominated by paste characteristics and a change of binder content for a constant w/b-ratio will therefore cause a change in resistivity. Measurements by Hughes et al.67, showed a slight decrease in resistivity with increasing cement content.
 
 4.6.5 Effect of aggregate type There are enormous differences in resistivity observable for different aggregate types. However, no specific studies on the effect of aggregate type on the electrical resistivity of concrete are available. It is to be expected that concrete produced with denser aggregate (such as granite) will show higher resistivity than does concrete with rather porous aggregate (such as sandstone). The resistivity of a multi-component material is always dominated by the most conductive material, which is the cement paste in the case of concrete. The more conductive the cement paste (e.g. high w/b-ratio, early age) the lesser the influence of the aggregate type. In a typical concrete mix (OPC, w/c = 0.45, 28 days of age) under water-saturated conditions the effect of a change from very porous to very dense aggregate is expected to be around a factor of 2–5
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 5.6 Corrosion behaviour of steel in concrete (survey)2.
 
 and loss of weight. Results without and with weld are distinguished. As expected, mild steel bars corrode in carbonated- and/or in chloridecontaminated concrete. The strongest attack occurs in carbonated- plus chloride-contaminated concrete; cracking and spalling of the concrete specimens are common. The unwelded low-chromium ferritic steel shows distinctly better behaviour than does unalloyed steel when embedded in alkaline concrete with low chloride levels. The critical chloride content for pitting corrosion is about 1.5 to 2.5 % depending on the state of the surface, type of cement (pH value of pore liquid) and concrete quality. However, at higher chloride content this steel suffers severe pitting attack, which is concentrated at a few points on the surface. The tendency to concrete cracking is distinctly lower than for corroding mild steel. In chloride-contaminated concrete the (unwelded) steel may suffer a stronger attack if carbonation had reached the steel surface. For the welded steel within the weld line, chlorides produced locally display distinct pitting corrosion (see Fig. 5.7).The depth of pitting increases with increasing chloride content and is more pronounced in chloridecontaining carbonated concrete. However, for the ferritic chromium steel the pitting at weld lines is deeper than for unalloyed steel, but the overall general corrosion (loss of weight) is significantly smaller. Further
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 5.7 Corrosion of deformed reinforcing bars in concrete (2 years; 2.5 M.-% Cl–).
 
 investigations6 showed that the treatment of welded areas of specimens with a pickling paste improved the anti-corrosion behaviour. All the higher alloyed stainless steels showed very high corrosion resistance in all the environments tested. No corrosion appeared with the austenitic steel CrNiMo 17-12-2 (1.4571) and the ferritic–austenitic steel CrNiMoN 22-5-3 (1.4462) whether in the unwelded or welded states. This was true for all conditions within the concrete: carbonated, alkaline and chloride-infiltrated, carbonated and chloride-infiltrated. As in the case of ferritic stainless steel, electrochemical studies6,12 suggested that welding can affect the corrosion resistance of austenitic and ferritic–austenitic steels in chloride-bearing concrete and reduce the level of chloride contamination at which corrosion can take place. However, these studies also indicated that there was no corrosion of welded types 1.4571 and 1.4462 steel under practical conditions of strongly chloride-contaminated uncarbonated and carbonated concrete (chloride concentrations up to 5 %). Studies showed that the critical chloride concentration for unwelded rebars in chloride-
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 containing concrete is more than ten times higher for austenitic and ferritic–austenitic stainless steel than for black steel12. The corrosion properties of austenitic and ferritic–austenitic Cr-Ni-Mosteels were marginally better than for Cr-Ni-steels. Some results9,12 suggested that, within this group of stainless steels, bars without molybdenum were sufficiently resistant and therefore suitable for application in chloridecontaminated concrete. Nevertheless, after the results of Sørensen et al.12, welded bars without molybdenum do not seem to be sufficiently resistant and are unsuitable for application in the presence of more than 3 % chloride in concrete, related to the amount of cement. In conclusion, one can say that ferritic stainless steel with at least 12 M.-% of chromium might be the best choice in moderately aggressive environments where higher resistance of more expensive austenitic stainless steels is not necessary. Austenitic stainless steel of type CrNiMo 17-12-2, even in the welded state, proved to give excellent performance in chloride-containing concrete, even at the highest chloride levels that are met in practical conditions. Austenitic stainless steel of type CrNi 18-10 may be satisfactory in many cases. Of comparable resistance are the ferritic–austenitic (duplex) steels. These materials may provide a suitable solution to the problem of concrete structures requiring rebars with high mechanical strength and good corrosion resistance. The use of stainless reinforcing bars based on the above recommendations can prevent steel corrosion in concrete structures that are needed for long service.
 
 5.1.4 Application and practical experience Stainless steel reinforcements have been used in concrete structures in the UK, Italy, Germany, Denmark, South Africa, Switzerland and Japan2. Standards for stainless steel reinforcement exist, for example, in the UK, Germany, Denmark and Italy. Typical applications of stainless steel reinforcement are structures that are exposed to very aggressive environments. An increasing amount of austenitic or ferritic–austenitic steel reinforcement is used in bridge engineering3,18 where deicing salt can affect the structure. Furthermore, these steels are generally located at construction joints or at critical gaps between columns and deck. The use of higher quality steels will increase the reliability of multi-storey car park decks that are likely to be contaminated with deicing salts, concrete elements in thermal baths and piers at the sea-coast. Ferritic stainless steel is used as reinforcement in pre-cast elements of normal-weight and lightweight concrete. Another typical application is in prefabricated wall elements with inner heat insulation where the reinforcement connects the outer and inner concrete walls. There are few appli-
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 cations of the long-term use of stainless steels as reinforcement in concrete; however, there have been numerous indications of their advantages3. A case of long-term application of stainless steel reinforcement (steel grades AISI 304 or respectively EN 1.4301) from the Mexican Gulf has been reported19. Due to the harsh environmental exposure of concrete piers in a hot and humid marine environment, it was decided to use stainless steel in selected areas. No significant corrosion was found 60 years after construction for the reinforcement with a cover larger than approximately 20 mm, despite the extremely high chloride content of up to 1.9 % Cl– of dry concrete weight. For other piers at the same site reinforced with ordinary carbon steel serious chloride and/or carbonation-induced corrosion problems occurred.
 
 5.1.5 Cost aspects A responsible engineer will carry out a cost-benefit analysis and risk assessment of a construction including material cost, fabrication cost and maintenance cost. The experience shows corrosion protection even costing several times as much as normal reinforcement still to be a good and cheap solution when subsequent maintenance costs are taken into account, i.e. in special cases higher extra costs of the reinforcement may still offer the cheaper and better solution in the long term3,18. According to choice of protection system, extent of application (selected parts of the structure or the total project), the size of the bar, if the bars are straight or bent, the kind of structure and other factors, the price for corrosion protection may be about 1 to 15 % of the total costs. By contrast, conservative estimates of maintenance and replacement costs come to about 10 times the cost of additional corrosion protection of the reinforcement (prevention)3,20, Klinghoffer et al.21 reported that the ‘intelligent’ use of stainless steel, (i.e. a combination of stainless steel with traditional carbon steel) in locations exposed to very corrosive environments can be an extremely cost-effective option when considering different rehabilitation methods. It is difficult to give specific advice as to when additional protection of the reinforcement is necessary and which kind is the best. Practical experience indicates that protective measures taken early, especially during design, strongly reduce the overall lifetime costs of a structure if there is a risk of corrosion20. The use of additional protective systems for the reinforcement seems to be necessary due to increasingly aggressive environments or the need for special construction applications. An example of the different corrosion protection methods and their additional costs is discussed below3. A reinforced concrete wall (length 100 m, height 3 m and width 0.3 m) by the roadside exposed to splashing by traffic with chloride-containing water was constructed. It was decided to use those
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 Table 5.2 Additional corrosion protection of steel in concrete and its cost3 Corrosion protection
 
 Unalloyed steel Galvanised steel Epoxy-coated steel Stainless steel 1.4571 Nitrite-inhibitor Cathodic protection
 
 Coating of concrete (crack bridging)
 
 Price (Germany)
 
 250 [€/t]d 600 [€/t]d 440 [€/t]d 2875 [€/t]d 1.1 [€/l] 30 [l/mc] DCI S Design 4 [€/mb] 45 [€/mb] Materialb Current 1 [€/mb] Monitoring 70 [€/mb] S 120 [€/mb] Sand blasting 6 [€/mb] Filling 14 [€/mb] 2 ¥ sealing 15 [€/mb] S 35 [€/mb] Galvanising Coating
 
 Cost of additional corrosion protection [€/m2] 100% proportion protected
 
 50% proportion protectedc
 
 12a 27 23 78 17
 
 20 18 45
 
 126
 
 41
 
 Quantity of steel 0,025 [t/m2]  reinforcement ratio 1%, diameter: 12 mm. Titanium anode 30 [€/m2], installation 5 [€/m2], d.c. power supply/cable 10 [€/m2]. c price of mixed reinforcement. d cutting, bending, laying 250 [€/t]. structure: wall (length 100 m, height 3 m, width 0,3 m) beside a traffic road, treated with deicing salt. a
 
 b
 
 corrosion protection methods summarised in Table 5.2 as an alternative to conventional carbon steel reinforcing bars. The table takes into account the initial costs of fabrication and installation of corrosion protection and regular corrosion induced maintenance costs in the case of cathodic prevention. The structural integrity is to be maintained for the full design life of 70 years. The additional costs of corrosion protected reinforcement in some cases will vary with the bar diameter but it is very sensitive to the proportion of protected steel. Therefore, in some cases it is unlikely that the entire reinforcement would be made of corrosion-protected steel. For the deicing salt-contaminated wall in Germany the additional corrosion protection costs between 2 and 10 times the price of steel without additional protection. The additional costs of various types of corrosion protection are shown in Table 5.3.
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 Corrosion in reinforced concrete structures Table 5.3 Additional costs of different protection methods (for a selected structure see Table 5.2)
 
 5.2
 
 Type of coating
 
 Costs
 
 Unalloyed steel Galvanised steel Epoxy-coated steel Stainless steel Nitrite-inhibitor Cathodic protection Concrete coating
 
 100 % 225 % 192 % 650 % 142 % 1050 % 342 %
 
 Stainless steel connections22
 
 5.2.1 Introduction During the last few decades pollution has increased in urban agglomerations, industrial areas and roadways. Because of this, the corrosion exposure of metallic structural elements is growing. Mechanical connection elements between steel and concrete, e.g. in claddings for external walls that are ventilated at the rear and comply with DIN 1851623, in suspended ceilings in special climates (humid premises, indoor swimming-pools) or in flat roofs are also affected. Due to corrosion, connection elements can undergo an impairment of their functionality as well as making a security risk for the whole construction. In the past, steel fastenings that are galvanised and plastic coated have been particularly affected in the exterior. Corrosion could especially be explained by high chloride pollution of the atmosphere and the building materials and/or contact with moist building materials during failures22. At contact with moist, neutrally-reacting building materials (e.g. heat insulation, wood), corrosion-protective films cannot develop and corrosion-promoting aeration cells become effective4. Additional serious corrosion damages have occurred in indoor swimming-pools in connection elements that consisted of stainless steel4,24. The use of unsuitable steel grades in an aggressive atmosphere was responsible for these damages. Because of the correlation mentioned above, high-quality stainless steels have been tested regarding applications in structurally critical climates25,26,27 and have also been increasingly used for steel connections, fastenings, substructures, hangers and anchorage devices in structural elements out of doors28. The adequate steel grades are regulated with special approval (see Section 5.2.4) depending on corrosion exposure and installation conditions.
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 5.2.2 Corrosion problems in claddings for external walls with rear ventilation Under critical exposure conditions various corrosion processes are possible in mechanical connection elements as well as in adjacent metallic structural elements. This is illustrated in Fig. 5.8 which is an example of a ventilated curtain wall. Table 5.4 quotes the structural elements, i.e. the building materials of the cladding for external walls as well as fastening elements, connection elements and anchorage devices that have to be put in. It can be ensured that, with constructions such as external walls as well as a choice of suitable building materials, damaging influences in the case of attack by water and especially aqueous, acidic and/or chloride-enriched media do not lead to a corrosion impairment. In general, stainless steel can be used for all metallic structural elements and it can also be used in contact with different structural metals.
 
 1 Corrosion due to contact with the building material
 
 2 Galvanic corrosion Crevice corrosion
 
 5
 
 4
 
 6
 
 3 All metallic elements:
 
 7
 
 -General and pitting corrosion
 
 8
 
 -Stress corrosion cracking
 
 1
 
 Cladding
 
 5
 
 Anchorage device
 
 2
 
 Fastening element
 
 6
 
 Insulation
 
 3
 
 Connection element
 
 7
 
 Concrete
 
 4
 
 Substructure
 
 8
 
 Rear ventilation
 
 5.8 Cladding for external walls with rear ventilation22.
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 Table 5.4 Structural elements in an external ventilated curtain wall22 Mark Structural element
 
 Type of construction
 
 Material
 
 1
 
 Cladding
 
 Moulded metal sheet, plate
 
 Ceramics, natural stone, fibre cement, high pressure laminated plate, aluminium alloy, copper, titan zinc, galvanised and/or coated steel, stainless steel
 
 2
 
 Fastening element Connection element
 
 Screw, rivet, cramp, hook Screw, rivet
 
 Aluminium alloy, copper alloy, stainless steel
 
 4
 
 Substructure
 
 Profile (load-bearing rail)
 
 Aluminium alloy, copper alloy, galvanised and/or coated steel, stainless steel, wood
 
 5
 
 Anchorage device
 
 Post-installed fastener, Stainless steel, plastic sleeve plus anchor rail, concrete galvanised screw screw
 
 6
 
 Insulation
 
 Mat
 
 3
 
 Mineral fibre, glass fibre, styrofoam
 
 5.2.3 Exposure conditions for connection elements4,29 Atmospheric corrosion depends on humidity and temperature as well as on the concentration of gaseous and/or solid contamination in the air. Therefore, corrosion exposure of structural elements in the open air is distinguished by: • •
 
 •
 
 Climatic zones (dry, temperate, warm, or humid climate). The type of atmosphere that is characterised through local environmental conditions: an inland atmosphere, as a rule, is not very aggressive. Urban atmospheres and especially industrial atmospheres can be badly polluted with dirt, sulphur-dioxide or deicing salt. Sea atmospheres are, depending on the distance to the shore, polluted with variable contents of chloride aerosols. Microclimates at the interface between the structural element and environment; this is of the greatest influence for the expected corrosion exposure. It is specified by the type of atmosphere, constructive influences (heat-leaks, crevices) and the position of the structural element in regard to its environment. A microclimate is influenced by humidity, temperature, dew-point, duration of local moistening and air flow as well as polluting agents. Special applications exist and are described below.
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 5.2.3.1 Interior work The external surfaces of structural elements and connectors inside buildings do not usually get into contact with aqueous corrosion media. A corrosive exposure only takes place if water, moistness of structural elements or other polluting agents cause problems because of failures. 5.2.3.2 Road tunnels In road tunnels, fastening elements of steel are exposed to an enhanced relative humidity, a high portion of dust, soot, car tyre abrasion and chloride salts from deicing salts and acid gas such as SO2, HCl and NOx (as a consequence of diesel vehicles). Because of the lack of rain, a concentration of polluting agents occurs. Since in addition, the tunnel wall and the metallic components that are fastened to it usually have lower temperatures than the surrounding air, suitable conditions are given for the condensation of water. Under these conditions a water film that is acidic and rich in chloride ions forms on the metallic components and, because of dirt deposits the basic requirements for crevice corrosion are also met. In particularly adverse cases, the corrosion conditions are comparable to those in indoor swimming-pools. 5.2.3.3 Indoor swimming-pools In the swimming-pool atmosphere very thin electrolyte films are generated because of the water vapour content in the air and, depending on aeration and structural conditions, condensation water develops after the short-fall of the dew-point. Further, salts and dusts, that, among others, contain MgCl2, CaCl2 and especially NaCl, are deposited. Because of their hygroscopic character these salts generate saturated salt solutions in the typical relative atmospheric humidity of ‘dry’ interiors. A further characteristic of the corrosion power of the atmosphere in indoor swimming-pools results from the disinfection treatment of the bath-water. The chlorinated gas process is usually applied. Chlorine, that is in the air above the swimmingpool can, in reaction with water, form hydrochloric acid (HCl) and hypochlorous acid (HOCl) in surface films that are rich in neutral salts, according to the reaction Cl 2 + H 2 O Æ HCl + HOCl
 
 [5.1]
 
 It is the hypochlorous acid that acts as a disinfectant, because of its strong oxidation effect. In water it disintegrates into hydrochloric acid and oxygen according to the equation: 2HOCl Æ 2HCl + O 2
 
 [5.2]
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 In this way, an acidic and saline electrolyte with a high concentration of chloride ions develops on the surface of the structural element. Polluting agents accumulate on surfaces of structural elements that are not cleaned and washed by water. 5.2.3.4 Characteristics of connection elements Connection elements are often inaccessible. They are, for instance, behind walls or above covered ceilings, not within reach for inspections and maintenance. In addition, connection elements can, at least, be partially in contact with mineral building materials (concrete), insulation or wood. Then, with regard to corrosion exposure, the conditions mentioned above, especially the microclimate, are of importance for those zones that come into contact with air. The corrosive exposure, that for instance has to be expected in claddings for external walls that are ventilated at the rear according to DIN 18516, Part 123, results from atmospheric influences (relative atmospheric humidity, access of acidic gases and chloride aerosols) in close connection with structural parameters of the wall construction and chemical influences from (moist) building materials. In walls and façades that meet the technical standards concerning humidity (proof of protection against interior condensation and absence of dew-water in the area that is ventilated at the rear30) or comply with the standards mentioned in DIN 18 516 Part 123 (incoming moisture has to be eliminated because of ventilation at the rear), it can be assumed where there is flawless protection against outdoor weathering (water-proof joints preventing any ingress of rain from outside) that in normal cases the corrosion exposure is less than it is in outdoor weathering. Formation of condensate only occurs for a short time, e.g. as a result of the heat-leak effect of fastening components, although corroding polluting agents, especially chlorides (from some building materials or from aerosols) can concentrate, because they cannot be washed off by the rain. Regarding those connection elements that come in contact with building materials, whether they contain in their pores and inner cavities the free water that is necessary for corrosion to take place is important4,31. Furthermore, in the case of stainless steel, conditions that inhibit or destroy passivity have to exist. In all cases of corrosion, a complicating factor is caused by water dissolving ingredients from the building materials that corrode steel or allowing the transport of polluting agents from the environment to the building material. The corroding influence of materials on stainless steels can only be expected if these materials contain a sufficient concentration of chloride ions and/or acids in addition to water. Chlorides can only get into normal concrete in high concentration if there is a direct impact with sea water or
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 water containing deicing salts4. Normally, such exposure of connecting elements and building materials with chloride-containing water does not happen in practice. Acetic acid that can also attack stainless steel can be released from moist wood depending on the type of wood, because of hydrolysis at increased temperatures4. In certain cases, chemicals for wood protection can also contain chlorides. Moist insulation materials are not only conducive to general corrosion. Because of their electrolytic conductivity they can promote the formation of substances between structural elements in the insulation (e.g. of galvanised or non-galvanised, unalloyed steel) and more important components. Examples of so-called foreign cathodes are steel in concrete, copper materials and stainless steels if they are conductively connected to the steel elements in the insulation that are effective as anodes. Insulation should be free of corrosion-promoting components that could be dissolved in any water present.
 
 5.2.4 Definition of the grades of resistance according to the approval of the German building supervisory board Reduction of the cross-section, pitting corrosion and stress corrosion cracking are important for the technical corrosion resistivity of connection elements. Table 5.5 gives a general view of the admitted steels as well as the classification according to the grades of resistance32. The quality of the steels increases depending on the rising grade of resistance. This specific standard for stainless steels concerning alloy results from the particular corrosion exposures (e.g. attack of chloride ions or acid) and such resistivity as may be required against heavy corrosion attack. For metallic connecting elements and adjacent structural elements, ferritic, austenitic, ferritic–austenitic and martensitic steels can be used, but ferritic and martensitic steels are only exceptionally used for screws and the use of austenites predominates. They are used in different strength levels from a solution-annealed to a cold deformed state. In the usual case, connecting agents in structural elements in the outdoors should be those of the third grade of resistance. In many cases, e.g. behind walls, connecting agents are inaccessible to inspection and maintenance and a moderate exposure with chloride and sulphur dioxide from industry, traffic and sea atmosphere is often inevitable. If there is a concentration of polluting agents the use of steels of the fourth grade of resistance is necessary. Because of the possibility of failure, special regulations have been adopted for structural elements in indoor swimming-pool constructions. For fastening elements that are not cleaned regularly, such as hangers for
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 Table 5.5 Classification of the steel grades for structural elements and connection elements according to strength levels and grades of resistance against corrosion32 Material Symbol
 
 Strength level Grade of Corrosion exposure, resistance typical applications
 
 1.4003
 
 X2Cr 11
 
 I
 
 Indoor exposure
 
 1.4016
 
 X6Cr 17
 
 S235, S275 S460 S235
 
 1.4318
 
 X2CrNiN 18-7
 
 S355, S460
 
 II
 
 1.4567
 
 X3CrNiCu 18-9
 
 S235, S275, S355, S460
 
 Accessible constructions without appreciable contents of chloride and sulphur dioxide
 
 1.4301
 
 X5CrNi 18-10
 
 1.4541
 
 X6CrNiTi 18-10
 
 S235, S355, S235, S355,
 
 1.4401
 
 X5CrNiMo 17-12-2
 
 S235, S275, S355, S460
 
 III
 
 1.4404
 
 X2CrNiMo 17-13-2
 
 S275, S460,
 
 Non-accessible constructions with moderate chloride and sulphur dioxide exposure
 
 IV
 
 Constructions with high corrosion exposure by chloride and sulphur dioxide (also in cases of concentration of polluting agents, e.g. elements in sea water and road tunnels)
 
 S275, S460 S275, S460
 
 1.4439
 
 S235, S355, S690 X6CrNiMoTi 17-12-2 S235, S355, S690 X2CrNiMoN 17-13-5 S275
 
 1.4462
 
 X2CrNiMoN 22-5-3
 
 S460, S690
 
 1.4539
 
 X1NiCrMoCuN 25-20-5
 
 S235, S275, S355
 
 1.4529
 
 X1NiCrMoCuN 25-20-7 X3CrNiMnMoNbN 23-17-5-3 X1CrNiMoCuN 20-18-7
 
 S275, S355, S460, S690 S460
 
 1.4571
 
 1.4565 1.4547
 
 S275, S460,
 
 S275, S355
 
 ceilings and for anchorage devices the regulations given in Table 5.6 have been adopted with particularly high standards for the steels. Today, structural elements and connecting agents, e.g. in ventilated curtain walls, are mainly made of the materials 1.4301 (A2) and 1.4401 (A4) and therefore only comply with the second or third grade of resistance. Steels of higher
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 Table 5.6 Structural elements in typical indoor swimming-pool atmosphere where there is no regular cleaning32 Domestic water (Cl- £ 250 mg/l)
 
 Chloride enriched water (e.g. saline water)
 
 1.4539 (X1NiCrMoCu 25-20-5)
 
 1.4565 (X2CrNiMnMoNbN 23-17-5-3) 1.4529 (X1NiCrMoCuN 25-20-7) 1.4547 (X1CrNiMoCuN 20-18-7)
 
 resistance (e.g. 1.4529) are used for anchorage devices (post-installed fasteners) that have to comply with much higher demands. The development of stainless steels for the field of construction as well as for mechanical connectors has been very much influenced by damage in indoor swimming-pools due to stress corrosion cracking over the last ten years. In 1985 there was a serious crash of a reinforced concrete roof that was hung on hangers of stainless steel 1.4301. Since this accident, examinations of important construction elements have been conducted in many other indoor swimming-pools in Switzerland, Germany, England and the US and additional examples of stress corrosion cracking were found4,24,29. The materials containing molybdenum (e.g. 1.4401) proved to be more resistant, but stress corrosion cracking was also detected there. Analysis of the damages and results of the research25,26,27 finally led to the conclusion that only those higher alloyed materials listed in Table 5.6 are sufficiently secure under these critical environmental conditions.
 
 5.2.5 Outlook Present and future efforts are aimed at the creation of self-drilling screws for steel substrates (e.g. for the connection of coverings and substructures) and concrete screws made of very high strength martensitic steels. Selfdrilling screws drill their pilot hole in the steel themselves during the mounting and concrete screws are especially made to be anchored in concrete, and are screwed into a prepared hole. In both cases cold deformed austenitic steels are used at present. Since they cannot yet be screwed into hard substrates (steel, concrete) in the required way, a tip of screw of a hardenable unalloyed steel is butt welded, for example. Efforts are being made to produce completely the above-mentioned fastenings, i.e. anchors from a martensitic steel of high hardness; but the corrosion resistivity of such materials is limited. Martensitic steels proved to be susceptible to crevice corrosion and stress corrosion cracking, especially in the case of an attack of chlorine electrolytes7.
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 5.3
 
 Sources of further information and advice
 
 Below is a list of documents where readers can extend their knowledge of stainless steel. •
 
 Kunze E, Korrosion und Korrosionsschutz, Berlin, Wiley-VCH, Verlag GmbH, 2001. • Wendler-Kalsch E, Gräfen H, Korrosionsschadenskunde, Berlin, Heidelberg, New York, Springer-Verlag, 1998. • Gräfen H, Rahmel A, Korrosion verstehen – Korrosionsschäden vermeiden, Bonn, Verlag Irene Kuron, 1994. • Rahmel A, Schwenk W, Korrosion und Korrosionsschutz von Stählen, Weinheim, New York, Verlag Chemie, 1977.
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 6 Surface treatments and coatings for corrosion protection M RAUPACH and G RÖßLER RWTH Aachen University, Germany
 
 6.1
 
 Introduction
 
 A package of standards on the protection and repair of reinforced concrete is currently being drafted by CEN TC 104. The central standard in this package is EN 1504, which comprises 10 parts – see Table 6.1. Part 1 describes the general scope of application and provides definitions. Parts 2 to 7 concern the materials that are used for the protection and repair of concrete components. Part 8 specifies the quality assurance for manufacture of the products concerned, while Part 10 specifies the requirements for execution including quality assurance. The protection and repair principles that are based on sciences of nature, and the methods to implement these principles, are described in Part 9. The following descriptions are based on the stipulations contained in standards series EN 1504.
 
 6.2
 
 Principles and methods for protecting reinforcement against corrosion
 
 6.2.1 General Reinforcement corrosion can be caused by: • • • •
 
 Physical loss of the concrete cover. Loss of alkalinity in the concrete cover as a result of carbonation. Contamination of the concrete by corrosion-promoting substances (usually chlorides). Electric stray currents that are introduced into the reinforcement from adjoining electrical installations.
 
 The most important step in planning a repair project is the selection of suitable repair principles, by means of which corrosion of the reinforcement can be prevented, slowed down or stopped under the given parameters. The preliminary selection of principles must be carried out on the basis of an 163
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 Table 6.1 Parts of EN 1504 Part number
 
 Part title
 
 1 2* 3* 4* 5* 6* 7* 8* 9** 10*
 
 General scope and definitions Surface protection systems (concrete coatings) Structural and non-structural repair (mortars and concretes) Structural bonding (steel plates and fibre reinforced polymers) Concrete injection Grouting to anchor reinforcement or to fill external voids Reinforcement corrosion protection (steel coating) Quality control and evaluation of conformity General principles for the use of products and systems Site application of products and systems and quality control of the works
 
 * Draft. ** Prestandard.
 
 expert appraisal of the state of the building structure and should ideally cover two or three alternative strategies. The possible repair methods should be compiled for all the principles that are applicable in the case concerned.The final decision in favour of a repair principle and a repair method is reached with due regard to the available materials and, where applicable, the company that is to carry out the repair work. The principles and methods that can be applied to prevent or slow down reinforcement corrosion are presented in Table 6.2 and the methods discussed in this chapter indicated. In accordance with EN 1504-9, Appendix B, it is permissible to combine several protection and repair methods, where it is of crucial importance to take possible interactions into account. Such interactions may be desired or undesired. Due consideration must also be accorded to any possible negative effects on reinforcement corrosion of a method which is intended to protect or repair the concrete, e.g. by increasing the concrete’s moisture or temperature level. Examples of undesired effects are presented in Table 6.3.
 
 6.2.2 Principle 1 (PI) protection against ingress This section discusses the methods employing surface protection systems (1.1 and 1.2) and crack-filling materials (1.4), see Table 6.2. 6.2.2.1 Methods 1.1 and 1.2 – impregnation and surface coating Methods 1.1 and 1.2 involve the use of impregnating agents and coatings and are discussed further in Section 6.7.
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 Table 6.2 Principles and methods of protection and repair Principle
 
 Methods
 
 No
 
 Short cut
 
 Definition
 
 No
 
 Definition
 
 1 (PI)
 
 Protection against ingress
 
 Reducing or preventing the ingress of adverse agents (e.g. water, chlorides)
 
 1.1*
 
 Impregnation (blocking of the pore system) Surface coating Locally bandaged cracks Filling cracks Transferring cracks into joints Erecting external panels Applying membranes
 
 1.2* 1.3 1.4* 1.5 1.6 1.7
 
 7 (RP)
 
 Preserving or restoring passivity
 
 Creating chemical conditions in which the surface of the reinforcement is maintained in or returned to a passive condition
 
 7.1*
 
 7.2* 7.3
 
 7.4* 7.5 8 (IR)
 
 Increasing resistivity
 
 Increasing the electrical resistivity of the concrete
 
 8.1*
 
 8.2* 9 (CC)
 
 Cathodic control
 
 10 (CP)
 
 Cathodic protection
 
 11 (CA) Control of anodic areas
 
 Creating conditions in which potentially cathodic areas of reinforcement are unable to drive an anodic reaction
 
 Creating conditions in which potentially anodic areas of reinforcement are unable to take part in the corrosion reaction
 
 * discussed in this chapter.
 
 Increasing cover to reinforcement with additional cementitious mortar or concrete Replacing contaminated or carbonated concrete Electrochemical realkalisation of carbonated concrete Realkalisation of carbonated concrete by diffusion Electrochemical chloride extraction Limiting moisture content by hydrophobic impregnation Limiting moisture content by coating or sheltering
 
 9.1
 
 Limiting oxygen content (at the cathode) by saturation or surface coating
 
 10.1
 
 Applying electrical potential
 
 11.1* Painting reinforcement with coatings containing active pigments 11.2* Painting reinforcement with barrier coatings 11.3 Applying inhibitors in the concrete
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 Table 6.3 Examples of undesirable consequences of protection and repair methods Method
 
 Undesirable potential consequence
 
 Reduction of concrete humidity Coating of concrete surface
 
 Increase of carbonation progress
 
 Prestressing after placing of concrete Electrochemical methods Interruption of oxygen input to cathodic areas by coating
 
 Adhesion failures and lower frost resistance through water that penetrates into uncoated areas and cannot exit Stresses out of control in the building component Embrittlement of sensible prestressing steel, intensifying of alkaline–aggregate reaction, lowering of frost resistance through higher concrete humidity Extensive potential reversal through uncompleted coating
 
 6.2.2.2 Method 1.4 – filling cracks Cracks whose width is within the limits stipulated in EN 1992-1-1 and which are controlled by the reinforcement are not infrequent in reinforced concrete and do not require further consideration. Cracks outside this range may result from various causes, e.g. induced hygric stress (shrinkage), thermal stress or overloading. Firstly, a competent planner must assess the influence of the cracks on the load-bearing capacity, serviceability and durability of the concrete component. This assessment is based on a description of the cracks by reference to key characteristics. Methods are presented in Deutscher Ausschuß für Stahlbeton, Part 2, Table 6.1 (see Section 6.9). In every instance, the causes of the cracking and the effects of harmful substances penetrating into or seeping through the component must be established. Information must also be provided regarding the necessity of filling the cracks, the objective of the measure, movement of the crack edges and, where appropriate, on the risk of new cracks arising. Crack filling pursues one or more objectives: (a) To inhibit or prevent the penetration of corrosion-promoting substances into the concrete. (b) To seal a permeable component. (c) To seal the crack while maintaining limited elasticity. (d) To connect both sides of the crack allowing a load transfer. The main focus for the purposes of preventing, slowing down or stopping reinforcement corrosion is on objective (a). This objective is attainable with
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 any of the substances specified in Section 6.5.1, according to the given parameters. Elastic and fixed joints are generally mutually exclusive. As a rule, cracks smaller than 0.3 mm can only be sealed durably without additional concrete coating if there are no changes to the width of the crack. Fixing a crack is only viable when the tensile strength of the concrete is not exceeded in the area surrounding the crack in the further course of use of the component. The competent designer is responsible for assessing this aspect. The further growth of cracks that have occurred as a result of reinforcement corrosion cannot be prevented by filling alone. In order to reduce or stop reinforcement corrosion, repair principles 7–11 must be observed.
 
 6.2.3 Principle 7 (RP) preserving or restoring passivity 6.2.3.1 General Carbonation of the concrete and the attendant drop in the pH value of its interstitial solution results in destruction of the passive layer on the steel surface. The methods stated in accordance with Principle 7 are intended to prevent, slow down or stop this destruction. All the methods that restore passivity are only effective down to a limited depth. There is a danger of harmful substances migrating into the component from outside or from concrete in the vicinity that contains harmful substances.
 
 6.2.3.2 Method 7.1 – increasing cover to the reinforcement Method 7.1 involves increasing the thickness of the concrete cover by using additional cementitious mortar or concrete. This is alkaline and maintains the alkaline environment in the area of the reinforcement. It thereby preservers the passive layer on the steel surface and/or prevents corrosion of the reinforcement during the component’s service life. The application of method 7.1 is presented in diagram form in Fig. 6.1.
 
 6.2.3.3. Method 7.2 – replacing contaminated or carbonated concrete Method 7.2 can be applied both when the reinforcement surface has not yet been depassivated and when it already reveals signs of corrosion. Here the reinforcement must not be coated as the pH value of the mortar will otherwise remain ineffective. If the concrete is removed in highly localised areas only, it may be expedient to protect the repair mortar or concrete and the adjoining old concrete from penetration by harmful substances by means of Methods 1.1, 1.2, 1.6 or 1.7. The application of Method 7.2 is presented in diagram form in Fig. 6.2.
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 Additional mortar
 
 c2
 
 6.1 Method 7.1, increasing cover to reinforcement with additional cementitious mortar or concrete. Before repair
 
 Carbonated concrete
 
 After repair
 
 Repair mortar
 
 Corrosion
 
 6.2 Method 7.2, replacing contaminated or carbonated concrete.
 
 Alkaline mortar Carbonated concrete
 
 OH–
 
 OH–
 
 OH–
 
 Not carbonated concrete
 
 6.3 Method 7.4, realkalisation of carbonated concrete by diffusion.
 
 6.2.3.4 Method 7.4 – realkalisation of carbonated concrete by diffusion The aim of Method 7.4 is to form a new passive layer on the reinforcement surface (repassivation). This can be achieved by applying a cement-bound mortar or concrete (referred to below simply as mortar), resulting in the restoration of a high pH value on the steel surface. To this end, the repair mortar must possess an adequate level of alkalinity or adequate carbonation resistance. The method is employed both in localised areas and over large surfaces. The application of Method 7.4 is presented in diagram form in Fig. 6.3. Only loose concrete requires removal. Where necessary, however, sufficient old concrete is also removed in the area next to the reinforcing rods,
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 to enable the repair mortar to be introduced without any voids (10 or 15 mm when a rod diameter of ≥20 mm applies). If the mean carbonation depth is more than 20 mm behind the outermost reinforcement layer, the old concrete is removed up to the middle of the outer reinforcement layer, in order to enable adequate realkalisation. The exposed reinforcement surface must then be treated such as to attain a surface preparation level of at least Sa 2 in accordance with ISO 12944-4. As a rule, the carbonation resistance of a component is improved by coating its entire surface with a surface protection system (see Section 6.7). The effectiveness and limited durability of this system must be recognised in the maintenance plan. In the case of local reprofiling, the application of a surface protection system can only be waived if, after repair, the thickness of the concrete covering also exceeds the carbonation depth outside of the reprofiled areas without a surface protection system at the end of the service life. Regardless of this, the method should only be employed if the thickness of the concrete covering is at least 10 mm after the repair work. In other cases, Principles 8 or 11 should be applied, for example.
 
 6.2.4 Principle 8 (IR) increasing resistivity Principle 8 is based on a lowering of the concrete’s water content, which reduces electrolytic conductance and thus the potential ionic current to such an extent as to slow the rate of corrosion to practically negligible values. 6.2.4.1 Methods 8.1 and 8.2 – hydrophobic impregnation and coating or sheltering These methods involve limiting moisture content by surface treatments, coatings or sheltering. They can take the form of hydrophobic impregnation (EN 1502, 8.1) or coating (EN 1502, 8.2). These processes can be achieved by means of appropriate surface protection systems (see Section 6.7.2 and 6.7.4) or coverings (e.g. metal) that are largely able to prevent water from penetrating into the component. Water vapour must also be prevented from penetrating into the component from the inside of the component or as ground damp.
 
 6.2.5 Principle 11 (CA) control of anodic areas Principle 11 is based on preventing the anodic dissolution of iron by means of a suitable coating on the steel surface. It is applied when the requirements pertaining to repair Principles 7 and 8 are not possible. This is the case, in particular, when the thickness of the concrete cover remains below
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 AFTER
 
 Repair mortar
 
 Coated reinforcement steel
 
 Corroded reinforcement steel Alkaline concrete
 
 Not endangered reinforcement steel
 
 6.4 Principle 11 (CA) control of anodic areas.
 
 10 mm after repair, rising damp applies or the rear side of the component is subject to damp. The influence on the bond with the reinforcement must be taken into account. The application of Principle 11 is presented in diagram form in Fig. 6.4. 6.2.5.1 Method 11.1 – painting reinforcement with coatings containing active pigments The mode of functioning of these coatings is based on the active pigments acting as anodic inhibitors or local sacrificial anodes. Inhibitors prevent the formation of anodic regions in the reinforcement.As a result of coating with an electrical conductor that has a lower electrode potential than steel, the cations of the coating metal dissolve in corrosive conditions before the steel. The ions of the coating metal are additionally attracted to local free (negatively charged) areas of the steel surface, as a result of which they regenerate the protective layer. 6.2.5.2 Method 11.2 – painting reinforcement with barrier coatings The coating on the steel should insulate it electrically. This is intended to prevent the migration of metal cations out of the steel and the discharge of incoming anions. This method can only be effective if the steel is free of any contamination and if it is covered completely by the coating in the area concerned. The coating must be free of flaws and defects, including those in the micro-range. The old concrete must be removed in the areas to be repaired
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 (e.g. carbonated areas) around the reinforcing rods. To enable the repair mortar to be introduced without any voids and the steel surface to be prepared and coated without any flaws, at least 10 mm of concrete should be removed from around the rod. The exposed steel surface is then derusted by blasting with a dry or moist blasting agent so as to achieve a surface preparation level of Sa 2 1/2 in accordance with EN ISO 12944-4. This also applies to crossing areas of concrete rods and the rear sides of the steel surfaces. If it is not possible to remove the carbonated or contaminated old concrete on the scale described above or if the resistance of the concrete to harmful substances requires additional improvement, the method can be combined with Method 8.1 or 8.2.
 
 6.3
 
 Substrate preparation
 
 6.3.1 General The lasting effectiveness of a repair measure is contingent on careful preparation of the substrate. The aim of every substrate treatment method is to achieve the best possible bonding between the substrate (concrete, mortar or steel) and the repair material that is to be applied. Treatment of the substrate pursues different objectives, according to the specifics of the given situation: • • • • •
 
 The removal of coatings and films (e.g. paint, curing membranes, soiling). The removal of thin, brittle films (e.g. cement slurry). The removal of concrete and mortar. Derusting of the reinforcement. Cleaning (e.g. of steel).
 
 All loose parts of the substrate must always be removed. In addition, it may also be necessary to remove solid matter such as old concrete if its chloride content is too high or if the steel must be exposed, for example. The substrate is also treated in order to increase its roughness and thus to create a large surface area, thereby enhancing bonding of the subsequent layer. In many cases it is expedient to close cracks prior to treating the substrate.
 
 6.3.2 Substrate treatment methods Various methods of substrate treatment are available. An overview of the methods to prepare the concrete substrate is given in Deutscher Ausschuß für Stahlbeton, Part 2, Table 2.5 (see Section 6.9). The table also specifies the appurtenant objectives, areas of application, parameters and required reworking.
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 6.3.2.1 Chiselling, milling and flame-cleaning When chiselling, it is important to ensure that no damage occurs to the steel, and to the prestressing steel in particular. Even the smallest notches on the surface of heat-treated prestressing steel may result in its sudden failure. A broad spectrum of equipment is available for milling. The range extends from small, manual devices to large-scale equipment, including selfpropelled devices. The risk of damaging the remaining concrete zones close to the surface increases when heavy-duty milling machines are used. Flame-cleaning is carried out by heating the near-surface concrete zone with a gas flame heated to around 3000 °C. The sudden expansion of quartz at temperatures above 600 °C and the pressure resulting from evaporating interstitial water causes layers of concrete near the surface to break off. The removal depth can be set between 1 and 4 mm via the feed rate of the burner (1 m/min at least). This method may only be applied when an adequately thick covering of concrete is available, so as to ensure that the reinforcing steel is not damaged. The heat-treated surface must always undergo subsequent treatment by means of a mechanical method (blasting, milling, brushing), in order to remove the concrete zones with structural flaws down to the substrate which is capable of bearing a subsequent layer. 6.3.2.2 Blasting with solid abrasives Blasting with solid abrasives is one of the most commonly used and most versatile methods. Loosely held matter is detached by the high-speed impact of the blasting agent on the surface. The most commonly employed abrasives are aluminium oxide, silicon carbide and copper melting chamber slag. Dry quartz sand harbours the risk of silicosis for personnel and should therefore only be used in combination with good extraction facilities and appropriate dust protection for the personnel (protective helmet with fresh air supply at least, or fully protective suit). Shot-peening involves blasting steel pellets of around 1.5 mm in diameter onto the surface by means of compressed air. The detached particles are extracted together with the steel pellets and separated from the latter in the shot-peening device. The pellets that are recovered in this way are subsequently recycled. In order to reduce the incidence of dust, there is a growing tendency towards the use of wet-blasting methods where water is added to the blasting material in the blasting nozzle. 6.3.2.3 High-pressure water blasting High-pressure water blasting has acquired exceptional importance in recent years on account of the following advantages:
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 High material removal rates. Large removal depths. Material removal behind the reinforcement also possible. No damage to the load-bearing substrate. No damage to the reinforcement. No subsequent treatment necessary, except for cleaning. Vibration-free mode of operation. Low noise emissions.
 
 The term ‘high pressure’ is used when pressures of 60 to 120 MPa (600–1200 bar) apply, while ‘ultra-high pressure’ refers to the range from 120 to 270 MPa. High-pressure water blasting, at a water discharge rate of up to 250 litres per minute, is suitable for removing concrete over large areas and to great depths. Ultra-high pressure levels and low water flow rates (					    
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