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 Preface
 
 Concrete structures in severe environments include a variety of different types of structure in various types of environment. In addition to all the important concrete infrastructures which are severely exposed to aggressive environments from de-icing salts, most of the extensive experience on concrete structures in severe environments is related to the marine environment. Of the total surface area of the globe, about 70 per cent is covered by ocean water, which means that the area of the oceans makes up about two and a half times the area of the land. When considering the even smaller part of the land area which is inhabitable and increasingly more populated, this indicates an increasing need in the years to come of moving even more activities into the ocean waters and marine environments. This increasing need may be briefly characterized by a few keywords such as raw materials, energy, transportation and space. Already in the early 1970s, the American Concrete Institute (ACI) came up with a technological forecasting on the future use of concrete, where the rapid development on the continental shelves was pointed out. In this report, not only activities and structures related to oil and gas explorations but also activities and structures that would relieve land congestion were discussed. At an international symposium on concrete sea structures organized by Fédération Internationale de la Précontrainte (FIP) in Tibilisi in 1972, a great variety of new technological solutions to meet this development were discussed. Without going into details, it should be noted that a variety of concrete structures would play an increasing role as a basis for the further activities in ocean and marine environments. Such structures would be of widely differing types and categories, such as: • • •
 
 non-anchored free-floating structures, e.g. ships, barges and containers; anchored structures floating at water surface level, e.g. bridges, operation platforms, moorings, energy plants, airports and cities; anchored structures (positive buoyancy) resting above seabed level, e.g. tunnels and storage units;
 
 Preface •
 
 ix
 
 bottom-supported structures (negative buoyancy) resting at or below seabed level, e.g. bridges, harbour structures, tunnels, buildings, storage units, caissons, operation platforms and energy plants.
 
 To a great extent the above rapid development has taken place and still will for many years to come; concrete will be the cheap and easily available construction material which can be provided in large quantities. It is well known that the properties of this material can be varied within wide limits. Thus, the density can be varied from 500 up to 4500 kg/m3 if necessary, either from a buoyancy or structural point of view, while a compressive strength of up to more than 100 MPa can be produced. Experience has also shown that concrete structures in severe environments can remain serviceable for a very long time provided that current knowledge and experience are properly utilized. Upon completion of new concrete structures, however, experience has shown that the achieved construction quality always shows a high scatter and variability, and in severe environments any weakness in the concrete structure will soon be revealed whatever its constituent materials may be. Therefore, a probability-based approach to the durability design is very important. Since much of the current durability problems may also be related to an absence of proper quality control as well as special problems during concrete construction, the issue of construction quality and variability must also be firmly grasped before any rational approach to a more controlled durability can be achieved. Hence a performance-based concrete quality control during concrete construction with proper documentation of achieved construction quality is also very important. For a very long time, huge amounts of money and natural resources have been spent on repairs and rehabilitation of concrete structures in severe environments, and this is primarily due to premature corrosion of embedded steel. In recent years, therefore, a rapid development of more advanced procedures for durability design and concrete quality control during concrete construction has taken place, some current experience with which is outlined and discussed in this book. In recent years, an increasing number of owners have realized that even small additional expenses in order to obtain an increased and more controlled durability are a very good investment compared to that of the rapidly increasing costs for the maintenance and restoration of structural capacity at a later stage. As a rapidly increasing number of new important concrete infrastructures are being produced, an increased and more controlled durability is not only a technical and economical issue, but also a very important and increasingly more important environmental and sustainability issue, as is also outlined and discussed in this book. Through my work in obtaining an improved and more controlled durability of new concrete structures in severe environments, I would like to
 
 x Preface acknowledge a number of my doctoral students from recent years who have been working with various aspects of the durability of concrete structures and contributed to various parts of the procedures both for durability design and concrete quality control as outlined and discussed in this book. These include Tiewei Zhang, Olaf Lahus, Arne Gussiås, Franz Pruckner, Surafel Ketema Desta, Miguel Ferreira, Öskan Sengul, Guofei Liu and Vemund Årskog. I would also like to thank Roar Johansen of the Norwegian Coast Directorate and Tore Lundestad of the Norwegian Association for Harbour Engineers for their excellent research cooperation and their great interest and encouragement to practically trying out and applying the new knowledge to concrete structures produced in Norwegian harbours over recent years. The opportunity to publish current results and experience gained from the durability design and concrete quality control carried out on recent projects for both Oslo Harbour KF and Nye Tjuvholmen KS in Oslo is also greatly appreciated. Odd E. Gjørv Trondheim, June 2008
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 Historical review
 
 When Smeaton constructed the famous lighthouse on the Eddystone Rock at the outlet of the English Channel during the period 1756–1759 (Smeaton, 1791), this was the first time a specially developed type of cement for a severe marine environment was applied (Lea, 1970). When the structure was demolished due to severe erosion of the underlying rock in 1877, this structure had remained in very good condition for more than 100 years. Since Smeaton reported his experience on the construction of this lighthouse (Figure 1.1), all the published literature on concrete in marine environments makes up a comprehensive and fascinating chapter in the long history of concrete technology. During the past 150 years, a number of professionals, committees and national authorities have been engaged in this issue. Numerous papers have been presented to international conferences such as the International Association for Testing Materials in Copenhagen 1909, New York 1912 and Amsterdam 1927; the Permanent International Association of Navigation Congresses (PIANC) in London 1923, Cairo 1926, Venice 1931 and Lisbon 1949; the International Union of Testing and Research Laboratories for Materials and Structures (RILEM) in Prague in 1961 and 1969; the RILEM-PIANC in Palermo in 1965; and the Fédération Internationale de la Précontrainte (FIP) in Tibilisi in 1972. Already in 1923, Atwood and Johnson (1924) had assembled a list of approximately 3000 references, and durability of concrete structures in marine environments continues to be the subject for research and international conferences (Malhotra, 1980, 1988, 1996; Mehta, 1989, 1996; Sakai et al., 1995; Gjørv et al., 1998; Banthia et al., 2001; Oh et al., 2004; Toutlemonde et al., 2007). Although deteriorating processes such as freezing and thawing and expansive alkali reactions as well as chemical attack also represent some severe challenges, extensive experience has demonstrated that it is not the disintegration of the concrete itself but rather the electrochemical corrosion of embedded steel which poses the most critical and greatest threat to the durability and long-term performance of concrete structures in severe environments (Gjørv, 1968, 1975, 1989, 2002). This is confirmed by
 
 Figure 1.1 Front page of the report on the construction of the Eddystone Lighthouse written by John Smeaton in 1791 (source: Courtesy of British Museum).
 
 Historical review 3 extensive literature, and already in 1917 this was pointed out by Wig and Ferguson (1917) after a comprehensive survey of concrete structures in US waters. In addition to conventional structures such as bridges and harbour structures, reinforced and prestressed concrete has increasingly been applied to a large number of very important ocean structures and vessels. This development was foreseen in the technological forecasting published by ACI already in the early 1970s (ACI, 1972). This forecasting pointed out the great potential for utilization of concrete for marine and ocean applications in general and for offshore oil and gas exploration in particular. In Norway where most of the offshore concrete construction has taken place so far, long traditions have existed on the utilization of concrete in the marine environment. Already in the early 1900s, the two Norwegian engineers Gundersen and Hoff developed and obtained their patent on the ‘tremie method’ for underwater placing of concrete during the building of the Detroit River Tunnel between the USA and Canada (Gjørv, 1968). From 1910, when Gundersen came back to Norway and became the director of the new contracting company AS Høyer-Ellefsen, his new method for underwater placing of concrete became the basis for the construction of a new generation of piers and harbour structures all along the rocky shore of the Norwegian coastline (Gjørv, 1968, 1970). These structures typically consist of an open reinforced concrete deck on top of slender, reinforced concrete pillars cast under water. Although the underwater cast concrete pillars have been successively replaced by driven steel tubes filled with concrete, this open type of concrete structure is still the most common harbour structure being constructed along the Norwegian coastline (Figure 1.2). Due to its very long and broken coastline with many fjords and numerous inhabited islands, Norway has a long tradition for use of concrete as a construction material in coastal environments (Figure 1.3). For many years, this included primarily concrete harbour structures. Successively, however, concrete also played an increasing role as a construction material for other applications such as strait crossings (Klinge, 1986; Krokeborg,
 
 Figure 1.2 Open concrete structures are still the most common type of harbour structure built along the Norwegian coastline.
 
 Figure 1.3 Along the Norwegian coastline with its many deep fjords and numerous small and large islands, there are a number of both on-shore and offshore concrete structures (source: Courtesy of NOTEBY AS).
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 Figure 1.4 The Tromsø Bridge (1960) is a cantilever bridge with a total length of 1016 m (source: Courtesy of Johan Brun).
 
 1990, 1994, 2001). In addition to conventional bridges (Figure 1.4), new concepts for strait crossings such as floating bridges (Figures 1.5 and 1.6) also emerged (Meaas et al., 1994; Hasselø, 2001). Even submerged concrete tunnels have been the subject of detailed studies and planning, and one of several types of design is shown in Figure 1.7 (Remseth, 1997; Remseth et al., 1999). The rapid development which took place later on the utilization of concrete for offshore installations in the North Sea is well known (Figures 1.8 and 1.9). Thus, since 1973, altogether 34 major concrete structures containing more than 2.6 million m3 of high performance concrete have been installed (Figure 1.10), most of which have been produced in Norway. In addition, in other parts of the world a number of offshore concrete structures have been produced, and so far a total of 50 various types of offshore concrete structures have been installed (Moksnes, 2007). For the first offshore concrete platforms in the early 1970s, it was not so easy to produce high strength concrete which was also required to contain a large amount of entrained air for ensuring proper frost resistance. Extensive research programmes were carried out, however, and the quality of concrete and the specified design strength successively increased from project to project (Gjørv, 2008). Thus, from the Ekofisk Tank which was installed in 1973, to the Troll A Platform installed in 1995, the design strength successively increased from 45 to 80 MPa. In addition, the water
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 Figure 1.5 The Bergsøysund Bridge (1992) is a floating bridge with a total length of 931 m (source: Courtesy of Johan Brun).
 
 Figure 1.6 The Nordhordlands Bridge (1994) is a combined floating and cablestayed bridge with a total length of 1610 m (source: Courtesy of Johan Brun).
 
 depths for the various installations successively increased. Thus, in 1995, the Troll A Platform was installed at a water depth of more than 300 m. From the tip of the skirts to the top of the shafts of this gravity-base structure, the total height is 472 m, which is taller than the Empire State Building in New York. The artistic view in Figure 1.11 also demonstrates the
 
 Figure 1.7 One of several designs studied for possible strait crossings by the use of submerged tunnels (source: Courtesy of Norwegian Public Roads Administration).
 
 Figure 1.8 The first offshore concrete platform, the Ekofisk Tank, on its way out of Stavanger in 1973 (source: Courtesy of Norwegian Contractors).
 
 8 Historical review
 
 Figure 1.9 The Gullfaks C Platform (1989) during construction in Stavanger (source: Courtesy of Norwegian Contractors).
 
 size of this structure. After production in one of the deep Norwegian fjords (Figure 1.12), the Troll A Platform containing 245,000 m3 of high strength concrete, 100,000 t of reinforcing steel and 11,000 t of prestressing steel was moved out to its final offshore destination, and this operation was the biggest movement of a man-made structure ever carried out (Figure 1.13). In 1995, the Heidrun platform was also installed in deep water at a depth
 
 Figure 1.10 Development of offshore concrete structures in the North Sea (source: Courtesy of Aker Solutions).
 
 Figure 1.11 Artistic view of the Troll A Platform (1995), demonstrating that the Oslo City Hall is quite small in comparison (source: Courtesy of Per Helge Pedersen).
 
 Figure 1.12 After production in one of the deep Norwegian fjords, the Troll A Platform was ready to be towed out to the North Sea in 1995 (source: Courtesy of Jan Moksnes).
 
 Figure 1.13 The Troll A Platform (1995) on its way out to its final destination in the North Sea (source: Courtesy of Aker Solutions).
 
 12 Historical review of 350 m, but this structure was a tension leg floating platform consisting of lightweight concrete with a design strength of 65 MPa. Both in the design, detailing and construction of all these offshore concrete structures, high safety, durability and serviceability were the subject of the greatest importance. From the early 1970s, a rapid development of high strength concrete both for new offshore structures and a number of other types of structure took place (Gjørv, 2008). Since high strength and low porosity would also enhance the overall performance of the material, the term ‘High Performance Concrete’ was successively introduced and specified for concrete durability rather than for concrete strength. As experience with this type of concrete was gained, however, it was discovered that specification of ‘High Performance Concrete’ was not necessarily good enough for ensuring high durability of concrete structures in severe environments. In recent years, therefore, a new and rapid development of more advanced procedures for durability design has taken place. As a result, new concrete structures with a more controlled and improved durability can now be produced. Thus, for the most exposed parts of the Rion–Antirion Bridge which was constructed in the southern part of Greece in 2001 (Figure 1.14), concrete with an extremely high resistance against chloride penetration was applied, giving a very high safety level against steel corrosion. This type of concrete, which was based on a blast furnace slag cement with a high slag content, showed a 28-day chloride diffusivity of 0.8 – 1.2 × 10–12 m2/s according to the RCM method (NORDTEST, 1999), with achieved values
 
 Figure 1.14 The Rion–Antirion Bridge (2001), to which a concrete with an extremely high resistance to chloride penetration was applied (source: Courtesy of Gefyra S.A.).
 
 Historical review 13 for the chloride diffusivity on the construction site after one year of 4.0 – 5.5 × 10–13 m2/s (Kinopraxia Gefyra, 2001). Before current experience with durability design of new concrete structures is outlined and discussed, it may be useful to take a brief look at current experience with the field performance of existing concrete structures. A brief outline and review of deteriorating processes as well as codes and practice may also be useful.
 
 2
 
 Field performance
 
 2.1 General In many countries, extensive field investigations of a large number of important concrete structures in severe environments have been carried out. The results of all these investigations have been reported in comprehensive reports and published in numerous papers in journals and proceedings from various international conferences over a long period of time. For most of the concrete structures, it has primarily been electrochemical corrosion of embedded steel due to use of de-icing salt which has created the biggest and most severe problems (United States Accounting Office, 1979). Already in 1986, it was estimated that the cost of correcting corroding concrete bridges in the USA was US$24 billion with an annual increase of US$500 million (Transportation Research Board, 1986). Later on, annual costs of repair and replacement of US bridges of up to about US$8.3 billion have been estimated by Yunovich et al. (2001) and up to US$9.4 billion for the next 20 years by the American Society of Civil Engineers (Darwin, 2007). Already in 1998, annual costs of US$5 billion for concrete structures in Western Europe were estimated (Knudsen et al., 1998), and similar durability problems and extensive expenses from a large number of other countries have also been reported. For all the concrete structures in marine environments, the environmental conditions may be even more severe. Thus, along the Norwegian coastline, there are more than 300 concrete bridges and 10,000 harbour structures, most of which have been built from concrete (Figure 2.1). For many years, more than half of all these concrete bridges and most of the concrete harbour structures have been severely affected by corrosion of embedded steel (Østmoen et al., 1993; Gjørv, 1968, 1994, 1996, 2002, 2006). In addition, in the North Sea, a number of the offshore concrete structures have shown some extent of steel corrosion. Internationally, deterioration of concrete infrastructures has emerged as one of the most severe and demanding challenges facing the construction industry (Horrigmoe, 2000). Although corrosion of embedded steel represents the dominating type of deterioration, deterioration due to freezing
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 Figure 2.1 The Sortland Bridge (1975) is a 948 m-long cantilever bridge in the northern part of Norway (source: Courtesy of Johan Brun).
 
 and thawing and alkali–aggregate reaction also represents a major problem for the durability and long-term performance of concrete structures in many countries. In order to describe the field performance of concrete structures in severe environments in more detail, some current experience based on field investigations of concrete structures, mostly in Norwegian marine environments, is briefly outlined and discussed in the following.
 
 2.2 Harbour structures Already in the early 1960s, a broad Nordic base of research cooperation was established in order to investigate the current condition and service life of concrete structures in marine environments in the Nordic countries. In Norway, this work was organized by a technical committee established by the Norwegian Concrete Association, and during the period 1962 to 1968 the condition and long-term performance of more than 200 concrete harbour structures along the Norwegian coastline was investigated (Gjørv, 1968, 1970). The majority of all these harbour structures were of the open type with a reinforced concrete deck on top of slender, underwater-cast concrete pillars (Figures 2.2 and 2.3). The structures had varying ages of up to 50 or 60 years and included more than 190,000 m2 of concrete decks on more than 5000 tremie-cast concrete pillars with a total length of approximately 53,000 m. Of all the concrete structures, more than half were also investigated under water (Figure 2.4).
 
 16 Field performance
 
 Figure 2.2 A section through an open concrete harbour structure with a reinforced concrete deck on top of slender, reinforced concrete pillars cast under water (source: Gjørv (1968)).
 
 Figure 2.3 An industrial concrete harbour structure (source: Gjørv (1968)).
 
 The overall condition of all the concrete harbour structures investigated was quite good. Even after service periods of up to 50 or 60 years, the structures still showed a high ability to withstand the combined effects of the most severe marine exposure (Figure 2.5) and heavy structural loads. Thus, one of the industrial harbour structures investigated was observed with storage of raw aluminium bars evenly distributed all over the deck as
 
 Figure 2.4 The extensive field investigations of Norwegian concrete harbour structures during the 1960s were carried out by H.P. Sundh and O.E. Gjørv.
 
 Figure 2.5 Concrete harbour structures along the Norwegian coastline are exposed to a most severe marine environment (source: Courtesy of B. Skarbøvik).
 
 18 Field performance shown in Figure 2.6. This deck load was approximately six times that of the original design load. Apart from severe corrosion in all the deck beams, no specific sign of any overloading was observed on this 50-yearold concrete harbour structure. For the continuously submerged parts of all the concrete structures, no particular trend in the development of damage either due to deterioration of the concrete or due to corrosion of embedded steel was observed. Within the tidal zone, only 35- to 40-year-old structures exhibited some concrete pillars with cross-sectional reductions of more than 20 per cent, mostly due to freezing and thawing (Figure 2.7). Above water, only 35- to 40-year-old structures had deck beams that had been severely weakened due to steel corrosion, while on the whole, both the deck slabs and the rear walls were in much better condition. For 13 per cent of all the structures investigated under water, only some small and very local areas of deteriorated concrete were observed. In these local areas where problems with the tremie placing of the concrete had given a too porous and permeable concrete, a rapid chemical deterioration of the concrete had taken place. In these local areas, the strength was completely broken down after a relatively short period of time, and the deteriorated concrete was typically characterized by up to 70 per cent loss of lime due to heavy leaching and increased contents of magnesium oxide by up to ten times that of the original content (Gjørv, 1968). It should be
 
 Figure 2.6 A 50-year-old industrial harbour structure (1913) with storage of raw aluminium bars representing an evenly distributed deck load of approximately six times that of the original design load (source: Gjørv (1968)).
 
 Figure 2.7 Deterioration in the tidal zone mostly due to freezing and thawing (source: Gjørv (1968)).
 
 (a)
 
 (b)
 
 Figures 2.8(a) and (b) Tremie-cast concrete pillar (1929) in excellent condition after 34 years of freezing and thawing in Narvik Harbour (a) and 43 years in Glomfjord Harbour (1920) (b) (source: Gjørv (1968)).
 
 20 Field performance noted that for all of these concrete structures, only pure portland cements had been used, which are known to be quite vulnerable in such aggressive environments. Already in 1938, extensive long-term tests on concrete in seawater had begun at a field station in Trondheim Harbour. These field tests included more than 2500 concrete specimens based on 18 different types of commercial cement. After a period of 25 to 30 years, the different types of cement showed a wide variation in resistance against the chemical action of seawater, and the less durable the type of cement, the more important was the porosity and permeability of the concrete (Gjørv, 1971). In order to maintain the cohesiveness of the fresh concrete during tremie placing of the concrete, however, a concrete with a very high cement content of at least 400 kg/m3 had typically been used. Therefore, where no dilution of the tremie concrete had occurred during placing the concrete, a very good performance was observed even after service periods of up to 50 or 60 years. Even after many years of freezing and thawing, the overall condition of the concrete pillars was very good. Even in the northern part of Norway with high amounts of frost and tidal waters of up to 2 or 3 m, a very good condition was observed after 30 or 40 years (Figures 2.8(a) and (b)). For those pillars with observed deterioration, the damage was mostly very local, demonstrating a high variability in concrete quality from one pillar to another (Figure 2.9). For most of the concrete pillars, however, the con-
 
 Figure 2.9 Uneven deterioration in the tidal zone due to the high variability of concrete quality from one pillar to another (source: Gjørv (1968)).
 
 Field performance 21 crete had been protected by a wooden formwork which had been left in place after concreting, but this formwork had gradually disappeared. Since the tremie concrete had a very high cement content, a high concrete quality in the pillars had largely been achieved. However, most of the concrete structures investigated had been produced in a period before any air entraining admixtures were available. Above water, more than 80 per cent of all the concrete structures had a varying extent of damage due to steel corrosion, and, in those structures which were observed without any damage, repairs due to steel corrosion had recently been carried out. The first visible sign of steel corrosion in the form of rust staining and cracks typically appeared after a service period of five to ten years, and it was primarily those parts of the structures which had been the most exposed to intermittent wetting and drying which were the most vulnerable to corrosion. Typically, this included the lower parts of the deck beams (Figure 2.10) and the rear parts of the concrete decks adjacent to the seawall (Figure 2.11). When the concrete cover in the lower parts of the deck beams had cracked or spalled off at a very early stage, it was typically observed that the longitudinal bars appeared to be more uniformly corroded, while the protruding beam stirrups showed a more severe pitting-type of corrosion and were mostly rusted through (Figure 2.12). For the oldest structures, the specified compressive strength in the superstructure had typically varied from 25 to 30 MPa, but successively the specified strength had been increased up to 35 MPa. The specified
 
 Figure 2.10 The lower parts of the deck beams were more vulnerable to steel corrosion than the deck slabs in between (source: Gjørv (1968)).
 
 Figure 2.11 The rear parts of the concrete deck adjacent to the seawall were more vulnerable to steel corrosion than the rest of the deck (source: Gjørv (1968)).
 
 Figure 2.12 When the concrete cover in the lower parts of the deck beams had cracked or spalled off at a very early stage, the steel bars were more uniformly corroded, while the protruding beam stirrups always showed a more pitting-type of corrosion (source: Gjørv (1968)).
 
 Field performance 23 minimum concrete cover in deck slabs, deck beams and the tremie-cast concrete pillars was typically 25, 40 and 70 mm, respectively. For some of the concrete structures, a cover thickness of 100 mm for the concrete pillars had also been specified. Prior to 1930, experience had shown that the slabs of the open concrete decks had performed much better than the deck beams. This was assumed to be due to an easier and better placing and compaction of the fresh concrete in the deck slabs compared to that of the deep and narrow beams and girders. The practical consequence of this was drawn in 1932, when the first flat type of concrete deck was introduced into Norwegian harbour construction. From then on, a number of structures with a flat type of concrete deck were constructed, and these structures demonstrated a far better long-term performance than those with the beam and slab type of deck (Figure 2.13). Since such a structural design was often more expensive, however, the slab and beam type of deck was gradually reintroduced. It was assumed that if the beams were made shallower and wider, it would be equally easy to place the fresh concrete in such structural elements. After some time, however, even the shallower and wider deck beams showed early corrosion, while the flat type of concrete deck without any beams still performed much better. What was not known in the earlier days was that after some years a concrete structure exposed to a chloride-containing environment would develop a complex system of galvanic cell activities along the embedded steel. In such a system, the more exposed parts of the concrete structure
 
 Figure 2.13 Harbour structures with a concrete deck of the flat type showed a much better performance than structures with a beam and slab type of deck (source: Gjørv (1968)).
 
 24 Field performance such as the deck beams would always absorb and accumulate more chloride and hence develop anodic areas, while the less exposed parts such as the slab sections in between would act as catchment areas for oxygen and hence form cathodic areas. As a consequence, the more exposed parts of the deck such as beams and girders would always be more vulnerable to steel corrosion compared to the rest of the concrete deck. This was also the reason why the rear parts of the concrete deck close to the seawall would be more vulnerable to steel corrosion than the rest of the concrete deck (Figure 2.11). The extensive repair work carried out due to steel corrosion in the deck beams also showed a very short service life, mostly under ten years. Typically, the corroded steel in the locally spalled areas had first been cleaned and then locally patched with new concrete as is shown in Figure 2.14. In addition, what was not known in these early days was that such a local patch repair would always cause localized changes in the electrolytic conditions and thus variations in the electrochemical potentials along the steel. As a result, accelerated corrosion adjacent to the local patch repair would develop, the result of which is demonstrated in Figure 2.15. This detrimental effect of patch repairs was first observed and systematically reported by Stratfull in the early 1950s (Gewertz et al., 1958). In spite of the extensive steel corrosion which had been going on in almost all the concrete harbour structures for a long period of time, the effect of this corrosion on the load bearing and structural capacity of the structures appeared to be rather moderate and slow (Figure 2.16). For each structure investigated, both the effect on structural capacity and extent of damage within the various types of structural elements were rated according to a certain rating system. Thus, the structural condition
 
 Figure 2.14 Typical patch repair of a corroded deck beam (source: Gjørv (1968)).
 
 Figure 2.15 Accelerated corrosion adjacent to the local patch repair of a deck beam (source: Gjørv (1968)).
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 Figure 2.16 Trends in the development of deterioration due to steel corrosion in deck beams (source: Gjørv (1968)).
 
 26 Field performance was rated according to a scale from 1 to 7, where 1 was distinct observed damage and 3 was major damage, but still the elements would fulfil the intended function, while 7 was such a severe impairment that the intended function of the elements would no longer be fulfilled. The extent of damage was rated into three groups, where X was up to one-third and XXX was more than two-thirds of all the same type of structural elements within each structure with observed damage. As may be seen from Figure 2.16, only 35- to 40-year-old structures (1925–1930) had deck beams with structural ratings of more than 2 and extents of damage of more than 50 per cent. In 1982 to 1983, a more detailed investigation of one of the concrete harbour structures located in Oslo Harbour was carried out (Gjørv and Kashino, 1986). This was a 61-year-old concrete jetty which was going to be demolished in order to create space for new construction work. During demolition, therefore, a unique opportunity occurred for investigating the overall condition of all the embedded steel both in the concrete deck and in the tremie-cast concrete pillars. An overall plan of the jetty is shown in Figure 2.17, which had an open concrete deck of 12,500 m2 supported by approximately 300 tremie-cast concrete pillars with cross-sections of 90 × 90 cm and heights of up to 17 m. Of all these concrete pillars, four were pulled up on shore for a more detailed investigation (Figure 2.18). In 1919 to 1922 when the jetty was constructed, the specified compressive strength for the concrete in the superstructure was 25–30 MPa, but at the time of demolition the in-situ strength typically varied from 40 to 45 MPa. Although the original concrete composition was not known, all concrete structures at that early period of construction had typically been produced with a concrete based on very coarse-grained portland cements giving a very high, long-term strength development. For this particular structure, the specified minimum concrete cover for deck slabs, deck beams and tremie-cast concrete pillars was 30, 50 and 100 mm, respectively.
 
 Figure 2.17 An overall plan of the concrete jetty in Oslo Harbour (1922), which was investigated during demolition after 61 years of service (source: Gjørv and Kashino (1986)).
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 Figure 2.18 Four of the tremie-cast concrete pillars from the concrete jetty in Oslo Harbour (1922) were pulled up on shore for a more detailed investigation.
 
 Although extensive steel corrosion had been going on in all the deck beams throughout most of the service life of this particular jetty, the overall condition of the structure was relatively good even after a service period of more than 60 years. In spite of the extensive visible corrosion damage and deep chloride penetration beyond the embedded steel throughout the whole concrete deck, the demolition revealed that most of the rebars were still in quite good condition, and practically without any visible corrosion. This made up more than about 75 per cent of the total reinforcing steel system. For the rest of the reinforcement, which was mostly located in the lower part of the deck beams, the observed corrosion was very unevenly distributed and quite severe. However, in the lower parts of the deck beams, the cross-section of the bars was seldom reduced by more than 30 per cent, while for the rest of the rebar system, most of the steel bars had reduced cross-sections of less than 10 per cent. The best condition of the rebar system was observed in the deck slabs. These observations demonstrate how efficiently the corroding steel in the lower part of the deck beams had functioned as sacrificial anodes and thus cathodically protected the rest of the rebar system. This protective effect of the most corroding parts of the rebar system may also explain the relatively slow reduction in the structural capacity of all the structures previously investigated (Figure 2.16). The four tremie-cast concrete pillars which were pulled up on shore showed a very good overall condition. A number of concrete cores showed
 
 28 Field performance compressive strengths of 40 to 45 MPa. Upon removal of the concrete cover, the embedded steel in the continuously submerged parts of the pillars showed a very good overall condition, mainly due to lack of oxygen. Above the low-water level, 1 mm-deep pittings on the individual bars were typically observed, while below this level the pittings were mostly under 0.2 mm and only occasionally as much as 0.5 mm. For the concrete structure as a whole, it was not possible to find any relationship between the half-cell surface potentials observed before demolition and the condition of the embedded steel observed after demolition. The depth of carbonation, which was generally very small, varied according to the prevailing moisture conditions of the concrete. Thus, in the upper parts of the deck with a more dry concrete, a carbonation depth of 2 to 8 mm was typically observed, while for the concrete within the tidal zone and further below, the carbonation depth was generally much smaller, typically varying from 1 to 2 mm and only occasionally as much as 7 mm. For most of the deck beams the concrete cover was more or less spalled off, so it was not easy to obtain representative observations of the chloride penetration. For the deck slabs, however, the chloride content at the level of the reinforcing steel typically varied from 0.05 to 0.10 per cent by weight of concrete. For the upper part of the pillars above the tidal zone the chloride content varied from 0.15 to 0.25 per cent, while in the tidal zone the chloride content mostly varied from 0.20 to 0.25 per cent (Figure 2.19). For the continuously submerged part of the concrete pillars, an even higher chloride content of 0.30 to 0.35 per cent was typically observed. As clearly demonstrated in Figure 2.19, the chloride content had reached far beyond the specified cover depth of 100 mm.
 
 Figure 2.19 Penetration of chloride into the tremie-cast concrete pillars after 61 years of exposure (source: Gjørv and Kashino (1986)).
 
 Field performance 29 In more recent years, concrete technology, durability specifications and execution of concrete work for concrete harbour structures have generally improved. However, more recent field investigations of relatively new concrete harbour structures along the Norwegian coastline have revealed that a rapid and uncontrolled chloride penetration still represents a big problem, and steel corrosion may still be observed after service periods of under ten years (Lahus et al., 1998). Thus, detailed field investigations of 20 Norwegian concrete harbour structures constructed during the period from 1964 to 1991 showed that 70 per cent had a varying extent of steel corrosion (Lahus, 1999). After five years of exposure, average chloride content at depths of 25 and 50 mm of 0.8 and 0.3 per cent by weight of cement was observed, while after ten years the corresponding numbers were 1.2 and 0.5 per cent, respectively. After 15 years of exposure, the average chloride content at the depth of 50 mm was 0.9 per cent by weight of cement. In Trondheim Harbour, steel corrosion in most of the deck beams of a concrete jetty from 1993 after eight years of service was observed (Figure 2.20). According to the Norwegian Concrete Code NS 3420 (Standard Norway, 1986), a concrete quality with a compressive strength of 45 MPa and maximum water/binder ratio of 0.45 had been specified, and this had also been achieved by use of a concrete based on 380kg/m3 high performance portland cement and 19 kg/m3 silica fume (5 per cent). During the field investigations after eight years of service, removed concrete cores showed an average chloride diffusivity according to the RCM method (NORDTEST, 1999) of 10.7 × 10–12 m2/s, which indicates only a moderate resistance against chloride penetration. Since an average concrete cover in the deck beams of approximately 50 mm was observed, the specified
 
 Figure 2.20 ‘Turistskipskaia’ (1993) in Trondheim Harbour with steel corrosion in most of the deck beams after eight years of exposure (source: Gjørv (2002)).
 
 30 Field performance minimum concrete cover of 40 mm according to Norwegian Concrete Code NS 3473 (Standard Norway, 1989) had also been achieved. Nevertheless, visual observations, detailed mapping of electrochemical surface potentials and extensive chloride penetration measurements revealed a varying extent of steel corrosion in all the deck beams of the structure. After approximately eight years of exposure, the chloride front had mostly reached a depth varying from 40 to 50 mm, as shown in Figure 2.21. Also at Tjeldbergodden near Trondheim, deep chloride penetration and steel corrosion were observed after eight years of exposure on two industrial harbour structures constructed in 1995 and 1996, respectively (Figure 2.22). In addition, for these concrete structures, the specified durability with respect to both concrete quality and concrete cover according to the current concrete codes had been achieved. During the field investigations eight years on, the testing of chloride diffusivity according to the RCM method (NORDTEST, 1999) only showed an average value of 16.6 × 10–12 m2/s, which indicates a very low resistance against chloride penetration. After approximately eight years of exposure, the observed chloride front typically varied from 40 to 50 mm (Figure 2.22), and the electrochemical surface potentials revealed extensive corrosion. Both for the older and newer concrete harbour structures investigated and discussed above, a high scatter and variability of achieved construction quality were typically observed. Thus, for the two concrete harbour structures at Tjeldbergodden, Figure 2.23 demonstrates a high scatter of achieved concrete cover, typically varying from one deck beam to another. In another industrial harbour structure produced in 2001 at Ulsteinvik
 
 Figure 2.21 Typical chloride penetration in the deck beams of ‘Turistskipskaia’ (1993) in Trondheim Harbour after eight years of exposure (source: Gjørv (2002)).
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 Figure 2.22 Chloride penetration after eight years of exposure in ‘Modulkaia’ (1995) at Tjeldbergodden (source: Ferreira et al. (2003)).
 
 near Ålesund, a detailed investigation of the achieved chloride diffusivity in the concrete deck also showed a high variability (Figure 2.24). These results were based on migration testing of 12 Ø100 mm concrete cores from the concrete deck according to the RCM method (NORDTEST, 1999). Although the achieved concrete quality was in accordance with the 0.24
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 Figure 2.23 Histogram of concrete cover (mm) in three deck beams of the concrete harbour structures at Tjeldbergodden (source: Ferreira (2004)).
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 Figure 2.24 Achieved chloride diffusivity in the concrete deck of an industrial concrete harbour structure at Ulsteinvik (2001) (source: Guofei et al. (2005)).
 
 current concrete code specification both with respect to water/binder ratio and binder content, the results in Figure 2.24 indicate only a moderate resistance against chloride penetration. For all the concrete harbour structures described and discussed above, it should be noted that the environmental conditions are quite severe. For certain periods of the year, all the structures are typically exposed to the combination of severe splashing of seawater and high tides. Figure 2.25 shows the ‘Turistskipskaia’ in Trondheim Harbour on a stormy day. Occasionally, this structure is completely submerged in high tides during heavy storms, as is shown in Figure 2.26. For much of the concrete construction work in Norwegian marine environments, the construction takes place all year around. Therefore, the risk of early-age exposure to seawater before the concrete has gained sufficient maturity and density is also high. Due to heavy winds and high tides during concrete construction of the ‘Nye Filipstadkaia’ in Oslo Harbour in 2002 (Figure 2.27), a deep chloride penetration in several of the deck beams occurred (Figure 2.28). During concrete construction, most types of concrete are very sensitive and vulnerable to chloride penetration, and this may represent a special challenge when the concrete construction work is carried out during cold and rough weather conditions, which may often be the case in Norwegian marine environments.
 
 Figure 2.25 ‘Turistskipskaia’ in Trondheim Habour on a stormy day (source: Courtesy of Trondheim Harbour KS).
 
 Figure 2.26 Occasionally, concrete harbour structures are completely submerged in high tides during heavy storms (source: Courtesy of Trondheim Harbour KS).
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 Figure 2.27 During construction of ‘Nye Filipstadkaia’ (2002) in Oslo Harbour, deep chloride penetration in several of the deck beams took place due to heavy winds and high tides (source: Courtesy of Oslo Harbour KF).
 
 Figure 2.28 Observed chloride penetration in the deck beams during concrete construction of ‘Nye Filipstadkaia’ (2002) in Oslo Harbour (source: Gjørv (2002)).
 
 In many countries, high temperatures may enhance the durability problems due to increased rates of deterioration. Thus, in the Persian Gulf countries, quite extreme durability problems are being experienced (Matta, 1993; Alaee, 2000). Similar problems have been reported from a number of other countries with hot climates. This is clearly demonstrated in the Progreso Port on the Yocatán Coast in Mexico, as is shown in Figures
 
 Field performance 35 2.29–2.32. Due to very shallow waters, two long piers were constructed in order to provide proper harbour facilities. Of the pier constructed in a conventional way in the 1960s, only small parts of the structure still remained, while the neighbouring pier, which was constructed during 1937 to 1941 with stainless steel reinforcements, was still in very good condition when it was investigated in 1998 (Knudsen and Skovsgaard, 1999). None of the concrete qualities in these two piers was very good. After a service period of approximately 60 years, however, detailed field investigations of the old pier showed that the embedded steel (Ø30 mm) was still in very good condition in spite of high chloride content adjacent to the steel, typically varying from 0.6 to 0.7 per cent by weight of concrete at depths of 80 to 100 mm below the concrete surface (Rambøll, 1999). In more recent years, the old Progreso Pier has been further extended into deep waters (Figure 2.33), so that it now provides port facilities for heavy traffic with a variety of different types of ship (Figure 2.34). Before the old pier was constructed in the late 1930s, it was considered by the owner to be of vital importance to keep this pier in safe operation with as little interruption as possible. Therefore, the owner was willing to pay the additional costs for having a structure with as high durability as possible. Hence, this project clearly demonstrates how the additional costs of stainless steel later on have proved to be an extremely good investment for the owner (Progreso Port Authorities, 2008).
 
 Figure 2.29 Remaining parts of a concrete pier built in a conventional way on the Yocatán Coast in Mexico in the 1960s (source: Courtesy of Rambøll Consulting Engineers).
 
 Figure 2.30 Remaining part of the deck from the concrete pier built on the Yocatán Coast in the 1960s (source: Courtesy of Rambøll Consulting Engineers).
 
 Figure 2.31 Different durability and long-term performance of the two concrete piers on the Yocatán Coast built with black steel in the 1960s (front) and with stainless steel during 1937–1941, respectively (source: Courtesy of Rambøll Consulting Engineers).
 
 Figure 2.32 The Progreso Pier on the Yocatán Coast built with stainless steel reinforcements in the period 1937 to 1941 (source: Courtesy of Rambøll Consulting Engineers).
 
 Figure 2.33 Overview of the Progreso Pier on the Yocatán Coast in Mexico (source: Courtesy of Progreso Port Authorities).
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 Figure 2.34 Part of the existing port facilities on the Progreso Pier (source: Courtesy of Progreso Port Authorities).
 
 2.3 Bridges In many countries, extensive field investigations of concrete bridges exposed to both de-icing salts and marine environments have been carried out. From recent field investigations of concrete bridges along the Norwegian coastline, it was revealed that more than 50 per cent of all the 300 existing concrete bridges either had a varying extent of steel corrosion or had recently been repaired due to steel corrosion (Østmoen et al., 1993). Most of these concrete bridges were less than 25 years old, and one of them was so heavily corroded that it was demolished after a service period of about 25 years (Figure 2.35). During the service period of this particular bridge, total repair costs comparable to that of the original cost of the bridge had already been spent (Hasselø, 1997). For most of the corroding bridges along the Norwegian coastline, large amounts of chloride had penetrated the concrete far beyond the level of the reinforcing steel after a relatively short period of service. Thus, for the Gimsøystraumen Bridge (Figure 2.36), which is the most common type of Norwegian coastal bridge from the 1970s and 1980s, the heavily corroding bridge was the subject of an extensive research programme carried out by the Norwegian Public Roads Administration during the period 1993 to 1997. The objective of this research programme was primarily to investi-
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 Figure 2.35 Ullasundet Bridge (1970) was demolished after 25 years of service due to heavy corrosion of embedded steel (source: Courtesy of Jørn A. Hasselø).
 
 gate the effect of various types of patching repairs and patching materials in order to bring the steel corrosion under control (Blankvoll, 1997). After 11 years of exposure, extensive chloride penetration had taken place as shown in Figure 2.37, and the deepest chloride penetration was typically observed in those parts of the bridge which were the least exposed to the prevailing winds and salt spray (Figure 2.38). Thus, for the most exposed parts of the bridge, rain had intermittently been washing off the salt from the concrete surface, while for the more protected parts and surfaces the salt had accumulated. The observed chloride penetration typically varied with height above sea level as shown in Figure 2.39. For the superstructure of Gimsøystraumen Bridge, concrete with a compressive strength of 40 MPa and a minimum concrete cover of 30 mm had been specified. Although such a specified concrete cover was very small for a bridge in such an environment, the achieved concrete cover observed later on was even smaller due to poor workmanship and lack of proper quality control during concrete construction. This is clearly demonstrated in Figure 2.40, where the results of more than 2028 single measurements of concrete cover during the extensive field investigations are shown. For the Gimsøystraumen Bridge, the observed moisture content in the outer 40 to 50 mm of the concrete was typically very high, with relative humidities in the range of 70 to 80 per cent corresponding to a degree of
 
 Figure 2.36 Gimsøystraumen Bridge (1981) which was the most common type of Norwegian concrete coastal bridge from the 1970s and 1980s (source: Courtesy of Johan Brun).
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 Figure 2.37 Gimsøystraumen Bridge (1981) with deep chloride penetration in the box girder 11.9 m above sea level after 11 years of exposure (source: Fluge (1997)).
 
 Figure 2.38 Gimsøystraumen Bridge (1981) with the deepest chloride penetration typically observed in those parts of the bridge which were the least exposed to prevailing winds and salt spray (source: Fluge (1997)).
 
 capillary saturation of 80 to 90 per cent (Sellevold, 1997). Also, for other concrete bridges along the Norwegian coastline, very high moisture contents in the concrete have been observed. Although the moisture contents may vary from one structure to another, typical values for the degree of capillary saturation of 80 to 90 per cent have been reported (Holen Relling, 1999). For concrete in the tidal zone, the degree of capillary saturation may be even higher than 90 per cent, while for inland bridges the
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 Figure 2.39 Gimsøystraumen Bridge (1981) with typical variation of chloride penetration above sea level (source: Fluge (1997)).
 
 values may be closer to 80 per cent. Thus, for concrete bridges in such environments, the combination of high chloride content and high moisture content provides optimal conditions for high rates of steel corrosion. In spite of the extensive patch repairs which were very carefully carried out in the research project for Gimsøystraumen Bridge, a continuing heavy steel corrosion was observed already less than ten years after the extensive and costly repairs. This effect of patch repairs is in general accordance with that typically observed and already discussed for all the concrete harbour structures along the Norwegian coastline. It is also in general accordance with extensive international experience, demonstrating that patch repairs of heavily chloride-contaminated concrete structures are not very effective in bringing ongoing steel corrosion under control (Bertolini et al., 2004). The above effect of patch repairs was first observed and systematically reported by Stratfull already in the early 1950s (Gewertz et al., 1958). The San Mateo–Hayward Bridge (1929) in the Bay Area of San Francisco had been extensively patch repaired, first by local cleaning of the damaged
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 Figure 2.40 Gimsøystraumen Bridge (1981) with observed variation of achieved concrete cover (source: Kompen (1998)).
 
 areas and then by shotcreting. After a short period of time, however, continued steel corrosion was observed. During his extensive field investigation of the bridge, Stratfull for the first time carried out detailed potential mapping of the patch repaired concrete structure with half-cell coppercopper sulphate electrodes. In this way, he demonstrated that the patched areas had typically formed cathodic areas, while anodic areas had formed adjacent to the patched areas as demonstrated in Figure 2.41. During his extensive field investigations, Stratfull also for the first time carried out a number of electrical resistivity measurements along the concrete surface of the bridge. For these measurements, Stratfull had designed his own fourelectrode (Wenner) device, as is shown in Figure 2.42. Over a certain period of time, he observed that in those parts of the bridge which showed a high electrical resistivity of typically more than 65,000 ohm cm, a very low and almost negligible corrosion rate took place. Stratfull also observed that the ohmic resistance of the concrete was primarily controlled by the moisture content of the concrete, which typically varied from one part of the concrete deck to another. Already in the early 1970s, Stratfull also demonstrated that cathodic protection would be the most efficient way to bring the above type of corrosion
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 Figure 2.41 Equipotential contours demonstrating how the local patch repairs by shotcreting had typically formed a pattern of anodic areas (solid lines) and cathodic areas (dotted lines) along the concrete surface of the San Mateo–Hayward Bridge (1929) (source: Gewertz et al. (1958)).
 
 under control (Stratfull, 1974). Later on, extensive practical experience has confirmed that cathodic protection is the only way of bringing heavy chloride-induced steel corrosion under control (Broomfield, 1997). Of the younger generation of concrete bridges more recently constructed along the Norwegian coastline, both improved concrete quality with compressive strengths in the range of 45 to 65 MPa and increased concrete cover in the range of 40 to 55 mm have distinctly improved the durability of the bridges. As already discussed, however, the environmental conditions along the Norwegian coastline are quite severe. Thus, for the Storseisund Bridge which was built in 1988, deep chloride penetration was observed after approximately 15 years of exposure (Figure 2.43). This bridge is one of several concrete bridges built along the Atlantic Ocean Road on the west coast of Norway. During the summer season this
 
 Field performance 45
 
 Figure 2.42 The four-electrode (Wenner) device designed by Stratfull in the early 1950s for field measurements of electrical resistivity along the concrete surface of the San Mateo–Hayward Bridge (1929) (source: Stratfull (1970)).
 
 highway is a very pleasant and popular tourist route (Figure 2.44), but during stormy winter days, these bridges are heavily exposed and partly covered by seawater, as is shown in Figure 2.45. For the 1065 m-long cable-stayed Helgelands Bridge (Figure 2.46) built in 1991 further north along the Norwegian coastline, a deep chloride penetration was observed already shortly after completion of the bridge (Figure 2.47). During the construction, however, parts of the bridge were heavily exposed to severe weather conditions and splashing of seawater before the concrete had gained sufficient maturity and density (Figures 2.48(a) and (b)). In order to gain experience for increased durability of new concrete bridges along the Norwegian coastline, the Norwegian Public Roads Administration decided subsequently on an experimental basis to further increase both concrete quality and concrete cover in a new bridge to be built at Aursundet on the west coast of Norway. Thus, when the Aursundet Bridge was built between 1993 to 1995 (Figure 2.49), a concrete based
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 Figure 2.43 Storseisund Bridge (1988) with observed chloride penetration in per cent by weight of concrete after 15 years of exposure (source: Hasselø (2007)).
 
 Figure 2.44 During summer, the Atlantic Ocean Road on the west coast of Norway is a very pleasant and popular tourist route.
 
 on 400 kg/m3 of portland cement with 50 kg/m3 of silica fume (12.5 per cent) giving a water/binder ratio of 0.40 was applied. This concrete, which showed a 28-day compressive strength of 55 MPa, was combined with a minimum concrete cover of 80 mm in the splash zone. Ten years on, field investigations revealed average chloride penetrations in the eastern and
 
 Figure 2.45 During stormy winter days, the Storseisund Bridge (1988) is heavily exposed and partly covered by seawater (source: Courtesy of Johan Brun).
 
 Figure 2.46 The Helgelands Bridge (1991) is a 1065 m-long cable-stayed bridge with the largest span of 425 m (source: Courtesy of Hallgeir Skog).
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 Figure 2.47 The Helgelands Bridge (1991) with observed chloride penetration in per cent by weight of cement shortly after completion of the bridge (source: NPRA (1993)).
 
 western parts of the bridge as shown in Figure 2.50. At the same time, a testing of the chloride diffusivity of the concrete according to the RCM method (NORDTEST, 1999) was carried out. An average observed chloride diffusivity of 6.2 × 10–12 m2/s indicated that the applied concrete quality for this bridge had a much higher resistance to chloride penetration compared to that typically applied for earlier bridges. Also, in a number of other countries, extensive field investigations of concrete bridges both exposed to marine environments and de-icing salts have shown the same type of durability and long-term problems due to steel corrosion as that described and discussed above (Nilsson, 1991; Stoltzner and Sørensen, 1994; Beslac et al., 1997; Wood and Crerar, 1997).
 
 2.4 Offshore structures For many of the offshore concrete platforms in the North Sea, a service life of only 25 to 30 years was required, but for all of these concrete structures, much stricter durability specifications than that for land-based concrete structures produced in the same period were applied. In spite of the very harsh and hostile marine environment in the North Sea as shown in Figures 2.51 and 2.52, the overall performance of the concrete structures has so far
 
 (a)
 
 (b) Figures 2.48(a) and (b) During concrete construction, parts of the Helgelands Bridge (1991) were heavily exposed to severe weather conditions and splashing of seawater (source: Courtesy of Hallgeir Skog).
 
 Figure 2.49 The Aursundet Bridge (1995) is a cantilever bridge with a total length of 486 m.
 
 Figure 2.50 The Aursundet Bridge (1995) with observed chloride penetration after three and ten years of splash zone exposure (source: Årskog et al. (2005)).
 
 Field performance 51 been shown to be quite good (Fjeld and Røland, 1982; Hølaas, 1992; Gjørv, 1994; FIP, 1994; Moksnes and Sandvik, 1996). For most of the structures, no systematic monitoring of the chloride penetration has been carried out, but extensive field investigations have revealed that also for this high performance concrete, a certain rate of chloride penetration has taken place, although at a slower rate compared to that observed for other concrete structures along the Norwegian coastline (Figures 2.53 and 2.54). For some of the concrete structures in the North Sea, steel corrosion has also created severe durability problems, and costly repairs have been carried out. In particular this is true for the Oseberg A Platform (1988), where the achieved concrete cover was less than that specified in the upper parts of the shafts. For this platform, costly repairs in the form of cathodic protection have been carried out (Østmoen, 1998). For the first concrete structures in the North Sea produced in the early 1970s, it was not so easy to meet a specified compressive strength of 45 MPa in combination with required air content of at least 5 per cent for ensuring proper frost resistance. The general durability requirements included a water/cement ratio of less than 0.45 or preferably below 0.40, in combination with a minimum cement content of 400 kg/m3. Nominal concrete covers to the ordinary and prestressing steel of 75 and 100 mm, respectively, were also specified. Already from the mid-1970s, however, it became easier to produce high strength concrete with a water/cement ratio
 
 Figure 2.51 All the concrete platforms in the North Sea are exposed to a very harsh and hostile marine environment.
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 Figure 2.52 All the concrete platforms in the North Sea are exposed to heavy wave loading.
 
 below 0.40, and, later, the concrete quality gradually increased from project to project reaching a compressive strength of up to 80 MPa for the Troll A Platform which was installed in 1995. Although very strict durability requirements were specified, most of the concrete structures produced prior to 1980 also had an additional protective surface coating on the concrete shafts in the splash zone. For these concrete structures, a solid epoxy coating of 2 to 3 mm was continuously applied to the concrete surface during slip forming of the structures. When the surface coating was applied at such an early stage when the young concrete still had an under-pressure and suction ability, a very good bonding between the concrete and the epoxy layer was achieved. Thus, for the Statfjord A Platform, Figure 2.53 demonstrates that the epoxy coating had very effectively prevented any chloride from penetrating the concrete during a service period of eight years. Even after 15 years of severe exposure, later investigations have revealed that this protection was still intact and had very effectively prevented any chloride from penetrating the concrete (Aarstein et al., 1998). However, for the Heidrun Platform, which was a floating concrete platform produced in 1995, Figure 2.55 demon-
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 Figure 2.53 Chloride penetration in the Statfjord A Platform (1977) after eight years of exposure (source: Sandvik and Wick (1993)).
 
 strates that the much thinner and poorer surface coating applied to this platform had not been so effective in keeping the chlorides out, even after an exposure period of only two years. Although the Brent B Platform (1975) was one of the concrete platforms to be built before 1980, this structure was not protected by any surface coating in the splash zone. In conjunction with some installation work carried out on this platform in 1994, a large number of Ø 100 mm concrete cores had to be removed from the utility shaft at two different elevations above water and one elevation below water. After approximately 20 years of exposure, extensive investigations of these removed concrete cores revealed that a deep chloride penetration had taken place, as is shown in Figures 2.56 to 2.59. The chloride penetration was deepest in the upper part of the splash zone and shallowest in the constantly submerged part of the shaft at an elevation of –11.5 m. In the upper part of the shaft at approximately 14 m above water level, a chloride front of
 
 Figure 2.54 Chloride penetration in the Ekofisk Tank (1973) after 17 years of exposure (source: Sandvik et al. (1994)). 2.0 1.8
 
 Cl (% by wt. of concrete)
 
 1.6 No coating 1.4 1.2 1.0 0.8 Coating 0.6 0.4 0.2 0.0 0
 
 5
 
 10
 
 15
 
 20
 
 25
 
 30
 
 35
 
 Depth (mm)
 
 Figure 2.55 Effect of surface coating on chloride penetration in the Heidrun Platform (1995) after two years of exposure (source: Gjørv (2002)).
 
 Field performance 55 approximately 0.07 per cent by weight of concrete at a depth of approximately 60 mm was observed. For a nominal concrete cover of 75 mm, this indicates that an early stage of steel corrosion had probably been reached. In 1994, a number of concrete cores were also removed from below the water level of the Brent C Platform (1978). After approximately 17 years of exposure, investigations of these concrete cores which had been removed from elevations of –9 to –18.5 m also revealed a deep and varying chloride penetration, as is shown in Figure 2.60. Since both the Brent B and Brent C Platforms were constructed at a very early stage of all the platform construction for the North Sea, it should be noted that the concrete qualities in these early platforms were not as high as those applied for the platforms constructed later on. For The Brent B Platform, however, a concrete with a water/cement ratio of less than 0.40 and a cement content of more than 400 kg/m3 were applied. During concrete construction, the extensive quality control of the air-entrained concrete above water and the non-air-entrained concrete below water showed average 28-day compressive strengths of 48.4 and 56.9 MPa, respectively. Above water, the specified concrete cover of 75 mm had also been achieved by use of mortar blocks of comparable strength and durability to that of the structural concrete. During the extensive testing of all the removed concrete cores from the Brent B Platform, the homogeneity of achieved concrete quality was also investigated by use of the RCM method (NORDTEST, 1999). These tests included altogether 14 Ø100 mm concrete cores from all three levels of the concrete shaft, and as may be seen from Figure 2.61, this type of concrete
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 Figure 2.56 The Brent B Platform (1975) with observed chloride penetration at elevation +14.4 m above water after 20 years of exposure (source: Sengul and Gjørv (2007)).
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 Figure 2.57 The Brent B Platform (1975) with observed chloride penetration at elevation +7.8 m above water after 20 years of exposure (source: Sengul and Gjørv (2007)).
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 Figure 2.58 The Brent B Platform (1975) with observed chloride penetration at elevation –11.5 m below water after 20 years of exposure (source: Sengul and Gjørv (2007)).
 
 also showed a high scatter and variability with observed chloride diffusivities varying from approximately 20 to 30 × 10–12 m2/s. These results primarily reflect a high inhomogeneity of achieved concrete quality. The level of observed chloride diffusivity also indicates that the concrete had a relatively low resistance to chloride penetration.
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 Figure 2.59 The Brent B Platform (1975) with observed chloride penetration after 20 years of exposure (source: Sengul and Gjørv (2007)).
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 Figure 2.60 The Brent C Platform (1978) with observed chloride penetration below water after 17 years of exposure (source: Gjørv (2002)).
 
 Figure 2.61 Observed chloride diffusivity in the utility shaft of the Brent B Platform (1975) (source: Årskog and Gjørv (2008)).
 
 Figure 2.62 The consequences of corrosion in garages exposed to de-icing salt contamination have occasionally been quite severe (source: Courtesy of Sten H. Vælitalo).
 
 Field performance 59 As may be seen from the observed chloride penetration in both the Brent B and the Brent C Platforms, the chloride penetration showed a very high scatter, even in the continuously submerged parts of the structures. Also a number of other concrete platforms in the North Sea, however, have shown a high scatter of observed chloride penetration, indicating a high inhomogeneity of achieved concrete quality.
 
 2.5 Other structures In addition to the field performance of the various types of concrete structures outlined above, there are also a variety of other types of concrete structures which are showing problems due to an uncontrolled durability. In the marine environments, there are a number of buildings and other facilities which are also suffering from chloride-induced corrosion. In addition to all the highway bridges, there are a large number of garages which are suffering from severe corrosion problems due to de-icing salt, the consequences of which have occasionally been quite severe (Figure 2.62). When the cars let in the de-icing salt solution, thus contaminating the concrete decks in the garages, a pattern of corrosion activities in the parking bays is often observed, as is shown in Figure 2.63. Such corrosion activity maps, which are the combined result of potential and resistivity measurements along the concrete deck, have proved to be a very efficient tool for condition assessment of existing concrete structures in severe environments (Pruckner, 2002; Pruckner and Gjørv, 2002). Corrosion activity map 400 5.0
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 Figure 2.63 Typical pattern of corrosion activities in the parking bays of a garage (source: Pruckner (2002)).
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 Corrosion of embedded steel
 
 3.1 General Embedded steel in concrete is normally well protected against corrosion, and this is primarily due to the electrochemical passivation of the steel in the highly alkaline pore solution of the concrete. However, when the passivity of the steel partly or completely breaks down either due to concrete carbonation or presence of chlorides and the corrosion starts, this means that the electrochemical potential of the steel locally becomes more negative and forms anodic areas, while other portions of the steel which have the passive potential intact will act as catchment areas of oxygen and form cathodic areas. If the electrical resistivity of the concrete is also sufficiently low, a complex system of galvanic cell activities develops along the steel. In all of these galvanic cells, a flow of current takes place, the amount of which determines the rate of corrosion. Although the size and geometry of the anodic and cathodic areas in the galvanic cells are also important factors, the rate of corrosion is primarily controlled by the electrical resistivity of the concrete and the availability of oxygen. For dense, high-quality concrete of proper thickness, carbonationinduced corrosion of the embedded steel is not considered to represent any practical problem, and for moist environments, carbonation of the concrete is considered even less of a problem. For concrete structures in severe chloride-containing environments, however, it appears from Chapter 2 that it may be just a question of time before detrimental amounts of chloride reach embedded steel even through thick covers of high-quality concrete. In addition, even a high-quality concrete may show a high inhomogeneity after being placed in the structure.
 
 3.2 Chloride penetration For concrete structures in chloride-containing environments, the penetration of chloride can take place in different ways. Through uncracked concrete, the penetration takes place mainly by capillary absorption and diffusion. When a relatively dry concrete is exposed to salt-water, the con-
 
 Corrosion of embedded steel 61 crete will absorb the salt-water relatively fast, and intermittent wetting and drying can successively accumulate high concentrations of salt in the concrete. For concrete structures in moist marine environments, however, it was discussed in Chapter 2 how intermittent exposure to splashing of seawater mainly gives fluctuating moisture content limited to an outer layer of the concrete. For conditions along the North Sea coast, the moisture content shows only small fluctuations in the outer layer of the concrete, while it appears to be more consistently high deeper below the surface (Figure 3.1). For many concrete structures in Norwegian marine environments, however, constantly high moisture contents are also typically observed in the outer layer of the concrete. For Norwegian concrete coastal bridges, a degree of capillary saturation varying from 80 to 90 per cent in the outer 40 to 50 mm of the concrete was reported by Holen Relling (1999). Thus, for the thickness of concrete cover typically specified for concrete structures in severe chloride-containing environments, the moisture content in the concrete may be quite high, and hence diffusion appears to be the most dominating transport mechanism for the penetration of chloride. Although penetration of chloride into concrete has been the subject of extensive investigations for a long period of time both from a theoretical and applied point of view, it still appears to be a very difficult issue (Poulsen and Mejlbro, 2006). Even a pure diffusion of chloride ions in concrete is a very complex and complicated transport process (Zhang and Gjørv, 1996). Therefore, when Ficks 2. Law of Diffusion is often applied
 
 Figure 3.1 Outer layer of concrete with changing moisture content under splash water conditions along the North Sea coast according to Bakker (1992) (source: Bijen (1998)).
 
 62 Corrosion of embedded steel for calculation of rates of chloride penetration, it should be noted that such a calculation is based on a number of assumptions and a very rough simplification of the real transport mechanism. For a general evaluation of the resistance of concrete to chloride penetration, a number of factors have to be considered. Although the water/binder ratio of the concrete is a very important factor for controlling the resistance to chloride penetration, it is well documented in the literature that the type of cement or binder system may be as important as or even more important than the water/binder ratio. Thus the superior effect of granulated blast furnace slag cements on the resistance of concrete against chloride penetration has been well documented from both laboratory experiments and extensive field experience covering a period of more than 100 years (Bijen, 1998). The beneficial effect of both natural and industrial pozzolanic materials such as condensed silica fume, fly ash and rice husk ash is also well documented (Gjørv, 1983; Berry and Malhotra, 1986; Malhotra et al., 1987; FIP, 1998; Malhotra and Ramezanianpour, 1994; Gjørv et al., 1998a). Figure 3.2 shows the resistance to chloride penetration of four different types of cement for the same concrete composition at a water/binder ratio of 0.45. These cements include one high performance portland cement of type CEM I 52.5 LA (HPC), one fly ash cement of type CEM II/A V 42.5 R with approximately 18 per cent fly ash (PFA) and two blast furnace slag cements of type CEM II/B-S 42.5 R NA with approximately 34 per cent slag (GGBS1) and type CEM III/B 42.5 LH HS (GGBS2) with approximately 70 per cent slag, respectively. The testing was carried out using the
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 Figure 3.2 Effect of cement type on the resistance of concrete to chloride penetration at a water/binder ratio of 0.45 (source: Årskog et al. (2007)).
 
 Corrosion of embedded steel 63 RCM method (NORDTEST, 1999) on water-cured concrete specimens for periods of up to 180 days. In order to compare the same types of cement in a more dense concrete, the same cements were also tested in combination with 10 per cent silica fume by weight of cement at a water/binder ratio of 0.38 (Figure 3.3). The results in Figures 3.2 and 3.3 demonstrate that the two slag cements gave a distinctly better resistance against chloride penetration than that of the fly ash cement and a substantially better resistance than that of the portland cement. In the more dense concrete with silica fume, the difference between the various types of cement was smaller than in the more porous type of concrete. However, even in the densest concrete, it was a distinct difference between the slag cements and the two other cements. In addition, both types of slag cement showed a very high early age resistance compared to that of the other types of cement, and this may be important for early age exposure during concrete construction in severe marine environments as discussed in Chapter 2. In order to also test the effect of curing temperature, the same types of cement were tested at curing temperatures of 5 and 12ºC. Since ordinary portland cements have been so widely used for marine environments over many years, the 34 per cent slag cement was replaced by an ordinary portland cement of type CEM I 42.5 R (OPC), while all tests were carried out at the water/binder ratio of 0.45. As may be seen from both Figures 3.4 and 3.5, the 70 per cent slag cement (GGBS2) gave a substantially higher early age resistance than both the fly ash cement (PFA) and the two pure portland cements (HPC and OPC). Thus at 5ºC, the 28-day chloride diffusivity for the slag 20.0 HPC
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 Figure 3.3 Effect of cement type on the resistance of concrete to chloride penetration at a water/binder ratio of 0.38 (source: Årskog et al. (2007)).
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 Figure 3.4 Effect of cement type on the resistance of concrete to chloride penetration at a curing temperature of 5ºC (source: Liu and Gjørv (2004)).
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 Figure 3.5 Effect of cement type on the resistance of concrete to chloride penetration at a curing temperature of 12ºC (source: Liu and Gjørv (2004)).
 
 cement was 7.9 × 10–12 m2/s compared to 17.4 × 10–12 m2/s for the fly ash cement (PFA) and 19.3 and 20.3 × 10–12 m2/s for the two pure portland cements (HPC and OPC), respectively. After 90 days of curing, the corresponding values were 4.1, 17.2, 17.6 and 14.5 × 10–12 m2/s, respectively. These results clearly demonstrate how concrete structures produced with
 
 Corrosion of embedded steel 65 pure portland cements or fly ash cements in severe marine environments at low temperatures are more vulnerable to early age chloride penetration than those produced with slag cements. It should be noted that different types of portland cement may also show a different resistance to chloride penetration depending on the C3A content of the cement. Thus, after 100 years of exposure of large concrete units in a breakwater in Japan, depths of chloride penetration of only 50 to 80 mm were observed (Gjørv et al., 1998b). These concrete units had been produced with a pure portland cement with a very high C3A content of 15–16 per cent at a water/binder ratio of approximately 0.34. From Figure 3.6, however, it appears that different portland cements with more moderate amounts of C3A show only small differences in the resistance to chloride penetration compared to that of other types of cement. The results in Figure 3.6 were based on field tests with concrete at a water/binder ratio of 0.40 submerged in seawater for six months.
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 Figure 3.6 Effect of cement type on chloride penetration (by weight of cement) after six months of exposure to seawater (source: Gjørv and Vennesland (1979)).
 
 66 Corrosion of embedded steel In recent years, there has been a rapid growing trend in the use of more blended portland cements compared to that of pure portland cements. Replacement materials such as fly ash and blast furnace slag are occasionally also used as separate additions to the concrete mixture, and the question is often raised as to the effect of such replacements on the resistance to chloride penetration. While blast furnace slags are hydraulic binders, most types of fly ash are pozzolanic materials, the main effect of which depends on the amount of Ca(OH)2 available for the pozzolanic reaction. Thus, as the pure portland cement was replaced by more than about 30 per cent low-calcium fly ash, it appears from Figure 3.7 that there was only a very little or no further effect on the resistance to chloride penetration. These results were based on the Rapid Chloride Permeability (RCP) test method ASTM C 1202–05 (ASTM, 2005) on concrete with a water/binder ratio of 0.35 after one year of water curing. Although the portland cement can be replaced by larger amounts of blast furnace slag compared to that of fly ash, also for slag there is an upper limit above which the observed effect is very small. Thus, in Figure 3.8, an ordinary portland cement of type CEM I 42.5 R was replaced by 40, 60 and 80 per cent of blast furnace slag with a Blaine fineness of 5000 cm2/g. Based on concrete with a water/binder ratio of 0.40 and water curing of up to one year, the resistance of the concrete to chloride penetration was tested by use of the RCM test method (NORDTEST, 1999). After 28 days of water curing, it may be seen from Figure 3.8 that increasing amounts of slag successively reduced the chloride diffusivity from 11.2 to 4.9, 3.6 and 2.3 × 10–12 m2/s, respectively, while after 365 days, the diffusivity of the slag concretes varied from 3.0 to 1.2 × 10–12 m2/s compared to 7.0 × 10–12 m2/s
 
 Figure 3.7 Effect of fly ash on the rapid chloride permeability of concrete (source: Sengul (2005)).
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 Figure 3.8 Effect of blast furnace slag on the chloride diffusivity of concrete based on RCM testing (source: Sengul and Gjørv (2007)).
 
 for that of the pure portland cement. In parallel, a diffusion testing by use of the immersion test NT Build 443 (NORDTEST, 1995) also showed a similar effect of the increased replacements of the portland cement by slag (Figure 3.9). After 28 days of water curing and a further 35 days of immersion in the salt solution for this particular type of test, the chloride diffusivity was reduced from 12.8 × 10–12 m2/s for the pure portland cement to 4.0, 3.1 and 3.2 × 10–12 m2/s for the 40, 60 and 80 per cent slag contents, respectively. All these test results are in general agreement with other results reported in the literature (Bijen, 1998). Thus, in Figure 3.10, there is hardly
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 Figure 3.9 Effect of blast furnace slag on the chloride diffusivity of concrete based on the immersion type of diffusion testing (source: Sengul (2005)).
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 Figure 3.10 Effect of blast furnace slag on the diffusivity of pure cement paste according to Brodersen (1982) (source: Bijen (1998)).
 
 any effect on the chloride diffusivity for slag contents of less than 25 per cent, while for slag contents of 25 to 50 per cent there is a large drop in diffusivity, beyond which there is still a decrease but only to a smaller extent. For many of the replacement materials for portland cement, further beneficial effects on the resistance to chloride penetration by increased refinement of the replacement materials can be reached. Thus, by using blast furnace slag with a Blaine fineness of up to approximately 16,000cm2/g, an extremely high resistance to chloride penetration was observed (Gjørv et al., 1998c). Although the chemical reactions of pozzolanic materials and blast furnace slags are quite different, the resulting effect on both microstructure and chemical composition of the pore solution in the concrete appears to be quite similar. In both cases, a substantially higher formation of CSH gel with a higher amount of small gel pores (					    
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