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Preface

Concrete structures in severe environments include a variety of structures
in various types of environments. Although several deteriorating processes
such as alkali-aggregate reactions, freezing and thawing, and chemical
attack still represent severe challenges and problems to many important con-
crete structures, rapid development in concrete technology in recent years
has made it easier to control such deteriorating processes. Also, for new
concrete structures in severe environments, the applied concrete is normally
so dense that concrete carbonation does not represent any practical prob-
lem. For concrete structures in chloride-containing environments, however,
chloride ingress and premature corrosion of embedded steel still appear to
be a most difficult and severe challenge to the durability and performance
of many important concrete infrastructures. In recent years, there has also
been a rapid increase in the use of de-icing salt and rapid development on
concrete structures in marine environments.

In order to obtain increased and better control of chloride ingress and
corrosion of embedded steel, improved procedures and specifications for
proper combinations of concrete quality and concrete cover are very impor-
tant. Upon completion of new concrete structures, however, the achieved
construction quality typically shows high scatter and variability, and, in
severe environments, any weaknesses and deficiencies will soon be revealed,
whatever durability specifications and materials have been applied.
Therefore, improved procedures for quality control and quality assurance
during concrete construction are also very important.

To a certain extent, a probability approach to the durability design
can accommodate the high scatter and variability. However, a numerical
approach alone is not sufficient to ensure the durability. In order to obtain
a more controlled and improved durability, it is also essential to specify
performance-based durability requirements that can be verified and
controlled for proper quality assurance during concrete construction.
Documentation of achieved construction quality and compliance with the
specified durability should be the keys to any rational approach to more
controlled and increased durability and service life of concrete structures

Xi
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in severe environments. Better procedures for condition assessment and
preventive maintenance should also be essential, and such procedures
should help provide the ultimate basis for achieving more controlled dura-
bility and service life of concrete structures.

In recent years, an increased number of owners of concrete structures
have realized that even small additional costs, in order to obtain an
increased and more controlled durability beyond what is possible to reach
based on current concrete codes and practice, have been shown to be a very
good investment. However, increased and more controlled durability is not
only a technical and economic issue, but also an increasingly more impor-
tant environmental and sustainability issue. Although the present book is
mostly concerned with increased and more controlled durability from a
technical point of view, a brief introduction to life cycle costs and life cycle
assessment is also included.



Acknowledgments

Throughout my work over a span of many years to develop increased and
more controlled durability of new important concrete infrastructures, I
acknowledge a number of my doctoral students from recent years who have
been working with various aspects of concrete durability and contributed
to parts of the procedures for both the durability design and the concrete
quality control, as outlined and discussed in the present book. These people
include Tiewei Zhang, Olaf Lahus, Arne Gussids, Franz Pruckner, Liang
Tong, Surafel Ketema Desta, Miguel Ferreira, Oskan Sengul, Guofei Liu,
and Vemund Arskog.

I also thank the Norwegian Coast Directorate and the Norwegian
Association for Harbor Engineers for very good research cooperation and
support, and in particular I would like to thank Tore Lundestad and Roar
Johansen for their great interest and encouragement in trying out and
applying the new knowledge to new important concrete infrastructures in
Norwegian harbors. As a result of this cooperation, recommendations and
guidelines for new durable marine concrete infrastructures were developed
and adopted by the Norwegian Association for Harbor Engineers in 2004.
Lessons learned from practical applications of these recommendations and
guidelines were incorporated into subsequent revised editions, the third
and last of which, from 2009, was also adopted by the Norwegian Chapter
of PIANC, which is the world association for waterborne transport infra-
structure. These recommendations and guidelines are basically the same
as those described in the present book, and the DURACON software that
provides the basis for the durability analyses is also the same. This software
can be freely downloaded from the home page of the Norwegian Chapter
of PIANC (http://www.pianc.no/duracon.php).

In this second and revised edition of the current book, more results and
experience from practical applications of the above procedures for dura-
bility design and concrete quality control applied to recent commercial
projects, for both Oslo Harbor KF and Nye Tjuvholmen KS in Oslo, are
included. The opportunity to publish all these results is greatly appreciated.

xiii



xiv  Acknowledgments

Some preliminary results from the more comprehensive NRF Research
Program Underwater Infrastructure and Underwater City of the Future at
Nanyang Technological University in Singapore are also included, which is
greatly appreciated. In this program, the above procedures for durability
design and concrete quality control have also been adopted as part of the
technical basis for future development of Singapore City based on a large
number of sea-spaced concrete structures.

Odd E. Gjerv
Trondheim, Norway



About the Author

Odd E. Gjerv, PhD, DrSc, is professor
emeritus in the Department of Structural
Engineering at the Norwegian University
of Science and Technology (NTNU) in
Trondheim, Norway. He joined the
Faculty of Technology and Engineering
at NTNU in 1971, where he introduced
extensive teaching programs in con-
crete technology at both undergraduate
and graduate levels. His teaching also
included the supervision of a large num-
ber of MSc and PhD students majoring
in concrete technology. As a visiting
professor, Dr. Gjorv has taught at the
University of California, Berkeley, and
has given many invited lectures in sev-
eral countries. He has been a member of
the Norwegian Academy of Technical
Sciences (NTVA) since 1979 and has
participated in a large number of international professional activities and
societies. He is currently engaged as an international collaborator on the
NRF Research Program Underwater Infrastructure and Underwater City
of the Future at Nanyang Technological University in Singapore.

Dr. Gjorv has published more than 350 scientific papers, 2 books, and
has contributed to many other professional books. He has received several
international awards and honors for his research. He has been a Fellow of
the American Concrete Institute since 1989. From 1971 to 1995, he was con-
tinuously involved in the development and construction of all the offshore
concrete platforms for oil and gas explorations in the North Sea. Dr. Gjorv’s
research includes advanced concrete materials and concrete construction as
well as durability and performance of concrete structures in severe environ-
ments. He can be contacted through his website, http://folk.ntnu.no/gjorv/.

XV






Chapter |

Historical review

When Smeaton constructed the famous lighthouse on 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
has made up a comprehensive and fascinating chapter in the long history
of concrete technology. During the last 150 years, a number of profession-
als, 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 still, durability of concrete structures
in marine environments continues to be the subject for research, discussion,
and international conferences (Malhotra, 1980, 1988, 1996; Mehta, 1989,
1996; Sakai et al., 1995; Gjorv et al., 1998; Banthia et al., 2001; Oh et al.,
2004; Toutlemonde et al., 2007; Castro-Borges et al., 2010; Li et al., 2013).

In all this literature, the various deteriorating processes that may affect
the durability and performance of concrete structures in severe environ-
ments have been extensively reported and discussed. Although a number of
deteriorating processes such as alkali—aggregate reactions, freezing and thaw-
ing, as well as chemical attack still represent a severe challenge and poten-
tial threat to many concrete structures, it is not the disintegration of the
concrete itself, but rather chloride-induced corrosion of embedded steel,
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Figure 1.1 Front page of the report on the construction of the Eddystone Lighthouse,
written by John Smeaton in 1791. (Courtesy of the British Museum.)
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that appears to be the most severe and greatest threat to the durability and
performance of many important concrete structures. Already in 1917, the
problem with corrosion of embedded steel was pointed out by Wig and
Ferguson (1917) after a comprehensive survey of concrete structures in
U.S. waters.

In addition to conventional structures such as bridges and harbor struc-
tures, reinforced and prestressed concrete has already, for a long time, been
increasingly applied to a large number of very important ocean structures
and vessels. Of the total surface area of the globe, ocean water makes up
about 70%, and the inhabitable part of the remaining area is even smaller
and is becoming increasingly more populated. Since the need for more space,
raw materials, and transportation is steadily increasing, increasingly more
activities are being moved into ocean waters and marine environments.

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 (ACI, 1972).
In this report not only structures related to oil and gas explorations but also
structures that would relieve land congestion were discussed.

At an international FIP Symposium on Concrete Sea Structures orga-
nized by Gosstroy in Tbilisi in 1972 (Gosstroy, 1972), a great variety of
concrete structures that would play an increasing role for further activities
in ocean and marine environments were discussed. Such structures would
be of different types and categories, such as

e Nonanchored freely floating structures, e.g., ships, barges, and containers

e Anchored structures floating at water surface level, e.g., bridges, dry
docks, operation platforms, moorings, nuclear plants, airports, and cities

® Anchored structures (positive buoyancy) floating below surface level,
e.g., tunnels

e Bottom-supported structures (negative buoyancy) resting above sea-
bed level, e.g., tunnels and storage units

e Bottom-supported structures (negative buoyancy) resting at or below
seabed level, e.g., bridges, harbor structures, tunnels, storage units, cais-
sons, operation platforms, as well as both tidal and nuclear power plants

The ACI forecasting pointed out the great potential for utilization of con-
crete as a construction material 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 tradi-
tions 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 a patent on the tremie method for underwa-
ter placing of concrete during the construction of the Detroit River Tunnel
between the United States and Canada (Gjerv, 1968). From 1910, when
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Figure 1.2 Open concrete structures are still the most common type of harbor struc-
tures built along the Norwegian coastline.

Gundersen came back to Norway and became the director of the new
contracting company AS Hoyer-Ellefsen, his newly patented method for
underwater placement of concrete became the basis for the construction of
a new generation of piers and harbor structures all along the rocky shore
of the Norwegian coastline (Gjorv, 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 were gradually replaced by driven steel tubes filled with concrete,
this open type of concrete structure is still the most common type of harbor
structure being constructed along the Norwegian coastline (Figure 1.2).

Due to its very long and broken coastline with many fjords and numer-
ous inhabited islands, Norway has a long tradition on the use of concrete
as a construction material in marine environments (Figure 1.3). For many
years, this primarily included concrete harbor structures. Gradually, how-
ever, concrete also played an increasing role as a construction material for
other applications, such as strait crossings (Klinge, 1986; Krokeborg, 1990,
1994, 2001). In addition to conventional bridges (Figure 1.4), new concepts
for strait crossings such as floating bridges (Figure 1.5 and 1.6) emerged
(Meaas et al., 1994; Hasselw, 2001). Even submerged concrete tunnels have
been the subject for detailed studies and planning; one of several types of
design is shown in Figure 1.7 (Remseth, 1997; Remseth et al., 1999).

The rapid development that later took place 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 contain-
ing more than 2.6 million m? of high-performance concrete were installed
(Figure 1.10), most of which were produced in Norway. Also in other parts
of the world, a number of offshore concrete structures have been produced
in recent years, and so far, a total of 50 various types of offshore concrete
structures have been installed (Moksnes, 2007).



Historical review 5

Figure 1.3 Along the Norwegian coastline, with its many deep fjords and numerous
small and big islands, there are a large number of both onshore and offshore
concrete structures. (Courtesy of NOTEBY AS.)
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Figure 1.4 The Tromsg Bridge (1960) is a cantilever bridge with a total length of 1016 m.
(Courtesy of Johan Brun.)

Figure 1.5 The Bergsaysund Bridge (1992) is a floating bridge with a total length of
914 m. (Courtesy of Johan Brun.)

For the first offshore concrete platforms in the early 1970s, it was not
so easy to produce concrete with the combined requirements of a very
low water/cement ratio, high compressive strength, and high amount
of entrained air for ensuring proper frost resistance. Extensive research
programs were carried out, however, and the quality of concrete and the
specified design strength successively increased from project to project
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Figure 1.6 The Nordhordlands Bridge (1994) is a combined floating and cable-stayed
bridge with a total length of 1610 m. (Courtesy of Johan Brun.)

Figure 1.7 One of several designs studied for possible strait crossings by use of sub-
merged tunnels. (Courtesy of the Norwegian Public Roads Administration.)

(Gjorv, 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. Also, the water depths for the various instal-
lations 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,
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Figure 1.8 The first offshore concrete platform, the Ekofisk Tank, on its way out from
Stavanger in 1973. (Courtesy of Norwegian Contractors.)

which is taller than the Empire State Building in New York; the artistic
view in Figure 1.11 demonstrates the size of the structure. After production
in one of the deep Norwegian fjords (Figure 1.12), the Troll A Platform,
containing 245,000 m? 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 made (Figure 1.13). In 19935, the Heidrun Platform was also
installed in deep water at a depth of 350 m, but this structure was a ten-
sion leg floating platform consisting of lightweight concrete with a design
strength of 65 MPa. For the design, detailing, and construction of all these
offshore concrete structures, high safety, durability, and serviceability
were the subjects of greatest attention and importance.

From the early 1970s, a rapid development on high-strength concrete for
both new offshore structures and a number of other types of structures took
place (Gjorv, 2008). Since high strength and low porosity also will 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 showed that the specification of high-performance concrete was
not necessarily good enough for ensuring high durability and service life of
concrete structures in severe environments. In recent years, therefore, new
and rapid development of more advanced procedures for durability design
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Figure 1.9 The Gullfaks C Platform (1989) during construction in Stavanger. (Courtesy
of Norwegian Contractors.)

has taken place. As a result, new concrete structures with improved and
more controlled durability and service life can now be produced. Thus,
for the most exposed parts of the Rion—Antirion Bridge, which was con-
structed in the southern part of Greece in 2001 (Figure 1.14), concrete with
an extremely high resistance to chloride ingress was applied, giving a very
high safety 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 x 10-'2 m?/s according to the rapid chloride
migration (RCM) method (NORDTEST, 1999), with achieved values for
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Figure 1.10 Development of offshore concrete structures in the North Sea. (Courtesy
of Aker Solutions.)

the chloride diffusivity on the construction site after one year of 4.0-5.5 x
10-13 m?/s (Kinopraxia Gefyra, 2001).

Before current experience with durability design of new concrete struc-
tures is outlined and discussed, it may be useful to take a brief look at and
review of current experience with the field performance of existing concrete
structures in severe environments.
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Figure I.11 Acrtistic view of the Troll A Platform (1995) demonstrating that the Oslo City
Hall becomes quite small in comparison. (Courtesy of Per Helge Pedersen.)
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Figure 1.12 After production in one of the deep Norwegian fjords, the Troll A Platform
was ready for towing out to the North Sea in 1995. (Courtesy of Jan Moksnes.)

Figure 1.13 The Troll A Platform (1995) on the way out to its final destination in the
North Sea. (Courtesy of Aker Solutions.)
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Figure 1.14 The Rion—Antirion Bridge (2001), for which a concrete with an extremely
high resistance against chloride ingress was applied. (Courtesy of Gefyra S.A.)
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Chapter 2

Field experience

2.1 GENERAL

As outlined in Chapter 1, extensive field investigations of a large num-
ber of concrete structures in severe environments have been carried out
in many countries. For most of these concrete structures, it has primarily
been corrosion of embedded steel that has created the most severe problems
to the durability and performance. In recent years, the increasing use of
de-icing salt has created special problems for many concrete bridges (U.S.
Accounting Office, 1979). Already in 1986, it was estimated that the cost of
correcting corroding concrete bridges in the United States was US$24 bil-
lion, with an annual increase of US$500 million (Transportation Research
Board, 1986). Later on, annual costs of repair and replacement of U.S.
bridges of up to about US$8.3 billion were estimated by Yunovich et al.
(2001), and up to US$9.4 billion for the next 20 years by American Society
of Civil Engineers (Darwin, 2007). 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 concrete structures exposed to marine environments, the environ-
mental conditions may be even more severe (Gjorv, 1975). Thus, along the
Norwegian coastline, there are more than 10,000 harbor structures, most
of which have been produced by concrete; almost all of them have gotten
steel corrosion within a period of about 10 years (Gjorv, 1968, 1994, 1996,
2002, 2006). Also, there are more than 300 large concrete bridges built
after 1970 (Figure 2.1), and more than half of them have gotten steel corro-
sion within a period of about 25 years (Jstmoen et al., 1993). In the North
Sea, several of the offshore concrete structures have also gotten some extent
of steel corrosion, although these concrete structures have generally shown
a much better durability.

Internationally, deterioration of major concrete infrastructure has
emerged as one of the most severe and demanding challenges facing the
construction industry (Horrigmoe, 2000). Although corrosion of embedded
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Figure 2.1 The Sortland Bridge (1975) is a 948 m long cantilever bridge in the northern
part of Norway. (Courtesy of Johan Brun.)

steel represents the dominating type of deterioration, deterioration due to
other processes, such as alkali—aggregate reaction and freezing and thaw-
ing, also represents a big problem and challenge to the durability 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 waters, is briefly outlined and discussed below.

2.2 HARBOR STRUCTURES

Already in the early 1960s, a broad Nordic research cooperation was estab-
lished in order to investigate the field performance and service life of con-
crete structures in Nordic marine environments. In Norway, this work was
organized by a technical committee established by the Norwegian Concrete
Association, and during the period from 1962 to 1968, extensive field inves-
tigations of altogether 219 concrete harbor structures located all along the
Norwegian coastline were carried out (Gjerv, 1968; NTNU, 2005). The
majority of these concrete harbor structures were of the open type with
a reinforced concrete deck on top of slender, tremie-cast concrete pillars
(Figures 2.2 and 2.3). The structures had varying ages of up to 50-60 years
and included more than 190,000 m?2 of concrete decks on more than 5,000
tremie-cast concrete pillars, with a total length of approximately 53,000 m.



Field experience 17

Figure 2.2 A typical section through an open concrete harbor structure with a rein-
forced concrete deck on top of slender, reinforced concrete pillars. (From
Gjerv, O. E., Durability of Reinforced Concrete Wharves in Norwegian Harbours,
Ingenigrforlaget AS, Oslo, Norway, 1968.)

Figure 2.3 A typical industrial concrete harbor structure. (From Gjerv, O. E., Durability
of Reinforced Concrete Wharves in Norwegian Harbours, Ingenigrforlaget AS,
Oslo, Norway, 1968.)

Of all the concrete structures, more than half of them were also investi-
gated underwater (Figure 2.4).

The overall condition of all the concrete harbor structures investigated
was quite good. Even after service periods of up to 50-60 years, the struc-
tures 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 harbor structures investigated was observed with stor-
age of raw aluminum bars evenly distributed all over the deck, as shown in
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Figure 2.4 The extensive field investigations of Norwegian concrete harbor structures
during the 1960s were carried out by H. P. Sundh and O. E. Gjerv.

Figure 2.5 Concrete harbor structures along the Norwegian coastline are exposed to
the most severe marine environment. (Courtesy of B. Skarbgvik.)

Figure 2.6; this particular deck load was approximately six times that of
the original design load. Apart from severe corrosion in all the deck beams,
no special sign of any overloading was observed on this 50-year-old con-
crete harbor structure.

For the continuously submerged parts of all the structures investigated
under water, no particular trend for development of damage, neither due to
deterioration of the concrete nor due to corrosion of embedded steel, was
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Figure 2.6 A 50-year-old industrial harbor structure (1913) with storage of raw alu-
minum bars representing an evenly distributed deck load of approximately
six times that of the original design load. (From Gjerv, O. E., Durability of
Reinforced Concrete Wharves in Norwegian Harbours, Ingenigrforlaget AS,
Oslo, Norway, 1968.)

observed. Within the tidal zone of the structures, only 35- to 40-year-old
structures exhibited some concrete pillars with cross-sectional reductions
of more than 20%, mostly due to freezing and thawing (Figure 2.7). Above
water, only 35- to 40-year-old structures had deck beams severely weak-
ened due to steel corrosion, while on the whole, both the deck slabs and the
rear walls behaved much better.

For 13% of all the structures investigated under water, only some small
and confined areas of deteriorated concrete were observed. In these local
areas where problems with the tremie placing of the concrete had occurred
and given a very porous and permeable concrete, a rapid chemical deterio-
ration 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% loss of lime
due to heavy leaching and increased contents of magnesium oxide by up to
10 times that of the original content (Gjerv, 1970). It should be noted that
for all these concrete structures, only pure portland cements with medium
contents of C;A had typically been applied, which are known to be quite
vulnerable in such aggressive environments.

Already in 1938, extensive long-term field tests on concrete in seawater
were started at a field station in Trondheim Harbor. These field tests
included more than 2,500 concrete specimens based on 18 different types
of commercial cement. After a period of 25-30 years, the different types of
cement showed a great variation in the resistance against chemical action
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Figure 2.7 Deterioration in the tidal zone mostly due to freezing and thawing. (From
Gjorv, O. E., Durability of Reinforced Concrete Wharves in Norwegian Harbours,
Ingenigrforlaget AS, Oslo, Norway, 1968.)

(@) )

Figure 2.8 Tremie-cast concrete pillars in excellent condition after (a) 34 years of
freezing and thawing in Narvik Harbor (1929) and (b) 43 years in Glomfjord
Harbor (1920). (From Gjerv, O. E., Durability of Reinforced Concrete Wharves in
Norwegian Harbours, Ingenigrforlaget AS, Oslo, Norway, 1968.)
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of the seawater; the less durable the type of cement, the more important
was the porosity and permeability of the concrete (Gjorv, 1971). The best
resistance to the chemical action of seawater was observed for the blast fur-
nace slag cements with the highest content of slag, while the least resistance
was observed for the pure portland cements, especially for those with the
highest contents of C;A. However, even the low C;A-containing cements
were distinctly affected, but pozzolanic additions significantly improved
the resistance to the chemical action of seawater.

Although all the harbor structures along the Norwegian coastline had typ-
ically been produced with pure portland cements with medium contents of
C,A, the applied tremie concrete was typically very dense. In order to main-
tain a proper cohesiveness of the fresh concrete during tremie placing, the
concrete was typically produced with a very high cement content of at least
400 kg/m3. Where no dilution of the tremie concrete had taken place during
concrete placing, a very good density of the concrete had been obtained, giv-
ing very good durability even after exposure periods of up to 50-60 years.

Even after many years of freezing and thawing, the overall condition
of the tremie-cast concrete pillars in the tidal zone was also very good.
Even in the northern part of Norway, with high amounts of frost and tidal
variations of up to 2-3 m, very good conditions, even after 30-40 years
of exposure, were observed (Figure 2.8a and b). For those pillars with
observed deterioration, the damage was mostly very local, demonstrating a
high scatter and variability of achieved concrete quality from one pillar to
another (Figure 2.9). For most of the concrete pillars, however, the concrete
had been protected by wooden formwork, which typically had been left in
place after concreting, but gradually, this formwork had disappeared. Due
to the very high density of the tremie concrete, a very good frost resistance
had been obtained. It should be noted, however, that most of the concrete
structures investigated had been produced at an early period, before any air
entraining admixtures were available.

Above water, more than 80% of all the concrete structures had a varying
extent of damage due to steel corrosion, and for those structures 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 5-10 years, and it was primarily
those parts of the structures that had been the most exposed to intermit-
tent wetting and drying that had been 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, where
most of the splashing of seawater had taken place (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 shear reinforcement
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Figure 2.9 Uneven deterioration in the tidal zone due to high scatter and variabil-
ity of achieved concrete quality from one pillar to another. (From Gjerv,
O. E., Durability of Reinforced Concrete Wharves in Norwegian Harbours,
Ingenigrforlaget AS, Oslo, Norway, 1968.)

Figure 2.10 The lower parts of the deck beams were typically more vulnerable to steel
corrosion than the deck slabs in between. (From Gjerv, O. E., Durability
of Reinforced Concrete Wharves in Norwegian Harbours, Ingenigrforlaget AS,
Oslo, Norway, 1968.)
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Figure 2.11 The rear parts of the concrete deck adjacent to the seawall were typi-
cally more vulnerable to steel corrosion than the rest of the deck. (From
Gjerv, O. E., Durability of Reinforced Concrete Wharves in Norwegian Harbours,
Ingenigrforlaget AS, Oslo, Norway, 1968.)

and the beam stirrups typically showed a more severe pitting type of cor-
rosion (Figure 2.12).

For the oldest structures, the design strength in the super structure typi-
cally varied from 25 to 30 MPa, but gradually, the design strength had
increased up to 35 MPa. The specified minimum concrete covers in the
deck slabs, deck beams, and tremie-cast concrete pillars were typically 235,
40, and 70 mm, respectively. For some of the concrete structures, a cover
thickness of 100 mm in the concrete pillars had also been specified.

Before 1930, experience had typically shown that the deck 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
deck beams and girders. The practical consequence of this was drawn in
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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 vertical beam stirrups typically showed a more severe
pitting and were often rusted through. (From Gjerv, O. E., Durability of
Reinforced Concrete Wharves in Norwegian Harbours, Ingenigrforlaget AS,
Oslo, Norway, 1968.)

1932, when the first flat type of concrete deck was introduced in Norwegian
harbor construction. From then on, a number of structures with a flat type
of concrete deck were produced, and these structures showed a much better
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 introduced again. It was assumed that
if only the beams were made shallower and wider, it would be equally easy
to place and compact 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.
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Figure 2.13 Harbor structures with a concrete deck of the flat type typically showed a
much better performance than structures with a beam and slab type of deck.
(From Gjerv, O. E., Durability of Reinforced Concrete Wharves in Norwegian
Harbours, Ingenigrforlaget AS, Oslo, Norway, 1968.)

What was not known in these early days was that concrete structures
exposed to a chloride-containing environment after some time would
develop a complex system of galvanic cell activities along the embedded
steel. In such a system, the more exposed parts of the structure, such as
deck beams, would always absorb and accumulate more chlorides, and
hence develop anodic areas, while the less exposed parts, such as the slab
sections in between, would act as catchments areas for oxygen, and hence
form cathodic areas. As a consequence, the more exposed parts of the deck,
such as the beams and girders, would always be more vulnerable to steel
corrosion than the rest of the concrete deck. This was the reason also why
the rear parts of the concrete deck close to the seawall, with more splashing
of seawater, would be more vulnerable to steel corrosion than the rest of the
concrete deck (Figure 2.11).

The extensive repairs carried out due to steel corrosion in the deck beams
also typically showed a very short service life, mostly less than 10 years.
Typically, the corroded steel in the locally spalled areas had first been cleaned
and then locally patched with new concrete, as shown in Figure 2.14. Also,
what was not known in these early days was that such local patch repairs
would always set up local changes in the electrolytic conditions, and thus
local differences in the electrochemical potentials along the embedded steel.
As a result, accelerated corrosion adjacent to the local patched areas would
develop, the result of which is typically demonstrated in Figure 2.15. This
detrimental effect of patch repairs was first observed and systematically
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Figure 2.14 Typical patch repair of a corroded deck beam. (From Gjerv, O. E., Durability
of Reinforced Concrete Wharves in Norwegian Harbours, Ingenigrforlaget AS,
Oslo, Norway, 1968.)

Figure 2.15 Typical accelerated corrosion adjacent to the local patch repair of a deck
beam. (From Gjerv, O. E., Durability of Reinforced Concrete Wharves in
Norwegian Harbours, Ingenigrforlaget AS, Oslo, Norway, 1968.)

investigated and reported on the San Mateo—Hayward Bridge in the early
1950s (Gewertz et al., 1958). Later on, this effect of patch repairs was con-
firmed by numerous field investigations in many countries.

In spite of the extensive steel corrosion that had been going on in almost
all the concrete harbor 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 concrete
structure investigated, both the effect on structural capacity and extent of
damage within the various types of structural elements were rated according
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Figure 2.16 Trends for development of deterioration due to steel corrosion in deck
beams. (From Gjorv, O. E., Durability of Reinforced Concrete Wharves in
Norwegian Harbours, Ingenigrforlaget AS, Oslo, Norway, 1968.)

to a given rating system. Thus, the effect on structural capacity 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 fulfill intended function,
while 7 was such a severe impairment that the intended function of the ele-
ments would no longer be fulfilled. The extent of damage was rated into
three groups, where X included up to 1/3 and XXX included more than
2/3 of all the same type of structural elements within each structure with
observed damage. As can 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%.

In 1982-1983, a more detailed field investigation of one of the concrete
harbor structures located in Oslo Harbor was carried out (Gjerv and
Kashino, 1986). This was a 61-year-old concrete jetty that 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 embedded steel both in the concrete deck and in
some of the tremie-cast concrete pillars.

An overall plan of the above jetty is shown in Figure 2.17, which had
an open concrete deck of 12,500 m? supported by approximately 300
tremie-cast concrete pillars with cross sections of 90 x 90 cm and heights
of up to 17 m. Of all these concrete pillars, four of them were pulled up on
shore for a more detailed investigation (Figure 2.18). In 1919-1922, when
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Figure 2.17 An overall plan of the concrete jetty in Oslo Harbor (1922), which was
investigated in detail during demolition of the structure after 61 years of
service. (From Gjerv, O. E., and Kashino, N., Materials Performance, 25(2),
18-26, 1986.)

Figure 2.18 Four of the tremie-cast concrete pillars from the concrete jetty in Oslo
Harbor (1922) were pulled up on shore for a very detailed condition assess-
ment of the embedded steel.

the jetty was constructed, the design strength for the superstructure was
25-30 MPa, but at the time of demolition, the in situ compressive strength
typically varied from 40 to 45 MPa. Although the original concrete com-
position 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 typically giving a very high strength
increase over time. For this particular structure, the specified minimum
concrete covers for deck slabs, deck beams, and tremie-cast concrete pillars
were 30, 50, and 100 mm, respectively.
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Although extensive steel corrosion had been going on in all the deck
beams throughout most of the service life of this particular jetty, the over-
all condition of the structure was quite good even after a service period of
more than 60 years. In spite of the extensive corrosion damage and the deep
chloride ingress beyond embedded steel throughout the whole concrete
deck, the demolition of the deck revealed that most of the rebars were still
in quite good condition, practically without any visible corrosion damage.
Roughly, this made up more than 75% of the total rebar system. For the
rest of the reinforcement, which was mostly located in the lower part of the
deck beams, the observed corrosion damage was very unevenly distributed
and partly quite severe. However, in the lower parts of the deck beams, the
cross section of the bars was seldom reduced by more than 30%, while for
the rest of the rebar system, most of the steel bars had reduced cross sec-
tions of less than 10%. The best condition of the rebar system was observed
in the deck slabs. These observations demonstrate how efficiently the cor-
roding steel in the lower part of the deck beams had functioned as sacri-
ficial anodes, and thus cathodically protected the rest of the rebar system
in the deck. This protective effect of the most corroded parts of the rebar
system may also explain the relatively slow reduction of structural capacity
of all the structures previously investigated (Figure 2.16).

The four tremie-cast concrete pillars that were pulled up on shore for
further investigations also showed a very good overall condition. A number
of removed concrete cores revealed a compressive strength varying from
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 the low oxygen availability. Above the low-water
level, 1 mm deep pittings on the individual bars were typically observed,
while below the water level, the pittings were mostly less than 0.2 mm and
only occasionally as much as 0.5 mm.

For the concrete jetty as a whole, it was not possible to find any relation-
ship between the half-cell surface potential mapping 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 drier concrete, a carbonation depth of 2-8 mm was
typically observed, while for the concrete within the tidal zone and farther
below, the carbonation depth was generally very small, 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 data on the chloride ingress.
For the deck slabs, however, the chloride content at the level of the rein-
forcing bars typically varied from 0.05 to 0.10% by weight of concrete.
For the upper part of the pillars above the tidal zone, the chloride content
typically varied from 0.15 to 0.25%, while in the tidal zone, the chloride
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Figure 2.19 Ingress of chlorides in the tremie-cast concrete pillars after 61 years of
exposure. (From Gjerv, O. E., and Kashino, N., Materials Performance, 25(2),
18-26, 1986.)

content mostly varied from 0.20 to 0.25% (Figure 2.19). For the continu-
ously submerged part of the concrete pillars, an even higher chloride con-
tent of 0.30-0.35% was typically observed. As clearly demonstrated in
Figure 2.19, the chloride front had reached far beyond the specified cover
depth of 100 mm.

In more recent years, concrete qualities, durability specifications, and
execution of concrete work for concrete harbor structures have generally
improved. However, more recent field investigations of relatively new con-
crete harbor structures along the Norwegian coastline have revealed that a
rapid and uncontrolled chloride ingress still represents a big problem; steel
corrosion may still be observed after service periods of less than 10 years.
Thus, detailed field investigations of 20 Norwegian concrete harbor struc-
tures constructed during the period 1964-1991 showed that 70% had a
varying extent of steel corrosion (Lahus et al., 1998; Lahus, 1999). After
five years of exposure, average chloride contents at depths of 25 and 50 mm
of 0.8 and 0.3% by weight of cement were observed, while after 10 years,
the corresponding numbers were 1.2 and 0.5%, respectively. After 15 years
of exposure, the average chloride content at a depth of 50 mm was 0.9%
by weight of cement.

In Trondheim Harbor, a detailed condition assessment of a cruise ter-
minal (Turistskipskaia) from 1993 showed that steel corrosion had taken
place in the concrete deck already after eight years of service (Figure 2.20).
Concrete files from the construction period revealed that all requirements
according to the then-current concrete codes regarding specified durabil-
ity had been satisfied (Standard Norway, 1986); concrete with a water/
binder ratio of 0.45 and a 28-day compressive strength of 45 MPa had
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Figure 2.20 The cruise terminal Turistskipskaia (1993) in Trondheim Harbor with steel
corrosion in most of the deck beams after eight years of service. (From Gjerv,
O. E., Durability and Service Life of Concrete Structures, in Proceedings, The
First FIB Congress, 8, 6, Japan Prestressed Concrete Engineering Association,
Tokyo, Japan, 2002, pp. 1-16.)

been applied. Also, the concrete had been produced with 380 kg/m? high-
performance portland cement in combination with 19 kg/m? silica fume
(5%). Extensive measurements of the achieved concrete cover in the deck
beams showed an average value of approximately 50 mm, which was also
in accordance with the then-current Norwegian Concrete Code NS 3473
(Standard Norway, 1989).

In spite of meeting all then-current durability requirements, a detailed
mapping of electrochemical surface potentials and extensive measurements
of the chloride ingress revealed a varying extent of steel corrosion in
most of the deck beams; however, no visual damage due to steel corrosion
was observed. After approximately eight years of exposure, the chloride
front had reached a depth varying from 40 to 50 mm, as typically shown
in Figure 2.21. As part of the condition assessment, a number of cores were
removed from the deck slabs for testing the chloride diffusivity according
to the rapid chloride migration (RCM) method (NORDTEST, 1999). An
average value of chloride diffusivity of 10.7 x 10-'2 m?/s after eight years in
a moist environment only indicated a moderate resistance of the concrete
to chloride ingress.

Also at Tjeldbergodden near Trondheim, a deep chloride ingress and
ongoing steel corrosion were observed after eight years of exposure in
two industrial concrete harbor structures constructed in 1995 and 1996,
respectively. Also here, no visual sign of damage was observed, but the
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Figure 2.21 Typical chloride ingress in the deck beams of the cruise terminal
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Figure 2.22 Chloride ingress after eight years of exposure in the industrial harbor struc-

ture Modulkaia (1995) at Tjeldbergodden. (From Ferreira, M. et al., Concrete
Structures at Tjeldbergodden, Project Report BML 200303, Department of
Structural Engineering, Norwegian University of Science and Technology—
NTNU, Trondheim, Norway, 2003.)

chloride front typically varied from 40 to 50 mm (Figure 2.22), and the
electrochemical surface potentials revealed corrosion in most of the deck
beams. Also for these concrete structures, the specified durability require-
ments with respect to both concrete quality and concrete cover according
to the then-current concrete codes had been fulfilled. During the condition
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Figure 2.23 Typical variations of concrete cover (mm) in three deck beams from the
two industrial harbor structures at Tjeldbergodden. (From Ferreira, M.,
Probability Based Durability Design of Concrete Structures in Marine
Environment, Doctoral Dissertation, Department of Civil Engineering,
University of Minho, Guimaraes, Portugal, 2004.)

assessment, however, an average chloride diffusivity of 16.6 x 10-'> m?/s
(RCM) based on cores from the deck slabs was observed, which also indi-
cates a very low resistance of the concrete to chloride ingress.

Both for the older and newer concrete harbor structures investigated
and discussed above, a high scatter and variability of achieved construc-
tion quality were typically observed, with respect to both achieved con-
crete quality and concrete cover. For the two concrete harbor structures
at Tjeldbergodden, Figure 2.23 demonstrates the high scatter of achieved
concrete cover, typically varying from one deck beam to another.

Also, on another industrial harbor concrete structure produced in 2001
at Ulsteinvik near Alesund on the Norwegian west coast, a detailed condi-
tion assessment typically revealed a high scatter and variability of achieved
chloride diffusivity in the concrete deck (Figure 2.24). This testing was
based on 12 concrete cores (F100 mm) removed from the concrete deck
showing a chloride diffusivity varying from 8-9 to 12-13 x 10-'> m?/s
(RCM). Although the concrete in question was properly produced by a
local ready mix plant in accordance with the current concrete codes, the
results in Figure 2.24 clearly demonstrate that the concrete in question
only showed a moderate resistance to chloride ingress; the applied water/
binder ratio and the minimum cement content were 0.45 and 425 kg/m?
(CEM 1), respectively.
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Figure 2.24 Achieved chloride diffusivity in the concrete deck of an industrial con-
crete harbor structure at Ulsteinvik (2001). (From Guofei, L. et al., Field
Tests with Surface Hydrophobation—Ulsteinvik, Project Report BML 200503,
Department of Structural Engineering, Norwegian University of Science and
Technology—NTNU, Trondheim, Norway, 2005.)

For all the concrete harbor structures described and discussed above,
it should be noted that the environmental conditions have been quite
severe. For certain periods of the year, all the structures had typically been
exposed to the most severe combination of splashing seawater and high
tides; Figure 2.25 shows the cruise terminal Turistskipskaia in Trondheim
Harbor on a stormy day. Occasionally, such structures may be completely
submerged in very high tides during stormy periods (Figure 2.26).

For much of the concrete construction work in Norwegian marine envi-
ronments, the construction takes place all year around. Therefore, the risk
of early-age chloride exposure before the concrete has gained sufficient
maturity and density is also high. Thus, during concrete construction of the
container terminal Nye Filipstadkaia in Oslo Harbor in 2002 (Figure 2.27),
the structure was partly exposed to heavy wind and higher tides than nor-
mal. As a result, a deep chloride ingress in several of the freshly cast deck
beams took place (Figure 2.28). During concrete construction, most types
of concrete are very sensitive and vulnerable to chloride exposure; this may
represent a special challenge when the concrete is produced with a slow-
hydrating binder system during cold weather conditions, which may often
be the case in Norwegian marine environments.

In many countries, warm climates with elevated temperatures may also
enhance the durability problems due to increased rates of chloride ingress.
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Figure 2.25 The cruise terminal Turistskipskaia in Trondheim Harbor during stormy
weather. (Courtesy of Trondheim Harbor KS.)

Figure 2.26 Occasionally, concrete harbor structures may be completely submerged in
very high tides during stormy periods. (Courtesy of Trondheim Harbor KS.)

Thus, in the Persian Gulf countries, quite extreme durability problems
are 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 Yucatdn Coast in Mexico, as
shown in Figures 2.29-2.32. Due to very shallow waters, two long concrete
piers were constructed in order to provide proper harbor facilities, one of
which was constructed with traditional reinforcement in the 1960s. Of this
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Figure 2.27 During concrete construction of the container terminal Nye Filipstadkaia
(2002) in Oslo Harbor, a deep chloride ingress in several of the freshly cast
deck beams took place due to heavy wind and high tides. (Courtesy of Oslo
Harbor KF.)
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Figure 2.28 Observed chloride ingress in the deck beams during concrete construc-
tion of the container terminal Nye Filipstadkaia (2002) in Oslo Harbor.
(From Gjerv, O. E., Durability and Service Life of Concrete Structures,
in Proceedings, The First FIB Congress, 8, 6, Japan Prestressed Concrete
Engineering Association, Tokyo, Japan, 2002, pp. |-16.)

pier, only small parts of the structure still remained in 1998, while the
neighboring pier, which was constructed during 1937-1941 with stainless
steel reinforcement, 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
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Figure 2.29 Remaining parts of a concrete pier built with black steel reinforcement on
the Yucatdn Coast in Mexico in the 1960s. (Courtesy of Rambgll Consulting
Engineers.)

Figure 2.30 Remaining part of the deck from the concrete pier built on the Yucatin
Coast in the 1960s. (Courtesy of Rambgll Consulting Engineers.)

60 years, however, detailed field investigations of the old pier showed that
the ¥30 mm stainless steel (AISI 304) was still in very good condition in
spite of high chloride contents adjacent to the steel, typically varying from
0.6 to 0.7% by weight of concrete at depths of 80-100 mm below the con-
crete surface (Rambell, 1999).

In more recent years, the old Progreso Pier has been extended into deeper
waters (Figure 2.33), and it now provides new port facilities for heavy
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Figure 2.31 Different durability and long-term performance of the two concrete piers
on the Yucatan Coast built with black steel in the 1960s (front) and with
stainless steel reinforcement during 1937—1941, respectively. (Courtesy of
Rambgll Consulting Engineers.)

Figure 2.32 Progreso Pier on the Yucatan Coast built with stainless steel reinforcement
during 1937-1941. (Courtesy of Rambgll Consulting Engineers.)

traffic by a variety of different types of ships (Figure 2.34). As a basis for
the design of the old pier in the late 1930s, it was of vital importance for the
owner to keep the pier in safe operation with as little future interruption as
possible. Therefore, the owner was willing to pay the additional costs for
having the structure built with stainless steel reinforcement. Hence, this
project clearly demonstrates how the additional costs of stainless steel later
on proved to be an extremely good investment for the owner of the struc-
ture (Progreso Port Authorities, 2008).
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Figure 2.33 Overview of the Progreso Pier with stainless steel reinforcement still in
good condition after about 70 years of operation. (Courtesy of Progreso
Port Authorities.)

Figure 2.34 The outer part of the Progreso Pier is an important extension of the old
concrete pier that was produced with stainless steel reinforcement during
1937—1941. (Courtesy of Progreso Port Authorities.)
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2.3 BRIDGES

As already outlined in the introduction to this chapter, extensive corro-
sion problems have also been experienced for concrete bridges exposed to
both de-icing salts and marine environments. Of all the corroding con-
crete bridges along the Norwegian coastline, one of them was so heavily
corroded that it was demolished after a service period of about 25 years
(Figure 2.35); this bridge was built in 1970 and belonged to an early gen-
eration of Norwegian concrete coastal bridges. During the 25-year service
period of this particular bridge, total repair costs comparable to that of the
original cost of the bridge had been spent (Hassela, 1997).

About 10 years later, Gimsoystraumen Bridge (1981) was constructed in
the northern part of Norway (Figure 2.36); this is a cantilever bridge that
is a more common type of bridge along the Norwegian coastline. However,
this bridge also got a deep ingress of chlorides and extensive corrosion
after a relatively short period of time. During the repairs of this bridge after
12 years of service, the Norwegian Public Roads Administration selected
it as a basis for an extensive research program in order to investigate the
effect of various types of patching materials (Blankvoll, 1997).

During this extensive research program that was carried out during the
period from 1993 to 1997, it was observed that the deepest chloride ingress
had typically taken place in those parts of the bridge that were the least
exposed to prevailing winds and salt spray (Figures 2.37 and 2.38). For the
most exposed parts of the bridge, rain had intermittently been washing off

Figure 2.35 Ullasundet Bridge (1970) was demolished after 25 years of service due to
heavy corrosion of embedded steel. (Courtesy of Jorn A. Hasselg.)
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Figure 2.36 Gimsgystraumen Bridge (198l) is a cantilever bridge, which is a very com-
mon type of bridge along the Norwegian coastline. (Courtesy of Johan Brun.)

the salt again from the concrete surface, while for the more protected parts
and surfaces, the salt had accumulated. The observed chloride ingress also
typically varied with height above sea level, as shown in Figure 2.39.

For the superstructure of Gimseystraumen Bridge, a design strength of
40 MPa had been applied and a minimum concrete cover of 30 mm had
been specified. Although such a specified concrete cover was very small
for a bridge in a severe marine environment, the achieved concrete cover
observed during the extensive repairs was even smaller due to poor work-
manship and lack of proper quality control during concrete construction. In
Figure 2.40, the results of more than 2028 single measurements of achieved
concrete cover are shown.

For the Gimsoystraumen Bridge, the observed moisture content in the
outer 40-50 mm of the concrete was typically very high, with relative
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Figure 2.37 Gimsgystraumen Bridge (1981) with deep chloride ingress in the box
girder 11.9 m above sea level after |l years of exposure. (From Fluge,
F., Environmental Loads on Coastal Bridges, in Proceedings, International
Conference on Repair of Concrete Structures—From Theory to Practice in a Marine
Environment, ed. A. Blankvoll, Norwegian Public Roads Administration,
Oslo, Norway, 1997, pp. 89-98.)
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Figure 2.38 Gimsgystraumen Bridge (1981) with the deepest chloride ingress typi-
cally observed in those parts of the bridge with the least exposure to
prevailing winds and salt spray. (From Fluge, F., Environmental Loads on
Coastal Bridges, in Proceedings, International Conference on Repair of Concrete
Structures—From Theory to Practice in a Marine Environment, ed. A. Blankvoll,
Norwegian Public Roads Administration, Oslo, Norway, 1997, pp. 89-98.)

humidities in the range of 70-80% corresponding to a degree of capillary
saturation of 80-90% (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 80-90% have been reported (Holen Relling, 1999). For concrete in the
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Figure 2.39 Gimsgystraumen Bridge (1981) with typical variation of chloride ingress
above sea level. (From Fluge, F., Environmental Loads on Coastal Bridges,
in Proceedings, International Conference on Repair of Concrete Structures—From
Theory to Practice in a Marine Environment, ed. A. Blankvoll, Norwegian Public
Roads Administration, Oslo, Norway, 1997, pp. 89-98.)
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Figure 2.40 Gimsgystraumen Bridge (1981) with observed variation of achieved con-
crete cover. (From Kompen, R., What Can Be Done to Improve the
Quality of New Concrete Structures? in Proceedings, Second International
Conference on Concrete Under Severe Conditions—Environment and Loading, 3,
ed. O. E. Gjerv etal., E & FN Spon, London, England, 1998, pp. 1519-1528.)



44  Durability design of concrete structures in severe environments

tidal and splashing zone, the degree of capillary saturation may be even
higher than 90%, while for the more protected parts, the values may be
closer to 80%. Thus, for concrete bridges in marine environments typical
for the Norwegian coastline, the combination of high chloride contents
and high moisture contents appears to give very good conditions for high
rates of steel corrosion. In other countries with other climatic conditions,
the moisture content in the concrete also may be much lower, or may vary
much more over the year, but the temperature may be higher. Although the
temperature conditions along the Norwegian coastline may vary, an aver-
age annual temperature of 10°C may be typical (Gjorv, 1968).

Already in the early 1950s, extensive field measurements of electrochemi-
cal potentials and electrical resistivities along the concrete surface of the
San Mateo—Hayward Bridge (1929) in the Bay Area of San Francisco were
carried out (Gewertz et al., 1958). For the condition assessment of this par-
ticular bridge, equipment such as half-cell copper-copper sulfate electrodes
and a four-probe device (Wenner) were applied for the first time reported
in the literature (Figure 2.41). During these extensive field investigations, a
very close relationship between the ohmic resistance of the concrete and the
moisture content of the concrete was observed, and the resistance typically
varied from one part of the bridge to another, and also from one period of
the year to another. During dry periods when the electrical resistivity of the
concrete exceeded a level of about 65,000 ohm c¢m, a very low and almost
negligible rate of corrosion was observed.

The San Mateo—Hayward Bridge had previously also been extensively
patch repaired, first by carefully cleaning all damaged areas and then by
filling up with shotcrete. Also, for the first time reported in the literature,
the detrimental effect of such patch repairs in the form of increased corro-
sion rates adjacent to the patched areas was systematically investigated and
reported (Gewertz et al., 1958).

Also for the Gimsgystraumen Bridge, a continuing heavy steel corrosion
was already observed a few years after the extensive patch repairs were
finished in 1997. Thus, after 29 years of service, new extensive and costly
repairs of the bridge were carried out, but this time, the repairs were based
on cathodic protection.

For the younger generation of concrete bridges constructed along the
Norwegian coastline, both improved concrete qualities and thicker concrete
covers were gradually applied. New concrete bridges with design strengths
in the range of 45 to 65 MPa and water/binder ratios of 0.40 or less, in
combination with increased concrete covers in the range of 40 to 55 mm,
distinctly improved the durability and performance. As already discussed,
however, the environmental conditions along the Norwegian coastline
can be quite severe (Figure 2.42). Thus, for the Storseisund Bridge, which
was built in 1988, deep chloride ingress was observed after approximately
15 years of exposure (Figure 2.43). This bridge is one of several concrete
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Figure 2.4] The homemade four-electrode device (Wenner) designed by Richard
Stratfull in the early 1950s for electrical resistivity measurements along the

concrete surface of the San Mateo—Hayward Bridge (1929). (Courtesy of
Richard Stratfull, 1970.)
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Figure 2.42 During stormy winter periods, Storseisund Bridge (1988) is heavily exposed
to splashing of seawater. (Courtesy of Rolf Jarle @degaard.)
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Figure 2.43 Storseisund Bridge (1988) with observed chloride ingress after |5 years of
exposure. (From Hasselg, J. A., personal communication, 2007.)
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Figure 2.44 During summer, the Atlantic Ocean Road on the Norwegian West Coast is
a very pleasant and popular tourist route.

bridges built along the Atlantic Ocean Road on the Norwegian west coast.
During summer, this highway is a very pleasant and popular tourist route
(Figure 2.44), but during stormy winter periods, these bridges are heavily
exposed to splashing of seawater.

In 1991, the 1065 m long cable-stayed Helgelands Bridge (Figure 2.45)
was built further north along the Norwegian coastline. During the con-
struction of this bridge, however, the bridge was heavily exposed to severe
weather conditions with splashing of seawater already during concrete con-
struction, before the concrete had gained sufficient maturity and density
(Figure 2.46a and b). As a result, a deep chloride ingress was already
observed shortly after concrete construction (Figure 2.47).
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Figure 2.45 The Helgelands Bridge (1991) is a 1065 m long cable-stayed bridge with the
largest span of 425 m. (Courtesy of Hallgeir Skog.)

For the Helgelands Bridge, a 45 MPa type of concrete had been applied
with an observed in situ strength after two years of 57 MPa; the con-
crete was produced with 415 kg/m? cement (CEM 1) in combination with
21 kg/m? silica fume (5%), giving a water/binder ratio of 0.33.

When Aursundet Bridge (1995) was built on the west coast of Norway dur-
ing 1993-1995 (Figure 2.48), the Norwegian Public Roads Administration
selected this bridge as a case study for trying out a new durability design.
Thus, on an experimental basis, both a distinctly higher silica fume con-
tent in the concrete and a distinctly increased concrete cover in the splash
zone were specified. As a result, a concrete based on 400 kg/m? of cement
(CEM 1) with 50 kg/m? of silica fume (12.5%) 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 in the
splash zone of 80 mm.

After 3 and 10 years of exposure, field investigations revealed an average
chloride ingress in the eastern and western parts of the bridge, as shown in
Figure 2.49. After 10 years, a testing of the chloride diffusivity (RCM) of
the concrete was also carried out, with an average observed value of 6.2 x
10-12 m?/s. Such a level of chloride diffusivity obtained after 10 years in a
moist environment only indicates a moderate resistance of the concrete to
chloride ingress. However, the observed resistance was much higher than
that typically observed for concrete in earlier bridges.

Also, in a number of other countries, extensive field investigations of con-
crete bridges exposed to marine environments have shown the same type of
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Figure 2.46 During concrete construction, parts of the Helgelands Bridge (1991) were
heavily exposed to severe weather conditions with splashing of seawater.
(Courtesy of Hallgeir Skog.)

durability problems due to steel corrosion as those described and discussed
for the above bridges along the Norwegian coastline (Malhotra, 1980,
1988, 1996; Mehta, 1989, 1996; Nilsson, 1991; Stoltzner and Serensen,
1994; Sakai et al., 1995; Beslac et al., 1997; Wood and Crerar, 1997; Gjorv
etal., 1998; Banthia et al., 2001; Oh et al., 2004; Toutlemonde et al., 2007;
Castro-Borges et al., 2010; Li et al., 2013).
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Figure 2.47 The Helgelands Bridge (1991) with observed chloride ingress shortly after
concrete construction. (From NPRA, The Helgelands Bridge—Chloride
Penetration, Internal Report, Norwegian Public Road Administration—
NPRA, Oslo, Norway, 1993 [in Norwegian].)

Figure 2.48 The Aursundet Bridge (1995) is a cantilever bridge with a total length of
486 m.
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Figure 2.49 The Aursundet Bridge (1995) with observed chloride ingress after 3 and
10 years of splash zone exposure. (From Arskog, V. et al., Chloride Penetration
into Silica Fume Concrete after 10 Years of Exposure in Aursundet
Bridge, in Proceedings, Nordic Concrete Research Meeting, ed. T. Kanstad
and E. A. Hansen, Norwegian Concrete Association, Oslo, Norway, 2005,
pp. 97-99.)

2.4 OFFSHORE STRUCTURES

Since the early 1970s, altogether 34 major concrete structures for the oil
and gas explorations in the North Sea have been installed. In spite of the
very harsh and hostile marine environment (Figures 2.50 and 2.51), the
overall durability and performance of these concrete structures have shown
to be very good (Fjeld and Reland, 1982; Helaas, 1992; Gjorv, 1994; FIP,
1996; Moksnes and Sandvik, 1996; Helland et al., 2010).

In spite of the overall good durability and performance, however, a cer-
tain amount of very costly repairs due to corrosion of embedded steel has
been carried out. Thus, after 13 years of service, extensive repairs based
on cathodic protection of the Oseberg A Platform (1988) were carried out
(Figures 2.52 and 2.53). For this particular structure, the achieved concrete
cover was distinctly less than that specified in the upper parts of the shafts
(Dstmoen, 1998). A nominal concrete cover of 75 mm had been specified,
but the achieved concrete cover was highly variable and partly very low.
For the upper parts of the shafts, a 60 MPa type of concrete with a water/
cement ratio of 0.37 (CEM I) had been applied.

Although no systematic monitoring of the chloride ingress for any of the
offshore concrete structures has been carried out, a certain amount of field
investigations has revealed that also for these concrete structures, a cer-
tain rate of chloride ingress has taken place. Thus, typical chloride ingress
in the Heidrun Platform (1995) after two years of exposure is shown in
Figure 2.54. This is a floating tension leg platform produced with high-
performance lightweight concrete. With a design strength of 60 MPa, this
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Figure 2.50 The Frigg TCP 2 Platform (1977) in stormy weather.

concrete was produced with a cement of type CEM I in combination with
5% silica fume at a water/binder ratio of 0.39. Above water, the structure
was partly protected by a thin epoxy coating, but as can be seen from
Figure 2.54, this particular coating had not been very efficient in keeping
the chlorides out.

After eight years of exposure of the Statfjord A Platform (1977), the
chloride ingress 7 m above water is shown in Figure 2.55. With a design
strength of 50 MPa, this concrete had been produced with a CEM I type of
cement at a water/cement ratio of 0.38. From Figure 2.55 it can also be seen
that those parts of the structure that had been protected by a solid epoxy
coating in the tidal and splash zone did not have any chloride ingress dur-
ing a service period of eight years. For most of the concrete structures pro-
duced before 1980, a solid epoxy coating 2—3 mm thick had typically been
applied as an additional protection of the structures above water. Since
this protective coating had been continuously applied during slip forming
when the young concrete still had an underpressure and suction ability,
a very good bonding between the concrete substrate and the coating was
achieved. Even after 15 years of exposure, later investigations have revealed
that this protective coating is still intact and has very effectively prevented
any chlorides from penetrating the concrete (Arstein et al., 1998).

After 17 years of exposure, typical ingress of chlorides in the Ekofisk
Tank is shown Figure 2.56. With a design strength of 45 MPa, this con-
crete had been produced with an ordinary portland cement (CEM 1) at a
water/cement ratio of 0.45. In the early 1970s, it was not so easy to produce
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Figure 2.51 All the concrete platforms in the North Sea are exposed to heavy wave
loading and splashing of seawater.

a concrete with strict requirements to both high compressive strength and
high air-void contents for frost resistance. However, the Ekofisk Tank is the
only platform in the North Sea that was produced with a concrete for the
tidal and splashing zone at a water/binder ratio above 0.40.

Although the Brent B Platform (1975) was also one of the earliest plat-
forms produced for the North Sea, the concrete applied for the tidal and
splash zone of this structure had a water/cement ratio of 0.40, in combina-
tion with a cement content of more than 400 kg/m? (CEM I). During con-
crete construction, the extensive quality control of the air-entrained concrete
above water and the non-air-entrained concrete below water showed aver-
age 28-day compressive strengths of 48.5 and 56.9 MPa, respectively. Above
water, a nominal concrete cover of 75 mm was specified, and this cover was
secured by use of mortar blocks of strength and durability comparable to
that of the structural concrete. For this particular platform, however, no
protective surface coating above water was applied.
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Figure 2.53 After 13 years of service, extensive and very costly repairs based on cathodic
protection of the Oseberg A Platform (1988) were carried out. (Courtesy
of Trond @stmoen.)

In conjunction with extensive installation work carried out on the Brent
B Platform in 1994, a large number of deep @100 mm concrete cores were
removed from the utility shaft at two different elevations above water and
one elevation below water. Therefore, a unique opportunity occurred to
investigate the outer part of all these concrete cores for chloride ingress
both above and below water after approximately 20 years of exposure
(Sengul and Gjerv, 2007). Further below the concrete surface layer of the
cores, other properties of the concrete were also investigated.
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Figure 2.54 Chloride ingress in the Heidrun Platform (1995) after two years of expo-
sure. (From Gjerv, O. E., Durability and Service Life of Concrete Structures,
in Proceedings, The First FIB Congress, 8, 6, Japan Prestressed Concrete
Engineering Association, Tokyo, Japan, 2002, pp. 1-16.)

As can be seen from Figures 2.57-2.60, a deep chloride ingress had taken
place, with the deepest ingress in the upper part of the splash zone and the
lowest ingress in the constantly submerged part of the shaft at an eleva-
tion of —11.5 m. In the upper part of the shaft, at approximately 14 m
above water level, a chloride front of approximately 0.07% by weight of
concrete at a depth of approximately 60 mm was observed. For a nominal
concrete cover of 75 mm specified, this indicates that an early stage of
depassivation had probably been reached.

Further below the surface layer of the concrete cores, both the quality
and the homogeneity of the concrete were tested by use of the RCM method
(NORDTEST, 1999). These tests were carried out in various depths from
the concrete surface on altogether 14 ¥100 mm cores from all three levels
of the concrete shaft. As can be seen from Figure 2.61, the observed chlo-
ride diffusivity varied from approximately 18-20 up to 32-34 x 10-'2 m?/s.
Although great efforts had been made in order to produce a concrete as
homogeneous as possible, the results in Figure 2.61 clearly demonstrate
the high scatter and variability of achieved concrete quality. The levels
of observed chloride diffusivity after approximately 20 years of curing in
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Figure 2.55 Chloride ingress in the Statfjord A Platform (1977) after eight years of
exposure. (From Sandvik, M., and Wick, S. O., Chloride Penetration into
Concrete Platforms in the North Sea, in Proceedings, Workshop on Chloride
Penetration into Concrete Structures, ed. L.-O. Nilsson, Division of Building
Materials, Chalmers University of Technology, Gothenburg, Sweden, 1993.)

a moist environment also demonstrate a relatively low resistance of the
concrete to chloride ingress.

In 1994, a number of concrete cores were also removed from below water
of the Brent C Platform (1978). After approximately 17 years of exposure,
investigations of these concrete cores from elevations of =9 to -18.5 m also
revealed a deep and varying chloride ingress, as shown in Figure 2.62. The
high scatter of observed chloride ingress in both the Brent B and Brent C
platforms may also reflect the high scatter and variability of achieved con-
crete quality.

For the production of all the offshore concrete platforms, great efforts
were made in order to produce a highest possible homogeneity of the con-
crete. Thus, from the regular concrete quality control during construction
of all the concrete platforms produced during the period 1972-1984, the
standard deviation from the 28-day testing of compressive strength typi-
cally varied from 2.3 to 3.9 MPa, as shown in Table 2.1.
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Figure 2.56 Chloride ingress in the Ekofisk Tank (1973) after 17 years of exposure. (From

Sandvik, M. et al., Chloride Permeability of High-Strength Concrete Platforms in
the North Sea, ACI SP-145, ed. V. M. Malhotra, ACI, Detroit, Michigan, 1994,
pp- 121-130.)

Table 2.1 Concrete quality control based on 100 mm cubes from
platform construction during the period 1972—-1984

28-day compressive strength (MPa)
Specified  Obtained  Standard ~ Obtained

Platform (year) grade mean deviation grade®
Ekofisk | (1972) 400 45> 2.3¢ 41.6°
57 35 51.9
Beryl A (1974) 45 55 3.0 50.7
Brent B (1974) 45 53 3.1 48.5
Brent D (1975) 50 54.2 2.5 50.6
Statfjord A (1975) 50 54.6 3.0 50.2
Statfjord B (1979) 55 62.5 3.9 56.9
Statfjord C (1982) 55 67.5 3.8 62.0
Gullfaks A (1984) 55 65.2 33 60.3

Source: Moksnes, |., and Jakobsen, B., High-Strength Concrete Development
and Potentials for Platform Design, OTC Paper 5073, Annual Offshore
Technology Conference, Houston, Texas, 1985, pp. 485—495.

2 Obtained grade = obtained mean — 1.45 x standard deviation.
® |50 x 300 mm cylinder.
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Figure 2.57 The Brent B Platform (1975) with observed chloride ingress at elevation

Chloride Concentration
(% Cl as weight of concrete)

+ 144 m above water after 20 years of exposure. (From Sengul, O., and
Gjerv, O. E., Chloride Penetration into a 20 Year Old North Sea Concrete
Platform, in Proceedings, Fifth International Conference on Concrete under
Severe Conditions—Environment and Loading, ed. F. Toutlemonde et al,
vol. |, Laboratoire Central des Ponts et Chaussées, Paris, France, 2007,

pp- 107-116.)
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Figure 2.58 The Brent B Platform (1975) with observed chloride ingress at elevation

+ 7.8 m above water after 20 years of exposure. (From Sengul, O., and
Gjorv, O. E., Chloride Penetration into a 20 Year Old North Sea Concrete
Platform, in Proceedings, Fifth International Conference on Concrete under
Severe Conditions—Environment and Loading, ed. F. Toutlemonde et al,
vol. I, Laboratoire Central des Ponts et Chaussées, Paris, France, 2007,
pp. 107-116.)
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Figure 2.59 The Brent B Platform (1975) with observed chloride ingress at elevation
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—11.5 m below water after 20 years of exposure. (From Sengul, O., and
Gjorv, O. E., Chloride Penetration into a 20 Year Old North Sea Concrete
Platform, in Proceedings, Fifth International Conference on Concrete under
Severe Conditions—Environment and Loading, ed. F. Toutlemonde et al.,

vol. |, Laboratoire Central des Ponts et Chaussées, Paris, France, 2007,
pp- 107-116.)
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Figure 2.60 The Brent B Platform (1975) with observed chloride ingress after 20 years

of exposure. (From Sengul, O., and Gjerv, O. E., Chloride Penetration into a
20 Year Old North Sea Concrete Platform, in Proceedings, Fifth International
Conference on Concrete under Severe Conditions—Environment and Loading, ed.
F. Toutlemonde et al., vol. |, Laboratoire Central des Ponts et Chaussées,
Paris, France, 2007, pp. 107-116.)
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Figure 2.61 Observed chloride diffusivity in the utility shaft of the Brent B Platform (1975).
(From Arskog, V., and Gjerv, O. E., Unpublished results, Department of
Structural Engineering, Norwegian University of Science and Technology—
NTNU, Trondheim, Norway, 2008.)
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Figure 2.62 The Brent C Platform (1978) with observed chloride ingress below water
after 17 years of exposure. (From Gjerv, O. E., Durability and Service
Life of Concrete Structures, in Proceedings, The First FIB Congress, 8, 6,
Japan Prestressed Concrete Engineering Association, Tokyo, Japan, 2002,

pp- 1-16.)
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In order to further improve the homogeneity of the applied concrete for
platform construction, a new type of industrial processing of the fine con-
crete aggregate was introduced in the early 1980s (Moksnes, 1982). In this
processing, all the fine aggregate (0—5 mm) was sent through a water tank
and separated by flotation in eight size ranges before it was automatically
put together again in order to obtain a very constant and optimal grading
curve. As a result, an even more homogeneous concrete was produced for
all the other concrete platforms.

From Table 2.1 it can be seen that the concrete produced for the Brent B
Platform typically showed a standard deviation of 3.1 MPa. In spite of such
a homogeneous concrete, a very high scatter and variability of achieved
concrete quality was observed (Figure 2.61). Due to the very densely rein-
forced structures of up to more than 600 kg steel per m? of concrete and a
very fluid type of concrete, it was very difficult to avoid some extent of seg-
regation and inhomogeneity during placing and compaction of the concrete;
the maximum size of the aggregate was typically 20 mm. Therefore, also
newer concrete platforms typically showed a certain scatter and variability
of achieved concrete quality. Occasionally it was also very difficult to keep
the specified concrete cover.

2.5 OTHER STRUCTURES

In addition to the field performance of the various categories of concrete
structures as outlined above, there are also a variety of other types of con-
crete structures showing problems due to an uncontrolled durability and
service life. In the marine environment, there are a number of buildings
and other facilities that are also suffering from chloride-induced corrosion.
Also, in addition to all the corroding highway bridges exposed to de-icing
salt, there are also a large number of parking garages that are suffering from
severe corrosion problems due to the contamination of de-icing salt, the
consequences of which have occasionally been quite severe (Figure 2.63).

When the cars bring in de-icing salt solution from the outside, and thus
contaminate the concrete decks in parking garages, a pattern of corro-
sion activities in the parking bays is often observed, as typically shown
in Figure 2.64. Such a corrosion activity mapping that is the combined
result of potential and resistivity measurements along the concrete deck
has proved to be a very efficient tool for condition assessment of existing
concrete structures in severe environments (Pruckner, 2002; Pruckner and
Gjorv, 2002).
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Figure 2.63 The consequences of rebar corrosion in parking garages exposed to de-
icing salt contamination have occasionally been quite severe. (From Simon,
P., Improved Current Distribution due to a Unique Anode Mesh Placement
in a Steel Reinforced Concrete Parking Garage Slab CP System, in NACE
Corrosion 2004, Paper 04345, 2004.)
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Figure 2.64 Typical pattern of corrosion activities in the parking bays of a park-
ing garage contaminated with de-icing salt. (From Pruckner, F., Diagnosis
and Protection of Corroding Steel in Concrete, PhD Thesis 2002:140,
Department of Structural Engineering, Norwegian University of Science
and Technology—NTNU, Trondheim, Norway, 2002.)
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2.6 SUMMARY

2.6.1 General

It should be noted that most of the concrete structures described above
have been exposed to climatic conditions with typically low to moderate
temperatures. Since most of the mechanisms for degradation of concrete
structures are very temperature dependent, however, concrete structures
exposed to other climatic conditions with more elevated temperatures
may therefore perform quite differently. Also, almost all of the above con-
crete structures have typically been produced with pure portland cements
(CEM 1), while concrete structures produced with other types of binder
system may also show a different durability and performance. Thus, exten-
sive experience demonstrates that concrete structures produced with blast
furnace slag cements typically show a distinctly better performance in
chloride-containing environments than those produced with pure portland
cements (Bijen, 1998). From all the above concrete structures, however, the
field experience can be briefly summarized as shown below.

2.6.2 Deteriorating mechanisms
2.6.2.1 Corrosion of embedded steel

For all the above concrete structures, chloride-induced corrosion of embed-
ded steel was the dominating and most severe problem to the durability
and performance; concrete carbonation was not a problem for the observed
steel corrosion. For new concrete structures in severe environments, there-
fore, carbonation-induced corrosion should not be of any special concern to
the durability design. For concrete structures in warmer climates, however,
much higher rates of chloride ingress must be expected compared to that
typically observed for the above structures. For new concrete structures in
warmer climates, therefore, a proper control of the chloride ingress may
represent an even bigger challenge both to the durability design and to the
operation of the concrete structures.

2.6.2.2 Alkali-aggregate reaction

Since most of the above concrete structures were produced in Norway, it
should be noted that also in this country alkali—aggregate reaction (AAR)
represents a certain problem to the durability of concrete structures. Apart
from a very few cases of observed damage, however, deterioration of the
concrete due to AAR was not a special problem to the durability of the
above structures.
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In certain countries, however, AAR may still represent a big problem
and challenge to the durability and performance of many important con-
crete structures. In recent years, however, much international experience
has been gained in improved procedures and guidelines for selecting proper
qualities of both concrete aggregate and binder systems for control of AAR.

2.6.2.3 Freezing and thawing

Although deterioration of the concrete due to freezing and thawing also
was a potential problem for most of the above concrete structures, only a
small amount of such damage was observed; the damage was mostly con-
fined to local areas, where the concrete structures had typically gotten a
high scatter and variability of achieved concrete quality.

Many of the above concrete harbor structures along the Norwegian
coastline were constructed in an early period before any air entraining
admixtures were available. Due to the very dense tremie concrete typically
applied in the tidal zone of all these structures, however, a very good frost
resistance, even after 30 to 40 years of exposure, was obtained.

Even for concrete based on blast furnace slag cements, which is gener-
ally more susceptible to frost scaling, general experience shows that good
frost resistance is obtained if the concrete is made sufficiently dense, e.g.,
water/binder ratios < 0.40. Thus, at the Treat Island Field Station on the
Canadian east coast, concrete based on slag cements with up to 80% slag
performed very well after 25 years of very severe freezing and thawing in
the tidal zone; this concrete was produced with a water/binder ratio of 0.40
(Thomas et al., 2011).

2.6.3 Codes and practice

For the above offshore concrete structures, a service life of 30 years was
typically specified for a long time. However, as the technology for oil and
gas production gradually improved and the service life of the oil and gas
fields gradually increased, the specified service life for new offshore con-
crete structures also gradually increased up to typically 60 years. For all the
land-based concrete structures produced along the Norwegian coastline
during the same period, however, the specified service life typically was
60 years, gradually increasing up to 100 years. In spite of this difference
in required service life, significantly stricter durability requirements were
specified for all the offshore concrete structures compared to those for all
the land-based marine concrete structures.

In order to meet the strict requirements from the very demanding off-
shore industry for use of structural concrete for installations in the North
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Sea, the International Organization for Prestressed Concrete Structures
(FIP) produced some special recommendations for the design and con-
struction of concrete sea structures in 1973 (FIP, 1973). According to the
durability requirements in these recommendations, the water/cement ratio
should not exceed 0.45 for the most exposed parts of the structures in
combination with a minimum cement content of 400 kg/m?, but preferably,
the water/cement ratio should not exceed 0.40. For the most exposed parts
of the structures, the nominal concrete cover to principal reinforcement
and to prestressing tendons should also be 75 and 100 mm, respectively.
Already in 1976, these recommendations for concrete sea structures were
adopted by both the Norwegian Petroleum Directorate (NPD, 1976) and
Det Norske Veritas (DNV, 1976) for offshore concrete structures in the
North Sea. To a great extent, the durability requirements in the above FIP
recommendations were based on the conclusions and recommendations
from the comprehensive field investigations of concrete harbor structures
carried out along the Norwegian coastline during the period 1962-1968
(Gjoarv, 1968).

In the early 1970s, it was not easy to produce concrete with a water/
cement ratio of 0.40 or lower. For the Ekofisk Tank, which was the first
concrete platform installed in 1973, a concrete for the tidal and splash zone
with a water/binder ratio of 0.45 was produced, while for all the other con-
crete platforms produced later on, the water/binder ratio typically varied
between 0.35 and 0.40 in combination with a cement content of more than
400 kg/m?3.

As will be discussed in more detail in Chapter 12, the durability require-
ments for all the land-based concrete structures produced along the
Norwegian coastline were lacking far behind current knowledge and state
of the art. Thus, in the early 1970s, the Norwegian Concrete Code did not
have any requirement to the water/cement ratio for concrete structures in
marine environments, while the requirement to minimum concrete cover
was 25 mm (Standard Norway, 1973).

While it only took five years before FIP adopted the above conclu-
sions and recommendations from the comprehensive field investigations
of Norwegian concrete harbor structures carried out during the 1960s, it
took 18 years before the Norwegian Concrete Code introduced a water/
cement ratio requirement of <0.45 for the tidal and splashing zone of con-
crete structures in marine environments (Standard Norway, 1986). Also, it
took 35 years before the requirement of a water/cement ratio of <0.40 was
adopted (Standard Norway, 2003a). After 21 and 35 years, the minimum
concrete cover was also increased from 25 to 50 and 60 mm, respectively
(Standard Norway, 1989 and 2003b). Still, many of the current European
Concrete Codes only require a water/cement ratio of <0.45 for the most
exposed parts of concrete structures in marine environments (CEN, 2009).
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2.6.4 Achieved construction quality

For all the above concrete structures, both the achieved concrete quality
and concrete cover typically showed a high scatter and variability, and
in the above severe environments, any weaknesses and deficiencies had soon
been revealed, whatever durability specifications and materials had been
applied. Even for the offshore concrete structures, where very great efforts
and strict procedures for both concrete production and concrete quality
control were applied, these structures also partly showed a very high scat-
ter and variability of achieved construction quality.

2.6.5 Operation of the structures

For all the above concrete structures, the typical situation for the opera-
tion of the structures had been that the maintenance and repairs had typi-
cally been reactive, and the need for taking appropriate measures had
typically been realized at an advanced stage of degradation. For chloride-
induced corrosion of embedded steel, repairs at such a stage are then both
technically difficult and disproportionally costly compared to that of car-
rying out preventive maintenance based on regular condition assessments.
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Chapter 3

Corrosion of embedded steel

3.1 GENERAL

Although there are a number of different deteriorating processes that may
cause problems to the durability and performance of concrete structures
in severe environments, much international experience has been gained in
recent years in developing improved procedures and guidelines for control
of both alkali—aggregate reaction and freezing and thawing, although such
deteriorating processes may still represent a great challenge in many cases.
As shown in Chapter 2, however, proper control of chloride ingress and
premature corrosion of embedded steel still appear to be great challenges
to both the durability design and the operation of concrete structures in
severe environments; occasionally, early chloride ingress may also represent
a challenge during concrete construction, as demonstrated in Chapter 2. In
the following, therefore, ingress of chlorides and corrosion of embedded
steel will be outlined and discussed in more detail.

The generally high ability of concrete to protect embedded steel against
corrosion is well known, and this is primarily due to the electrochemical
passivation of all embedded steel in the highly alkaline pore solution of the
concrete. However, when the passivity partly or completely breaks down
due to either concrete carbonation or the presence of chlorides, the corro-
sion starts, which means that the electrochemical potential of the embed-
ded steel locally becomes more negative and forms anodic areas, while
other portions of the steel that have the passive potential intact will act as
catchment areas of oxygen and form cathodic areas. If the electrical resis-
tivity of the concrete also is sufficiently low, a rather complex system of
galvanic cell activities develops along the embedded steel. In all of these gal-
vanic 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 these 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 the cathodic process.
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For dense, high-quality concrete of proper thickness, carbonation of con-
crete and carbonation-induced corrosion do normally not represent any
problem; for concrete structures in moist environments, it appears from
Chapter 2 that concrete carbonation did not represent any problem, even
for moderate qualities of concrete.

For concrete structures in severe chloride-containing environments, how-
ever, it appears from Chapter 2 that it may just be a question of time before
detrimental amounts of chlorides reach embedded steel even through thick
covers of high-quality concrete. The high scatter and variability of achieved
construction quality also represent a special challenge to the durability and
performance of the concrete structures; any weaknesses and deficiencies
will soon be revealed, whatever durability specifications and materials have
been applied.

3.2 CHLORIDE INGRESS

3.2.1 General

For concrete structures in chloride-containing environments, the ingress
of chlorides can take place in different ways. Through uncracked concrete,
the ingress mainly takes place by capillary absorption and diffusion. When
a relatively dry concrete is exposed to saltwater, the concrete may suck the
saltwater relatively fast, and intermittent wetting and drying may succes-
sively accumulate high concentrations of salt in the concrete. For concrete
structures in marine environments, intermittent exposure to splashing of
seawater may also give fluctuating moisture contents in the outer layer
of the concrete, as typically shown in Figure 3.1. For many of the concrete
structures along the Norwegian coastline, however, constantly high mois-
ture contents in the outer layer of the concrete were observed; for some of
the concrete coastal bridges the degree of capillary saturation typically var-
ied from 80 to 90% in the outer 40 to 50 mm of the concrete (Chapter 2).
Thus, for the thickness of concrete cover typically specified for concrete
structures in severe environments, the moisture content in the concrete cover
may be quite high, and hence diffusion appears to be a most dominating
transport mechanism for the ingress of chlorides.

Although the ingress of chlorides into concrete has been the subject for
extensive research from both a theoretical and an applied point of view, it
still appears to be a very complex and difficult issue (Poulsen and Mejlbro,
2006; Tang et al., 2012). Even pure diffusion of chloride ions into concrete
is a very complex transport process (Zhang and Gjerv, 1996). Therefore,
when Fick’s second law of diffusion is often applied for calculating the rates
of chloride ingress into concrete, it should be noted that such a calculation
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Figure 3.1 Outer layer of the concrete with changing moisture content under splash
water conditions along the North Sea coast according to Bakker (1992). (From
Bijen, J., Blast Furnace Slag for Durable Marine Structures, VNC/BetonPrisma,
Hertogenbosch, Netherlands, 1998.)

is based on a number of assumptions and a very rough simplification of the
real transport mechanism.

For a proper assessment of the resistance of concrete to chloride ingress,
a number of factors have to be considered. Generally, the water/cement
ratio of the concrete is a most important controlling factor. In order to get
a proper resistance of concrete based on pure portland cements, the water/
cement ratio should not exceed a level of 0.40; above this level, the concrete
gets a distinctly higher porosity, as shown in Figure 3.2. Although a low
water/cement ratio of the concrete is very important, it is well documented
in the literature that the selection of a proper cement or binder system may
be more important than selecting a low water/cement ratio. Thus, when
the water/cement ratio was reduced from 0.50 to 0.40 for a concrete based
on a pure portland cement, the chloride diffusivity was reduced by a fac-
tor of two to three, while incorporation of various types of supplementary
cementitious materials such as blast furnace slag, fly ash, or silica fume
at the same water/binder ratio reduced the chloride diffusivity by a fac-
tor of up to 20 (Thomas et al., 2011). While a reduced water/cement ratio
from 0.45 to 0.35 for a concrete based on pure portland cements may only
reduce the chloride diffusivity by a factor of two, a replacement of the port-
land cement by a proper blast furnace slag cement may reduce the chloride
diffusivity by a factor of up to 50 (Bijen, 1998).
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Figure 3.2 Effect of water/cement ratio on the porosity of a concrete based on pure
portland cement. (From Gjerv, O. E., and Vennesland, @., Cement and
Concrete Research, 9, 229-238, 1979.)

The beneficial effect of both natural and industrial pozzolanic materi-
als such as condensed silica fume, fly ash, and rice husk ash on the resis-
tance of concrete to chloride ingress is well documented in the literature
(Gjorv, 1983; Berry and Malhotra, 1986; Malhotra et al., 1987; FIP, 1998;
Malhotra and Ramezanianpour, 1994; Gjerv et al., 1998a). Also, the supe-
rior effect of granulated blast furnace slag cements has been documented
in the literature for more than 100 years (Bijen, 1998). By combining blast
furnace slag cements with various types of pozzolanic material at very
low water/binder ratios, very low chloride diffusivities can be obtained,
and hence concretes with a very high resistance to chloride ingress can
be produced.

3.2.2 Effect of cement type

Figure 3.3 shows the resistance to chloride ingress of four different types
of commercial cement produced with the same concrete composition at a
water/binder ratio of 0.45. These cements include two blast furnace slag
cements of type CEM II/B-S 42.5 R NA with 34% slag (GGBS1) and type
CEM III/B 42.5 LH HS (GGBS2) with 70% slag, respectively, one high-
performance portland cement of type CEM I 52.5 LA (HPC), and one fly
ash cement of type CEM II/A V 42.5 R with 18% fly ash (PFA). The resis-
tance to chloride ingress was determined by use of the rapid chloride migra-
tion (RCM) method (NORDTEST, 1999), and all testing was carried out
on water-cured concrete specimens at 20°C for periods of up to 180 days.
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Figure 3.3 Effect of cement type on the resistance of concrete to chloride ingress at a
water/binder ratio of 0.45. (From Arskog, V. et al., Effect of Cement Type on
the Resistance of Concrete against Chloride Penetration, in Proceedings, Fifth
International Conference on Concrete under Severe Conditions—Environment and
Loading, vol. |, ed. F. Toutlemonde et al., Laboratoire Central des Ponts et
Chauseés, Paris, France, 2007, pp. 367-374.)

In order to compare the same types of cement in a more dense concrete,
the same cements were also tested in combination with 10% silica fume by
weight of cement at a water/binder ratio of 0.38 (Figure 3.4).

From Figures 3.3 and 3.4 it can be seen that the two slag cements gave a
distinctly higher resistance to chloride ingress than the fly ash cement, and
a substantially higher resistance than the portland cement. In the more
dense concrete, the difference between the different types of cement was
smaller than in the more porous type of concrete. However, even in the
densest concrete, there was still a distinct difference between the two slag
cements and the other cements. Also, both types of slag cement showed a
very high early-age resistance to chloride ingress compared to that of the
other types of cement. This may be important for an early-age chloride
exposure during concrete construction in severe marine environments, as
shown in Chapter 2.

In recent years, there has been a rapid trend for using more blended port-
land cements instead of pure portland cements. Replacement materials such
as fly ash and blast furnace slag are also often used as separate additions
to the concrete mixture during concrete production. Then, the question
is often raised on how much of the portland cement should be replaced
in order to obtain a proper resistance to the chloride ingress. While blast
furnace slags are hydraulic binders, most types of fly ash are pozzolanic
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Figure 3.4 Effect of cement type on the resistance of concrete to chloride ingress at a
water/binder ratio of 0.38. (From Arskog, V. et al., Effect of Cement Type on
the Resistance of Concrete against Chloride Penetration, in Proceedings, Fifth
International Conference on Concrete under Severe Conditions—Environment and
Loading, vol. |, ed. F. Toutlemonde et al., Laboratoire Central des Ponts et
Chauseés, Paris, France, 2007, pp. 367-374.)

materials, the main effect of which depends on the amount of Ca(OH),
available for the pozzolanic reaction. Thus, when the pure portland cement
was replaced by more than about 30% low-calcium fly ash, it can be seen
from Figure 3.5 that only a very little or no further effect on the resistance
to chloride ingress was observed. These results were based on the rapid
chloride permeability (RCP) method (ASTM, 2005) on concrete at a water/
binder ratio of 0.35 cured in water at 20°C for one year.

In order to establish a proper concrete mixture for a new concrete harbor
structure, some preliminary tests with different types of binder systems
were carried out on the construction site. These tests included the produc-
tion of three solid concrete elements, where the high-performance portland
cement (CEM I 52.5 LA) was partly replaced by 20, 40, and 60% fly ash,
respectively; all concrete mixtures had a water/binder ratio of 0.39. From
each test element, concrete cores were removed for the testing of chloride
diffusivity at various ages of up to three years of field curing (Tables 3.1
and 3.2). While all results in Table 3.1 were based on RCM testing
(NORDTEST, 1999), the results in Table 3.2 were based on parallel testing
by use of the immersion method (NORDTEST, 1995). From both tables,
however, no further effect on the chloride diffusivity beyond 20% replace-
ment of the portland cement was observed.
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Figure 3.5 Effect of fly ash replacements on the rapid chloride permeability (RCP)
after one year of water curing at 20°C. (From Sengul, O., Effects of Pozzolanic
Materials on Mechanical Properties and Chloride Diffusivity of Concrete,
PhD Thesis, Istanbul Technical University, Institute of Science and Technology,
Istanbul, Turkey, 2005.)

Table 3.1 Effect of fly ash on the chloride
diffusivity (RCM) after up to three
years of field curing on the
construction site?

Concrete | year 2 years 3 years
20% FA |.4 1.1 0.66
0.2 0.2 0.27
40% FA 1.4 1.2 1.13
0.1 0.1 0.38
60% FA 1.7 1.5 1.07
0.1 0.1 0.22

Source: Arskog, V., and Gjerv, O. E., Container Terminal
Sjursoya—Low Heat  Concrete—Three-Year  Durability,
Report  BML20090I, Department of Structural
Engineering, Norwegian University of Science and
Technology—NTNU, Trondheim, Norway (in Norwegian),
2009.

2 Mean values and standard deviation (% 10712 m?/s).

Although portland cements can be replaced by larger amounts of blast
furnace slag compared to that of fly ash, for slag additions there also appears
to be an upper limit above which the observed effect is very small. Thus, in
Figure 3.6 the portland cement (CEM 142.5 R) was partly replaced by 40,
60, and 80% blast furnace slag with a Blaine fineness of 5,000 cm?/g. Based
on concrete with a water/binder ratio of 0.40 and water curing at 20°C of
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Table 3.2 Effect of fly ash on the chloride diffusivity
(immersion method) after two years of field
curing on the construction site?

Chloride diffusivity 20% FA  40% FA  60% FA

(x10712 m?fs) 048 0.44 0.50
0.16 0.05 0.13

Source: Arskog,\/., and Gjerv, O. E., Container Terminal Sjursoya—
Low Heat Concrete—Three-Year Durability, Report BML200901,
Department of Structural Engineering, Norwegian University
of Science and Technology—NTNU, Trondheim, Norway (in
Norwegian), 2009.

2 Mean values and standard deviation.
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Figure 3.6 Effect of blast furnace slag on the chloride diffusivity of concrete (RCM).
(From Sengul, O., and Gjerv, O. E., Effect of Blast Furnace Slag for Increased
Concrete Sustainability, in Proceedings, International Symposium on Sustainability
in the Cement and Concrete Industry, ed. S. Jacobsen et al., Norwegian Concrete
Association, Oslo, Norway, 2007, pp. 248-256.)

up to one year, the resistance of the concrete to chloride ingress was tested
by use of the RCM method. After 28 days, it can be seen that increasing
amounts of slag successively reduced the chloride diffusivity from 11.2 to
4.9, 3.6, and 2.3 x 10-'2 m?/s, respectively, while after one year, the diffu-
sivity of the slag concretes varied from 3.0 to 1.2 x 10-'2 m? compared to
7.0 x 10712 m?/s for that of the pure portland cement. In parallel, diffusion
testing by use of the immersion method also showed a similar effect of the
increased replacements of the portland cement by slag (Figure 3.7). After
28 days of water curing and a further 35 days of immersion in the salt solu-
tion, the chloride diffusivity was reduced from 12.8 x 10-'2 m?/s for the
pure portland cement to 4.0, 3.1, and 3.2 x 10-'2 m?/s for the 40, 60, and
80% slag contents, respectively. All these test results are in general agree-
ment with other results reported in the literature (Bijen, 1998). Thus, from
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Effect of blast furnace slag on the diffusivity of pure cement paste at a water/
binder ratio of 0.60 according to Brodersen (1982). (From Bijen, J., Blast
Furnace Slag for Durable Marine Structures, VNC/BetonPrisma, Hertogenbosch,
Netherlands, 1998.)

Figure 3.8 it can be seen that there was hardly any effect on the chloride
diffusivity for slag contents of less than about 25%, while for slag contents
of 25 to 50%, there was a large drop in diffusivity, beyond which there was
still a decrease, but only to a smaller extent.

For many of the cement replacement materials, further beneficial effects
on the resistance to chloride ingress can be obtained by increased fineness
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of the replacement material. Thus, by grinding the blast furnace slag up
to a Blaine fineness of 16,000 cm?/g, an extremely high resistance to chlo-
ride ingress was observed (Gjorv et al., 1998¢). Based on the steady-state
migration method (NORDTEST, 1989), ultimate chloride diffusivities in
the range of 0.04 to 0.08 x 10-'2 m?/s were obtained. Also, by replacing
the portland cement with 30% blast furnace slag of a 8,700 cm?/g Blaine
fineness and 10% silica fume, both a very high early-age and ultimate
resistance to chloride ingress were observed (Teng and Gjerv, 2013). Thus,
after 3 and 28 days of curing, the chloride diffusivities were 1.7 and 0.1 x
1012 m?/s (RCM), respectively, while after 90 days, the chloride diffusivity
had reached a value of 0.01 x 102 m?/s.

In the literature, the beneficial effect of C;A in pure portland cements
for a chemical binding of the penetrating chlorides is often referred to. In
Figure 3.9, where the chloride ingress of the two different portland cements
with 0 and 8.6% C,A, respectively, is shown, no beneficial effect of C;A can
be seen. Again, the superior resistance of the 80% blast furnace slag cement
to chloride ingress compared to that of the two types of portland cements,
the 30% slag cement and the 26% trass cement, is demonstrated. These

0.8
O Cement 1 - OPC (8.6% C3A)
B Cement 2 — SRPC (0% C3A)
A Cement 3 — 30% slag
A Cement 4 — 80% slag
0 Cement 5 — 26% trass
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Figure 3.9 Effect of cement type on chloride ingress (by weight of cement) into concrete
exposed to fresh circulating seawater. (From Gjerv, O. E., and Vennesland, @.,
Cement and Concrete Research, 9, 229-238, 1979.)
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results were based on field tests of mortar with a water/binder ratio of 0.50
submerged in fresh circulating seawater at a temperature of about 7°C.
According to Mehta (1977), chemical binding of penetrating chlorides can-
not be expected unless the C;A content is much higher than 8%. For a con-
crete produced with a 16% C;A type of portland cement at a water/cement
ratio of 0.34, however, a chloride ingress of up to 80 mm was observed
after about 100 years of exposure to seawater in a Japanese concrete harbor
structure (Gjorv et al., 1998b).

According to Sluijter (1973) the binding capacity of penetrating chlorides
in a hydrated cement paste is primarily a matter of physical adsorption to
the surface of the CSH-gel rather than chemical binding. For both portland
cements blended with pozzolanic materials and blast furnace slag cements,
a substantially higher formation of CSH-gel with a higher amount of small
gel pores (<30 nm) and a smaller amount of large capillary pores than those
of pure portland cements is achieved. For the 80% slag cement shown in
Figure 3.9, as much as about 80% of the total porosity was made up by
pores smaller than 200 A, while for the two portland cements, the corre-
sponding number was only about 30% (Figure 3.10).

Investigations further indicate that the chloride binding capacity of the
slag cements may also be due to the higher aluminate levels in the slag form-
ing higher amounts of Friedel’s salt (Dihr et al., 1996). The substantially
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Figure 3.10 Effect of cement type on pore size distribution and porosity of the concrete.
(From Gjerv, O. E., and Vennesland, @., Cement and Concrete Research, 9,
229-238, 1979))
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smaller amount of free lime in the pore solution may also be beneficial for
a low chloride diffusivity.

However, a reduced amount of free lime reduces the alkalinity of the pore
solution, which may also reduce the critical level of the chloride concentra-
tion for breaking the passivity of embedded steel. For very dense concrete,
however, such a reduced critical level of chloride concentration does not
necessarily represent any practical durability problem. The slag also very
much increases the electrical resistivity of the concrete in such a way that an
ohmic control of the further corrosion process is typically obtained.

As already pointed out, even a pure diffusion of chloride ions into con-
crete from an external salt solution is a very complex transport process. As
part of this process, the chemical composition of the external salt solution
is also very important for the resulting ingress of chlorides (Theissing et al.,
1975). This effect is clearly demonstrated in Figure 3.11, where a deeper
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Figure 3.1 Chloride ingress (by weight of cement) into cement paste from two dif-
ferent types of salt solution of the same chloride concentration: (a) after
2 days of hydration and (b) after 40 days of hydration before exposure.
(From Treztteberg, A., The Mechanism of Chloride Penetration into Concrete,
SINTEF Report STF65 A77070, Trondheim, Norway [in Norwegian], 1977,
Gjerv, O. E., and Vennesland, @., Evaluation and Control of Steel Corrosion
in Offshore Concrete Structures, in Proceedings, the Katharine and Bryant
Mather International Conference, vol. 2, ed. ). Scanlon, ACI SP-I, 1987,
pp. 1575-1602.)
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chloride ingress from a salt solution based on CaCl, compared to that of
NaCl can be seen, the chloride concentration in the external salt solutions
being the same. Therefore, not only the porosity of the concrete and its
capacity for chloride binding, but also the total ion exchange capacity of
the whole system is very important for the resulting chloride ingress. Thus,
as demonstrated in Figure 3.11, the use of de-icing salts based on CaCl,
represents a more severe exposure for chloride ingress into concrete than
that of NaCl from the seawater.

3.2.3 Effect of temperature

As discussed in Chapter 2, the temperature is also an important control-
ling factor for the rate of chloride ingress, the effect of which needs special
attention for a proper durability design. Since the temperature may also
affect the rate of hydration of the various types of cement and binder sys-
tem, this effect of the temperature may also need special attention in the
durability design. As was demonstrated in Chapter 2, the risk for early-age
chloride exposure before the concrete has gained sufficient maturity and
density may occasionally be very high during concrete construction; in par-
ticular, this may be a challenge during periods for concrete construction at
low temperatures.

In order to test the effect of low curing temperature on the early-age
resistance to chloride ingress, concrete produced with four different com-
mercial cements was tested at curing temperatures of 5, 12, and 20°C,
respectively (Figures 3.12-3.14). These cements included one blast furnace
slag cement of type CEM III/B 42.5 LH HS (GGBS2) with 70% slag, one
high-performance portland cement of type CEM I 52.5 LA (HPC), one
ordinary portland cement of type CEM I 42.5 R (OPC), and one fly ash
cement of type CEM II/A V 42.5 R with 18% fly ash (PFA). A concrete
composition with a water/binder ratio of 0.45 was used, and the resistance
to chloride ingress was tested by use of the RCM method. All testing was
carried out on water-cured concrete specimens for periods of up to 90 days.

At all curing temperatures, it can be seen from Figures 3.12-3.14 that
the 70% slag cement (GGBS2) gave a substantially higher resistance to the
chloride ingress than both the fly ash cement (PFA) and the two portland
cements (HPC and OPC). Thus at 5°C, the 28-day chloride diffusivity for
the slag cement was 7.9 x 10-12 m?/s compared to 17.4 x 10-'2 m?/s for the fly
ash cement (PFA) and 19.3 and 20.3 x 10-'2 m?%/s for the two pure portland
cements (HPC and OPC), respectively. After 90 days of curing, the cor-
responding values were 4.1, 17.2, 17.6, and 14.5 x 10-2 m?/s, respectively.

Regardless of curing temperature, the results in Figures 3.12-3.14 dem-
onstrate how the slag cement gave the highest resistance, while the two
portland cements gave the lowest resistance to chloride ingress for cur-
ing periods of up to 90 days. For severe marine environments with low
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Figure 3.12 Effect of cement type on the resistance of concrete against chloride pene-
tration at a curing temperature of 5°C. (From Liu, G., and Gjerv, O. E., Early
Age Resistance of Concrete against Chloride Penetration, in Proceedings,
Fourth International Conference on Concrete under Severe Conditions—
Environment and Loading, vol. |, ed. B. H. Oh et al., Seoul National University
and Korea Concrete Institute, Seoul, South Korea, 2004, pp. 165-172.)
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Figure 3.13 Effect of cement type on the resistance of concrete against chloride pene-
tration at a curing temperature of 12°C. (From Liu, G., and Gjerv, O. E., Early
Age Resistance of Concrete against Chloride Penetration, in Proceedings,
Fourth International Conference on Concrete under Severe Conditions—
Environment and Loading, vol. |, ed. B. H. Oh et al., Seoul National University
and Korea Concrete Institute, Seoul, South Korea, 2004, pp. 165-172.)
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Figure 3.14 Effect of cement type on the resistance of concrete against chloride pene-
tration at a curing temperature of 20°C. (From Liu, G., and Gjerv, O. E., Early
Age Resistance of Concrete against Chloride Penetration, in Proceedings,
Fourth International Conference on Concrete under Severe Conditions—
Environment and Loading, vol. 1, ed. B. H. Oh et al,, Seoul National University
and Korea Concrete Institute, Seoul, South Korea, 2004, pp. 165-172.)

curing temperatures, the above results clearly demonstrate that concrete
structures produced with portland cements or fly ash cements are much
more vulnerable to early-age chloride exposure than structures produced
with a binder system based on blast furnace slag.

3.3 PASSIVITY OF EMBEDDED STEEL

The pore solution of concrete based on portland cements normally attains
an alkalinity level in excess of pH 13. In the presence of oxygen, this alka-
line solution forms a thin oxide film on the steel surface that very efficiently
protects all embedded steel from corrosion. However, the integrity and
protective quality of this film depends on a number of factors, such as oxy-
gen availability and alkalinity of the pore solution, and the lower the
oxygen availability and the lower the alkalinity, the thinner the protective
film and the lower the protective quality. Experience indicates that the pH
of the pore solution should never drop below a level of approximately 11.5
in order to maintain a proper electrochemical protection of the embedded
steel (Shalon and Raphael, 1959). As soon as the pH drops to approxi-
mately 9.0, however, the protective oxide film is completely dissolved and
broken down.
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Figure 3.15 Effect of increased additions of silica fume on the basicity of concrete based
on portland cement. (From Page, C. L., and Vennesland, @., Materials and
Structures, RILEM, 16(91), 19-25, 1983.)

For concrete based on portland cements, the high alkalinity is due to
small quantities of the readily soluble NaOH and KOH. The cement paste
also contains a large proportion of the less soluble Ca(OH),, which buf-
fers the system in such a way that the pH never drops below a level of
approximately 12.5. For granulated blast furnace slag cements and port-
land cements blended with pozzolans such as fly ash or condensed silica
fume, however, certain amounts of the Ca(OH), are bound up to form new
CSH, and hence the reserve basicity is correspondingly reduced. This is
demonstrated in Figure 3.15, where increased additions of silica fume suc-
cessively reduced the basicity of the concrete.

Even for cements with the highest reserve basicity, the alkalinity may still
be reduced either by leaching of the alkaline substances with water or by
neutralization after carbonation with CO,. The pore solution in carbon-
ated concrete only has a pH of approximately 8.35.

As previously discussed, carbonation of a dense, high-quality concrete
is not considered to represent any practical problem. However, the protec-
tive oxide film can easily be destroyed by the presence of chlorides in the
concrete, and the thinner the oxide film, the less the amounts of chlorides
needed in order to destroy the protective film. It is well known that even
very small chloride contents in the pore solution may destroy the passivity
of the steel. However, only a small part of the total amount of the chlo-
rides in concrete is dissolved in the pore solution. Some of the chlorides are
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chemically bound, and some are physically bound, while the rest exist in
the form of free chlorides dissolved in the pore solution. It is only these free
chlorides in the pore solution that can destroy the protective film and thus
start corrosion. Since a very complex equilibrium between the different
forms of chlorides in the concrete exists, however, the amount of free chlo-
rides in the pore solution of a given concrete depends on both the degree of
water saturation and the temperature of the concrete.

Different types of binder system may also significantly affect both the
pore solution alkalinity and the amount of chemically and physically bound
chlorides in the concrete. Whether the chlorides have been mixed in already
during concrete production or have penetrated the concrete later on may
also affect the above complex relationship. If the mixed-in chloride content
has been too high already from the beginning, the protective film on the
embedded steel may never have been formed.

The threshold concentration of chlorides required to destroy the pas-
sivity of embedded steel has been the subject for numerous investigations
(Bertolini et al., 2004; Angst, 2011). A number of different measurement
techniques have been applied, and a number of different threshold values
reported, typically varying from 0.02 to 3.04% of total chloride content
by weight of cement. There are a number of factors affecting the chloride
threshold, such as pH of the pore solution, potential of the steel, and the
local conditions along the interface between the concrete and the embed-
ded steel (Glass and Buenfeld, 1997, 2000). As a result, it is not possible
to express any unique chloride threshold value for corrosion of embedded
steel in concrete. However, only very small amounts of chlorides are needed
for breaking the passivity, and as soon as the passivity is broken and the
corrosion starts, the rate of corrosion is then controlled by a number of
other factors.

3.4 CORROSION RATE

3.4.1 General

For ongoing corrosion in concrete structures exposed to the atmosphere,
experience indicates that the corrosion rate may vary from several tens of
pm/year to localized values of up to 1 mm/year, depending on the moisture
conditions and the chloride contents in the concrete (Bertolini et al., 2004).
Different temperatures may also affect the corrosion rate very differently
(Andrade and Alonso, 1995; Ostvik, 2005). Only for concrete structures
permanently submerged in seawater, it was shown in Chapter 2 that the
corrosion rate was so low that the observed damage was negligible even
after a service period of more than 60 years (Gjorv and Kashino, 1986).
In Chapter 2, it was also shown how ongoing corrosion in certain parts of
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the rebar system had effectively protected other parts of the rebar system
cathodically. Therefore, since both the geometrical shape of the structure
and the local environmental conditions are very important factors for the
rate of corrosion, it appears very difficult to mathematically predict the
long-term effect of ongoing corrosion on the total load carrying capacity of
a concrete structure. For the corrosion to develop into a serious deteriorat-
ing process, however, the electrical resistivity of the concrete is also a most
important controlling factor.

3.4.2 Electrical resistivity

Since the electrical current flowing in all the galvanic cells along the embed-
ded steel is transported by charged ions through the concrete, the electrical
resistivity of the concrete depends on the permeability of the concrete, the
amount of pore solution, and the ion concentration of the pore solution.
Thus, by decreasing the water/cement ratio from 0.7 to 0.5, it can be seen
from Figure 3.16 that the electrical resistivity increased by a factor of more
than two for mortar, while for concrete of the same water/cement ratio,
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Figure 3.16 Effect of water/cement ratio on the electrical resistivity of concrete.
(From Gjerv O. E. et al., Electrical Resistivity of Concrete in the Ocean, in
Proceedings, Ninth Annual Offshore Technology Conference, OTC Paper 2803,
Houston, Texas, 1977, pp. 581-588.)
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Figure 3.17 Effect of moisture conditions on the electrical resistivity of concrete.
(From Gjerv O. E. et al,, Electrical Resistivity of Concrete in the Ocean, in
Proceedings, Ninth Annual Offshore Technology Conference, OTC Paper 2803,
Houston, Texas, 1977, pp. 581-588.)

there was only a small effect. These results clearly demonstrate the effect of
permeability on the electrical resistivity. When the degree of water satura-
tion of the concrete was successively decreased from 100% to somewhat
less than 20% relative humidity (RH), the electrical resistivity increased
from approximately 7 x 10° to approximately 6 x 10¢ ohm cm, as shown in
Figure 3.17. These results clearly demonstrate the very important effect of
the moisture conditions of the concrete, and thus the amount of pore solu-
tion available for the transport of charged ions. When the portland cement
in the concrete was successively replaced by condensed silica fume, both
the permeability and the ion concentration of the pore solution were sig-
nificantly affected, the great effect of which is demonstrated in Figure 3.18.

If the electrical resistivity of the concrete becomes sufficiently high, a
very small or negligible rate of corrosion may take place. From the exten-
sive condition assessments of the San Mateo—Hayward Bridge, a threshold
value of 50-70 x 10° ohm cm for the concrete was reported, beyond which
only a very small corrosion rate was observed (Chapter 2). Even for the
combination of broken passivity and low electrical resistivity, however,
the rate of corrosion may still be very low or negligible, depending on the
availability of oxygen.
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Figure 3.18 Effect of increased additions of silica fume on the electrical resistivity of
concrete. (From Vennesland, @., and Gjerv, O. E., Silica Concrete—
Protection against Corrosion of Embedded Steel, in Proceedings, CANMET/
ACI International Conference on Fly Ash, Silica Fume, and Natural Pozzolans in
Concrete, vol. I, ACI SP-79, ed. V. M. Malhotra, 1983, pp. 719-729.)

3.4.3 Oxygen availability

The availability of oxygen depends on several factors. While the concentra-
tion of oxygen in the atmosphere is approximately 210 ml/I, the maximum
concentration of oxygen in water available for corrosion in submerged con-
crete structures is only 5-10 ml/l. The rate of oxygen diffusion through
the concrete cover also depends on whether the oxygen is in a gaseous
state or dissolved in water. Although both the permeability and thickness
of the concrete cover affect the oxygen availability, it can be seen from
Figure 3.19 that the degree of water saturation of the concrete is a most
dominating factor. For oxygen to take part in the electrochemical cathode
reaction on embedded steel, it must be in a dissolved state. For concrete
submerged in water, Figure 3.20 demonstrates that the thickness of the
concrete cover may only have a minor effect on the oxygen availability.
Thus, for a concrete with a water/cement ratio of 0.40, a reduced concrete
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Figure 3.19 Effect of water saturation on the rate of oxygen diffusion. (From Tuutti, K.,
Corrosion of Steel in Concrete, Report 4-82, Cement and Concrete Research
Institute, Stockholm, Sweden, 1982.)
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submerged in water. (From Gjerv, O. E. et al., Materials Performance, 25(12),
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cover from 70 to 10 mm only reduced the flux of oxygen by a factor of
approximately 2.6. These results indicate that there is a transition phase
between the concrete and the embedded steel that acts as a barrier to the
oxygen, and this may explain why the thickness of the concrete cover is not
so important for the availability of dissolved oxygen.

While corrosion of embedded steel may not represent any practical prob-
lem in submerged concrete structures due to lack of dissolved oxygen,
macro cell corrosion may still develop due to availability of oxygen from
the inside of submerged hollow concrete structures (Bertolini et al., 2004).
For concrete structures above water, however, the oxygen is so plentifully
available that it does not represent any limiting factor for high corrosion
rates to develop.

3.5 CRACKS

For concrete structures with cracks in the concrete cover, the electrolytic
conditions for start of corrosion may be significantly affected. For cracked
concrete, it is reasonable to assume that increased ingress and availability
of corrosive substances such as chlorides, water, and oxygen will give an
increased probability of local corrosion. Based on detailed procedures for cal-
culation of crack widths, therefore, most codes and recommendations specify
upper limitations for characteristic crack widths of typically 0.4 mm for non-
aggressive environments and 0.3 mm for more aggressive environments.

In spite of a large number of experiments reported in the literature, how-
ever, it is not possible to come up with a simple relationship between crack
width and probability of corrosion for a given concrete structure in a given
environment. Extensive research has revealed that a number of factors
affect the possibility for corrosion, and both the possible mechanisms and
the practical consequences have been the subject for extensive discussions
(Gjorv, 1989). As shown in Figure 3.21, the geometry of the cracks also
may be very complex, and different effects of the cracks running parallel
or perpendicular to the steel bars are observed. Cracks in different types of
environment and cracks due to different loading conditions, such as static
or dynamic loading, may also affect the observed corrosion differently.

Most of the experimental investigations on the effect of cracks reported
in the literature have been carried out on concrete exposed to various types
of atmospheric environments. In most of these investigations, it has not
been possible to establish a simple relationship between crack width and
development of corrosion. Very often, a certain effect of the crack width
could be observed at an early stage of exposure, while later on, the observed
effect could be very small or almost negligible.

For concrete structures continuously submerged in seawater, the effect of
cracks cannot be evaluated without also taking into account the galvanic
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Figure 3.21 The geometry of cracks may be very complex. (From Beeby, A. W., Cracking
and Corrosion, Report 2/I1, UK Research Program on Concrete in the
Oceans, 1977)

coupling between the exposed steel in the crack and the larger portions
of the embedded steel system adjacent to the crack (Gjorv, 1977). Thus,
results obtained on the basis of small concrete elements cannot necessarily
be extrapolated to large submerged concrete structures.

By simulating the galvanic coupling and the corrosion mechanism that
may take place in large submerged concrete structures, laboratory inves-
tigations revealed that the observed corrosion in the cracked concrete
was significantly less than expected (Vennesland and Gjerv, 1981). This
was also true for similar tests carried out under dynamic loading condi-
tions (Espelid and Nilsen, 1988).

Depending on the environmental conditions, it appears that the rate
of corrosion is reduced over time by a clogging up of the crack by both
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corrosion products and other reaction products. In particular, this effect
appears to be effective for cracked concrete under submerged conditions
in seawater. Smaller areas of the freely exposed steel in the crack may also
be cathodically protected by the adjacent embedded steel. However, if the
areas of the freely exposed steel in galvanic coupling with embedded steel
in submerged concrete structures become too high, the rate of corrosion
may be significant due to extremely high cathode-to-anode area ratios
(Gjorv, 1977).

3.6 GALVANIC COUPLING BETWEEN FREELY
EXPOSED AND EMBEDDED STEEL

For large submerged concrete structures such as that used for oil and gas
exploration offshore, there are a variety of external steel components, such
as skirts, pipes, supports, and fixtures, that are in electrical contact with
the embedded reinforcing steel system. As the exposed external steel will
then be anodic against the embedded steel, which will be cathodic, special
problems both to the corrosion rate and to the corrosion protection of such
external steel components may arise (Gjorv, 1977). The rate of corrosion
will then primarily be controlled by the cathode-to-anode area ratio and by
the cathode efficiency of the embedded steel. Hence, for cathodic protec-
tion of such freely exposed steel, the current demand will also be controlled
by both the area of the cathode and the cathode efficiency of all the embed-
ded steel system.

For a proper assessment of the cathode-to-anode area ratio, however,
both the structural design and the internal electrical continuity within the
rebar system must be evaluated on an individual basis. Measurements on
large offshore concrete platforms, however, indicate that such heavily rein-
forced structures have a very good electrical continuity within more or less
the whole embedded rebar system. Hence, the cathode-to-anode area ratio
for a small area of external steel components may be extremely high rela-
tive to the area of all the embedded steel. The cathode efficiency, which
depends on the rate of oxygen diffusion through the concrete cover to the
embedded steel, is also an important factor. Based on laboratory investiga-
tions on submerged concrete of the same quality as that typically used for
concrete platforms in the North Sea, oxygen availability with flux values
of up to 0.5 x 10" mol O,/s and cm? were observed (Gjorv et al., 1986). In
the field, however, experience from existing concrete platforms in the North
Sea has also shown that both marine growth and biological activities on the
concrete surface successively reduce the oxygen availability. Only at an early
stage of exposure, field investigations revealed a high current drain to the
embedded steel, and hence high consumption rates of the sacrificial anodes,
but later on this current drain appears to be reduced (Espelid, 1996).
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3.7 STRUCTURAL DESIGN

As was typically observed and discussed for all the concrete harbor struc-
tures in Chapter 2, all structures with a flat type of deck showed a much
better durability and performance than structures with a beam and slab
type of deck (Figure 2.13). For a beam and slab type of deck, the more
exposed deck beams will always absorb and accumulate more chlorides,
and hence develop anodic areas, while the less exposed parts, such as the
slab sections in between, will act as catchment areas for oxygen, and hence
form cathodic areas. Therefore, the more exposed parts of the deck, such
as beams and girders, will always be more vulnerable to steel corrosion
than the rest of the concrete structure. In Chapter 2, it was also shown
how the corroding beams and girders in the jetty of Oslo Harbor (1922)
had effectively functioned as sacrificial anodes, and thus cathodically pro-
tected the slab sections in between during a period of up to 60 years. Such
examples clearly demonstrate how geometrical shape and structural design
may distinctly affect the durability and performance of concrete structures
in severe environments.

From a durability point of view, there may also be a good strategy to base
the structural design on prefabricated structural elements where possible.
Such prefabricated elements may be produced in a more protected and con-
trolled way during construction, as discussed later in Chapter 5.
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Chapter 4

Durability analysis

4.1 GENERAL

Depending on the quality of the concrete and the thickness of the concrete
cover, it may take many years before the chlorides reach embedded steel
and corrosion starts. After the chlorides have reached the embedded steel,
however, it may only take a few years before visual damage in the form of
cracks and rust staining appears, but it may still take a long time before the
load carrying capacity of the structure is severely reduced, as outlined and
discussed in Chapter 2. Schematically, the deteriorating process takes place
as shown in Figure 4.1. As soon as corrosion starts, a very complex system
of galvanic cell activities in the concrete structure develops. In this system of
galvanic cell activities, the deterioration appears in the form of concen-
trated pitting corrosion in the anodic areas of the rebar system, while the
adjacent cathodic areas act as catchment areas for oxygen. Although larger
portions of the rebar system eventually become depassivated, not all of
these areas will necessarily corrode. As already discussed in Chapter 3, the
steel in the first and most active corroding parts of the structure may act
as sacrificial anodes, and thus cathodically protect the other parts of the
structure. Since structural shape, electrical continuity, and local exposure
conditions will affect this pattern of deterioration, it appears very difficult
to develop a general mathematical model for predicting the time neces-
sary before the load carrying capacity of the structure becomes reduced.
Although several attempts for developing such a mathematical model have
been made (Lu et al., 2008), it appears that no reliable mathematical model
or numerical solution for this very complex deteriorating process currently
exists. Already in the early 1970s, however, Collepardi et al. (1970, 1972)
came up with a relatively simple mathematical model for estimating the
time necessary for the chlorides to reach embedded steel through the con-
crete cover of a given quality and thickness in a given environment.
Although it is possible to roughly estimate the time necessary before the
chlorides reach embedded steel and corrosion starts, this does not provide
any basis for prediction or estimation of the service life of the structure. As
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Figure 4. Deterioration of a concrete structure due to steel corrosion. (From Tuutti,
K., Corrosion of Steel in Concrete, Report 4, Swedish Cement and Concrete
Institute, Stockholm, Sweden, 1982.)

soon as corrosion starts, however, the owner of the structure has gotten a
problem. At an early stage of visual damage, this only represents a mainte-
nance and cost problem, but later on, it may gradually develop into a more
difficult controllable safety problem. As a basis for the durability design,
therefore, efforts should be made to obtain a best possible control of the
chloride ingress during the initiation period before any corrosion starts.
It is in this early stage of the deteriorating process that it is both tech-
nically easier and much cheaper to take necessary precautions and select
proper protective measures for control of the further deteriorating process.
Control of the chloride ingress during the initiation period in the form of a
proper durability design and preventive maintenance has also shown to be
a very good strategy from a sustainability point of view (Chapter 11).

Since all the input parameters necessary for calculating the rate of chlo-
ride ingress through the concrete cover always show a high scatter and
variability, it is very appropriate to combine this calculation with a proba-
bility analysis that can take some of this scatter and variability into account
(DuraCrete, 2000). In this way, it is possible to estimate the probability for
a critical amount of chlorides to reach the embedded steel during a certain
service period for the given concrete structure in the given environment.

For such a probability-based durability design, a serviceability limit state
(SLS) must also be defined. Although different stages of the deteriorating
process may be chosen as a basis for such a serviceability limit state, the
onset of steel corrosion is a very critical stage that has been chosen as a
proper serviceability limit state in the following.
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In recent years, a rapid international development of models and proce-
dures for probability-based durability design of concrete structures has taken
place (Siemes and Rostam, 1996; Engelund and Serensen, 1998; Gehlen,
2000; DuraCrete, 2000; FIB, 2006, Tang et al., 2012), and in many coun-
tries, such durability design has been applied to a number of important con-
crete structures (Stewart and Rosowsky, 1998; McGee, 1999; Gehlen and
Schiessl, 1999; Gehlen, 2007). Also, in Norway such durability design has
been applied to a number of concrete structures where high safety, durabil-
ity, and service life have been of special importance (Gjorv, 2002, 2004). In
the beginning, this design was primarily based on the results and guidelines
from the European research project DuraCrete (2000), but successively, as
practical experience with such design was gained, the basis for the design
was simplified and further developed for more practical applications, but
the basic principles remained essentially the same. Thus in 2004, this design
was adopted by the Norwegian Association for Harbor Engineers as the
basis for new recommendations and guidelines for construction of more
durable concrete infrastructure in Norwegian harbors (NAHE, 2004a,
2004b, 2004c). Lessons learned from practical experience with these rec-
ommendations were incorporated into subsequent revised editions, the third
and last of which from 2009 was also adopted by the Norwegian Chapter
of PIANC, which is the World Association for Waterborne Transport
Infrastructure (PIANC/NAHE, 2009a, 2009b, 2009c¢).

In the following, the basis for calculation of both chloride ingress and
probability of corrosion is briefly described, and then the necessary input
parameters for the durability analysis are outlined and discussed. In order
to demonstrate how calculations of corrosion probability can be applied as
a basis for the durability design, two case studies are also briefly outlined
and discussed.

4.2 CALCULATION OF CHLORIDE INGRESS

As already discussed in Chapter 3, rather complex transport mechanisms
for the ingress of chlorides into concrete exist. In a very simplified form,
however, the rate of chloride ingress can be estimated by use of Fick’s sec-
ond law of diffusion according to Collepardi et al. (1970, 1972), in com-
bination with a time-dependent chloride diffusion coefficient according to
Takewaka and Mastumoto (1988) and Tang and Gulikers (2007), as shown
in Equations 4.1 and 4.2:

C(x,t)=CS {1_”]((219)6(3)%]} (4.1)
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In this equation, C(x,t) is the chloride concentration in depth x after time ¢,
Cy is the chloride concentration at the concrete surface, D is the concrete
chloride diffusion coefficient, and erf is a mathematical function.

2\ 1-a 2\ 1-a o
D) =2 {(1#‘) —(t) }(to) &, (4.2)
1-o t t t

In this equation, D is the diffusion coefficient after the reference time ¢,
and " is the age of concrete at the time of chloride exposure. The parameter
o represents the time dependence of the diffusion coefficient, while &, is a
parameter that takes the effect of temperature into account according to
Kong et al. (2002):

L =exp[(1—1ﬂ (4.3)
R\ 293 273+T

where exp is the exponential function, E, is the activation energy for the
chloride diffusion, R is the Gas constant, and T is the temperature.
The criterion for steel corrosion then becomes

C(x) = Cep 4.4)

where C(x) is the chloride concentration at the depth of the embedded steel,
and Cy is the critical chloride concentration in the concrete necessary for
depassivation and onset of corrosion.

4.3 CALCULATION OF PROBABILITY

For the structural design of concrete structures, the main objective is always
to establish the combined effects of external loads (S) and the resistance to
withstand these loads (R) in such a way that the design criterion becomes

R>SorR-S>0 (4.5)

When R < 8, failure will occur, but since all factors affecting R and S
always show a high scatter and variability, all established procedures for
structural design have properly taken this into account.

In principle, the durability design takes the same approach as that of
the structural design. In this case, however, the loads (S) are the com-
bined effects of both chloride loads and temperature conditions, while the
resistance to withstand these loads (R), which is the resistance to chloride
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Figure 4.2 The principles of a time-dependent reliability analysis.

ingress, is the combined effects of both concrete quality and concrete cover.
Although neither § nor R is comparable to that of structural design, the
acceptance criterion for having a probability of failure less than a given
value is the same.

In Figure 4.2, the scatter and variability of both R and S are demon-
strated in the form of the two distribution curves along the y-axis. At an
early stage, there is no overlapping between these two distribution curves,
but over time, a gradual overlapping from time #, to ¢, takes place. This
increasing overlapping will at any time reflect the probability of failure or
the probability for onset of steel corrosion, and gradually, the upper accept-
able level for the probability of failure (¢, ) is reached and exceeded.

In principle, the probability of failure can be written as

p(failure) = p;= p(R - S< 0) < p, (4.6)

where p, is a measure for failure probability.

For the structural design, the safety of the structure is normally expressed
in the form of both reliability and a reliability index for assessment of the
possible consequences of the failure for the structural safety. Since there
are no immediate consequences of an onset of corrosion, however, there is
no reliability index to be considered in the further procedure. In the cur-
rent codes for reliability of structures, however, an upper level for prob-
ability of failure of 10% in the serviceability limit state is often specified
(Standard Norway, 2004). Also for the onset of corrosion, therefore, an



104 Durability design of concrete structures in severe environments

upper probability level of 10% has been adopted as a basis for the further
durability design. Normally, the above failure function includes a number
of variables, all of which have their own statistical parameters. Therefore,
the use of such a failure function requires numerical calculations and the
application of special software. Currently, there are several mathematical
methods available for evaluation of the failure function, such as

e First-order reliability method (FORM)
e Second-order reliability method (SORM)
e Monte Carlo simulation (MCS)

4.4 CALCULATION OF CORROSION PROBABILITY

In principle, the calculation of corrosion probability can be carried out by
use of any of the above mathematical methods. In the following, however,
the calculation of corrosion probability is based on the modified Fick’s sec-
ond law of diffusion in Equation 4.1, in combination with a Monte Carlo
simulation. Although such a combined calculation can also be carried out
in different ways, a special software DURACON for this calculation was
developed (Ferreira, 2004; Ferreira et al., 2004, http://www.pianc.no/
duracon.php).

A Monte Carlo simulation can briefly be described as a statistical sim-
ulation method where sequences of random numbers are applied to per-
form the simulation. When the ingress of chlorides is simulated by use of
Equation 4.1, this requires that all the input parameters to this equation
can be described by a probability density function. Once these functions
of the various durability parameters of the system are known, the prob-
ability of failure is based on the evaluation of the limit state function for
a large number of simulations. The failure function is then calculated for
each outcome. If the outcome is in the failure region, then a contribution to
the probability of failure is obtained.

For the DURACON software, the concrete cover was chosen as the resis-
tance variable (r), while the depth of the critical chloride front was chosen
as the load variable (s). The probability of failure is then estimated by use
of the following expression:

N

b= 2 1[8ls))] (4.7)

=1

where N is the number of simulations, I[g(r,s;)] is the indicator func-

tion, and g(r;,s;) is the limit state equation; s represents the environmental
load, and r represents the resistance of the concrete to chloride ingress.
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The standard error of the above calculation can be estimated by the fol-
lowing expression according to Thomas and Bamforth (1999):

pr(1-p/)

N (4.8)

S =

from which it can be seen that the accuracy of the Monte Carlo simulation
mainly depends on the number of simulations.

Based on the above calculation of corrosion probability, a certain service
period can be specified before the corrosion probability of 10% is reached.
This provides the basis for the durability design of new concrete struc-
tures. In this design, a comparison and selection of one of several technical
solutions for the given concrete structure in the given environment for the
specified service period are made.

It should be noted, however, that the above calculation is based on a
number of assumptions and simplifications. Therefore, for increased ser-
vice periods of more than 100 years, the calculation of corrosion probabil-
ity gradually becomes less reliable. For practical applications, the corrosion
probability should be kept as low as possible and not exceed 10% for ser-
vice periods of up to 150 years, but in addition, some further protective
measures, such as partial use of stainless steel, should also preferably be
applied. For service periods of more than 150 years, however, any calcula-
tions of corrosion probability are no longer considered valid. For such long
service periods, the corrosion probability should still be kept as low as pos-
sible and not exceed 10% for a 150-year service period, but in addition, one
or more additional protective measures should always be applied in order to
further increase and ensure the durability.

Based on the calculations of corrosion probability for the specified ser-
vice period, requirements to both concrete quality (chloride diffusivity) and
concrete cover are established. During concrete construction, this provides
the basis for the concrete quality control and quality assurance (Chapter 6).
Upon completion of the concrete construction, a new calculation of cor-
rosion probability based on the achieved data on chloride diffusivity and
concrete cover is carried out. This provides the basis for documenting the
achieved construction quality and compliance with the specified durability
(Chapter 7). During operation of the structure, calculations of corrosion
probability are further carried out as a basis for the condition assessment
and preventive maintenance (Chapter 8). In this case, the calculations of
corrosion probability are based on the observed rates of chloride ingress
in the form of the apparent chloride diffusivities in combination with the
previously observed data on achieved concrete cover.

For all the above types of probability calculation, certain input param-
eters to the calculations are needed. For the durability design, all the
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necessary input parameters are described and discussed in the following.
For the documentation of achieved construction quality and compliance
with the specified durability, the input parameters are described and dis-
cussed in Chapters 6 and 7, while for the condition assessment and preven-
tive maintenance during operation of the structure, the input parameters
are described and discussed in Chapter 8.

4.5 INPUT PARAMETERS

4.5.1 General

In general, the durability design should always be an integral part of the struc-
tural design of the given structure. Already at an early stage of the design,
therefore, a certain service period should be required before 10% probabil-
ity of corrosion is reached. Before a proper technical solution is selected, it
may be necessary to carry out several calculations for various combinations
of possible concrete qualities and concrete covers.

For all calculations of corrosion probability, proper information about
the following input parameters is needed:

¢ Environmental loading
e Chloride loading, Cg
o Age at chloride loading, t’
o Temperature, T

e Concrete quality
o Chloride diffusivity, D
e Time dependence factor, o
o Critical chloride content, Cy

e Concrete cover, X

It should be noted that the above input parameters to the durability
design may have different distribution characteristics. If nothing else is
known for the distribution of the various input parameters, however, a
normal distribution with a coefficient of variation between 0.1 and 0.2 may
be assumed. For the documentation of achieved construction quality, the
input parameters on both chloride diffusivity and concrete cover are based
on the obtained data from the quality control du