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ABSTRACT

A majority of concrete structures in marine environment shows signs of degradation due to the
corrosion of the reinforcement in the presence of chlorides. In some cases, the degradation is
visible within a few years of construction completion. Despite the fact that the marine
environment is particularly sever, other factors affect the premature degradation due to
corrosion, such as: poor construction quality as a result of poor workmanship; inadequate
standards based on prescriptive measures; and poor design as a result of insufficient information

with regards to the parameters that influence the degradation process.

While standards are gradually improving, with the tendency to become performance based in
future, much information is needed to assist the designer in the decision making process. This
research work is aimed at providing designers with adequate means for probability - based

durability analysis of concrete structures in marine environment.

A durability model for the reinforcement corrosion, based on the second Law of Fick, is
developed that takes into account the time dependant parameter for diffusion coefficient and the
influence of temperature. The model has been developed primarily for providing a general basis
for durability analysis of concrete structures in marine environment. Such a durability analysis
can be applied for obtaining a more controlled durability and the long-term performance
durability design of new concrete structures, as well as, an improved basis for condition
assessment of existing concrete structures in marine environment. The model has been
developed to satisfy a balanced compromise of practicality and robustness. The existing models
are either difficult to use due to the complexity of calculations, and the fact that they require
sophisticated tests for collecting the necessary data, or are too simplistic to provide reliable
results. The proposed model requires few basic data, either available or easily obtainable,

without compromising its scientific robustness and validity.

As an extension of the model a probability - based software is proposed for the durability
analysis. The parameters of the model have been discussed and the sensitivity of the model
towards these parameters is analysed. Results show that the proposed software provides
valuable information indicating the effect of each parameter on the outcome and the extent in
which these parameters should be stochastically defined.

Further, the proposed model was validated comparing the results from the assessments of the

structures with the outcome of the probabilistic simulation of the service life of the structure.
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The effect small changes in parameters have on the overall performance can be rapidly
evaluated. Through the use of the proposed model, the designer can appreciate the consequences

of design options on the concrete and the structure.

The importance of correct temperature use in the model is demonstrated with two examples, one
at 10 °C and another at 20 °C. An increase (more than double) in the time to reach the

serviceability limit was observed.

The results from this investigation demonstrate that the analysis of the durability performance of
the structures can be expanded and improved by using the proposed model, in relation to the

traditional condition assessment.
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RESUMO

A maior parte das estruturas de betdo armado em ambiente maritimo demonstram sinais de
degradacdo resultante da corrosdo das armaduras na presenca de cloretos. Nalguns casos, a
degradacdo é visivel poucos anos apds a construgdo da estrutura. Se bem que o ambiente
maritimo é extremamente severo, existem outros factores que afectam a degradacdo prematura
do betdo, tais como: a fraca qualidade da construcdo resultante da falta de mdo de obra
especializada; normas baseadas em requisitos prescritivos; projectos desadequados devido a

falta de informac&o em relacéo aos pardmetros que influenciam o processo da degradagéo.

Enquanto que as normas, de uma forma geral, estdo a melhorar, com a tendéncia a basearem-se
cada vez mais em requisitos de desempenho, ainda ha necessidade em auxiliar o projectista na
especificacdo da durabilidade da estrutura. Este trabalho de investigacdo estd centrado em
fornecer aos projectista meios adequados para uma analise probabilistica da durabilidade da

estruturas de betdo armado em ambiente maritimo.

Um modelo de durabilidade para a corrosdo da armadura baseado na segunda Lei de Fick é
desenvolvido tendo em conta a dependéncia do coeficiente de difusdo com o tempo e com a
temperatura. O modelo foi desenvolvido essencialmente para servir como um suporte para a
andlise da durabilidade de estruturas de betdo armado em ambiente maritimo. Uma andlise desta
natureza pode ser aplicada tanto ao controlo da durabilidade e do desempenho a longo prazo de
novas estruturas de betdo armado, como a avaliacdo do estado de degradacdo de estruturas

existentes em ambiente maritimo.

O modelo proposto é desenvolvido por forma a conciliar a facilidade de uso com a robustez
cientifica. Modelos existentes ou sdo demasiado complicados para serem utilizados de uma
forma pratica, i.e. requerem normalmente ensaios sofisticados para recolher os dados
necessario, ou, sao excessivamente simplificados para fornecerem resultados fidveis. O modelo
proposto requer poucos dados basicos que, estdo facilmente disponiveis, ou poderdo ser obtidos

com relativa simplicidade, sem contudo comprometer a robustez e validade cientifica.

Como extensdo natural do modelo, é proposto um software baseado na metodologia
probabilistica para a analise da durabilidade. Os parametros do modelo foram estudados, e a
sensibilidade do modelo a variagdo destes é analisada. Os resultados demonstram que o

software proposto fornece informagdes valiosas no que respeite a influéncia de cada pardmetro
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na analise da durabilidade, e na forma como estes devem ser quantificados estocasticamente.

O modelo proposto foi validado com resultados obtidos de estruturas existentes. Através das
simulacgdes probabilisticas o efeito de alteraces dos parametros do modelo no desempenho da
estrutura pode ser eficazmente avaliado. Recorrendo ao software, o projectista pode avaliar a

consequéncia de op¢des de projecto no betdo e na estrutura.

A importancia de utilizacdo de temperaturas prevalecentes no local da obra é demonstrada

atraves de exemplos analisados a 10 °C e 20 °C.

Os resultados desta investigacao realcam que a analise do desempenho de durabilidade das
estruturas pode ser expandida e melhorada com recurso ao modelo proposto quando comparado

com a avaliacdo da durabilidade tradicional.
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1. INTRODUCTION

1.1 Background

Concrete structures generally make up a significant and important part of the national
infrastructure. It is estimated that within Europe structures represent approximately 50% of
the national wealth of most countries (Long et al 2001). Both the condition and performance

of all these structures are essential for the productivity of the society.

In most EU countries approximately 50% of the expenditures in the construction industry
are spent on repair, maintenance and remediation of existing structures. In future, these
expenses are expected to increase even more. A large proportion of these expenses are due
to problems related to lack of durability of concrete structures (Lindvall 2001). The growing
number of deteriorating concrete structures, not only affects the productivity of the society, but
has also a great impact on resources, environment and human safety. The operation,
maintenance and repair of concrete structures are consuming ever more energy and resources
while heavily burdening the environment with the large quantities of waste produced. Thus, the
poor durability and premature end of the service life of concrete structures do not only represent
technical and economical problems, but also a poor utilization of natural resources and therefore

an environmental and ecological problem (Gjerv 2001).

In recent years, an extensive amount of research work has been carried out in order to better
understand and control several of the most important deteriorating mechanisms such as alkali
aggregate reactions, freezing and thawing and corrosion of embedded steel. In particular, much
work has been carried out on corrosion of embedded steel, which represents the greatest threat
both to the safety and economy of the structures. Never before so much basic information and
knowledge about concrete durability has been available. The great challenge to the professional
society is, therefore, to utilize and transform more of this existing knowledge into good and

appropriate engineering practice (Gjgrv 2002).

The traditional methods used for durability design are usually based on deem-to-satisfy rules,
where sufficient durability of a concrete structure is secured with prescriptive requirements.
Examples of prescriptive requirements are the usage of specified water/binder ratios,
minimum concrete covers and minimum cement content. With the deem-to-satisfy methods

it is expected that the concrete structure will achieve a long but not specified service life.
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The problems related to durability and execution of work has been underestimated for many
years. Main emphasis has been given to mechanical properties and structural capacity, while
durability design, construction quality and life cycle management have been neglected. Seldom
do the owners of the concrete structures come up with special requirements for durability and

long-term performance of their structures (Gjerv 2002).

There is a challenge to the professional society to utilize and transform more of this existing
knowledge into good and appropriate engineering practice. So far, only after extensive
durability problems have been experienced in the field, that new durability requirements have
been introduced in new revised concrete codes. In most countries, the upgrading of the
durability requirements in current concrete codes has been far behind the technical and scientific
developments. Although most concrete codes have been upgraded several times in recent years,
current code specifications for concrete durability are still almost exclusively based on the
traditional requirements for concrete composition, construction procedures and curing
conditions, the results of which have shown to yield insufficient and unsatisfactory results.
However, by a proper utilization of existing knowledge from recent research on new procedures
for durability design, improved construction quality and life cycle management, it should be
possible to produce new concrete structures with a more controlled durability and long-term

performance (Gjgrv 2002).

To improve durability implies an extra cost during construction. However, with the deem-
to-satisfy rules it is not possible to estimate how an alternative design can reduce costs for
future maintenance and repair. This implies that it is necessary to use a design methodology,
where it is possible to explicitly design and construct safe, economic and durable structures,
and estimate their total lifetime costs. Such design methodology is called performance-based
design methodology. The performance can for example be related to load carrying capacity,
durability, stiffness, appearance, operability, inspectability and maintainability. A
performance based design methodology is based on performance criteria defined for the
considered structure. The performance criteria may be related to, for example, a required

function or the appearance of the structure.

Usually the performance criteria are defined as limit states. The limit state is the border that
separates desired states from the undesired or adverse states in situations, acceptable to the
owner, which a structure may be subjected to during its lifetime (DuraCrete 1999). A
difference is made between the ultimate limit state, where the safety of the structure is
considered (for example the risk of collapse), and the serviceability limit state, where the

functionality of the structure is considered (for example the limitation of crack widths,
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aesthetic appearance). The limit states can be defined by, for example, authorities or the
owner of the structure. To determine the probability that the structure is able to meet the
performance requirements, with a specified level of reliability, a probabilistic model is

formulated.

The probabilistic model is based on sufficiently realistic mathematical models, where the
different behaviour of the concrete structure is modelled, e.g. chloride penetration, causing

reinforcement corrosion and lowering load-bearing capacity.

1.2 Research Objectives
The main objective of this research work is to develop a probabilistic-based model for the
durability analysis of concrete structures in marine environment, and understand how the model

parameters influence durability analysis.

A probabilistic-based model is chosen to take into account the inherent variation associated with
measurements, with the heterogeneity of the material, and the variation of the environmental

factors.

The goal is to provide engineers with an aid that helps to understand the impact their decisions

have on the durability performance.

Another goal is the use of performance based criteria in the specification of parameters for the

evaluation of concrete durability.

1.3 Research work program
The research project was undertaken at the NTNU - Norwegian University of Technology and
Science in Trondheim, Norway. Most of the research performed was done in the concrete and

chemical laboratories of the BML - Building Materials Department.

The research project was initiated with an extensive bibliography review into the main topics of
service life design, concrete degradation, models for concrete degradation and reliability
assessment. Figure 1.1 present a schematic representation of the work plan for the research

project.
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Figure 1.1 - Schematic representation of the work plan.

Based on the information obtained from the bibliography review, a model for the initiation of
corrosion induced by chlorides in concrete was developed. The model is implemented in

probabilistic version through the use of the Monte Carlo simulation technique.

The next phase is to transform the probabilistic model into a probabilistic analysis software. All
the parameters of the software need to be verified and their sensitivity analysed. This is an
essential part of the internal validation of the model. It determines the stability of the model and
the possibility of error in the programming. Once the results are analysed and accepted, the

model and the software need to be validated with real life data.

To obtain the necessary data, several reinforced concrete wharf structures were assessed.
Several on site and laboratory test were necessary in order to determine the structures” concrete
properties. This is followed by a statistical quantification of the data collected so that it could be

used in the developed methodology.

Finally, the software is applied to the real life structure data and the results are analysed.

Conclusions are then drawn on the capabilities of the software.

1.4 Structure of the thesis

The thesis is divided into nine chapters, and includes four appendixes.

The first chapter, the introduction, gives a brief framing of the thesis in nowadays concrete

durability research.

The next chapter is a literature review on the durability of reinforced concrete structures. A
description of the main degradation processes of reinforced concrete structures is given with
special attention to those caused by marine environment. Chloride penetration is detailed as
this is the main cause of corrosion of reinforced concrete structures located in marine

environment.
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The design procedures are also described with special interest in the service life design.
Current models for degradation of concrete due to corrosion are discussed. To end this

chapter, the current codes of practice are reviewed concerning durability design.

In chapter three, a proposal for a probabilistic model is presented. Chloride induced corrosion
of reinforced concrete structures is the mechanism modelled. This chapter is followed by a
description of the development of software based on the proposed model. This includes a

sensitivity analysis of the variables used in the model.

In chapter five, the applicability of proposed model for durability design of new concrete
structures is presented. In addition, the basis for condition assessment of existing concrete

structures in marine environment is also presented.

Chapter six presents the information from the in situ assessment of four reinforced concrete
structures in marine environment. The test procedure used and the results are presented. These
results will serve as the basis for the application of the proposed model, in an attempt to

evaluate the service life of these structures. This is performed in chapter seven.

Finally, in chapter eight, the conclusion on this work are presented as well as some remarks

on future developments.

The appendixes are made up of four parts: a stochastic background for the models used,
given in some detail; the manual for the software developed; and a document with
recommendations for reinforced concrete structure design in marine environment, and finally,

the data files used in the software for the durability analysis performed in chapter seven.
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CHAPTER 2
DURABILITY OF CONCRETE STRUCTURES IN MARINE
ENVIRONMENT

2.1 Introduction

To discuss the durability of reinforced concrete structures is a huge undertaking. Even if only
the structures in a marine environment and the effect the marine environment had on these
structures was considered, the undertaking would still be daunting. The research presented in
this thesis is directly related to the durability of reinforced concrete structures in marine
environment. Therefore, some key topics that have directly relevance on the research

presented are discussed in more detail.

Firstly, however, a brief appreciation of the general degradation processes of reinforced
concrete structures is given. Current experience with these processes is discussed, with special

attention being paid to the corrosion of concrete reinforcement.

The main degradation process for durability of reinforced concrete structures in marine
environment is, without a doubt, the corrosion of the concrete reinforcement. In this specific
environment, the corrosion occurs almost entirely due to the presence of chlorides in the sea
water. Therefore, the presence of chlorides in concrete is discussed further. The main
mechanisms responsible for the transport of chlorides into the concrete are well known and
extensive literature exists on this topic alone. Of more interest to the research is the effect of
the concentration of chlorides in the concrete has on the corrosion of the reinforcement and

the binding of the chlorides by the concrete.

The research does not, however, deal only with corrosion, but also with the service life of
reinforced concrete structures in marine environment. The inadequate durability is by far the
most common cause of premature degradation of concrete structures, yet little attention is given
to durability in the design process. Generally, durability is covered by prescriptive code
requirements based on previous code clauses. Service life design and service life prediction
are currently an area of significant international research. The service life concept is described in

further detail in association with concrete durability design.

The bases for durability design are the models that simulate the phenomenon. These are discussed in

some detail regarding the corrosion of reinforcement in concrete.
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Finally, a brief overview of current codes for concrete durability is presented. In addition to the

European codes, special attention is given to the Portuguese and Norwegian codes as well.

2.2 Degradation processes of reinforced concrete structures

Reinforced concrete is a versatile, economical and widely used construction material. It can be
moulded to a variety of shapes and finishes. Usually it is durable and strong, performing well
throughout its service life. However, it does not perform adequately as a result of poor design,
poor construction, inadequate materials selection, exposed to a more severe environment than

anticipated or a combination of these factors.

In most countries, concrete structures make up a very large and important part of the national
infrastructure, and both the condition and performance of these structures are important for the
productivity of the society (Grigg 1988). Since there is a growing amount of deteriorating
concrete structures, however, not only the productivity of the society is affected, but it also has a
great impact on resources, environment and human safety. The operation, maintenance and
repair of concrete structures are consuming much energy and resources and are producing a
heavy environmental burden and large quantities of waste. Thus, the poor durability and
premature service life of many concrete structures do not only represent technical and
economical problems. This is poor utilization of natural resources, and hence, also an

environmental and ecological problem (Gjerv 2000).

In recent years, an extensive amount of research work has been carried out in order to better
understand and control several of the most important deteriorating mechanisms such as alkali-
aggregate reactions, freezing and thawing and corrosion of embedded steel. In particular, much
work has been carried out on corrosion of embedded steel, which represents the greatest threat
both to the safety and economy of the structures. Never before has so much basic information
and knowledge about concrete durability been available. The great challenge to the professional
society is, therefore, to utilize and transform more of this existing knowledge into good and

appropriate engineering practice.

No single parameter controls the durability of concrete. Instead, there are a number of contributing
factors which affect its durability. In practice, several degradation mechanisms can act
simultaneously with possible synergistic effects. The schematic diagram below illustrates how

different degradation mechanisms can act on concrete exposed to sea water.
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Improper procedures or carelessness during any phase of the construction operation results in
concrete of inferior quality. Poor transportation, placing, finishing techniques, and inadequate curing

conditions are a few examples.

Reinforcing steel corrosion

b
Concrete in the
atmosphere

r

Abrasion and chemical attack

Freeze-thaw damage,
temperature gradients,
humidity gradients

5 High tide

Concrete in the
tidal zone

Low tide

Submerged
concrete

Figure 2.1 - Possible degradation mechanisms acting on concrete exposed to sea water (Malhorta 2000).

The design of concrete structures, while in full accordance with the requirement of the design
specification, do not necessarily work well in practice. A survey of structures usually indicates that
deterioration occurs repeatedly in connection with certain details, or that certain effects occur
which were not anticipated in design. For example, inadequate design, which fails to allow creep
of structural elements of a building (e.g. deflection of floors), may result in the load being
transferred to non-structural elements, such as partition walls or cladding panels, and cracking and

damage often result (Slater 1980).

In designing, there is a need to trace the anticipated water flow over the whole surface of both
vertical and horizontal members. Design should include the provision of desired concrete quality to
resist the adverse effects produced by in-situ exposure conditions. Thus, the designer needs to be
better informed on the particular characteristics of the given environment so that a proper choice in

matching the concrete selected with the characteristics of the environment can be made.

The quality of concrete with respect to durability can be measured in terms of various parameters.
These properties of hardened concrete are governed by the micro and macro structure of concrete
which is essential in its ability to resist chemical attack by external sources (e.g., acids, carbon
dioxide, and sulphates), from within the concrete (e.g., alkali-aggregate reaction (AAR) and
unsound cement), and from other environmentally induced distress related to moisture ingress (e.g.,

freeze-thaw cycling, leaching). These parameters regarding concrete quality are affected by the
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quality of cement and aggregate, the wi/c ratio and degree of hydration, the effectiveness of

compaction, the extent of curing, and the presence of cracks.

Exposure conditions vary considerably from location to location. Whatever the in-situ conditions, the
designer must acquaint himself with the factors, results of a given environment, and only then design
a concrete to meet those demands or take measures to protect the concrete from the aggressive
conditions. Having designed the concrete, the specifier should then institute proper quality control

procedures to ensure that the placed concrete will meet the specified features.

2.2.1 Modes of concrete deterioration
Deterioration is any adverse change of normal, mechanical, physical, and chemical properties either
in the surface or in the body of concrete, generally due to the disintegration of its components
(Anonymous 1987, Masters 1987, Cady 1990, Higgins 1981) The phenomenon which induces
such distress may be associated with one of the phases (e.g. design, construction, or service). The
effects of deterioration may or may not be manifested visually. There are three basic visual symptoms
of distress in a concrete structure:

« cracking,

« spalling, and

« disintegration.

Although each of the basic symptoms is readily differentiated from the others, each occurs in several
forms, each having a different significance. Furthermore, in a given structure, the three basic
indicators of distress may occur not only in combination, but with several forms of each symptom

being manifested simultaneously.

In addition to the deterioration of concrete, the breakdown of other auxiliary materials, such as
sealants, coatings, membranes, which form the complex assembly of a structure, should also be
considered. Polymeric products often interact with other materials with which they are in contact to

form compounds which are devoid of the characteristics of the original

In figure 2.2 the different forms of deterioration of a reinforced concrete structure are
presented. Degradation agents can he defined as any group of factors that can affect the performance

of a building material, component, or system.

Climatic factors such as solar radiation, temperature, water, air contaminations, and wind are
particularly important in the degradation of materials used in the exterior envelope of buildings.

But the range and importance of these agents vary widely with type of climate, geographic
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location, time of the year, and even within a relatively small area (microenvironment). In actual
service, degradation factors may interact to increase the rate of degradation, or less often, to

decrease the rate by one factor cancelling the effect of others.

| Concrete Properties |

!

| Permeability / Transport Properties

| SR SR SR S S S

Alkali Water Sulphate Chloride s Oxigyen Water Salt solution
ingress saturation | | absorption ingress Carbonationy di‘rruggion saturation | |ingress
Alkali ASR gel Sulphate . . Frost Salt
attack expansion alta?:k Corrosion of reinforcement alack attack

| S ! !

Strength Properties |

I

| Cracking i

Figure 2.2 - The deterioration of concrete structures (Long et al 2000).

Degradation of material properties mostly sets in under combined action of internal and external
factors. It is a complex process determined largely by the physiochemical properties of the
material (internal) and the manner in which it is used (external). The processes or reactions lead
to a chance in the ability of a material or component to perform as intended. Factors internal to a
material are those which determine its quality (i.e., the way it is made, placed, and cured), and
others such as shrinkage, creep, and thermal effects which are inherent in its nature. External
causes of deterioration are broadly grouped as physical, chemical, or mechanical. Main physical
factors are the fluctuations of moisture content, temperature, freezing and thawing (that occurs
in natural weathering), and fire. The main chemical factors are aggressive gases and liquids, and

the main mechanical factors are load, friction and vibration.

Basic environmental conditions have marked effects on the deterioration process. The
effects of temperature on rate of reactions, solubility of salts, and the effect of relative
humidity on carbonation and corrosion are good illustrations of how the effect of ambient
conditions affects deterioration rates. As a rule of thumb, increases in the temperature range of

10°C will approximately double the reaction rate.

Following is a brief description of the main degradation mechanisms for reinforced concrete
structures, including an analysis to the knowledge obtained from practical experience. Further
descriptions of the deterioration of reinforced concrete can be found in the following
publications: Frederiksen et al (1997), DuraCrete (1998a), Basheer et al (2001), Sandberg
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(1998), Mdoller (1994), Neville (1997), Betonghandboken - Material (Concrete handbook -
Material) (1994) etc.

2.2.2 Corrosion of reinforcing steel

The corrosion of reinforcing steel in concrete is a major problem facing civil engineers and
surveyors today as they maintain an ever increasing ageing infrastructure. The economic loss
and damage caused by the corrosion of steel in concrete makes it arguably the largest single
infrastructure problem facing industrialized countries. Bridges, public utilities and buildings
are ageing. Some can be replaced, others would cause great cost and inconvenience if they
were taken out of commission. With major political arguments about how many more bridges
and other structures we can build, it becomes crucial that the existing structures perform to

their design lives and limits and are maintained effectively.

Reinforcement corrosion has been widely reported in the literature over the last two to three
decades. In general, there are two major factors, which cause corrosion of reinforcement in
concrete to proceed to an unacceptable degree. They are carbonation and the presence of
chloride ions, which may either have been present in the concrete constituent’s right from the
beginning or are introduced into the concrete through ingress from the surrounding

environment during the service life.

Although carbonation-induced corrosion still represents a durability problem for many
concrete structures, it is primarily an uncontrolled penetration of chlorides which represents
the most technically difficult and serious problem to the durability and safety of concrete
structures (Gjgrv 1996). Already in 1917, Wig and Furguson pointed out the problem with
steel corrosion in concrete structures exposed to marine environment after a comprehensive

survey of concrete structures in U.S. waters.

Concrete provides a high degree of protection to the reinforcing steel against corrosion, due to
the high alkalinity (pH = 13) of the pore solution. Under high alkalinity steel remains
passivated. In addition, well-consolidated and properly cured concrete with a low w/c ratio has
a low permeability, which minimizes penetration of corrosion inducing agents, such as
chloride, carbon dioxide, moisture, etc. to the steel surface. Furthermore, the high electrical
resistivity of concrete restricts the rate of corrosion by reducing the flow of electrical current
from the anodic to the cathodic sites. In resume, if the concrete is properly designed, applied
and maintained, there should be little problem of steel corrosion during the design life of the
structures. Unfortunately, the durability requirements are not always achieved in practice due

to which the corrosion of reinforcement in concrete has become a commonly encountered
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cause of deterioration.

Once reinforcement corrosion is initiated, it progresses almost at a certain rate (depending on
availability of oxygen and humidity, etc.) and shortens the service life of the structure, by
causing surface cracking and subsequently spalling of the cover concrete due to expansion of
the corroding steel. The rate of corrosion directly affects the extent of the remaining service

life of a corroding reinforced concrete structure.

The most exposed types of structures include bridges and parking garages, port and harbour

structures as well as a number of other concrete structures in marine environments.

2.2.2.1 Mechanism of corrosion of steel in concrete

The strongly alkaline nature of concrete, due to Ca(OH), with a pH of about 13, prevents
the corrosion of the steel reinforcement by the formation of a thin protective film of iron oxide
on the metal surface. This protection is known as passivity. However, if the concrete is
permeable to the extent that carbonation reaches the concrete in contact with the steel or soluble
chlorides can penetrate right up to the reinforcement, and water and oxygen are present, then
corrosion of reinforcement will take place. The passive iron oxide layer is destroyed when the pH
falls below about 11.0. Carbonation lowers the pH to about 9. The formation of rust results in an
increase in volume compared with the original steel so that swelling pressures will cause cracking

and spalling of the concrete.

Corrosion of steel occurs because of the electro-chemical action which is usually encountered
when two dissimilar metals are in electrical contact in the presence of moisture and oxygen.
However, the same process takes place in steel alone because of differences in the electro-
chemical potential on the surface, which forms anodic and cathodic regions, connected by the
electrolyte in the form of the salt solution in the hydrated cement. The positively charged ferrous
ions Fe®* at the anode pass into solution while the negatively charged free electrons e pass along
the steel into the cathode, where they are absorbed by the constituents of the electrolyte and
combine with water and oxygen to form hydroxyl ions (OH)". These then combine with the ferrous
ions to form ferric hydroxide and this is converted by further oxidation to rust (see figure 2.3(a)).

Thus, it can be written:

Fe - Fe®" +2e (anodic reaction) (2.1)
4e" + O, + 2H,0 - 4(OH) (cathodic reaction) (2.2)
Fe?* + 2(OH)" - Fe(OH), (ferrous hydroxide) (2.3)

4Fe(OH), + 2H,0 + O, — 4Fe(OH); (ferric hydroxide) (2.4)



14 Chapter 2 — Durability of reinforced concrete structures

These differences in potential are due to the inherent variation in structure and composition
(e.g., porosity and the presence of a void under the rebar or difference in alkalinity due to
carbonation) of the concrete cover, and differences in exposure conditions between adjacent
parts of steel (e.g., concrete that is partly submerged in sea water and partly exposed in a
tidal zone). The reactions involved in the process can be represented by the following

schematic equations:

2Fe (metal) —> 2Fe®" + 4e” (anodic reaction) (2.5)
2H,0 + O, + 4e” - 40H" (cathodic reaction) (2.6)
2Fe* + 40H" — 2Fe(OH), (ferrous hydroxide ) (2.7)
2Fe* + 60H" — 2Fe(OH); (ferric hydroxide ) (2.8)
2Fe(OH); - Fe,03 + 3H,0 (ferric oxide) (2.9)
concrete "0 '02 concrete e 1%
fEH -~ (OH)_ Fe“‘a-c-';:---- e (OHY
; _ _ '\\- depassivated layer
steel steel
a) b)

Figure 2.3 - Schematic representation of electro-chemical corrosion: (a) electrochemical process, and (b) electro-
chemical corrosion in the presence of chlorides (Neville 1997).

It is shown that oxygen is consumed, but water is regenerated and is needed only for the
process to continue. Thus there is no corrosion in a completely dry atmosphere, probably
below a relative humidity of 40 per cent. Nor is there much corrosion in concrete fully
immersed in water, except when water can entrain air. It has been suggested that the
optimum relative humidity for corrosion is 70 to 80 per cent. At higher relative humidities,
the diffusion of oxygen is considerably reduced and also the environmental conditions are

more uniform along the steel.

Chloride ions present in the cement paste surrounding the reinforcement react at anodic
sites to form hydrochloric acid which destroys the passive protective film on the steel. The
surface of the steel then becomes activated locally to form the anode, with the passive surface
forming the cathode: the ensuing corrosion is in the form of localized pitting. In the presence of
chlorides, the schematic reactions are (see figure 2.3(b)):
Fe?* +2C1 - FeCl, - (2.10)
FeCl, + 2H,0 - Fe(OH), + 2HCI (2.11)
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Thus, CI is regenerated. The other reactions, and especially the cathodic reaction, are as in
the absence of chlorides. It should be noted that the rust contains no chloride, although

ferric chloride is formed at an intermediate stage.

Because of the acidic environment in the pit, once it has formed, the pit remains active and
increases in depth. Pitting corrosion takes place at a certain potential, called the pitting
potential. This potential is higher in dry concrete than at high humidities. As soon as a pit has
started to form, the potential of the steel in the neighbourhood drops, so that no new pit is
formed for some time. Eventually, there may be a large-scale spread of corrosion, and it is
possible that overall and general corrosion takes place in the presence of large amounts of

chloride.

2.2.2.2 Factors affecting corrosion of steel in concrete

The main causes of corrosion of steel in concrete are chloride attack and carbonation. These
two mechanisms are unusual in that they do not attack the integrity of the concrete. Instead,
aggressive chemical species pass through the pores in the concrete and attack the steel. This is
unlike normal deterioration processes due to chemical attack on concrete. Other acids and
aggressive ions such as sulphate destroy the integrity of the concrete before the steel is
affected. Most forms of chemical attack are therefore concrete problems before they are
corrosion problems. Carbon dioxide and the chloride ion are unusual as they penetrate the

concrete without significantly damaging it.

The factors affecting corrosion of steel in concrete may be classified into two major categories:

external factors and internal factors.

External factors affecting corrosion of steel in concrete - they include mostly environmental

parameters, such as:

« Availability of oxygen and moisture at reinforcement level: presence of moisture and oxygen
supports the corrosion. Moisture fulfills the electrolytic requirement of the corrosion cell, and
moisture and oxygen together help in the formation of more OH" thereby producing more rust
component, i.e., Fe(OH),. Oxygen also affects the progress of cathodic reactions. In the
absence of oxygen, even in a situation of depassivation, corrosion will not progress due to

cathodic polarization.

In structures which are submerged or exposed to long-term or cyclic water application that

causes water saturation of the concrete for periods of several weeks, the availability of oxygen
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is the only limiting factor for the corrosion rate of the reinforcement when the concrete
surrounding the steel is water saturated and most of the oxygen within the concrete near the
reinforcement surface has been consumed by the cathodic reaction of the corrosion process.
Therefore, in the case of common outdoor structures being exposed to rain and not submerged
or constantly water saturated due to other reasons, no reduction of the corrosion rate induced

by limited oxygen diffusion is to be expected (Raupach 1996).

« Relative humidity: The moisture condition is one of the parameters that governs the
hardening of concrete, especially close to the surface, and consequently governs the
permeability to gases, water and ions. Moisture variations cause shrinkage and shrinkage
cracking. Moisture plays a significant role in chemical reactions in concrete and in physical

and chemical processes in various deterioration phenomena.

The initiation time for reinforcement corrosion is highly influenced by the moisture content
since high moisture delays the intrusion of carbon dioxide (diffusion of carbon dioxide is far
slower than in the gas phase), however a certain moisture content is necessary for carbon
dioxide to react with the portlandite (Ca(OH),). Chlorides need moisture to penetrate the
concrete. In the splash zone of a marine structure moisture plays a more active role when salts
penetrate due to convection, moving with the water and depositing where and when the
moisture evaporates. When the corrosion starts the rate of corrosion is influenced by moisture
to a great extent. In dry conditions (electrolytic resistance of the concrete) or very wet
conditions (O, diffusion becomes the controlling factor) the rate is slow but intermediate
moisture conditions give an electrolyte and permits the intrusion of oxygen to the corrosion
process. Therefore, knowledge of the amount of pores described by the porosity, the pore size
distribution and the water saturation degree of the pores are vital parameters to understand the

electrochemical processes in concrete.

» Temperature: Temperature has a large influence on the corrosion process of steel in concrete,
especially, on the corrosion potential, the corrosion rate, concrete resistivity and transport

processes in concrete.

A rise in temperature may result in a two fold effect: the electrode reaction rates are generally
increased, and the oxygen solubility is increased resulting in a increase in the rate of corrosion
(Mazer 1965). If the situation is conducive for corrosion to take place, the corrosion rate is

increased by high temperature and high humidity (Uhlig 1983).
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« Carbonation and penetration of acidic gaseous pollutants to the reinforcement level:

Carbonation is the result of the interaction of carbon dioxide gas in the atmosphere with the
alkaline hydroxides in the concrete. Like many other gases carbon dioxide dissolves in water
to form an acid. Unlike most other acids the carbonic acid does not attack the cement paste,

but just neutralizes the alkalis in the pore water, mainly forming calcium carbonate that lines

the pores:
CO; + H,O - H,CO; (2.12)
H,CO; + Ca(OH), —» CaCO; + 2H,0 (2.13)

There is a lot more calcium hydroxide in the concrete pores than can be dissolved in the pore
water. This helps to maintain the pH at its usual level of around 13 as the carbonation reaction
occurs. However, eventually as the locally available calcium hydroxide reacts, precipitating
the calcium carbonate and allowing the pH to fall to a level which may cause initiation of
reinforcement corrosion, loss of passivity of concrete against reinforcement corrosion, and

reinforcement corrosion (Berkeley 1990), as indicated in Table 2.1.

Table 2.1 — State of reinforcement corrosion at various pH levels (Berkeley

1990)

pH of Concrete State of reinforcement corrosion

Below 9.5 Commencement of steel corrosion

At 8.0 Passive film on the steel surface disappears
Below 7 Catastrophic corrosion occurs

Carbonation damage occurs most rapidly when there is little concrete cover over the reinforcing
steel. Carbonation can occur even when the concrete cover depth to the reinforcing steel is
high. This may be due to a very open pore structure where pores are well connected together
and allow rapid CO, ingress. It may also happen when alkaline reserves in the pores are low.
These problems occur when there is a low cement content, high water cement ratio and poor

curing of the concrete.

The carbonation rate reaches a maximum at a RH value range of 50 to 70%, while above and below
this range, the rate is significantly slowed down. Corrosion may commence once a critical RH of
about 50% has been reached and gradually increase up to a RH around 100%, at which point, it

decreases due to lack of oxygen.

* Aggressive anions reaching the reinforcement level:

The corrosion of the reinforcement due to chloride ions from deicing salts or seawater is the
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main cause of damage and early failure of reinforced concrete structures. A high chloride
concentration in the concrete cover results in depassivation. The depassivation mechanism for
chloride attack is somewhat different. The chloride ion attacks the passive layer but, unlike
carbonation, there is no overall drop in pH. Chlorides act as catalysts to corrosion when there
is sufficient concentration at the reinforcement surface to break down the passive layer. They
are not consumed in the process but help to break down the passive layer of oxide on the steel
and allow the corrosion process to proceed quickly. Obviously a few chloride ions in the pore
water will not break down the passive layer, especially if it is effectively re-establishing itself

when damaged.

Severe corrosion attack usually occurs when alternating drying/wetting cycles take place,
typically in the splash zone of a structure. It is generally recognized that only the ‘free
chloride” ions influence the corrosion process (Arya 1987). It is reported (Hope 1987) that the
resistivity decreases and corrosion rate increases with an increase in the chloride content.
However, the change in pH is found to be insignificant due to a change in the chloride content
of concrete (Hope 1987). The risk of reinforcement corrosion associated with the levels of
chloride content in both uncarbonated and carbonated concrete is presented in Table 2 (Pullar-
Strecker 1987).

Table 2.2 - Corrosion risk in concrete containing chlorides (Pullar-Strecker 1987)

Total chloride Condition of concrete adjacent to N
- Corrosion risk
(wt.% of cement) reinforcement
Carbonated High
Uncarbonated, made with
cement containing less than Moderate

Less than 0.4% 8% C.A

Uncarbonated, made with

cement containing 8% or Low
more C;A

0.4%-1.0% Carbonated High
Uncarbonated, made with
cement containing less than High
8% CzA

More than 1.0% Uncarbonated, made with
cement containing 8% or High
more C;A
All cases (carbonated) High

Chloride penetration into concrete determines the time to depassivation initiation of localised
corrosion and is thus one of the most decisive processes for durability and service life of
reinforced concrete structures. Water and chlorides are transported rapidly into concrete by

capillary suction. Besides the dominating influence of concrete porosity and pore size
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distribution the rate and amount of chloride ingress are related to the humidity gradients
present in the concrete matrix as well as to the chemical properties of the hardened cement.
Usage of cements with high C3A (3CaO-Al,053) content is considered to be conducive to good
resistance to corrosion because of its ability to bind chlorides chemically by forming calcium
chloro-aluminate, 3Ca0-Al,05-CaCl,-10H,0, sometimes referred to as Friedel's salt. However,
sulphate attack from seawater results in a decomposition of calcium chloro-aluminate, thus
setting chlorides free by formation of calcium sulpho-aluminate (Neville 1995). Chlorides

become therefore again available for the corrosion process.

Carbonation of hardened cement paste in which bound chlorides are present has a similar
effect on setting free the bound chlorides and thus increasing the risk of corrosion. It has been
found that the presence of even a small amount of chloride ions in carbonated concrete
enhances the rate of corrosion induced by low alkalinity of carbonated concrete (Glass et al
1991). Whereas active corrosion of the reinforcing steel bars can be detected in the laboratory
and onsite by non-destructive electrochemical techniques as potential measurements, no such
possibility exists for the detection and quantification of chloride ions in concrete. Only

qualitative information on chloride distribution can be obtained from potential mapping.

« Stray currents: Stray currents from the various sources, e.g., building power supply systems,
cathodic protection systems, locomotive power supply systems, etc. cause electrolytic
corrosion (Uhlig 1971).

* Bacterial action: Bacterial action is found to be effective in three ways:
* The bacteria decrease the amount of cover by disintegration of the cementitious materials
(ASTM STP818 1983);
« The anaerobic bacteria produce iron sulfides in the oxygen deficit condition, such as
concrete sewers, which enables the corrosion reaction to proceed even in the absence of
oxygen (Berkeley 1990), and
* aerobic bacteria may also aid in the formation of differential aeration cells, which can

lead to corrosion.

Internal factors affecting reinforcement corrosion - they include concrete and steel quality

parameters, as discussed below:

« Cement composition: The cement in the concrete provides protection to the reinforcing steel
against corrosion by maintaining a high pH in the order of 12.5-13 owing to the presence of

Ca(OH), and other alkaline materials in the hydration product of cement, and by binding a
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significant amount of total chlorides as a result of chemical reaction between C;A and C,AF
content of cement in concrete. Thus the threshold chloride value shifts to higher side with an
increase in the C;A content of cement (Rasheeduzzafar 1992). The use of blended cement,
such as microsilica-blended high-C3;A cement, is found to be concomitantly resistant to sulfate

attack and chloride corrosion of reinforcement (Rasheeduzzafar et al 1990).

» Impurities in aggregates: Aggregates containing chloride salts cause serious corrosion
problems, particularly those associated with sea-water and those whose natural sites are in

ground water containing high concentration of chloride ions (ACI C201 1991).

« Impurities in mixing and curing water: Mixing and curing water, either contaminated with
sufficient quantity of chloride or being highly acidified due to any undesirable substance
present in water, may prove to be detrimental as far as corrosion of reinforcement is

concerned.

* Admixtures: Addition of calcium chloride in concrete, as a common admixture for
accelerating the hydration of cement is perhaps the most significant reason for the presence of
chloride in reinforced concrete structures exposed to normal weather conditions. Some water

reducing admixtures also contain chlorides (ACI C201 1991).

» w/c ratio: Low wi/c ratio decreases the concrete permeability, which in turn reduces the
chloride penetration, carbonation penetration, and oxygen diffusion in concrete. However, a
low w/c ratio does not by itself assure concrete of low permeability. For example, 'no fines'
concrete can have a low w/c ratio and yet be highly permeable. Thus, in addition to the low
wi/c ratio, the concrete must be properly proportioned and well consolidated to produce a

concrete of low permeability.

When reinforced concrete structures are immersed in some aggressive solution, it is the
permeability of concrete, which is a function of w/c ratio, affects the corrosion of rebar. The
depth of penetration of a particular chloride threshold value increases with an increase in the
wic ratio (Jaegermann 1990). Carbonation depth has been found to be linearly increasing with
an increase in the wi/c ratio (Ho et al 1987). The oxygen diffusion coefficient is also found to

be increasing with an increase in the w/c ratio (Kobayashi 1991).

Goto and Roy (1981) have found a 100-fold increase in the permeability of hardened cement
paste when the w/c ratio was increased from 0.35 to 0.45. Ferreira (2000) found a 50-fold

increase in the permeability of hardened cement paste when the w/c ratio was increased from
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0.40 to 0.65. Al-Saadoun (1992) has observed that the time to initiation of reinforcement
corrosion in a sample with wi/c ratio of 0.4 is 2.15 to 1.77 times more than that in a sample
with a w/c ratio of 0.55, under the accelerated corrosion testing. Al-Amoudi (1985) has
reported that permeability is significantly reduced for a wi/c ratio below 0.45. From these
observations it is to be noted that the w/c ratio should be less than 0.45 and preferably around
0.40 to obtain good durability of concrete. Suitable dosage of admixtures may be added to

obtain the desired workability at low w/c ratio.

» Cement content: The cement content in concrete does not only affects the strength but it also
has a significant effect on durability. Due to reduced amount of cement in mix the concrete is
not consolidated properly leading to the formation of honeycombs and other surface defects.
These honeycombs and surface defects help in the penetration and diffusion of corrosion
causing agents, such as CI', H,O, O,, CO,, etc., in concrete. This results in the initiation of
reinforcement corrosion due to the formation of differential cells. Furthermore, concrete with
low cement content has a lack of plastic consistency due to which it does not form a uniform
passive layer on the surface of the steel bars. Therefore, it is important to maintain minimum

cement content from the durability point of view.

 Aggregate size and grading: Since the size of aggregates has a bearing upon the consistency
of concrete, it may have an effect upon reinforcement corrosion. Aggregate grading is another
factor, which should be considered for high quality impermeable concrete. It has been
observed that for a given wi/c ratio, the coefficient of permeability of concrete increases
considerably with increasing size of aggregates (Verbeck 1968). Keeping this in view, Cordon
and Gillespie (1963) have recommended maximum size of aggregate as: 25-50 mm for 35
MPa concrete, 18.5 mm for 40 MPa concrete and 9 to 12.5 mm for concrete with a

compressive strength of more than 40 MPa.

The proportioning of coarse and fine aggregates is important for the production of a workable
and durable concrete. The aggregate proportioning for this purpose consists of fixing the
optimum volume fraction of sand in the total aggregate content. Studies conducted by
Maslehuddin (1981) reveal that both 'too much' and 'too less' sand reduces the workability of
concrete. The optimum proportioning for a maximum workability has been reported to be
corresponding to a specific surface area of the combined aggregates in the range of 70-75
cm?cm?® for concrete with a cement content in the range of 300-390 kg/m*® (Maslehuddin
1981). This enhanced workability on account of an optimum aggregate grading allows a re-

duction in the wi/c ratio resulting in increased strength and durability of concrete.



22 Chapter 2 — Durability of reinforced concrete structures

« Construction practices: Serious corrosion problems may occur if enough care, such as listed
below, is not taken at the construction stage (Rasheeduzzafar 1989): (i) aggregate washing for
deleterious materials, if any; (ii) control of chloride in almost all ingredients of concrete, i.e.,
water, cement, aggregate, and admixtures; (iii) strict enforcement of designed and
recommended levels of wi/c ratio, cement content, cover thickness, etc.; (iv) proper

consolidation of freshly placed concrete; and (v) proper curing of concrete.

« Cover over reinforcing steel: Cover depth has a significant effect in case of corrosion due to
penetration of either chloride or carbonation (Beeby 1978). This effect of cover is limited
within the time of casting to the time at which the reinforcement is depassivated and corrosion
is initiated. The rate of corrosion, once it has started, is independent, among other things, on

the cover thickness as well (Schiessel 1975).

Risk of reinforcement corrosion with low cover thicknesses, has been reported by various
researchers (Rasheeduzzafar et al 1985, Dakhil et al 1975, Tyler 1960). Rasheeduzzafar et al.
(1986), based on their field and laboratory studies, have recommended the safe cover
thicknesses for reinforced concrete structures exposed to the various aggressive environments
of the Arabian Gulf. Codes of practices on design of reinforced concrete structures also specify
cover thicknesses for various types of exposures. Cover thickness is one of the factors, which

affects the cracking and spalling of the concrete due to the reinforcement corrosion.

» Chemical composition and structure of the reinforcing steel: The differences in the chemical
composition and structure of reinforcing steel and presence of stress in the reinforcement,
either static or cyclic, create different potentials at different locations on the
surface of reinforcement, causing the formation of differential corrosion cells, which leads to

its corrosion (Mozer 1965).

» pH of the concrete porewater: In reinforced concrete structures steel is protected against
corrosion by the high alkalinity of the concrete porewater resulting in a passive film on steel.
Concrete, with its continuous pore system and tendency to form surface cracks, is far away
from being a perfect barrier. The real importance of the concrete cover is related mainly to its
ability to preserve the conditions of high pH needed to maintain the reinforcement in a passive
condition by preventing the rate of ingress of "acidic substances" from the external
environment causing a lowering in pH. Generally those are atmospheric carbon dioxide and, in
polluted locations, other gases such as sulphur dioxide. CO,, reacts with the alkaline
constituents of the cement paste to form a carbonated zone, which gradually penetrates into

exposed concrete, reducing the pH of the affected region to a value where corrosion will occur.
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This carbonation of concrete is characterised by a pH shift of about 4 units to lower values.
Carbonation monitoring is therefore possible by pH measurements. As the carbonation front is
generally well defined, requirements on the accuracy of pH sensors are not necessarily high,

but are required for long term performance.

In combination with chloride measurements the ratio of [CIJ/[OHT] describing the real
corrosiveness of the concrete pore solution could be assessed. The so-called critical chloride

concentrations do not usually consider the role of pH.

2.2.2.3 Effect of reinforcement corrosion on structural behaviour (Corrosion Damage)

In most industries corrosion is a concern because of wastage of metal leading to structural
damage such as a collapse, perforation of containers and pipes, etc. Most problems with
corrosion of steel in concrete are not only due to loss of steel but also the growth of the oxide.

This leads to cracking and spalling of the concrete cover.

The important factors in corrosion of steel in concrete compared with most other corrosion
problems are the volume of oxide and where it is formed. A dense oxide formed at high
temperatures (such as in a power station boiler) usually has twice the volume of the steel
consumed. In most aqueous environments the excess volume of oxide is transported away and
deposits on open surfaces within the structure. For steel in concrete two factors predominate.
The main problem is that the pore water is static and there is no transport mechanism to move
the oxide away from the steel surface. This means that all the oxide is deposited at the
metal/oxide interface. The second problem is that the oxide is not dense. It is very porous and
takes up a very large volume up to ten times that of the steel consumed (Neville 1995). Other
authors suggest values between 2-7 times (Neville 1995). These depend on the composition of
the concrete and the environmental conditions. The thermodynamics of corrosion, coupled
with the low tensile strength of concrete, means that the formation of oxide breaks up the
concrete. It has been suggested that less than 100 pum of steel section loss are needed to start
cracking and spalling the concrete. The actual amount needed will depend upon the geometry
in terms of cover, proximity to corners; reinforcement spacing, bar diameter, rate of

corrosion, and the deformability and tensile strength of concrete.

The corrosion of reinforcing steel has the following major detrimental effects on the durability
of reinforced concrete structures. The voluminous corrosion product formed during corrosion of
the steel exerts a tensile stress on the concrete cover. As the corrosion product grows, the tensile
stresses increase until they become high enough to crack the concrete cover. The effects of

corrosion are usually threefold: (1) cracking of the concrete along the line of the reinforcement,
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(2) rust staining of the concrete surface, and (3) spalling of the concrete away from the rebar,

leaving it exposed to the environment and to further corrosion.

Due to the loss of cover concrete there may be significant reduction in the load bearing
capacity of the structure and the bond between concrete and steel. The reinforcement may be
more accessible to the aggressive agents leading towards further corrosion at an accelerated
rate, and secondly, corrosion reduces the cross-sections of the steel and thereby the load
carrying capacity of the structure. Pitting (i.e. localized) corrosion of the reinforcement is more
dangerous than uniform corrosion because it progressively reduces the cross-sectional area of
reinforcement to a point where the reinforcement can no longer withstand the applied load

leading to failure of the structure.

A visual survey of a corroding structure provides valuable information as to, whether the
corrosion of reinforcement is really a cause of distress or there is some other cause of distress.
This survey consists of a careful investigation of the structure for any sign of distress, such as
cracking, spalling, and rust staining. If visual inspection of the structure suggests that the cause
of distress is the corrosion of reinforcement only, the next step is to make a careful
examination of the structure and carry out detailed tests which will positively identify the
cause and extent of the distress, and allow prediction to be made about the remaining service

life of the structure.

2.2.2.4 Experience
The corrosion rate is dependent on if the reinforcement corrosion has been initiated by chloride
ingress or carbonation. In extreme cases the corrosion rate can be up to 5 mm/year for corrosion
initiated by chloride ingress and 0.05 mm/year for carbonation-initiated corrosion. There are
several methods available to prevent corrosion and reduce the corrosion rate. The general
principles of the methods are to make the concrete less permeable and protect the steel.
Examples of methods are, Taylor (1997):
« Cathodic protection of the reinforcement. A voltage is applied between the reinforcement
and a conducting paint applied to the outer surface of the concrete.
« Sacrificial anodes. An electropositive metal or alloy, e.g. zinc, is embedded in the concrete
and connected electrically to the reinforcement.
« Corrosion inhibitors. A chemical compound, e.g. Ca(NO,),, is used in the concrete mix to
stabilize and/or alter the oxide film on the steel. A division is made in three groups,
depending on their primarily action, Sharobim (1990): (1) Anodic, (2) Cathodic (3) mixed.
« Coating of the steel or concrete surfaces. The surface of the steel is coated, with e.g.

epoxy, to prevent corrosion to initiate. The surface of the concrete is painted to decrease the
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permeability of the concrete cover and also influence the moisture conditions in the concrete
in a positive way.

« Alternative reinforcements (stainless steel, galvanized, epoxy coated, etc.)

These methods should be used with care since the result is, to large extent, dependent on the
way they are applied. If, for example, cathodic protection and/or sacrificial anodes are used, it is
important that the reinforcement bars have electrical contact with one another, otherwise the
protective effect will be partly lost. If the reinforcement is coated with e.g. epoxy, a crack in the
coating may destroy its protective function, and even make the problem worse due to pitting

effects.

In many countries, deicing salt has created serious problems due to corrosion in concrete
bridges and parking garages. Only in the US, it was estimated in 1986 that the cost of correcting
all the corroding bridges was $ 24 billion, with an annual increase of $ 500 million (Gjgrv
2002).

Marine environments may represent even more severe conditions (Gjgrv 1996). Recent
extensive field investigations in Norway have shown that more than 50% of all the larger
concrete bridges along the Norwegian coastline either had a varying extent of steel corrosion or
had been repaired due to steel corrosion (Gjgrv 2002). Most of these bridges were built during
the last 25 years, of which one was so heavily corroded that it had to be demolished already

after a service period of 25 years (Gjgrv 2002).

11.9 m above sea level

0.08 % 0.32%
::> 0.06 % 0.61 %
Wind
0.08 % 0.64 %
0.37 % 0.42 % 0.42 %

Figure 2.4 - Typical distribution of surface chloride distribution on a bridge in marine environment (Fluge 1997).

For all the corroding bridges along the Norwegian coastline, large amounts of chlorides had
penetrated the concrete. A typical pattern for the chloride penetration was that those parts of the

bridges that were the most exposed to prevailing winds and salt spray had the least chloride
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penetration compared to that of the more protected parts (see Figure 2.4). This is due to the rain
intermittently washing off the salt from the most exposed surfaces, while on the more protected
surfaces, the salt accumulates. Another pattern observed was that older bridges built before
approximately 1970 performed better than bridges built later on. This happens generally as a
result of lack on knowledge which resulted in use of large quantities of cement (for example) to
compensate. With the developments of technologies and cements etc., more confidence has
resulted in lower cement contents in order to obtain the same strengths. Also in a number of
other countries, extensive investigations have revealed serious problems due to steel corrosion

in concrete bridges exposed to marine environment (Nilsson 1991, Stoltzner et al 1994, Beslac

et al 1997, Wood et al 1997).

From 1962 to 1968, a comprehensive investigation on the durability and long-term performance
of 219 concrete harbour structures along the Norwegian coastline was carried out (Gjgrv 1968).
Almost all of these structures had steel corrosion to a varying extent or had been repaired due to
steel corrosion, and the first visible corrosion damage typically appeared after a service period
of 5 to 10 years. Extensive repairs had also been carried out, but new corrosion damage

typically appeared within a period of less than 10 years.
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Figure 2.5 - Penetration of chlorides into a concrete harbour structure (1990) after
4.5 years of exposure (Lahus 1999).

During the last 25 to 30 years, both design and execution of concrete work for harbour
structures and bridges have improved. However, new and recent field investigations in
Norwegian harbours have revealed that a rapid and uncontrolled chloride penetration still
represents a serious problem, and the steel corrosion may still occur after a service period of 5 to
10 years (Figures 2.5 and 2.6). For most of these structures, the conventional durability

requirements according to current concrete codes both with respect to concrete quality and
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Fig. 2.6 - Penetration of chlorides into a concrete harbour structure (1993) after

8 years of exposure (NTNU 1999).

For construction work in marine environment, recent experience has also shown that a high

chloride penetration may take place already during the construction period before the concrete

has reached sufficient maturity and density (see Figure 2.7). At early age, most types of concrete

are very sensitive to chloride penetration, and this may represent a special problem when the

construction work is carried out during rough weather conditions.
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Figure 2. 7 - Penetration of chlorides into a concrete harbour structure (2001) during construction (NTNU 1999).

Also for the high-performance concrete applied to offshore platforms in the North Sea, it

appears that chlorides penetrate the concrete, only at a slower rate. Figures 2.8 and 2.9 show the
chloride penetration into the Statfjord A Platform (1977) and the Ekofisk Tank (1973) after 8
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and 17 years at exposure, respectively, while Fiures 2.7 and 2.8 show the chloride penetration
into the Brent B Platform (1975) and Brent C Platform (1976), both after 20 years of exposure.
For the Oseberg A Platform (1988), where the obtained concrete thickness was partly less than
prescribed, corrosion damage has already occurred and very expensive repairs are under

evaluation (Gjgrv 2002).

0.6

7 m Above sea level
— Free exposed concrete
(examined 1985)

0.44

Concrete coated by epoxy (3 cm)

Cl % (g/100g concrete)

0.24 7 - 10 m aboce sea level
4 Chiloride threshold value
No corrosion
0.0 " ; : .
0 10 20 30 40 50

Depth (mm)
Figure 2.8 - Chloride penetration into the Statfjord A Platform (1977) after 8 years of exposure (Sandvik 1993).
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Figure 2.9 - Chloride penetration into the Ekofisk Tank (1973) after 17 years of exposure (Sandvik 1994).

From Figure 2.8 it should be noted that a protection by a solid epoxy coating on the concrete
surface in the splash zone had very efficiently prevented the chlorides from penetrating the
concrete. For the Heidrun Platform (1995), however, Figure 2.12 demonstrates that the poorer
surface coating applied here had not been able to prevent chloride penetration after 2 years of

exposure.
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Figure 2.10 - Chloride penetration into the Brent B Platform (1975) after 20 years of exposure,
14.4 m above sea level (NTNU 1999).
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Figure 2.11 - Chloride penetration into the Brent C Platform (1976) after 20 years of exposure,
11 to 18 m below sea level (NTNU 1999).
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Figure 2.12 - Effect of concrete coating on the chloride penetration into the
Heidrun Platform (1995) after 2 years of exposure (NTNU 1999).
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2.2.3 Carbonation
Carbonation is a process where CO, present in the atmosphere reacts in the presence of
moisture with the hydrated cement minerals. CO, mainly reacts with Ca(OH), to form
calcium carbonate, while other cement compounds are carbonated to hemi-
carboaluminate (4CaO-Al,05-%2C0O,-8H,0).

Ca(OH); + CO, - CaCO; + H,0 (2.14)

Calcium hydroxide + carbon dioxide — calcite + water

The reaction may occur in three phases. In the first phase, CO, diffuses inwards. In the
second phase, CO, reacts with H,O molecules, and in the third phase, the resultant carbonic
acids react with the alkaline components of the concrete. Carbonation penetrates beyond the
exposed surface of concrete very slowly as moisture released by the above reaction diffuses
out to preserve hygral equilibrium between the atmosphere and the interior of the concrete.
The rate of carbonation is defined by the formula:
c =kt (2.15)

where

c - depth of carbonation;

k - constant;

t - time.

The rate at which carbonation develops is dependent on the moisture content of the
structure and relative humidity in the vicinity of the concrete structure. Carbonation is also
greatly influenced by the CO, concentration in the air, type of cement, and w/c ratio of the

concrete mix. Humidity must be combined with CO,, for carbonation to progress.
Consequently, relative air humidity will determine the rate of carbonation. Rapid penetration

occurs at a relative humidity ranging between 40 to 75%. While it is less at lower and at very high

humidities as shown in the following (Henderson 1988).

Table 2.3 — Rates of carbonation function of RH.

Relative air humidity (%) Rate of carbonation
Below 30 low
401to 70 high
Above 75 low

Actual field concrete measurements taken in a variety of concretes in different exposure conditions
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have shown that, given favourable conditions, concrete may have only carbonated a few
millimetres after 30 years. Whereas under adverse conditions, it may have advanced by more than
20 mm in less than 10 years (Henderson 1988, Curie 1987).

Carbonation of Portland cement concrete results in increased strength and reduced permeability
of the skin because CaCO; reduces the voids within the concrete. The calcite layer formed on the
surface may therefore protect the concrete from further attack. By contrast, carbonation
neutralizes the protection of steel from corrosion provided by the alkaline conditions of hydrated
cement paste. The reaction progressively lowers the saturation level of the alkaline solution which
initially has a pH value between 12 and 13. When the pH of the pore water decreases below 9, the
alkalinity is no longer capable of maintaining the passive oxide film and subsequent access of the
electrolyte causes electrochemical processes in the steel to begin. Concrete which has a pH value

below 9 is usually categorized as carbonated concrete.

Carbonation of highly permeable concrete may produce further leaching due to the action of the
bicarbonate ion on any free lime still present in the concrete, and similarly, carbonation of the
chloroaluminate reaction product may release chloride ions previously removed from pore fluid
solution by reaction of the calcium aluminate hydrate with sodium chloride. Therefore, although
chloride may be removed from solution by the calcium aluminate hydrate, it may subsequently be
released if carbonation of this phase occurs. This process exacerbates reinforcement corrosion in

heavily carbonated concrete.

A significant side effect of carbonation is the attendant shrinkage that occurs. When concrete is
subjected to wetting and drying cycles in air, shrinkage due to carbonation becomes progressively
worse and irreversible, and this ultimately leads to surface crazing and cracking of exposed

concrete.

2.2.3.1 Experience with carbonation

Carbonation can be prevented or greatly reduced by producing concrete with a denser
microstructure. This can be achieved by producing a quality concrete consisting of the right blend
of cementitious materials, at the lowest workable w/c ratio. For example a silica fume concrete
produces such an effect by a unique double action, (1) by blocking the concrete capillaries, and (2)
by converting the by-product calcium hydroxide into additional calcium silicate hydrates. This

densification of the concrete results in a dramatic reduction in CO, diffusion (TWRL 1980).

A report published by the Building Research Establishment, U.K. (Curie 1987) states that a concrete

should have the potential to achieve 65 MPa to render it safe from carbonation attack. One method
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of attaining this strength is the use of both silica fume and a superplasticizer in the concrete mix.

2.2.4 Freeze-thaw damage

Although the freeze-thaw resistance of concrete has been the subject for extensive research
throughout a major part of the last century, this type of deterioration still represents a durability
problem in many countries. This is primarily due to the widespread use of deicing salt on

concrete pavements and highway bridges (Gjerv 2002).

While pure water in the open freezes at 0°C, in concrete the 'water' is really a solution of various
salts so that its freezing point is lower. Moreover, the temperature at which water freezes is
lower the smaller the size of the pores full of water. Specifically, the gel pores are too small to
permit the formation of ice, and the greater part of freezing takes place in the capillary pores. It
is noted that larger voids, arising from incomplete compaction, are usually air-filled and are not
appreciably subjected to the initial action of frost. Therefore, frost attack in concrete structures
can be divided into two different types of attacks depending on the mechanism:

« Freezing with fresh water - pure frost attack. The attack causes normally internal

damages, while the surfaces are undamaged, i.e. deterioration of the physical

properties of the bulk concrete. The damages can be avoided if air is entrained in the

concrete and a waterproof concrete is used.

* Freezing with salt water or water that is polluted - salt-frost attack. The attack causes

external damages, i.e. scaling of the surface. The damage can be avoided if air is

entrained and the wic is kept low.

When water freezes there is an increase in volume of approximately 9 %. As the temperature
of concrete drops, freezing occurs gradually so that the still unfrozen water in the capillary
pores is subjected to hydraulic pressure by the expanding volume of ice. Such pressure, if not
relieved, can result in internal tensile stresses of sufficient magnitude to cause local failure of
the concrete. This would occur, for example, in porous, saturated concrete containing no
empty voids into which the liquid water can move. On subsequent thawing, the expansion
caused by ice is maintained so that there is now new space for additional water which
may be subsequently imbibed. On re-freezing further expansion occurs. Thus repeated cycles
of freezing and thawing have a cumulative effect, and it is the repeated freezing and thawing,
rather than a single occurrence of frost, which causes damage. However, the presence of
adjacent air voids and empty capillaries allows a relief of hydraulic pressure (caused by the
formation of ice) by the flow of water into these spaces; this is the basis of deliberate air

entrainment.
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There are two other processes which are thought to contribute to the increase of hydraulic
pressure of the unfrozen water in the capillaries. Firstly, since there is a thermodynamic imbalance
between the gel water and the ice, diffusion of gel water into capillaries leads to a growth in the ice
body and thus to an increase of hydraulic pressure. Secondly, the hydraulic pressure is increased
by the pressure of osmosis brought about by local increases in solute concentration due to the

removal of frozen (pure) water from the original solution.

The extent of damage caused by repeated cycles of freezing and thawing varies from surface
scaling to complete disintegration as layers of ice are formed, starting at the exposed surface
of the concrete and progressing through its depth. Concrete which remains wet for long
periods is more vulnerable to frost than any other concrete. Salts used in deicing make
concrete vulnerable because, as they become absorbed by the top surface of the concrete,
the resulting high osmotic pressures force the water towards the coldest zone where freezing

takes place.

The main factors in determining the resistance of concrete to freezing and thawing are
the degree of saturation and the pore structure of the cement paste; other factors are the
strength, elasticity and creep of concrete. Below some critical value of saturation (80 to 90
per cent), concrete is highly resistant to frost, while dry concrete is, of course, totally

unaffected.

The risk for frost damage in a concrete can be determined from the critical air content, which

follows from the properties of the air-pore system and if the freezing occurs with fresh water or

in the presence of salt. However, usually the risk for frost damage is determined from the degree

of saturation, Scap, see (2.16), Lindmark (1998).
Ve _
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SCAP =

(2.16)

where:
Vi - the volume of water available in the pore system of the concrete, m?;
Vrore - the total pore volume in the concrete, me;

a - the volume of the air contained in the pore system, m:

It is possible to determine a critical degree of saturation, Scg, with knowledge of the critical air

content, Acr, and the total porosity in the concrete, including air pores, P

Ser = P~ Ae =1- A;‘;R where P = Viora (2.17)

P PORE
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To assess the risk of frost damage the critical degree of saturation is compared with the degree
of saturation in the concrete. If Scap> Scr there is large risk of extensive frost damage even after
few freeze/thaw-cycles and if Scap < Scr the risk of frost damage is low even after a large

number of freeze/thaw-cycles.

The risk of frost damage in concrete is influenced by the following factors:

Air content. The risk of frost damage of a concrete can be determined by studying the air-pore
system of the concrete. It is possible to theoretically determine critical air content, with
knowledge about the amount of cement paste, the diameter of the air pores and the critical
spacing factor. The critical spacing factor is the maximum distance for water transport between
the air-filled pores. For pure frost attack the critical air content has been found to be some 2-3 %
and with salt-frost the critical air content has been found to be over 4.5 %. The natural air
content in a concrete is some 2 %. To increase the air content in the concrete Air Entraining
Agents are used. The effect of the AEA depends on the properties of the concrete, the mixing

procedure and transports.

Degree of capillary saturation. An alternative way to determine the risk for frost damage in a
concrete is to study the degree of capillary saturation, Scap. The degree of capillary saturation is
then compared with a critical degree of capillary saturation, Scg, to assess the risk for frost
damage to occur. When Scap > Scr the risk of frost damage becomes substantial while if Scap <

Scr the concrete is resistant against frost action.

Environmental actions. The formation of ice within the concrete is influenced by the
temperature conditions, where the minimum temperature and the number of passages of 0°C are
the most important factors. The cooling rate seems to have a minor influence on the occurrence
of frost damage. Furthermore the moisture conditions, both inside and outside the concrete,

have an influence on the frost damage.

Presence of salt. In the presence of salt, from seawater or deicing salt, the damages due to frost
has shown to increase. Principally freezing with salt present reduces the critical spacing factor
and thus the critical degree of saturation is decreased. The worst damages occurred when the

concentration of NaCl was 2-4 %.

Concrete properties. Generally concretes with high permeability, i.e. high w/c, have shown low
resistance against frost damage. By decreasing the w/c, and thus the permeability, the resistance

against frost damage has been improved. Furthermore a concrete with low w/c contains less
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freezable water, due to self-desiccation effects.

The adequacy of resistance of a given concrete to frost attack can be determined by freezing and
thawing tests. Two methods are prescribed by ASTM C 666-92. In both of these, rapid freezing is
applied, but in one freezing and thawing take place in water, while in the other freezing takes
place in air and thawing in water. These conditions are meant to duplicate possible practical
conditions of exposure. BS 5075: Part 2:1982 also prescribes freezing in water. Frost damage is
assessed after a number of cycles of freezing and thawing by measuring the loss in mass of the
specimen, the increase in its length, decrease in strength or decrease in the dynamic modulus of
elasticity, the latter being the most common. With the ASTM methods, freezing and thawing
are continued for 300 cycles or until the dynamic modulus is reduced to 60 per cent of its
original value, whichever occurs first. The durability factor, Ds is then given by

Edn

EdO

D = (2.18)

w|>

where
n - number of cycles at the end of test,
Eqn - dynamic modulus at the end of test, and

Ed, - dynamic modulus at the start of test.

The value of Dy is of interest primarily in a comparison of different concretes, preferably
when only one variable (e.g. the aggregate) is changed. Generally, a value smaller than 40
means that the concrete is probably unsatisfactory, values between 40 and 60 are regarded

as doubtful, while values over 60 indicate that the concrete is probably satisfactory.

The test conditions of ASTM C 666-92 are more severe than those occurring in practice
since the prescribed heating and cooling cycle is between 4.4 and -17.8 °C (40 and 0 °F) at a
rate of cooling of up to 14 °C per hour (26 °F per hour). In most parts of the world, a rate of
3°C per hour (5°F per hour) is rarely exceeded. However, in another test method,
ASTMC 671-86 prescribes this slower rate of freezing with one cycle every two weeks. The
test continues until the specimen has undergone either the desired number of cycles or the
number of cycles after which the critical dilation has occurred. The critical dilation is

defined as a dilation which is at least twice that in the preceding cycle.

2.2.4.1 Experience with freeze-thaw
Although not many field studies on the freeze-thaw resistance of concrete structures have been

reported in the literature, a Swedish report of 1995 (Petersson 1995) which included field tests
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both in marine and highway environment, states that the highway environment was by far the
most aggressive to the concrete. For many concrete pavements and highway bridges, the deicing

salt may cause a rapid degradation of the concrete due to corrosion of the reinforcement.

A general problem both for specifying and assessing the frost resistance of concrete is the lack
of correlation between existing test methods and field performance. Also, the different existing

test methods appear to give very different and conflicting results.

Another problem is the production of a frost resistant concrete which has a good and stable air
void system during transportation and handling of the fresh concrete. Extensive investigations
of existing concrete structures with intentionally entrained air have revealed that no air was
present or was inadequate by current standards (Klieger 1980, Manning 1989, Gjgrv 1987).
Even for a normal-strength concrete without the use of any superplasticizer, the production of a
good and stable air void system may represent a problem, but in the presence of a
superplasticizer, however, this may be an even more severe problem (Okkenhaug et al 1992).
Therefore, much attention has been given in recent years to find out whether a frost resistant

high-performance concrete can be produced without any air entrainment.

Both Okada et al. (1981), Foy et al. (1988) and Gagne et al. (1990) have reported a good frost
resistance of non-air-entrained concrete with w/c ratios in the range of 0.25 to 0.35. Malhotra et
al. (1987) who also tested a number of concretes with different types of cement and w/c ratios
in the same range, concluded, however, that air entrainment was necessary for these concretes to

be frost resistant.

Also for salt scaling, there are some conflicting results in the literature. Petersson (1984)
reported that deterioration of high-strength concrete was small for the first 50 to 100 freeze—
thaw cycles, while in the following 10 to 20 cycles, a very rapid deterioration with total
destruction took place. However, both Foy et al. (1988), Gagne et al. (1990) and Hammer and
Sellevold (1990) have shown that it is possible to produce high-strength concrete without any
air entrainment which is resistant to salt scaling. These investigations included concretes with

wic ratios of up to 0.37 and testing of up to 150 freeze—thaw cycles.

2.2.5 Alkali-aggregate reactions

Although the first durability problems caused by alkali-aggregate reaction (AAR) were
observed on several Californian concrete structures and reported by Thomas Stanton already in
1940, it has taken a long time to recognize AAR being a general durability problem. Already in

1947 Mielenz et al. published a "black list” of alkali-reactive aggregates and minerals. This form
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of degradation occurs when alkalis released from the hydrating cement react with aggregate
containing reactive constituents. Gilliot (1975) suggested that AAR should be subdivided into the
following three groups of reaction: alkali-silica reactions with siliceous aggregates (some cherts,
opal, and siliceous limestones), alkali-carbonate reactions with carbonate aggregates (some
argillaceous dolomites) and alkali-silicate reactions (same as alkali-silica reaction except that the

reactive constituent in the aggregate is silica present in the form of phyllosilicates).

Later on, several international publications have shown that even more stable silicious rocks can
be alkali reactive, e.g. granite, quartzite, shist and sandstone. A list of reported alkali-reactive
aggregates were published by Coull (1981) and by Dolar-Mantuani (1983). Since 1974,
extensive international experience with AAR in concrete has been published in a large number

of international conferences.

The AAR is influenced by a number of factors, DuraCrete (1998a):

« Constituent materials: This involves the properties of binders (equivalent alkali content,
relative proportions of sodium and potassium and fineness), aggregates (reactivity,
proportions and grading of the fine and coarse fractions, presence of salt impurities, alkali
contributions from certain aggregates and porosity of coarse aggregates) and admixtures
(AEAs, plasticizers and superplasticizers).

* Mix proportions: This involves the binder content, water content, w/c and the
aggregate/binder ratio in the concrete.

» Exposure environment: This factor involves the availability of moisture and external
chlorides, the temperature and alkali concentration effects.

« Structural loading: This factor consists of the magnitude and the nature of the structural
loading.

« External and internal restraints: This factor is influence by the amount of reinforcement

and the structural configuration.

It has been found that the occurrence of AAR to a large extent is caused by a choice of not
suitable aggregates and advert moisture conditions. Procedures that aim to minimise the
expansion due to AAR are usually based on fault tree diagrams, where all combinations of the
following factors are analysed, DuraCrete (1998a):

« Experience with existing aggregates (types, proportions, combinations etc),

« Petrographic examination,

* Use of low alkali cements,

* Limitation of total alkali content and

* Accelerated mortar bar and concrete prism testing.
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2.2.5.1 Alkali-Silica Reaction

Certain siliceous minerals from the aggregates react with the alkalis (Na,O, K,0) in cement
forming a gel; an alkali-silica complex of variable composition. The clear alkali-silica complex
may react with calcium ions originating from calcium hydroxide or other cement hydrates to
form a white, opaque calcium silica or alkali-calcium-silica complex (Powers 1955). The
product of the alkali-silica reaction absorbs water and increases in volume, and in this process
changes from a hard solid to a softer gel and finally to a sol. As water is absorbed, the swelling
reaction product (which usually appears as a while rim around the reactive aggregate) exerts a
disruptive force on the surrounding cement paste and cracks it. As more water is absorbed, the
crack is propagated into the mortar and becomes wider. The forces produced by many such
swelling particles may interact and accentuate the propagation and widening of a crack (Vivian
1978). Cracking usually takes many years and is often preceded by pop outs and spalling on

the concrete surface.

For this reason, it is believed that it is the swelling of the hard aggregate particles that is
most harmful to concrete. The speed with which the reaction occurs is controlled by the
size of the siliceous particles: fine particles (20 to 30 um) lead to expansion within four to
eight weeks while larger ones do so only after some years. It is generally the very late
occurrence of damage due to the alkali-aggregate reaction, often after more than five years,

which is a source of worry and uncertainty.

Other factors influencing the progress of the alkali-aggregate reaction are the porosity of the
aggregate, the quantity of the alkalis in the cement, the availability of water in the paste and
the permeability of the cement paste. The reaction takes place mainly in the exterior of
the concrete under permanently wet conditions, or when there is alternating wetting and
drying, and at higher temperatures (in the range of 10 to 38 °C); consequently, avoidance
of these environments is recommended. Although it is known that certain types of
aggregate tend to be reactive, there is no simple way of determining whether a given

aggregate will cause excessive expansion due to reaction with the alkalis in cement.

2.2.5.2 Alkali-Carbonate Reaction

Carbonate reactivity involves carbonate rocks in a complex series of reactions the nature of
which depends on the local aggregate, cement, and microenvironment. As in the previous
reaction, the alkalis released from cement pastes or other sources react with carbonate
aggregates. The presence of clay minerals in the aggregate and the crystalline texture of the
rocks have been reported to influence the rate of these reactions (French 1974, Ewenson 1960).

A typical feature of these reactions is the development of reaction zones up to 2 mm wide
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around the aggregate particles (French 1974). Cracking develops extensively within these rims
both parallel to the interface and radial to it. The radial cracks gradually extend, linking together
through the paste. Development of the crack network coupled with the loss of adhesion

between the aggregate and paste will eventually cause a concrete to deteriorate.

Several distinct types of alkali-carbonate reactions are known but not all of them are
expansive. The most common reaction, however, involves the removal of magnesium from the
rim zone of dolomitic particles by the action of alkali to form calcium-alkali carbonates and
magnesium hydroxide. The volume change that accompanies de-dolominization is thought to
result from the increased porosity which promotes the entry of water and the subsequent

swelling of the clay incorporated in the aggregate (Ewenson 1960).

2.2.5.3 Experience with alkali-aggregate reactions

In many countries, maintenance costs due to AAR make up a large proportion of the total
maintenance costs of concrete structures. Thus, in Western Europe it is estimated that the
damage due to AAR makes up approximately 10% of the total maintenance costs of all concrete
structures, which annually amounts to about 5 billion € (Cost 521 1997). It is difficult to
estimate the costs of the reduced service life of all these concrete structures, but it is probably

significantly higher than that of the maintenance costs.

For concrete structures suffering from AAR, the first sign of cracking and deterioration may
take a long time. For the more fast reacting types of aggregates such as porous flint, it may only
take 2 to 5 years, but for the more slow reacting types of aggregate such as sandstone, it may
take as much as 10 to 20 years. The rate of deterioration is determined both by type of aggregate

and type of environment.

Inspections of concrete structures suffering from AAR are very expensive, as they require use of
both expensive equipment and skilled personnel. Testing of aggregates for AAR may also be
very difficult, because considerable experience is needed both for selection of proper test
method for the given aggregate and for interpretation of the test results. Current knowledge has
clearly shown that existing test methods for alkali reactivity in many cases are not suitable for
certain types of aggregate. Thus, many examples are given in the literature demonstrating that
two of the most world-widely used test methods such as the mortar bar test ASTM C 227 and
the chemical method ASTM C 289 are not able to detect the slow/late expansive types of
aggregate such as sandstone, greywacke and rhyolite. Both the selection of a reliable test
method and a proper interpretation of the test results may have large economical consequences.

In general, the results of accelerated testing are an inferior substitute for existing experience on
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the long-term behaviour of an aggregate in a relevant type of concrete and relevant type of
environment. In order to provide experience with local aggregates, therefore, many countries

have established national field exposure sites.

We should note that neither slag nor fly ash is assumed to contribute reactive alkalis to the
concrete, although those materials have fairly high levels of alkalis. However, most of these
alkalis are probably contained in the glassy structures of the slag or fuel ash and take no part
in the reaction with aggregate. Moreover, the silica in fuel ash, paradoxically, attenuates the
harmful effects of the alkali-silica reaction. The reaction still takes place, but the finely
divided siliceous material in PFA forms, preferentially, an innocuous product. In other words,

there is a minimum content of reactive silica in the concrete above which little damage occurs.

2.2.6 Sulphate attack

Sulphate attack is the most common form of salt attack on concrete. The concrete is exposed to
sulphates usually due to environmental actions, but they can also be present in the binder or
aggregates. Sulphates may follow moisture into the concrete and be concentrated locally.
Damages caused by sulphate attack can for example be strength loss, expansion and spalling.
Solid salts do not attack concrete but when present in solutions they can react with hydrated
cement paste. The most common solutions are sulphates of sodium (Na), potassium (K),
magnesium (Mg) and calcium (Ca). The natural origins of sulphates are in ground water but

they may also come from fertilizers and industrial activities.

Concrete attacked by sulphates has a characteristic whitish appearance, damage usually
starting at the edges and corners and followed by cracking and spalling of the concrete. The
reason for this appearance is that the essence of sulphate attack is the formation of calcium
sulphate (gypsum) and calcium sulphoaluminate (ettringite), both products occupying a greater
volume than the compounds which they replace so that expansion and disruption of hardened

concrete take place.

The effects of sulphate attacks in concrete can be reduced in two different ways, Neville (1997):
« Reduction of the C;A in the binder. This is done by the usage of sulphate resistant cements
in the concrete.

* Reduction of the quantities of Ca(OH), in the cement paste. This is done by the usage of
blended cements, containing GGBS or pozzolans, in the concrete. The effects of blended
cements are: (1) Pozzolans react with the Ca(OH), so that Ca(OH); is not longer available

for reaction and (2) Blended cements contain less Ca(OH), than PC.
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The consequences of sulphate attack include not only expansion, which disrupt the concrete, but
also loss of strength of the concrete due to loss of cohesion in the hydrated cement paste and

between the particles in the aggregate.

Gypsum is added to the cement clinker in order to prevent flash set by the hydration of the
tricalcium aluminate (C;A). Gypsum quickly reacts with C3A to produce ettringite which is
harmless because, at this stage, the concrete is still in a semi-plastic state so that expansion

can be accommodated.

A similar reaction takes place when hardened concrete is exposed to sulphates from external
sources. A typical sulphate solution is the groundwater of some clays which contain sodium,
calcium or magnesium sulphates. The sulphates react with both Ca(OH), and the hydrated C;A
to form gypsum and ettringite, respectively. Magnesium sulphate has a more damaging effect
than other sulphates because it leads to the decomposition of the hydrated calcium silicates as
well as of Ca(OH); and of hydrated C3A; hydrated magnesium silicate is eventually formed and

it has no binding properties.

The extent of sulphate attack depends on its concentration and on the permeability of the
concrete, i.e. on the ease with which sulphate can travel through the pore system. If the
concrete is very permeable, so that water can percolate right through its thickness, Ca(OH),
will be leached out. Evaporation at the 'far' surface of the concrete leaves behind deposits
of calcium carbonate, formed by the reaction of Ca(OH), with carbon dioxide; this deposit,
of whitish appearance, is known as efflorescence. Efflorescence is generally not harmful.
However, extensive leaching of Ca(OH), will increase porosity so that concrete becomes
progressively weaker and more prone to chemical attack. Crystallization of other salts also

causes efflorescence.

Salts attack concrete only when present in solution, and not in solid form. The strength of
the solution is expressed as concentration, for instance, as the number of parts by mass of
sulphur trioxide (SOz) per million parts of water (ppm). A concentration of 1000 ppm is
considered to be moderately severe and 2000 ppm very severe, especially if magnesium
sulphate is the predominant constituent. Since it is C3A that is attacked by sulphates, the
vulnerability of concrete to sulphate attack can be reduced by the use of cement low in
CsA, i.e. sulphate-resisting (CEM V) cement. Improved resistance is obtained also by the
use of Portland blast-furnace (CEM I111) cement and of Portland-pozzolan (CEM I11) cement;
the exact mechanism by which these cements are beneficial is uncertain. However, it must

be emphasized that the type of cement is of secondary importance, or even of none, if the
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concrete is dense and has a low permeability, i.e. a low water/cement ratio. The water
cement ratio is the vital factor but high cement content facilitates full compaction at low

water/cement ratios.

2.2.6.1 Experience with sulphate attack

A number of conditions must be fulfilled for delayed ettringite formation to occur, Taylor
(1997):

Exposure environment. The temperature inside the concrete must be high enough, at least 65 to
70 °C. During its life the concrete structure must be in an environment, which is saturated or
nearly so, either intermittently or continuously. If the concrete has been subjected to an elevated
curing temperature and exposed to water or saturated air ettringite is formed a couple of years

after casting.

Binder properties. A binder with high contents of SOs, alkalis and MgO improves the expansion
due to delayed ettringite formation. The content of C3A and in some degree C,AF in the binder

is important. However there are no single components that are predominant over the others.

Sulphate attacks are mainly influenced by two factors, Neville (1997):

e The surrounding environment. The concentration of sulphates at the surface of the
concrete has a large influence on the sulphate attack. A classification of the severity of
different environments, depending on the concentration of sulphate and if the sulphates
appear in soil or dissolved in water, can be made. For example if sulphates in sea water are
considered they vary in the following way: Baltic sea - 1.25 ppt, Atlantic ocean - 2.54 ppt,
North sea - 2.78 ppt, Mediterranean - 3.06 and Persian Gulf-2.72 ppt.

e The concrete - Chemical composition and permeability. To avoid sulphate attack the
binder used in the concrete should have low content of C3A (sulphate resistant cement) or
low content of Ca(OH), (by using pozzolanic additives). By using a sulphate resistant
cement reactions between C3;A and calcium sulphates can be avoided. However, under
severe conditions also other forms of sulphates may penetrate into the concrete, which
means that this is not always enough to protect the concrete against sulphate attacks. A low
permeability of the concrete, achieved with low w/c or additives, slows down the rate of

penetration of sulphates and hence the consequences of sulphate attack are reduced.

2.2.7 Attack by sea water
Sea water contains sulphates and could be expected to attack concrete in a similar manner to
that described in the previous section but, because chlorides are also present, sea-water attack

does not generally cause expansion of the concrete. This is because the expansive products
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(ettringite and gypsum) formed due to the reaction of C;A with sulphates in sea water, are not
accompanied by the extent of swelling seen in pure solutions of sodium and magnesium sulphate,
because ettringite and gypsum are more soluble in solutions containing chlorides such as sea
water (Verbeck 1975, Mehta 1975).

In sea water containing a high degree of dissolved carbon dioxide, the degradation process can
gradually progress inwards (Biczock 1964). The calcium and hydroxyl ions transported to the
surface react with carbon dioxide to form aragonite. However, due to the high carbon dioxide
levels, aragonite is converted to calcium bicarbonate which is leached away.

CaCO3 + CO, + H,0 - Ca(HCOg), (2.19)

Magnesium ions now cause the precipitation of magnesium hydroxide in the new surface, while
chloride and sulphate ions move in and form chloroaluminates and sulfoaluminates. When the
hydroxyl ions are depleted at an advanced state of deterioration, magnesium ion penetration into
the paste can occur, thus exposing the calcium silicate hydrate to magnesium ion attack (Gutt
1977, Regourd 1978).

In the interior layers, the formation of gypsum and ettringite is responsible for removal of
sulphate ions from sea water. The chlorides can now continue to penetrate into the interior. The
observed penetration by chloride ions even at low wi/c ratios of 0.3 is thus explained by the fact
that, except for chloride ions, the components of sea water (such as carbon dioxide and
magnesium sulphate) are readily removed in the outer zones as a result of the chemical reactions
with the cement pastes (Gutt 1977).

Although C;A and C4AH,4 are capable of removing chlorides as chloroaluminate hydrate, the
compound is not stable in a sulphate environment. Thus, in sea water, chloroaluminate
enlivens to ettringite releasing chloride ions. The C3;A content also plays a role in the
minimum CI/OH" ratio needed to initiate corrosion. The threshold value for corrosion
initiation (usually 0.63) is significantly influenced by cements with high C3;A content because
of chloride removal. Such cements may then tolerate a higher than normal CI'/OH" ratio
(Mehta 1980).

The pH of the concrete is the controlling factor in the corrosion process. Of the various salts
present in sea water, magnesium chloride is the most destructive because it replaces OH" ions,
which are then available to reduce the pH to threshold levels which initiate corrosion. In
consequence, there is no disruption but only a very slow increase in porosity and, hence a

decrease in strength.
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Concrete between tide marks, subjected to alternating wetting and drying, is severely
attacked, while permanently immersed concrete is attacked least. However, the attack by sea
water is slowed down by the blocking of pores in the concrete due to the deposition of
magnesium hydroxide which is formed, together with gypsum, by the reaction of magnesium
sulphate with Ca(OH),.

In some cases, the action of sea water on concrete is accompanied by the destructive action of
frost, of wave impact and of abrasion. Additional damage can be caused by rupture of concrete
surrounding reinforcement which has corroded due to electro-chemical action set up by

absorption of salts by the concrete.

In-place concrete density, cement type and content play a pivotal role in the resistance of
concrete to sea water. Concrete made with calcium aluminate, supersulfated cements, and also
those containing supplementary cementing materials, resists sea water fairly well. Such
improved resistance as compared to 100% Type | ordinary Portland cement (OPC) stems from
reduced free lime content in such concretes. Regardless of the cement type used, deteriorated
concrete generally contains the same constituents - calcium carbonate as calcite or aragonite,
brucite and magnesium silicate hydrate (Mehta 1980, Regourd 1978, Kalousek 1970).

2.2.7.1 Experience with sea water attack

Sea-water attack can be prevented by the same measures which are used to prevent sulphate
attack but, here, the type of cement is of little importance compared to the requirement of low
permeability. In reinforced concrete, adequate cover to reinforcement is essential at least 50
to 75 mm. A cement content of 350 kg/m?® above the water mark and 300 kg/m?® below it, and a w/c
ratio of not more than 0.40 to 0.45 are recommended. A well-compacted concrete and good

workmanship, especially in the construction joints, are of vital importance.

2.2.8 Acid attack

Acid attack generally occurs where the calcium hydroxide is attacked vigorously, although
all the Portland cement compounds are susceptible to degradation. Acidic solutions both
mineral (such as sulphuric, hydrochloric, nitric, and phosphoric acids) and organic (such as
lactic, acetic, formic, tannic, and other acids produced in decomposing silage) are about the
most aggressive agents to concrete. Depending on the type of acid, the attack can be mainly an

acid attack, or a combination of acid followed by a salt attack.

Owing to the highly basic character of Portland cement, an acid cannot penetrate dense

concrete without being neutralized as it travels inwards. Therefore, it cannot cause
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deterioration in the interior of the specimen without the cement paste on the outer portion
being completely destroyed. The rate of penetration is thus inversely proportional to the
quantity of acid neutralizing material, such as the calcium hydroxide, C-S-H gel, and

limestone aggregates.

No Portland cement is resistant to attack by acids. In damp conditions, sulphur dioxide (SO,)
and carbon dioxide (COy), as well as some other fumes present in the atmosphere, form acids
which attack concrete by dissolving and removing a part, of the hydrated cement paste and
leave a soft and very weak mass. This form of attack is encountered in various industrial

conditions, such as chimneys, and in some agricultural conditions, such as floors of dairies.

In practice, the degree of attack increases as acidity increases; attack occurs at values of pH
below about 6.5, a pH of less than 4.5 leading to severe attack. The rate of attack also
depends on the ability of hydrogen ions to be diffused through the cement gel (C-S-H) after

Ca(OH), has been dissolved and leached out.

Concrete is also attacked by water containing free carbon dioxide in concentrations of at
least 15 to 60 ppm; such acidic waters are moorland water and flowing pure water formed by
melting ice or by condensation. Peaty water with carbon dioxide levels in excess of 60 ppm

is particularly aggressive - it can have a pH as low as 4.4.

Although alkaline in nature, domestic sewage causes deterioration of sewers, especially at
fairly high temperatures, when sulphur compounds in the sewage are reduced by anaerobic
bacteria to H,S. This is not a destructive agent in itself, but it is dissolved in moisture
films on the exposed surface of the concrete and undergoes oxidation by anaerobic bacteria,
finally producing sulphuric acid. The attack occurs, therefore, above the level of flow of the
sewage. The cement is gradually dissolved and progressive deterioration of concrete takes

place.

2.2.8.1 Experience with acid attack

Attack of Ca(OH), can be prevented or reduced by fixing it. This is achieved by treatment
with diluted water glass (sodium silicate) to form calcium silicates in the pores. Surface
treatment with coal-tar pitch, rubber or bituminous paints, epoxy resins, and other agents
has also been used successfully. The degree of protection achieved by the different
treatments varies, but in all cases it is essential that the protective coat adheres well to the
concrete and remains undamaged by mechanical agencies, so that access for inspection

and renewal of the coating is generally necessary.
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The leaching-rate is increased by acid attack. Acid attack on concrete may have two different
mechanisms: dry and wet deposition. It is known that the CSH gel is decomposed and silica gel
is deposited when the pH is below 10, Okochi et al (2000).

The rate of dissolution of calcium hydrates is dependant on the pH of the exposure solution, the
rate at which the exposure solution is applied and the temperature. Furthermore the rate of
dissolution is dependent if the concrete is carbonated or not - the solubility of CaCOj is about
1/100 of the solubility of Ca(OH),. In Okocchi et al (2000), a relationship is established
between the rainfall intensity and the cumulative amount of dissolved calcium.

CA=a I’ (2.20)
where:

CA - the cumulative amount of dissolved calcium. [mol/(m?s)]

| - the rainfall intensity. [mm/h]

a - constant, determined from linear regression analysis (a=0.457).

b - constant, determined from linear regression analysis (b=0.556).

The cumulative amount of dissolved calcium increased when the rainfall intensity decreased.
Thus with the same amount of rainfall the dissolution of calcium hydrates in concrete increases
with decrease in the rainfall intensity, because the exposure time between rainwater and the

concrete is longer.

2.3 Chloride Penetration

Corrosion due to chloride penetration is the main cause of concrete degradation in marine

environment. It is therefore important that this phenomenon be understood.

The transport and distribution of chlorides in a concrete structure is very much a function of the
environmental conditions, mainly the concentration and duration of the solutions in contact with

the concrete surface. The conditions are quite different in different exposure situations.

Below the level of sea water, the concentration of chlorides is more or less constant with time.
The penetration is a pure diffusion process at constant boundary conditions. At early ages,
however, a negative pressure (suction) is produced as the hydration of cement takes place in the

interior parts of the concrete (Gonzalez, Jalali 2004).

Most other cases of exposure situations have boundary conditions that change according to a
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more or less rapid and complicated relationship with time. In the splash zone above sea water
level, salt water is sucked into the concrete surface. Rain water washes the surface free from
chlorides and may remove some of them. Evaporation increases the concentration. Chlorides

move inwards and outwards due to moisture flow and ion diffusion.

The conditions are different at different heights from the average sea water level. Maximum
chloride content may be found at a height where salt water is frequently supplied to the surface
but where the surface intermittently dries out. Closer to the sea water level the concrete is
almost continuously saturated by water and no additional salt water can be "added". In a tidal
zone the conditions are somewhat similar to a splash zone. The time of wetness and the

intermittent drying time, however, are different.

The distribution of chlorides, i.e. concentrations at different depths, is a time-dependent
function of the environmental conditions, the design of the structure and the material properties.
The mechanisms of chloride transport and binding involved are complex and usually combined
in a complex way. Chloride binding in concrete is important since the binding process removes
chloride ions from the concrete pore solution into the solid hydrated binder phase. The

processes are not always understood and still not easy to quantify.

2.3.1 Chloride ingress into concrete.

It is known that the degradation process is strongly influenced by the environmental conditions,
which in turn influence the transportation processes. The rates of most deterioration processes that
affect concrete structures are controlled by the transport of particular aggressive species through
the concrete. It is, therefore, necessary to understand the various transport mechanisms that may

take place in the deterioration of a concrete structure.

There are a number of different transport processes that are listed below (Glanville 1997).

« Pressure-induced water flow of water due to the application of a hydrostatic head.
Characterized by a water permeability coefficient, this transport process has been researched
more thoroughly than any other. However, it is rare for this to be the predominant transport
process; exceptions include water-retaining structures and deeply submerged concrete.

« Water absorption is the uptake of water resulting from capillary forces, characterized by
a sorptivity coefficient. In environments where significant concrete drying is possible,
water absorption may lead to very rapid penetration of species dissolved in the water. For
example, concrete in the tidal