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Radioactive substances and ionizing radiation are used in medicine, industry, agriculture,
research, education and electricity production. This generates radioactive waste. In the
Netherlands, this waste is collected, treated and stored by COVRA (Centrale Organisatie
Voor Radioactief Afval). After interim storage for a period of at least 100 years radioactive
waste is intended for disposal. There is a world-wide scientific and technical consensus
that geological disposal represents the safest long-term option for radioactive waste.

Geological disposal is emplacement of radioactive waste in deep underground formations.
The goal of geological disposal is long-term isolation of radioactive waste from our living
environment in order to avoid exposure of future generations to ionising radiation from the
waste. OPERA (OnderzoeksProgramma Eindberging Radioactief Afval) is the Dutch research
programme on geological disposal of radioactive waste.

Within OPERA, researchers of different organisations in different areas of expertise will
cooperate on the initial, conditional Safety Cases for the host rocks Boom Clay and
Zechstein rock salt. As the radioactive waste disposal process in the Netherlands is at an
early, conceptual phase and the previous research programme has ended more than a
decade ago, in OPERA a first preliminary or initial safety case will be developed to
structure the research necessary for the eventual development of a repository in the
Netherlands. The safety case is conditional since only the long-term safety of a generic
repository will be assessed. OPERA is financed by the Dutch Ministry of Economic Affairs
and the public limited liability company Electriciteits-Produktiemaatschappij Zuid-
Nederland (EPZ) and coordinated by COVRA. Further details on OPERA and its outcomes
can be accessed at www.covra.nl.

This report concerns a study conducted in the framework of OPERA. The conclusions and
viewpoints presented in the report are those of the author(s). COVRA may draw modified
conclusions, based on additional literature sources and expert opinions. A .pdf version of
this document can be downloaded from www.covra.nl
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Summary

The OPERA disposal concept for the final management of Dutch radioactive waste in the Rupel’ Clay formation is based on
the current Belgian Supercontainer concept. In this concept, the radioactive waste is packed in a carbon steel container (i.e.
the overpack), which is entirely surrounded by a concrete buffer. In this high alkaline environment (pH ~ 13.6) and under
normal conditions (i.e. without the ingress of aggressive species), carbon steel is protected by a passive oxide film, which is
believed to result in very low uniform corrosion rates. Considering the long time scales involved in geological disposal, an
accurate estimation of the uniform corrosion rate is a crucial part in the safety study. This report provides a best estimate
of the uniform corrosion rate of carbon steel exposed to the concrete buffer material. The reported corrosion rate data are
based on a state-of-the-art database, which was build on an extensive review of the published literature. This database was
composed in the framework of the Belgian disposal programme. Also included is a brief description of the corrosion
processes under aerobic and anerobic conditions, the integrated scientific approach that is adopted within the RD&D
corrosion studies and the various methods reported in the literature to measure the corrosion rate of carbon steel in
alkaline media. The outcome of preliminary geochemical calculations to gain a first level of understanding of the long-term
evolution of the environmental conditions surrounding the carbon steel overpack is discussed.

Samenvatting

Het OPERA concept voor de berging van Nederlands radioactief afval in de ‘Rupel’ kleiformatie is gebaseerd op het huidige
Belgische Supercontainer concept. In dit concept wordt het radioactief afval omgeven door een koolstofstalen
afvalcontainer (de ‘oververpakking'), dewelke op zijn beurt volledig is omsloten door een betonnen buffer. In deze hoog
alkaliene omgeving (pH ~ 13.6) en onder normale condities (m.a.w. zonder aanvoer van aggressieve species) wordt
koolstofstaal verondersteld beschermd te worden door een passieve oxidefilm waardoor het zéér langzaam zal aangetast
worden. Gezien de zéér lange geologische tijdschalen is een zo accuraat mogelijke afschatting van de corrosiesnelheid van
de koolstofstalen oververpakking een cruciale parameter in de veiligheidsstudie. In dit rapport wordt de afschatting van de
corrosiesnelheid van koolstofstaal, dat is blootgesteld aan hoog alkaliene media, toegelicht. De gerapporteerde
corrosiesnelheden zijn gebaseerd op een state-of-the-art database, dewelke is ontstaan uit een grondige review van de
beschikbare literatuur. Deze database werd opgesteld in het kader van het Belgische bergingsprogramma. De
corrosieprocessen die optreden onder aerobe en anaerobe omstandigheden werden besproken, alsook de geintegreerde
methodologie die gebruikt wordt binnen de RD&D corrosiestudies en de verschillende methodes die in de literatuur gebruikt
worden voor het meten van de corrosiesnelheid van koolstofstaal in alkaliene media. Geochemische berekeningen werden
uitgevoerd om een eerste inzicht te verwerven in de langetermijn evolutie van de omgevingscondities rond de
koolstofstalen overpack.
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1. Introduction

1.1.Background

The five-year research programme for the geological disposal of radioactive waste - OPERA
- started on 7 July 2011 with an open invitation for research proposals. In these proposals,
research was proposed for the tasks described in the OPERA Research Plan. In this report,
the execution and results of the research proposed for task 5.1.3 with the following title in
the Research Plan: Metal Corrosion Processes is described (Verhoef and Schroder, 2011).

The disposal concept envisaged in The Netherlands is based on the current Belgian
Supercontainer concept. Radioactive waste is disposed of in a Boom Clay formation (i.e.
Rupel Clay formations) with a thickness of about 100 metres at a depth of ~500 metres.
The Rupel Clay formations mainly differ from the Belgian Boom Clay formation in chloride
content. Chloride concentrations up to 0.546 mol/L (~19 400 mg/L) have been measured
(Behrends, et al, 2015). This could have serious repercussions on the corrosion behaviour
of carbon steel, which is considered as reference material to fabricate the metallic
engineered barrier.

Therefore, it is imperative to evaluate the impact of the geochemical conditions, imposed
by the Rupel Clay formation, on the corrosion behaviour of the carbon steel overpack. This
report only covers the uniform corrosion behaviour of carbon steel exposed to high alkaline
conditions. The effect on localised corrosion phenomena (such as pitting corrosion and
stress corrosion cracking) should form part of another study.

1.2.0bjectives

The main objective of work package 5.1.3 is to provide an estimation of the corrosion rate of the
carbon steel overpack related to the Supercontainer (i.e. interaction of the carbon steel
overpack with OPC concrete buffer) and taking into account the geochemical boundary
conditions imposed by the Dutch Boom Clay host rock formation. In the current OPERA safety
strategy, it is assumed that the safety function ‘engineered containment’ covers the thermal phase
of the system design (ONDRAF/NIRAS, 2013), but the chemistry of the Supercontainer may result in
longer lifetimes of the overpack.

In order to meet the general requirements of work package 5.1.3, SCKeCEN originally
proposed to address the requirements methodically through the following two tasks:

e To predict the corrosion evolutionary path (CEP). On the basis of input on the
geochemistry of the Boom Clay, relevant for the OPERA reference design,
geochemical simulations are performed to predict the long-term evolution of the
major corrosion-related parameters (temperature, water saturation of the concrete
buffer, pH, transport of aggressive species);

e To estimate the corrosion rate of the overpack for the different phases established in
the CEP, based on an extensive literature study;

1.3.Realization

The literature study and the geochemical simulations presented in this report have been
performed by SCKeCEN, Belgium.

The integrated RD&D methodology that is adopted in the corrosion studies, was developed
within the framework of the Belgian disposal programme. Our methodology was already
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presented at several international fora, reviewed and internationally accepted (Kursten
and Druyts, 2008; Kursten, et al, 2011; Kursten, et al, 2013).

The Corrosion Evolutionary Path (CEP) was also developed with respect to the Belgian
Supercontainer design. It is believed to be applicable here, for the disposal concept
adopted in OPERA (Verhoef, et al, 2014) (for the disposal of radioactive waste), because it
is based on a similar concept (i.e. Supercontainer concept with a similar OPC based
concrete buffer; the Opera concept differs in the repository layout - smaller containers,
shorter disposal drifts).

The corrosion data provided in this report originate from studies performed in the
framework of the Belgian disposal programme. A more extensive compilation of corrosion
rate data is available (Kursten, to be published) but cannot be incorporated in this report
as it forms part of a confidentiality clause (and is yet unpublished).

1.4.Explanation contents

Chapter 2 introduces the concept of electrochemical processes leading to and controlling
corrosion: the general terminology used in aqueous corrosion, such as anodic oxidation and
cathodic reduction, is introduced and the difference between the mechanisms governing
aerobic (in the presence of oxygen) and anaerobic (in the absence of oxygen) corrosion in
alkaline media is explained. Further, the mechanism of what makes steel passive in
concrete is discussed.

Chapter 3 explains the methodology that is adopted within the RD&D corrosion studies to
provide confidence that the integrity of the carbon steel overpack will not be jeopordized
at least for the duration of the thermal phase. The integrated scientific approach consists
of three consecutive steps: (1) Developing the Corrosion Evolutionary Path (CEP);
(2) Determining scientifically well-founded estimates of uniform corrosion rates for the
different phases established during the CEP; and (3) Proving the validity of the 'exclusion
principle'.

The Corrosion Evolutionary Path (CEP) describes the changing environmental conditions the
overpack is subjected to in a repository during the entire disposal period. It is therefore
closely linked to the evolution of the environmental conditions surrounding the overpack.
Details of the numerical models used to predict the long-term evolution of the major
corrosion-related parameters (temperature, water saturation of the concrete buffer, pH,
transport of aggressive species) are given and their output is discussed in chapter 4.

Chapter 5 describes the various methods reported in the literature to measure or calculate
the corrosion rate of carbon steel in alkaline media. These methods are based on either
one of the following three principles: (1) gravimetric-based weight loss measurements;
(2) electrochemical measurement techniques; or (3) quantification of hydrogen gas
evolving from the corrosion of steel. Additionally, some novel methods were reported in
the literature that use archaeological artefacts to estimate uniform corrosion rates.

Chapter 6 summarizes the corrosion rate data reported in the literature for carbon steel in
high alkaline media. These data originate from studies in the framework of various national
nuclear waste management programmes and studies for industrial applications. The
corrosion rate data are classified into aerobic and anaerobic media because the aerobic
and anaerobic period have been identified as the two major periods in the course of the
Corrosion Evolutionary Path (CEP).
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Chapter 7 contains a critical review of the uniform corrosion rate data of carbon steel in
alkaline media that have been reported in the literature based on eight criteria, which
have been developed in the framework of the Belgian disposal programme. The corrosion
rate data were divided into two ranges, viz. a source and an expert range.
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2. Corrosion processes affecting carbon steel

This chapter is not intended to address every possible aspect related to corrosion
phenomena of metallic corrosion. The aim is to provide the reader, who is less familiar
with the science of corrosion, with a better understanding in the processes involved in the
corrosion of iron (being the major constituent of carbon steel) exposed to high pH
environments (such as e.g. the concrete buffer considered in the Supercontainer,
pH ~ 13.5). The overview of the corrosion theory provided in this section is based on
standard literature (Bertolini, et al, 2004; Bentur, et al, 1997; Broomfield, 2007; Crossland,
2006; Davis, 2000; Evans, 1981; Hansson, 1984; Hansson, 1987; King, 2007; Preece, 1982;
Sedriks, 1996; Shreir, et al, 1994; Stansbury and Buchanan, 2000; Uhlig, 1971).

Because of the electrochemical nature of aqueous corrosion, this section begins with a
concise description of the electrochemical processes leading to and controlling corrosion:
the general terminology used in aqueous corrosion, such as anodic oxidation and cathodic
reduction, is introduced (section 2.1.1.) and the difference between the mechanisms
governing aerobic (in the presence of oxygen) and anaerobic (in the absence of oxygen)
corrosion is explained (section 2.1.2.). Further, the mechanism of what makes steel
passive in concrete is discussed (section 2.2.).

2.1. Corrosion processes affecting carbon steel

2.1.1. Electrochemical considerations

Steel corrosion in any aqueous environment, and therefore also in concrete, is an
electrochemical process involving two separate, but coupled, chemical reactions
proceeding simultaneously at two different sites on the steel surface and the transfer of
electrons resulting in the flow of electrical current: one reaction is capable of producing
electrons (the anodic reaction) and one is capable of consuming electrons (the cathodic
reaction); the areas on which these reactions take place in the steel are called anodes and
cathodes, respectively.

The actual corrosion process takes place at the anodic site and it involves a process of
converting solid metal into metal ions, which dissolve in the surrounding aqueous solution,
with the liberation of electrons (oxidation reaction). This process results in weight loss or
thinning of the solid material. The electrons created in the anodic reaction must be
consumed elsewhere on the steel surface to preserve electrical neutrality because large
amounts of electrical charge cannot be build up at one place of the steel. Therefore,
another reaction must be occurring that consumes the electrons (reduction reaction). For
the electrons to become available at the cathodic areas to participate in the reduction
reactions, they have to be transported from the anode to the cathode (electron flow),
resulting in an electrical current within the metal. An external current also flows through
the solution (through the pores of the concrete surrounding the steel) carried by the
movement of charged ions. This external current consists of positively charged ions moving
from the anode to the cathode, and also negatively charged ions moving from the cathode
to the anode (ionic flow).

The flow of electrons from the anodic areas where they are produced by the anodic
reaction to the cathodic areas where they are used in the cathodic reaction, and its
counter-current ionic flow in the external concrete pore solution constitute the corrosion
current. Because there is no net current, it is not possible to measure the current due to
corrosion directly but it can be determined indirectly as described later (section 5.).
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In summary, for corrosion of steel in concrete to take place, the simultaneous occurrence
of the following four processes are required (Bertolini, et al, 2004):

« an oxidation reaction, taking place at the anode, that liberates electrons;
 a reduction reaction, taking place at the cathode, that consumes these electrons;

» an electrical current flowing within the metal as a result of electron flow from the
anodic areas, where they become available, towards the cathodic areas, where they
are consumed; and

« an electrical current flowing through the pores of the concrete surrounding the steel,
carried by the movement of charged ions;

The corrosion rate will thus be determined by the slowest of these four partial processes.
In reality, the electrical resistance of the reinforcement is always negligible with respect
to that of the concrete. Therefore, the transport of current within the reinforcement is
never a slow process and thus never contributes to reducing the rate of corrosion. Instead,
under particular conditions inside the concrete, each of the other three processes can take
place at negligible rate and thus become the kinetically controlling one. More precisely,
the corrosion rate is negligible when one of the following conditions exists (Bertolini, et al,
2004):

 the anodic process is slow because the reinforcement is passive, as when the concrete
is not carbonated and does not contain chlorides;

» the cathodic process is slow because e.g. the rate at which oxygen reaches the
surface of the reinforcement is low, as in the case of water-saturated concrete;

« the electrical resistance of the concrete is high, as in the case of structures exposed
to environments which are dry or low in relative humidity. In this respect, it is
important to realise that the 'water' in the concrete pores is actually a dilute solution
of alkali and calcium hydroxides; it is this fluid that serves as a vehicle for ionic flow.
If the pores are dried out, or if the structure of the concrete is so dense that the
pores are not very well interconnected, the flow of ions through the pores becomes
difficult. Under such circumstances the ionic current will flow only with difficulty,
and the corrosion process will slow down or stop;

On the other hand, the corrosion rate is high in those cases where the three following
conditions are present simultaneously:

» the reinforcement is no longer in the condition of passivity;

» oxygen can reach the surface of steel; and

« the electrical resistance of the concrete is low.
The two half cell reactions, one capable of producing electrons (the anodic reaction) and
one capable of consuming electrons (the cathodic reaction), occurring during the corrosion

of steel in aqueous media at high pH (in the absence of an external electrical source), are
described below:

Q anodic reaction (oxidation of metal)

The anodic reaction for the dissolution of iron can be written as follows in its simplified
chemical form:

Fe — Fe? + 2e (eq. 2-1)
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However, instead of direct transfer of two electrons as implied, in reality there is a
single electron transfer sequence. The exact nature of this sequence is still a matter of
debate (the exact nature of this sequence is still unkown) (or there still exists some
uncertainties as to the exact nature of this sequence (Smart, et al, 2004):

» one possible reaction sequence, involving two single-electron transfer reactions, is

Fe +H,0 — FeOHgs + H™ + e (eq. 2-2)
FeOH,, — FeOH" + e~ (eq. 2-3)
FEOH™ + H* — Fe?" + H,0 (eq. 2-4)

where the subscript 'ads’ denotes an adsorbed species. Reaction 2-4 is the rate
determining step. This sequence was identified as the most probable mechanism as
the reaction rate is known to increase with hydroxyl concentration.

- an alternative to reactions 2-3 and 2-4, involving deprotonation rather than
protonation, is:

FeOH,ys — FeO + H™ + e~ (eq. 2-5)
The hydrated form of FeO is the Fe(OH),. Whether or not reaction 2-5 proceeds in

preference to reactions 2-3 and 2-4 depends on such factors as pH, temperature
and potential.

» an alternative reaction that could be envisaged for alkaline conditions following
reaction 2-3, would be:

FeOH® + OH™ — Fe(OH), (eq. 2-6)

Regardless of which of the mechanisms is followed, the overall anodic reaction in
alkaline conditions is (Smart, et al, 2004):

Fe + 2H,0 — Fe(OH), + 2H" + 2e” (eq. 2-7)

Fe(OH), is highly insoluble in moderately alkaline conditions and therefore forms a
film on the surface of the iron.

Q cathodic reaction (reduction)

In alkaline environments, the cathodic reaction can be written as follows depending on
the oxygen availability:

+ under oxic, alkaline conditions, the balancing cathodic reaction is the reduction of
oxygen:

2H,O + O, + 4e~ — 40OH~ (oxic conditions) (eq. 2-8)

- under anoxic, alkaline conditions, the balancing cathodic reaction is the reduction
of water:
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2H,O + 2e- — 20H~ + H, (anoxic conditions) (eq. 2-9)

This reaction is referred to as either the water reduction or the hydrogen evolution
reaction.

2.1.2. Corrosion mechanisms of carbon steel under aerobic and anaerobic
conditions

During the initial period after closure of the repository, the environment will be
oxygenated as large volumes of air will be trapped in pores and voids due to the
excavation works and the construction of the repository. Oxygen, initially present in the
repository, will be consumed by a number of mechanisms, including metal corrosion and
microbial activity. The environmental conditions in the repository will therefore change
progressively and become anoxic. The reactions involved in steel corrosion in aqueous
media at high pH under oxic and anoxic conditions are described below:

Q oxic conditions (‘aerobic’ corrosion)

The two half cell reactions contributing to the aerobic corrosion of steel under alkaline
conditions are:

Fe + 2H,0 — Fe(OH), + 2H* + 2e~ (anodic reaction) (eq. 2-7)
2H,O0 + O, + 4e~ — 4OH™ (cathodic reaction) (eq. 2-8)

giving the following overall reaction:

2Fe + O, + 2H,0 — 2Fe(OH), (eq. 2-10)

In the presence of oxygen, the colourless ferrous hydroxide, Fe(OH),, readily oxidises to
brown ferric hydroxide, Fe(OH);, via the reaction:

4Fe(OH), + 2H,0 + O, — 4Fe(OH), (eq. 2-11)
giving an overall reaction (Agg, 1993; Smart, et al, 2002):
4Fe + 6H,O + 30, — 4Fe(OH), (eq. 2-12)

Solid Fe(OH), spontaneously loses water (dehydration) according to the following
reaction:

Fe(OH); — FeOOH + H,0 (eq. 2-13)
giving an overall reaction (King, 2007):

4Fe + 2H,0 + 30, — 4FeOOH (eq. 2-14)

The species "FeOOH" is used to describe a generic term for a hydrated ferric oxy-
hydroxide species. It may also be written as Fe;0;.xH,0, where ‘X' denotes an

unspecified number of water molecules (Crossland, 2006; King, 2007). The principal
forms of hydrated ferric oxy-hydroxide that are encountered as corrosion products of
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iron are a-Fe,0; (hematite), y-Fe,0; (maghemite), a-FeOOH (goethite) and y-FeOOH
(lepidocrocite).

The corrosion process of steel in concrete in the presence of oxygen (oxic conditions) is
schematically illustrated in Figure 2-1. The actual loss of metal involved in the corrosion
process takes place at the anodic site. The iron atoms are ionized (oxidized) to ferrous
(Fe) ions which dissolve in the aqueous solution around the steel (oxidation reaction).
The electrons that are generated at the anode by oxidation of iron then flow through or
along the steel to the cathode (electrical current within the steel as a result of electron
flow). Here, the electrons combine with dissolved oxygen molecules and water to form
hydroxyl ions (OH’) (reduction reaction). Since the electrons carry a negative charge
this gives rise to a nominal electrical current flowing in the opposite direction, i.e. from
the cathode to the anode (because current is, by convention, the flow of positively
charged particles).

In order for the corrosion process to continue, the number of electrons accepted at the
cathodic site must be equal to the number of electrons donated at the anodic site. Thus,
for every dissolved oxygen molecule that reacts at the cathodic site, two iron atoms
must be dissolved at the anodic site.

The ferrous (Fe?*) and hydroxyl (OH’) ions move away from the surface and flow toward
one another (external electrical current as a result of ionic flow). When they meet,
they react to form ferrous hydroxide, Fe(OH),. In the presence of dissolved oxygen, this
is quickly oxidised further to ferric hydroxide, Fe(OH)s.

The porous Fe(OH); rust can slowly disintegrate into the insoluble product Fe,0;, which
is the familiar red-brown rust.

{Fe,0,xH,0 (%

s Fe(

i
CATHODE
§ 1 -

3

OXIDATION of iron

T
e o

"\E'Bﬂucnpu of oxygen
Figure 2-1. The anodic (dissolution of steel) and cathodic reactions for corroding steel in
concrete under oxic conditions. Since the electrons carry a negative charge, this gives rise to
a nominal electrical current flowing in the opposite direction (the positive direction of the
current is, by accepted sign convention, the direction of flow of positivily charged particles).

Q anoxic conditions (‘anaerobic’ corrosion)

The two half cell reactions contributing to the anaerobic corrosion of steel under
alkaline conditions are:

Fe + 2H,0 — Fe(OH), + 2H* + 2e~ (anodic reaction) (eq. 2-7)
2H,O0 + 2~ —» 20H~ + H, (cathodic reaction) (eq. 2-9)

giving the following overall reaction:
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Fe + 2H,0 — Fe(OH), + H, T (eq. 2-15)

Depending on the temperature and pH of the surrounding environment, the ferrous
hydroxide may transform, via the following reaction, known as the Schikorr reaction,
into magnetite, leading to the evolution of additional hydrogen:

3Fe(OH), — Fes04 + 2H,0 + H, T (eq. 2-16)
giving an overall reaction:
3Fe + 4H,0 — FezO04 + 4H, T (eq. 2-17)

Reaction 2-16 is favoured by increasing temperature because magnetite is
thermodynamically more stable than ferrous hydroxide at higher temperature. This is
shown by the fact that iron corroding in deaerated water at 25°C produces an Fe(OH),
film, but that magnetite is formed at 60°C. The presence of certain impurities, such as
nickel, copper and cobalt, either in solutions or from the metal, can catalyse the
Schikorr reaction. However, even with high amounts of impurities, only 10-20% of the
initial oxide is transformed to magnetite. On the other hand, increased alkalinity has
been shown to inhibit the Schikorr reaction (Blackwood, et al, 1995; Grauer, et al,
1991a; Linnenbom, 1958; Naish, et al, 2001; Smart, et al, 2004).

The corrosion process of steel in concrete in the absence of oxygen (anoxic conditions)
is schematically illustrated in Figure 2-2. The reaction taking place at the anodic site
(oxidation of metal iron to ferrous ions, Fe?") is identical as under oxic conditions. The
electrons that are generated at the anode will flow, through or along the steel, to the
cathode (electrical current within the steel as a result of electron flow) where they
combine with water to form hydroxyl ions (OH’) and hydrogen gas (reduction reaction).
The number of electrons accepted at the cathodic site must be equal to the number of
electrons donated at the anodic site to satisfy a charge balance. Thus, for every
hydrogen molecule that escapes at the cathodic site, one iron atom must be dissolved
at the anodic site.

The ferrous (Fe?") and hydroxyl (OH’) ions move away from the surface and flow toward
one another (external electrical current as a result of ionic flow). When they meet,
they react to form ferrous hydroxide, Fe(OH),. In the absencene of oxygen, Fe(OH), may
not be the stable corrosion product, especially at higher temperatures (>60°C), and can
decompose to magnetite (Fe;0,).
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Figure 2-2. The anodic (dissolution of steel) and cathodic reactions for corroding steel in
concrete under anoxic conditions. Since the electrons carry a negative charge, this gives rise
to a nominal electrical current flowing in the opposite direction (the positive direction of the
current is, by accepted sign convention, the direction of flow of positivily charged particles).

2.1.3. Corrosion mechanisms of carbon steel under disposal conditions

Both the aerobic and anaerobic corrosion processes, as described earlier in this section,
have been explained starting from a bare steel surface. In reality, however, it is more
realistic to assume that, under disposal conditions, an aerobically formed corrosion
product layer will be present on the surface of the steel before anaerobic corrosion will
commence. Thus, the following reaction sequence can be given to describe the evolution
of the corrosion processes taking place at the steel overpack surface embedded in
concrete in the course of the disposal period, with respect to the Supercontainer design:

1.during the initial period after fabrication of the Supercontainer, the concrete
environment surrounding the steel overpack will be oxygenated and corrosion of the
steel overpack will proceed, with the formation of ferric (Fe(lll)) corrosion products,
according to the following reaction (King, 2007):

4Fe + 2H,0 + 30, — 4FeOOH (eq. 2-14)

As long as oxygen is available, this protective film will continue to grow.

2. as the environment becomes anoxic, the Fe(lll) corrosion products will be converted
to Fe(ll) via (King, 2007):

2FeOOH + Fe + 2H,0 — 3Fe(OH), (eq. 2-18)

3.under anaerobic conditions, Fe(OH), may not be the stable corrosion product,
especially at higher temperatures (>60°C), and can decompose to magnetite (Fe;0,)
with the liberation of hydrogen according to the following reaction (King, 2007):

3Fe(OH), — Fe0, + 2H,0 + H, T (eq. 2-16)

2.2. Corrosion protection provided by concrete

The electrochemical behaviour of steel in contact with cementitious materials (concrete
and mortar) is generally governed by the properties of the Portland cement. Cement
hydration reactions result in highly alkaline concrete pore solutions: pH values well in
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excess of 13 are frequently recorded for Portland cement pastes of water/cement ratios
such as are commonly used in practice. In these highly alkaline environments, the
potential-pH diagram indicates that iron may remain passive over a wide range of
potentials (see red zone in Figure 2-3) and a very limited supply of oxygen is sufficient to
provide the necessary degree of anodic polarisation to maintain conditions within this
range (Bertolini, et al, 2004; Page and Treadaway, 1982). The steel will be in a passive
condition because of the formation of a thin film of oxide - generally considered to be
Y-FeOOH - that reduces significantly the corrosion rate (Andrade, et al, 1995; Arup, 1983;
Bentur, et al, 1997; Bertolini, et al, 2004; Broomfield, 2007; Hausmann, 1967; Preece,
1982; Roberge, 2000; Slater, 2006; Tuuti, 1982).

In conclusion, the primary mechanism of corrosion protection in concrete involves
passivation of embedded steel resulting from the chemically inhibitive influence of the
hydroxyl ions (Page and Treadaway, 1982).
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Figure 2-3.  Potential-pH equilibrium diagram (Pourbaix diagram) for Fe in H,O at 25°C,
considering as solid substances only Fe, Fe;0, and Fe,0; (FeOOH) (source: adapted from [Roberge,
2000; Gonzalez, et al, 1996]).

From the above, it is clear that the high alkalinity of the concrete pore solution is the
driving force behind the protection of steel embedded in concrete. Therefore, a more
profound discussion on why the concrete pore solution rapidly acquires such a high pH
value seems appropriate:

+ immediately after mixing cement with water, free lime (CaO), the alkali sulphates
(potassium and sodium sulphate - Na,SO, and K;50,) and gypsum (CaSO,-2H,0) dissolve
almost completely resulting in the precipitation of portlandite (Ca(OH);). Considering
the large availability of Ca(OH), and the limited pore volume, the concrete pore
solution is rapidly saturated with Ca(OH), (Li and Sagiiés, 2001; Nam, 2004; Reardon,
1992).

The pH expresses the degree of acidity of an aqueous solution and is defined as minus
the decimal logarithm of the hydrogen ion concentration, c . (Mortimer, 1986; Nam,

2004; Roberge, 2000; Stumm and Morgan, 1996):
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pH = —Ioglo(cW) (eq. 2-19)

The concentration of hydroxyl ions in water is related to the concentration of
hydrogen ions by the following relation (Mortimer, 1986; Skoog, et al, 1992; Stumm
and Morgan, 1996)

K

w = Cy+ Copy- - C = (eq. 2-20)

where K, is the dissociation constant of water (= 10"*) (Mortimer, 1986; Skoog, et al,
1992; Stumm and Morgan, 1996].

Substituting equation 2-20 into equation 2-19 gives:

-14
pH = —Ioglo[cKW ] = —Iogl{io j =14 + |0910(COH—) (eq. 2-21)

OH"™ OH™

Equation 2-21 is, however, only valid for ideal solutions (dilute solutions, i.e. if the
concentration of charged ions present in the solution is below 0.001 M). For real
solutions, ion activities rather than concentrations should be used for
calculations (Skoog, et al, 1992; Stumm and Morgan, 1996):

pH = 14 + logyla,, ) (eq. 2-22)
where, a_, equals the hydroxyl ion activity.

The activity of a compound in a liquid solution can be defined as (Skoog, et al, 1992):

a

oH- — Yon "Con- (eq. 2-23)

where y,- is the activity coefficient of OH" (dimensionless) and c, is the molar
concentration of OH'".

Substituting equation 2-23 into equation 2-22 gives:

pH = 14 + logyl ) (eq. 2-24)

Yon- " Con-
The hydroxyl ion concentration of saturated Ca(OH), can be deduced from Figure 2-4,

which shows the influence of temperature on the solubility of Ca(OH), in water: at
25°C, the solubility of Ca(OH), is 1.5 g.L"" solution® (Linke and Seidell, 1958; WIKI1).

® because calcium hydroxide is only sparsely soluble, there is no visible distinction to clear water
and the solubility expressed in g.kg”' may be replaced by the solubility expressed in g.L™" without
introducing a significant error (WIKI1).
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Figure 2-4.  Solubility of calcium hydroxide, Ca(OH),, in water (WIKI1).

The molar concentration of OH" in a saturated Ca(OH), solution can thus be calculated
(molecular weight of Ca(OH), = 74.09 g.mol™):

15g.L™

. 1
74.09 g.mol -

=il
OH-, sat.Ca(OH), X( j = 0.0405 mol .L

The mathematical model proposed by Samson and co-workers (Samson, et al, 1999),
which is essentially a modified version of the Davies equation, can be used to
accurately calculate single activity coefficients of concentrated electrolytic solutions:
the activity coefficient of OH is assumed to be -0.78 and -~0.70 when

Coy- <0.1mol.L"and c - > 0.1 mol.L", respectively.

The pH of a saturated Ca(OH), solution can then be calculated by substituting the
values for c,,- and y,- into equation 2-24.

pH (sat. Ca(OH),) = 14 + log,(0.78x0.0405) = 12.5

+ the pore water pH of a cement paste is most often not determined by Ca(OH),, but by
the small quantity (normally less than 1%) of alkalis present in the cement clinker.
Although the alkalis are expressed analytically in terms as K0 and Na,O, they are
actually present as alkali sulphates (K;SO, and Na,;SO,). Much of the alkali content is
readily soluble in the mixing water leading to the release of high amounts of Na* and
K" ions into the pore solution. From charge balance considerations, their
concentrations must be balanced by an equivalent concentration of anions, the most
dominant being OH" (Bentur, et al, 1997; Li and Sagiiés, 2001; Nam, 2004; Reardon,
1992). The reactions of the alkalis during cement hydration can be expressed as (Li
and Sagtiés, 2001)

Na,SO, + Ca(OH), — CaSO, + 2NaOH (eq. 2-25)

K,SO, + Ca(OH), — CaSO, + 2KOH (eq. 2-26)
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Stochiometrically, the reaction of each mole of cement alkali oxide produces two
moles of hydroxide. Also, the solubility of the alkali hydroxides, NaOH and KOH, is
significantly higher compared to that of Ca(OH);, which results in a relatively large
amount of OH ions being dissolved into the cement pore solution. Figure 2-5 presents
a compilation of data from the literature showing the relative importance of the
cement alkali content on the hydroxide concentration of the cement pore
solution (Arya, et al, 1995; Constantiner, 1997; Diamond, 1981; Diamond, 1983;
Duchesne, 1994; Kawamura, 1988; Kayyali, et al, 1990; Larbi, et al, 1990; Li, 2000;
Nam, 2004; Page and Vennesland, 1983; Tritthart, 1989). Regardless of the scatter,
the data show a common trend in that [OH7] increases with increasing equivalent
cement alkali content (Nam, 2004; Reardon, 1992).
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Figure 2-5. Relationship between the cement alkali content and the hydroxide
concentration of the pore solution of the cement paste, [OH],ore (source: adapted from [Li
and Sagiiés, 2001; Nam, 2004]).

Table 2-1 shows the ionic concentrations measured by different researchers in the
pore solution of cement pastes, mortars and concretes, obtained with Portland
cements (OPC). Measurements were carried out by chemical analysis of the liquid
extracted under pressure. From hydroxyl ion concentrations, values of pH in the
range of 13.2-13.8 can be calculated for Portland cement (Bertolini, et al, 2004).
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Table 2-1.

lonic concentration (in mmol/L) measured in the pore solution extracted from
cement pastes, mortars and concrete made with ordinary Portland cement (OPC) (source:
adapted from [Bertolini, et al, 2004]).

Cement w/c ClI'® Age Sample lonic concentration (in mmole/L) pH® Source

(%) (days)

[Na"] [K'] [Ca*] [CIT [SO4] [OHT]

OPC 0.45 28 paste 130 380 1 n.a. n.a. 470 13.52 Larbi, et al, 1990
OPC 0.50 28 mortar 90 288 <1 3 <0.3 391 13.44 Polder, 1986
OPC 0.50 28 paste 271 629 1 n.a. 31 834 13.77 Page, et al, 1983
OPC 0.50 192 mortar 38 241 <1 n.a. 8 251 13.25 Biirchler et al, 1996
OPC 0.50 - paste 8 228 n.a. 1 n.a. 288  13.30 Sergi, 1986
oPC© 0.50 84 paste n.a. n.a. n.a 2 n.a. 589  13.62 Holden et al, 1983
oPC¥ 0.50 - 84 paste na. n.a. na 3 n.a. 479  13.53 Holden et al, 1983
OoPC© 0.50 0.4 84 paste na. n.a. na 8 na. 741 13.71 Holden et al, 1983
oPC@ 0.50 0.4 84 paste na. na. na 4 na. 661 13.67 Holden et al, 1983
OPC 0.50 0.4 28 mortar 90 161 <1 104 5 62 12.69 Polder, 1986
OPC 0.50 0.4 35  paste 546 630 2 146 41 835 13.77 Pageetal, 1983
OPC 0.50 1 - paste 580 208 n.a. 227 n.a. 458  13.51 Sergi, 1986

n.a. : concentration not available.

@ chloride added by mass of cement.

®) calculated pH-value: pH = 14 + logo(Yon:[OH]), where you is the activity coefficient of OH", which is assumed
to be 0.7 when [OH'] > 100 mmole/L and 0.78 when [OH] < 100 mmole/L (Samson, et al, 1999).

© low CsA content (7.7%).

@ high C;A content (14.3%).
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3. Methodology of the corrosion studies

The main goal of the ongoing RD&D corrosion studies is to provide confidence that the
integrity of the carbon steel overpack will not be jeopordized at least for the duration of
the thermal phase. In terms of a geological repository, the thermal phase is defined as the
time frame during which the temperature of the host formation is expected to lie above
the range of temperatures within which nominal migration properties can be relied upon
(e.g. for the Belgian reference disposal design, the time scales vary between 200 years for
vitrified high-level nuclear waste and ~3 000 years for spent fuel (MOX) (ONDRAF/NIRAS,
2013)).

An integrated scientific approach was developed consisting of the following three steps:
» Step 1 - Development of the Corrosion Evolutionary Path (CEP);

» Step 2 - Determination of scientifically well-founded estimates of uniform corrosion
rates for the different phases established during the CEP; and

» Step 3 - Proving the validity of the 'exclusion principle’;

3.1.Development of the Corrosion Evolutionary Path (CEP)

In nuclear waste management, the Corrosion Evolutionary Path (CEP) describes the
changing environmental conditions the overpack is subjected to in a repository during the
entire disposal period. The CEP defines the time dependent corrosion behaviour of the
carbon steel overpack and is therefore closely linked to the evolution of the environmental
conditions surrounding the overpack.

The environmental conditions surrounding the supercontainer will gradually evolve over
time from hot, oxic and relatively dry to cool, anoxic and fully saturated:

» Temperature will decrease as heat production of the radioactive waste decreases;

» Oxidising conditions will gradually change to reducing conditions following repository
closure. Oxygen, initially trapped in the free spaces of the disposal galleries during its
construction, will be consumed through chemical reactions, corrosion processes and
microbial activity;

» The geochemistry of the environment surrounding the overpack, initially governed by
the Ordinary Portland Cement (OPC)-based buffer chemistry, will gradually be
modified as Boom Clay pore water penetrates the concrete lining of the disposal
galleries and the concrete buffer of the supercontainer;

The development of the CEP is represented in Figure 3-1. Based on the evolution of the
environmental conditions, the CEP has been divided in several phases. And the various
corrosion processes and parameters that could potentially influence the lifetime of the
carbon steel overpack during the different phases have been identified.

The corrosion processes that can affect the lifetime of the overpack in all phases are
uniform corrosion and several forms of localised corrosion (such as pitting corrosion,
crevice corrosion, stress corrosion cracking and hydrogen embrittlement). And under
anoxic conditions, the effect of Sulphate Reducing Bacteria (SRB) and the associated
Microbially Induced Corrosion (MIC) also becomes a potential mechanism that should not be
ignored.

The various parameters that can influence the corrosion behaviour of the overpack are:
temperature, the presence of aggressive species such as chloride, sulphide and
thiosulphate, the presence of y radiation, the presence of welds, etc.
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Figure 3-1.  Schematic representation of the corrosion evolutionary path (CEP), with indication
of the various degradation modes and parameters that could potentially influence the lifetime of
the carbon steel overpack during the different phases of the disposal period.

Three phases are identified from the time of fabrication of the supercontainer up to the
time of loss of the overpack’s integrity (i.e. perforation of the carbon steel overpack):

» phase 1 - aerobic unsaturated phase;
» phase 2 - aerobic saturated phase; and

» phase 3 - anaerobic saturated phase (long-term);

Aerobic unsaturated phase 1

The beginning of phase 1 is defined as the time at which the carbon steel overpack is
emplaced in the supercontainer, thereby exposing it to the high pH concrete buffer.
Corrosion of the carbon steel overpack can commence from the moment it is placed in
contact with the precast concrete buffer. This already takes place during the fabrication
process of the supercontainer, which is carried out on surface (partly outside and partly
inside a radiation shielded hot cell). Although it is intended that emplacement of the
supercontainer in the disposal gallery and backfilling, sealing and closing of the disposal
gallery should happen in rapid succession, one cannot exclude that a considerable time
could elapse between the fabrication of the supercontainer and closing of the disposal
gallery.

Corrosion of the outer surface of the carbon steel overpack can only occur through contact
with the pore fluid present in the concrete buffer, because it is expected that, at this
stage of the disposal period, aggressive species coming from the Boom Clay host rock will
not have had sufficient time to penetrate up to the overpack. The oxidising agents present
in the supercontainer are oxygen from entrapped air in the concrete buffer and the oxygen
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and other oxidising species produced by radiolysis that could have an influence on the
redox conditions and on the corrosion reactions at the overpack surface.

Aerobic saturated phase 2

The ingress of Boom Clay pore fluid, in time, will lead to a complete saturation of the
concrete buffer and an alteration of the pore water chemistry of the concrete buffer.
Ingression of Boom Clay pore fluid will introduce potentially aggressive species into the
concrete buffer that could lead to an enhanced corrosion of the carbon steel overpack:
chlorides, bicarbonates, thiosulphates and sulphides.

Long-term anaerobic saturated phase 3

The initially trapped oxygen will be consumed by corrosion and microbiological processes
(microbial activity is highly unlikely considering the unfavourable conditions close to the
overpack owing to the high pH, high temperature and the small size of the pores in the
buffer concrete). This phase of saturated anaerobic conditions is expected to persist
indefinitely.

Neglecting the effect of radiolysis, the only oxidant available in the system, at this stage
of the disposal period, is water. Corrosion under these conditions yields hydrogen gas by
reduction of protons and water.

The temperature at the overpack surface will continually decrease until a limiting value of
the order of 16°C-i.e. the temperature of the undisturbed Boom clay host rock
formation - is reached.

The possibility of localised corrosion occurring is much diminished because there is no
process by which the anodic and cathodic processes may be spatially separated. Corrosion,
therefore, is expected to be uniform in nature, proceeding at a rate determined by the
rate of the anodic process. Furthermore, experiments performed by Smart et al. (Smart et
al., 2004) demonstrated that carbon steel will repassivate under anoxic and high pH
conditions, that is, if damaged, the protective film will reform and the uniform corrosion
rate will remain low.

3.2.Determination of scientifically well-founded estimates of uniform corrosion
rates

One of the main cornerstones of our methodology is based on the assumption that under
the predicted conditions within the supercontainer (i.e. a highly alkaline concrete buffer),
the carbon steel overpack is expected to undergo uniform corrosion through the
mechanism of passive dissolution (Hausmann, 1967; Preece, 1982; Tuuti, 1982; Bertolini,
et al, 2004). The deterministic nature of uniform corrosion makes it possible to provide
reliable estimates of the uniform corrosion rate for the different phases of the CEP.

Once the uniform corrosion rate for each of the seperate phases of the CEP has been
determined, lifetime prediction (in terms of reduction in wall thickness in ym/year) then
becomes very straightforward by simply integrating these corrosion rates over the duration
of the different phases on the basis of the following equation:

where dyverpack is the required thickness of the overpack to avoid performation (due to
corrosion) during the thermal phase, v; are the reliable estimates of the uniform corrosion

d

OPERA-PU-SCK513 Page 23 of 107



rate of the different phases (as established from the CEP) and t; are the durations of the
different separate phases.

This calculation only provides an estimation of the corrosion margin on the overpack
thickness. The thickness required to withstand mechanical stresses is not taken into
account.

3.3.Proving the validity of the exclusion principle

In the high pH environment of the supercontainer (i.e. a concrete-based buffer), the
carbon steel overpack is expected to be covered with a protective passive film (Hausmann,
1967; Preece, 1982; Tuuti, 1982; Bertolini, et al, 2004). On the other hand, it is generally
recognised (Alonso, et al, 2000; Angst, et al, 2009) that carbon steel exposed to such a
high pH environment can undergo depassivation due to for example ingress of aggressive
species. This can result in a subsequent localised corrosion attack, such as pitting and
crevice corrosion, and/or environmental cracking phenomena, such as stress corrosion
cracking (SCC) and hydrogen embrittlement (HE), that can lead to locally very rapid
penetration of the overpack. The stochastic nature of these local corrosion phenomena
increases the difficulty of making reliable predictions concerning the lifetime of the
overpack.

Our proposed integrated approach is based on providing a sound argumentation to defend
that each corrosion mechanism (i.e. localised corrosion phenomena such as e.g. pitting
corrosion, crevice corrosion, SCC, HE), other than uniform corrosion, cannot take place
under the geochemical conditions prevailing within the supercontainer and described in
the CEP. Or, if they can occur that we can prove that the effect will be negligible. This is
called the 'exclusion principle'.

One possible way to tackle this is the following: it is commonly known that a threshold
concentration of aggressive species (e.g. chloride, thiosulphate, sulphide, etc.) exists
above which the initiation of the different potential forms of localised corrosion and
SCC/HE can occur. The exclusion principle is based on proving that the predicted reference
concentrations that can be expected within the supercontainer (at the outer surface of the
overpack) are situated well below the threshold concentrations. These threshold
concentrations can often be found in the literature (such as e.g. for chloride). And for
those aggressive species that we do not know the threshold concentration, this has to be
determined experimentally. The occurrence of localised corrosion can be predicted by
comparing the critical potentials at which these corrosion modes occur (determined, if
available, from literature or experimentally) with the free corrosion potential.
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4. Expected evolution of the near-field environment

surrounding the carbon steel overpack

The Dutch reference design for geological disposal of heat generating high-level
radioactive waste (OPERA-A) involves a multi-barrier system of which the man-made
(engineered) barriers are based on the Belgian Supercontainer concept. In this disposal
concept, a carbon steel overpack is surrounded by a concrete buffer based on Ordinary
Portland Cement (OPC), imposing highly alkaline conditions. As such, containment of the
waste (water tightness) should be guaranteed at least during the thermal phase, but
possibly much longer. In the RD&D programme, the evaluation of the corrosion resistance
of this overpack is crucial, and this requires a good characterization of its chemical and
physical environment as well as information about its evolution considering the long
timescales involved in geological disposal.

The parameters that can potentially influence corrosion are: temperature, pH of the
concrete pore solution, degree of water saturation of the concrete buffer, chemical
composition of the concrete pore solution (including the presence of corrosion-aggressive
species) and radiation levels. These changing environmental conditions inside the concrete
buffer of the Supercontainer are called the Corrosion Evolutionary Path (CEP) (see section
3.1.).

In this chapter, the numerical models used to predict the long-term evolution of the
above-mentioned corrosion-related parameters are described and their output is discussed:

o the temperature evolution in the repository near field is calculated using a 2D
axisymmetric model. Also, special emphasis is put on the verification of the heat
source term;

¢ the evolution of water saturation in the repository is assessed by means of a 1D radial
thermohydraulic simulation;

¢ a 1D radial chemical diffusive simulation is used to predict the pH evolution;

e 1D axisymmetric transport calculations of the aggressive species, coming from the
perturbed host rock formation (Dutch Boom Clay), towards the overpack is carried out
using COMSOL Multiphysics 3.5a software;

4.1.Evolution of temperature at the overpack surface

4.1.1. Calculation of thermal power based on inventories

The thermal power calculation is carried out based on calculating the heat output as a
function of time for a shortlist of the most heat generating radionuclides in the inventory,
taking into account radioactive decay and ingrowth. As a first step, the method for
calculating the thermal power is checked using data for HLW provided in the EC RED-
IMPACT project, in which both thermal power and radiological inventories per waste
canister are given (Cunado, 2007).

The thermal power (W/canister) provided in the RED-IMPACT report is shown in Figure 4-1
as the red line. The thermal power calculated based on the inventories provided in the
report is shown as the green line. The two curves are quite consistent which proves that
the method for calculating thermal power based on inventories is correct. More specifically,
it proves that the radionuclide shortlist is adequately selected and that the heat
production data per disintegration (W/Bq) for these radionuclides are correct.
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Figure 4-1. Comparison of calculated thermal output based on inventory data with thermal
power provided in the RED-IMPACT report.

Next, the thermal power of Belgian HLW has been calculated. NIRAS provides several sets
of radiological inventory data (EOL= 10 years):

(1) Inventory data provided by AREVA for already produced canisters (390 canisters);
(2) Inventory data calculated by NIRAS for already produced canisters (390 canisters);

(3) Inventory data calculated by NIRAS for canisters that could be produced in case of
future reprocessing, denoted as 'provisions’ (2830 canisters).

The evolution of heat production based on these datasets is given in Figure 4-2. The purple
curve corresponds to the NIRAS data for produced canisters (2), the dark red curve
corresponds to future provisions (3), and the red line corresponds to a weighted average of
already existing and potential future canisters. The latter can be considered the reference
inventory for Belgian vitrified high-level waste (VHLW) that is generally used in
performance assessment calculations.

The green curve in Figure 4-2 corresponds to the heat production of VHLW based on the
following formula derived by Put (Put and Henrion, 1992):

Q=3 Ae At @inw/tHm)

where the coefficients A; and A; were fitted to heat production data for vitrified waste
arising from the reprocessing of spent fuel with a burn-up of 33 GWd/tHM. This heat
output has been used in the thermal impact assessments for the near field (Weetjens and
Sillen, 2005) and far field (Sillen and Marivoet, 2007) respectively.

The comparisons indicate that the fitted heat output is lower than the one corresponding
to the inventory data calculated by NIRAS for existing canisters, especially in the longer
term. Indeed, the inventory calculated by NIRAS using the FICAR tool (2) differs
significantly in actinide content from the inventory data provided by AREVA (1). The
agreement with the data provided in the RED-IMPACT project is rather good (see
Figure 4-4).
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Figure 4-2. Thermal power calculated for Belgian vitrified high-level waste (VHLW).

4.1.2. HLW inventory provided by COVRA

The inventory data used to calculate the heat output for the Dutch VHLW (CSD-V) is based
on empirical maximum values at production listed in appendix 6 of the OPERA-PU-
NRG1112A report. The radiological inventory of part of the radionuclides is directly
provided, while inventories for some isotopes needed to be calculated based on
weight/canister (Table 4-1) (without specific information, the reference time of inventory
data refers to EOL"=0 year).

For actinides, two cases are considered: one corresponding to average data and the other
corresponding to average data+stdev. The thermal power for these two cases is compared
and differences were found to be very limited. Therefore, in the following calculations,

data based on average weights are used.

Table 4-1.  Thermal power calculated based on weight.

g/canister Bqg/canister
U-234 0.15 3.55E+07
U-235 7.48 5.98E+05
U-236 3.65 8.64E+06
U-238 922.68 1.13E+07
Pu-238 0.28 1.78E+11
Pu-239 8.39 1.93E+10
Pu-240 3.72 3.13E+10
Pu-241 1.37 5.56E+12
Pu-242 0.92 1.33E+08
Cm-244 59 1.78E+14
Am-241 891 1.13E+14
Np-237 910 2.37E+10
Am-243 235 1.74E+12

b Reactor end-of-life.
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The COVRA inventory of radionuclides relevant for heat production is given in Table 4-2,
together with the Belgian reference VHLW inventory (NIRAS) and inventory data from the
RED-IMPACT project (Cunado, 2007).

Table 4-2.  Lists of the inventory data used in the thermal power calculation.

COVRA NIRAS®) Red-Impact

(EOL+0y) (EOL+10y) (EOL+50y)
Co-60 3.02E+12 6.37E+13 8.35E+10
Sr-90(+Y-90) 3.97E+15 4.71E+15 1.05E+15
Cs-137(+Ba-137m) 6.18E+15 6.86E+15 1.64E+15
Cm-244 1.78E+14 3.23E+14 3.76E+13
Pu-240 3.13E+10 1.12E+11 4,98E+11
U-236 8.64E+06 2.11E+07 1.25E+07
Am-241 1.13E+14 1.19E+14 4.68E+13
Np-237 2.37E+10 2.92E+10 1.78E+10
Pu-238 1.78E+11 3.17E+11 2.27E+11
U-234 3.55E+07 7.29E+07 6.55E+07
Th-230 0 7.33E+06 2.84E+06
Am-243 1.74E+12 2.72E+12 1.45E+12
Pu-239 1.93E+10 2.28E+10 1.60E+10
U-235 5.98E+05 1.27E+06 5.30E+05

©) weighted average of produced (2) and potential future canisters (3).

The inventory of those elements which contribute significantly to the thermal power are
compared in Figure 4-3.
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Figure 4-3.  Comparisons of the inventory datasets for vitrified HLW from COVRA, NIRAS and the
RED-IMPACT project.

The comparison of the power evolution from COVRA (two curves are provided: one is based

on inventory calculations based on data in Table 4-2; the other is the heat power directly
provided by COVRA); NIRAS (two curves are provided: one is calculated from the reference
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inventory in Table 4-2; the other is the fit curve); and RED-IMPACT are illustrated in
Figure 4-4.

The thermal power provided by COVRA (blue dashed one) is very consistent to the curve
calculated based on the inventory. In the following temperature evolution calculation, the
blue solid line is used.
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Figure 4-4. Comparisons of the thermal power for VHLW among COVRA, NIRAS and RED-IMPACT
(EOL for NIRAS is 10 years, for COVRA and RED-IMPACT 0 and 50 years, respectively).

4.1.3. Temperature evolution calculation in case of HLW disposal in Boom
Clay for the Dutch disposal concept

The temperature evolution is calculated using COMSOL Multiphysics 3.5a (COMSOL, 2008).
The geometries and material properties are assumed to be the same as for the Belgian
disposal design (Weetjens and Sillen, 2005) as depicted in Figure 4-5.

COVRA considers a cooling period of 100 years before disposal. The temperature
increment evolution at six observation points (distances to the center line of gallery are
0.283, 0.308, 1.014, 1.5 ,1.8, 2.8 m, respectively) are shown in Figure 4-6.

Temperature
increment (°C)

T field after 6 years since waste disposal

50
S

30

b

(e ad b 2 I S O (R e e
Distance from the center of disposal gallery (m) 10

Figure 4-5. Temperature increment (AT) field after 6 years since waste disposal. The X axis
represents the distance from the gallery into the Boom Clay. 2D axisymmetric COMSOL model is
used for temperature calculations. Because of symmetry rules, only half a supercontainer needs to
be modelled. Interactions between waste canisters are negelected in the modelling.
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Temperature evolutions at six observation points
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Figure 4-6.  Evolution of AT at six observation points for CSD-V (cooling time of 100 years).

4.2. Evolution of water saturation of the concrete buffer

The resaturation analysis consists of a non-isothermal hydraulic analysis based on a 1D
axial model geometry. The initial saturation degree of the backfill and buffer is assumed to
be 80% and the buffer has a low permeability similar to that of the Boom Clay. A detailed
description of the system can be found in Weetjens and Sillen (Weetjens and Sillen, 2005).
The current analysis is carried out using Code_Bright (Olivella, et al, 1996), which is
capable of considering vapour transport which is transformed from pore water under the
thermal loading. The simulation considers two years of re-equilibration of water pressure
after the excavation. Thereafter, the waste is emplaced and the disposal tunnels are
backfilled. The results (shown in Figure 4-7 and Figure 4-8) indicate that the system
becomes become fully water-saturated soon after the disposal tunnels are backfilled.
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Evolution of saturation profiles (1D THG analysis)
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Figure 4-7.  Evolution of the saturation profile at different time intervals (initial time refers to
two years after excavation and backfilling the disposal tunnels).
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Figure 4-8. Evolution of water pressure, gas pressure and water saturation at the overpack
surface.
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4.3. Evolution of pH of the concrete pore solution

4.3.1. Reference clay porewater composition

The reference porewater composition of the Boom Clay formation, located in the
Netherlands, used in the calculations is based on the data reported in Table 4-1 of the
report of Behrends and co-workers (Behrends, et al, 2015). For clarity of this section, we
repeat this table in Table 4-3.

Table 4-3.  Chemical composition of solution retrieved by mechanical squeezing from core
sample 101 (slice 17 and 18), 104 (slice 9 and 11), and 103 (slices 11, 12 and 13). Errors indicate the
variation between duplicate measurements. Evaluation of the calibration with independent
standards were in the range of + 5%. Measured concentrations are compared to those reported for
Boom Clay pore water in Mol (De Craen, et al, 2004) and in Essen (De Craen, et al, 2006). For
comparison, also the seawater composition according to Appelo and Postma (Appelo and Postma,
2005) is listed. This table is a copy of Table 4-1 of the report of Behrends and co-workers (Behrends,
et al, 2015).

Seawater  Sample 104  Sample 101 Sample 103 Boom Boom

Clay Clay in

in Mol Essen
Na [mM] 485 443** + 3 237** + 4 133.1 £ 0.1 15.6 56
Cl [mM] 566 546* + 2 408** + 5 394.0 + 0.1 0.5 44 .1
S [mM] 29 65** + 2 57** + 1 3.9+0.1 0.02* 4.2*
K [mM] 11 15.95** £ 0.02  10.4£0.2 3.7+ 0.2 0.2 0.7
Ca [mM] 11 47.0 £ 0.1 60.4 + 0.7 69.7 £ 0.1 0.04-0.2 0.9
Mg [mM] 55 51.7 £ 0.3 42.3+0.5 58.4 + 0.1 0.05-0.2 2
Fe [uM] 297 + 1 746 + 12 3260 + 0.1 6 - 50 70
pH 7.5-8.4 3.05" 3.177 6.7 8.3-8.6 83-8.6
Alkalinity [meq/L]  2.47 0.55

* S04~ concentration.

** concentrations exceeded the calibration range and might have an error > 5%.

" not representative for in situ porewater due to acidification during collection for sample 104 and
101; for sample 103, a thicker rubber stopper was applied and may represent in situ porewater.

Based on the report of Behrends and co-workers (Behrends, et al, 2015), the porewater
compositions determined by mechanical squeezing and leaching are very different so it is
difficult to decide which to use. We choose to use the compositions from the squeezing
experiments because the leaching data are lacking model interpretations with respect to
cation exchange reactions. From our experiences, leaching clay samples will unavoidably
perturb the original chemistry in terms of cation exchange and mineral solubility so a
model interpretation is needed to reconstruct the porewater composition. Also from our
experiences, mechanical squeezing is a reliable method to extract porewater composition
that is representative for the original conditions. This is especially true for the major ion
concentrations. Among the water samples from the three cores used for squeezing, sample
104 and 101 had a very low pH around 3 suggesting a severe acidification which might be
due to oxidation of pyrite. The ratio of S04 /Cl in these two samples is above 0.1, which is
more than a factor 2 higher than the one in seawater (0.05). This might have been caused
by pyrite oxidation and the release of SO,*. The porewater of sample 103 has a pH of 6.7,
which is still a bit too low but more likely representative for the type of clay water in
Boom Clay with a relatively high salinity, for example the water at Essen, Belgium. For this
reason, we choose the water of sample 103 as the reference composition. However, it is
also noticed that the water of sample 103 has a much lower salinity than that of sample
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104. Although the porewater pH of sample 104 is questionable, the chloride content of
sample 104 is quite high and as chloride is a conservative anion and an good indicator of
water salinity, the water composition of sample 104 might also be representative except
for the pH value. We thus also use the porewater composition of sample 104 to test the
effect of salinity. As the pH of 3.05 is too low and causes disability of clay minerals, a pH
value of 6.7 (the same as the one in the sample 103), is used.

The concentrations of Si, Al, and inorganic carbon (except the water sample 103 where the
alkalinity is measured) were estimated by assuming a chemical equilibrium with quartz,
kaolinite, and calcite, because the data of these concentrations was lacking at the time of
writing the report. In practice, however, the dissolved concentrations of these elements in
the porewater are calculated by solubility of these minerals in the porewaters of samples
104 and 103. These data are needed for calculating the cement/clay interactions as these
elements are part of the basic constituents of cementitious materials.

4.3.2. Chemical evolution at 25°C controlled by equilibrium reactions and
diffusion

At this stage no fully coupled thermal-chemical-transport simulation is performed, but a
1D radial chemical diffusive simulation at 25°C is carried out to scope the status of
chemical evolution as a function of time assuming that diffusion at 25°C does not differ
significantly from diffusion under higher temperatures (up to 50°C, which is the maximum
T increment as given in Figure 4-6). This 1D radial chemical diffusive simulation is similar
to that used by Wang (Wang, 2006) in the Belgian concept.

The aim is to see if the duration of the thermal phase is long enough to cause a significant
change at the overpack/cement interface, where the pH evolution is required for assessing
the corrosion rate. The rationales are: if the duration of the thermal phase is short, and
within the time span during which the chemistry of the interface of our interest remains
unchanged, then the simulation can be done by decoupling the thermal and chemical
processes. |If however, a significant change in chemistry is observed at the interface within
the considered thermal phase, then a fully coupled simulation is probably needed to
accurately assess the pH evolution at the interface. Such fully coupled simulation is
possible but more complicated to be implemented.

Figure 4-9 presents the results of pH evolution (as indicator of the chemical characteristics
of the interface) as a function of time, assuming a constant concentration of the inlet
porewater (103 and 104 respectively) diffusing into the cementitious near field.

It is seen, from Figure 4-9, that the pH at the overpack/cement interface (left side of the
plots, which corresponds to ~0.2 meters from the center of the waste canister) is around
13.45 which is very close to the original state | pH of 13.5 suggesting that the chemistry at
the interface has not changed significantly, certainly not after 100 years of diffusion.
Towards the cement/clay interface (right side of the plots), however, the pH decreases to
around 10 because of the effect of the neutralization reactions by the inlet clay
porewaters.
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Figure 4-9.  Calculated pH in a cementitious near field at 25°C after 100 years diffusion of clay
porewaters into the cement buffer (left: porewater composition of sample 103; right: porewater
composition of sample 104).

The results of Figure 4-9 demonstrates that after 100 years the cement near the metallic
overpack is still intact and not yet degraded to a significantly extent. The chemistry at the
overpack/cement interface is still well buffered by the state | cement so the pH evolution
can be estimated by calculating the cement chemistry at state | under an elevated
temperature. Note that the simulated pH drop in Figure 4-9 should be considered as being
much faster than in reality since the model neglects the phenomenon of porosity clogging
due to carbonation, i.e., the neo-formation of calcite as the result of clay water/cement
interaction. Figure 4-10 shows the saturation indices (SI) of calcite in the near field and as
can be seen the S| is significantly larger than 1 in the near field, suggesting the
precipitation of calcite. The consequence of neo-calcite formation is a decrease of the
porosity resulting in a much slower ingress of clay water into the near field compared to
the cases shown in Figure 4-9, where no clogging is considered. Wang (Wang, 2006)
predicted that if clogging is taken into account, a completely clogged near field in the case
of Boom Clay at Mol, Belgium is formed and in that case diffusion of clay water stopped so
the near field would remain intact shortly after the closure of the repository.
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Figure 4-10. Calculated saturation indices for calcite in a cementitious near field at 25°C after
100 years diffusion of clay waters into the cement buffer (left: porewater composition of sample
103; right: porewater composition of sample 104).
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4.3.3. Estimated evolution of pH at the overpack/cement interface as a
function of temperature and time

The results of the pH evolution calculations at the overpack/cement interface are given in
Figure 4-11. Figure 4-11(a) shows the evolution of the pH during the initial thermal phase
(short term), where temperature effects may play a role (introduction of the radioactive
waste will initially cause a temperature increase and the subsequent decay of the
radioactive waste will lead to a decrease of temperature). The results for the long term
evolution (10’ years) are given in Figure 4-11(b).

The pH evolution calculation at the overpack/cement interface is based on the state |
cement chemistry calculations, considering the temperature evolution given in Figure 4-6
(only the data of 2" phase concrete filler are considered). Because the results given in
Figure 4-6 are temperature increments, it is necessary to know the original temperature of
the clay formation where the cores were drilled. According to Behrends and co-workers
(Behrends, et al, 2015), no clear indication about the in situ temperature of the clay is
available, but 26°C was given as the temperature for the laboratory leaching experiments.
Therefore, 26°C is used as the in situ temperature to calculate the temperature evolution
in the near field. The distance between the center of the waste canister and the 2" phase
concrete filler is 0.283 meters (i.e. the position at the overpack/cement interface).
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Figure 4-11. pH evolution at the overpack/cement interface as a function of time after closure of
the repository: thermal phase (left) and long term (right).
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The pH at the overpack/cement interface at the beginning of the thermal phase is around
13.5, controlled by the dissolved alkalis (Na and K) (see Figure 4-11(a)). As temperature
increases, according to the results shown in Figure 4-6, the pH decreases and reaches a
minimum value of 12.14 after 9 years (when temperature reaches its highest value of
50°C). The process controlling this pH evolution is the dependence of pH on temperature.
More precisely, it is due to the dependence of the water hydrolysis constant on
temperature. Such dependence is reflected by the change in the value of the water
stability constant with temperature. In the present case and in the temperature range
concerned, the pH is inversely correlated to temperature, i.e., the higher the temperature
the overpack/cement interface becomes, the lower the pH is in the pore water.

One may expect that when the temperature at the interface decreases back to the original
one of 26°C, the pH of the interface will become 13.5 again, if the cement is still at the
state |. As the thermal phase is quite short in this case, it is highly likely that the cement
at the overpack/cement interface remains intact and a high pH condition will be resumed
after the thermal phase.

Since then on, the pH of the interface will evolve under an isothermal condition at

ambient temperature. When the concrete buffer gets depleted in Na- and K-oxides (after
~1,000 years), portlandite will determine the pH at a value of 12.5 (see Figure 4-11(b)).
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The pH of 12.5 is predicted to persist for at least 80,000 years, after which it will drop to a
value of 11.3.

The pH evolution calculations are very conservative because of the following two reasons:

e an infinite dilution boundary condition is directly applied at the concrete/clay
interface, neglecting transport limitations in the Boom Clay;

e an unrealistically low rate constant is applied to make calcite inert. In reality,
however, calcite precipitation is likely to occur as a result of calcium reacting with
the in-diffusing dissolved CO, from the Boom Clay pore water. Calcite precipitation
could lead to pore clogging in the first centimetres of the buffer, so that the time
needed for exhausting the alkalis and portlandite would prolong substantially. As such,
it is expected that a high pH of 12.5 could be maintained for much longer than
80,000 years;

4.4. Evolution of chemical composition of the concrete pore solution
(aggressive species)

4.4.1. Input parameters

4.4.1.1. Porewater composition of Dutch Boom Clay

The chloride and sulphate concentrations of the undisturbed Dutch Boom Clay porewater
used in the transport calculations are based on the data reported in Table 4-1 (Sample 103)
of the report of Behrends and co-workers (Behrends, et al, 2015). This corresponds to
3.94x10" and 3.9x10° mol/L for Cl" and SO,*, respectively. The reasoning for chosing this
pore water composition is discussed in detail in section 4.3.1. Thiosulphate and sulphide
species are not expected to be present in undisturbed Boom Clay porewater (De Craen, et
al, 2004). No reactions of the aggressive species with concrete or clay componennts are
included in the calculations.

The expected composition of the perturbed Dutch Boom Clay porewater diffusion towards
the overpack’s surface is given in Table 4-4. The chloride concentration in the excavation
disturbed zone (EDZ) is set to the highest value found in Table 4-1 of the report of
Behrends and co-workers (Behrends, et al, 2015). The sulphate and thiosulphate
concentrations are chosen based on analysis of in situ collected porewater (piezometers)
with subsequent laboratory measurements (Van Geet, et al, 2006a; Van Geet, et al, 2006b;
Van Geet, et al, 2006c) and scoping calculations (Wang, 2006; Van Geet, et al, 2006a).
They correspond to the worst case, which lists all maximum concentrations ever observed
in Boom Clay (not necessarily measured in the same water sample).

Table 4-4. Input concentrations of perturbed Dutch Boom Clay porewater (worst ever
measured).

Aggressive specie Worst conc. ever measured

mol/L mg/L
Cct 5.46E-1 19 328
SO~ 2.15E-1 20 600
5,05* 9.50E-3 1070
HS /S 4.70E-3 150
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Also, two additional sulphide concentrations are used: 500 mg/L (15.7 mmol/L) and a
worst case concentration

o for the worst case concentration, it is assumed that all pyrite in the EDZ (a 1 m zone®
around the concrete gallery lining) will be oxidized into sulphate and that all sulphate
will be transformed into sulphide by microbial activity. As Boom clay contains about
1 wt¥% pyrite and the bulk concentration of clay is 1600 kg/m3, a sulphide
concentration in the liquid phase of the EDZ of 19 420 mg/l (609 mmol/l) is obtained.
As sulphide compounds are highly insoluble, it is doubtfull that this concentration will
even be possible;

e an arbitrary concentration of 500 mg/L (15.7 mmol/L) is chosen as an intermediate
value;

4.4.1.2. Transport parameters (pore diffusion coefficients,
effective porosity)

Table 4-5 contains the transport parameters for the four aggressive species used as input
for the calculations. The pore diffusion coefficient, Dy, for chloride, sulphide, sulphate
and thiosulphate in concrete are set to the value of 3.83E-11 m?/s. This is the D, value of
Cl for intact concrete that was used in the safety calculations for the Belgian Category A
programme (Seetharam, et al, 2011). Another, more pessimistic calculation case assumes
that all concrete is in a degraded state, and a higher D, value of 2.03E-10 m2/s is used,
again in accordance with values from the Belgian Category A programme. The same goes
for the porosity values used in both cases, which are also given in Table 4-5.

Best Estimate values for pore diffusion coefficients and effective porosity in Boom Clay are
given in Table 4-6. Dp of Selenate in Boom Clay has been used for the transport
parameters of the (thio)sulphate species, and iodide has been used for sulphide and
chloride.

As some anions (e.g. Cl" and I') are (strongly) retarded by concrete phases by either
sorption or precipitation processes (Seetharam, et al, 2011), this could also be the case for
sulphide, sulphate and thiosulphate. This could delay the arrival of these species at the
overpack with many thousands of years. Sorption and solubility limits in the concrete
phases, EDZ and near field clay have been conservatively neglected for all species in the
present calculations.

Table 4-5.  Transport parameters (pore diffusion coefficient, D,, and effective porosity) in intact
and degraded concrete.

Aggressive specie Intact concrete Degraded concrete
Dy Porosity Dy Porosity

(m?/s) (-) (m?/s) (-)

cr 3.83E-11 0.097 2.03E-10 0.31

S0,%/S,05% 3.83E-11 0.097 2.03E-10 0.31

HS/S* 3.83E-11 0.097 2.03E-10 0.31

¢ Excavation of the disposal tunnels will lead to fracturing of the Boom Clay host rock formation up
to a depth of about 1 meter.
4 |f fact, migration parameters for selenate are determined using sulphate-ions.
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Table 4-6.  Transport parameters (pore diffusion coefficient, D,, and effective porosity) in Boom
Clay.

Aggressive specie Boom Clay
D, Porosity
(m?/s) (-)
cr 1.4E-10 0.16
S0,%/S,05% 3.2E-11 0.10
HS/S* 1.4E-10 0.16

4.4.2. Predicted transport calculation of aggressive species through the
concrete buffer

The transport calculations of the aggressive species (chloride, sulphate, thiosulphate,
sulphide) through the concrete buffer of the Supercontainer are performed with COMSOL
Multiphysics 3.5a, Earth science module (COMSOL, 2008). A 1-dimensional axisymmetric
geometry is used to simplify the computer simulations. The calculations incorporate
diffusive transport and advective flow driven by the pressure gradient at repository depth
as potential transport processes. A schematic representation of the computational domain
is given in Figure 4-12.

Carbon steel Gallery lining
overpack
@:o ® ® ® * ¢Cuse
or
f— 138 —sle 1m—sle 19m >
Concrete EDZ Undisturbed
materials (buffer,  c=Cgpz Boom clay
backfill, wedge (Cuze)
blocks) c=0

Figure 4-12. Computational domain and boundary conditions.

All cementitious materials (buffer, cementitious backfill material and concrete gallery
liner) are considered to have similar properties and will be treated in the same way. This is
based on the fact that most relevant concrete compositions for the disposal facility all use
ordinary Portland cement (OPC) and calcareous aggregates in similar amounts. The
dimensions are based on the models used in the scoping calculations for the Belgian
Supercontainer design (Govaerts and Weetjens, 2010).

Because the 1D thermo hydraulic analysis of the resaturation time of the concrete
materials pointed out that the concrete will resaturate almost completely (up to 95 - 98%)
after already one to five years (see section 4.2., Figure 4-7), the concrete materials are
assumed to be completely saturated from the start in order not to unnecessarily
complicate the calculations. It could also be concluded from the work of Govaerts and
Weetjens (Govaerts and Weetjens, 2010) that because of the fast equilibration and
resaturation of the system, there are little differences observed when explicitly including
the effect of the resaturation of the concrete on the transport of aggressive species
towards the overpack.

The following initial and boundary conditions are considered in the calculations (see
Figure 4-12):
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a non-flux condition for concentration is imposed at the overpack;

all concentrations in the concrete region are set to zero;

concentrations in the EDZ are initially at the values mentioned in Table 4-4;

concentrations in the undisturbed Boom Clay are initially equal to the undisturbed
Boom clay concentrations (UBC);

concentrations at the Boom clay outer radial boundary are fixed to the initial
undisturbed Boom clay concentrations;
Two cases are calculated:

e Case A: assuming that the concrete materials are intact and the migrations properties
are favourable for preventing the ingress of the aggressive anions;

e Case B: assuming that the concrete materials are degraded and the migrations
properties are not favourable for preventing the ingress of the aggressive anions;

Case A

Breakthrough curves of chloride, sulphate, thiosulphate and sulphide (with initial low,
medium and high concentrations) are shown in Figure 4-13.
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10 e
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10° L | ——Sulphide ||

10' | ]

Concentration at the overpack [mmol/I]
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Time [a]

Figure 4-13. Concentration evolution of the aggressive species at the overpack for Case A with (—)
low, (— —) mediam and (- - -) high initial sulphide concentration.

These calculations show that the chlorine concentration at the overpack will approach the
Rupelian Clay background concentration after a period of about 2000 years. The maximum
sulphide concentrations at the overpack are reached after 500 years due to indiffusion
from the EDZ into the concrete and will then slowly decrease due to outdiffusion towards
the boundary of the clay. The same behaviour can be observed for sulphate and
thiosulphate but the maximum occurs slightly later (700 years) and the decrease after the
occurrence of the maximum concentration is less steep due to the lower diffusion
coefficient in clay.
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Case B

In the second calculation, all concrete materials are assumed to be severely degraded,
which is reflected in a higher value of the porosity and the diffusion coefficient.
Breakthrough curves of chloride, sulphate, thiosulphate and sulphide (with initial low,
medium and high concentrations) are shown in Figure 4-14.
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Figure 4-14. Concentration evolution of the aggressive species at the overpack for Case B with (—)
low, (— —) mediam and (- - -) high initial sulphide concentration.

The maximum sulphide concentrations at the overpack are already reached after 185 years
due to the higher diffusion coefficient in the concrete and are also slightly higher
compared to the ones obtained in case A. Maximum sulphate and thiosulphate also occur at
earlier times, but are slightly lower compared to case A. This is due to the larger
difference in effective porosities between concrete (0.31) and clay (0.10) in this case,
which forces the amount of (thio)sulphate, initially present in the EDZ, to be distruted
over a larger pore volume of the concrete. This effect is less important in the case of
sulphide due to the larger effective clay porosity (0.16). Chlorine concentrations will reach
the level of the background undisturbed, although it will take slightly more time compared
to case A, due to the larger pore volume that needs to be filled.

The maximum concentrations and their time of occurrence are summarized in Table 4-7.
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Table 4-7.  Maximum concentrations and their time of occurrence reached at the overapck.

Aggressieve specie Case A Case B
Concentration Time Concentration Time
(mmol/L) (year) (mmol) (year)
cr 394 >2000 394 >3000
S0~ 98.9 700 70.9 540
S,05% 4.3 700 3.1 540
HS/S* (low) 1.4 467 1.4 185
HS/S* (medium) 4.6 467 4.8 185
HS/S* (high) 180 467 187.3 185
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5. Corrosion rate data reported in the literature

Since the start of the twentieth century, reinforced concrete has been used extensively for
a variety of building and civil engineering applications, thus becoming the most versatile
constructional material available. However, with its ever-increasing use, cases of
premature collapse of reinforced concrete structures due to the corrosion of the steel
reinforcement has increasingly been identified. The number of studies of corrosion of steel
reinforcements in concrete rose steadily since the 1970s to meet the demand of the
building companies to cope with the corrosive effects of chlorides (used as de-icing salts).
This widespread research on corrosion of steel reinforcements has led to a vast amount of
uniform corrosion rate data in cementitious environments.

Besides building and civil engineering applications, reinforced concrete is a structural
material that is widely used in the nuclear industry:

+ in power plants, for components containing iron/concrete interfaces;

« in the context of nuclear waste storage (low level waste, LLW, and intermediate level
waste, ILW, waste disposals) for various purposes such as cell structures and some
types of radioactive waste containers;

Relevant uniform corrosion rate data reported in the literature originate from studies in
the framework of various national nuclear waste management programmes and studies for
industrial applications:

+ nuclear waste management programmes

- the UK Nirex Safety Assessment Research Programme (NSARP);

- the Swiss Nagra's crystalline rock programme;

- the Swedish SKB's research programme;

- the Japanese H-12 Project studies;

- the Spanish ENRESA research programme;

- the French CIMETAL research programme;

- the Belgium Ondraf/Niras RD&D programme;

- miscellaneous nuclear waste management studies (Germany, South Korea);

* non-nuclear waste management literature (industrial applications);

In this report, the uniform corrosion rate data found in the literature are classified
according to the change of the environmental conditions, surrounding the carbon steel
overpack, in time from oxidising to reducing, viz. aerobic alkaline media and anaerobic
alkaline media. After all, the aerobic and anaerobic period have been identified as the two
major periods in the course of the Corrosion Evolutionary Path (CEP).

A more detailed summary of the corrosion rate data relating to the corrosion of carbon
steel in alkaline media is presented elsewhere (Kursten, to be published).

5.1. Aerobic alkaline environments (solutions + concrete)

The corrosion rate data in alkaline media under oxic conditions reported in the literature
largely originate from the non-nuclear waste management literature, such as studies
initiated by the various State Departments of Transportation (DOTs) of the U.S. in an effort
to find improved (i.e. better corrosion-resistance to cost ratio) reinforcement alternatives
to carbon steel for bridge deck applications (chloride-contaminated concrete from de-icing
salts), supplemented with independent studies from other industrial applications. Few data
is obtained from studies performed in various national nuclear waste management
programmes (LLW and ILW).
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Figure 5-1 summarizes the corrosion rate data reported in the non-nuclear industrial and
nuclear waste management literature for carbon steel in oxic and alkaline chloride-free
solutions. Corrosion rates in the range from 0.1 to -10 um/year have been reported for
temperatures up to 80°C in environments that are most relevant for the concrete buffer
environment inside the Supercontainer (i.e. in the pH range 12-13).

<— (a(0H)2, 0.1-1.8 g/L (Akolzin et al., 1983; 1985b), weight loss meas
<» Ca(OH)2, 0.08-1.4 g/L (Akolzin et al., 1983; 1985b), LPR meas.
¢——4% NaOH, 0.108-0.864 g/L (Akolzin et al., 1985b), weight loss meas.

T ¢4 NaOH, 0.09-151 g/L (Akolzin et al., 1983; 1985b), LPR meas.

NaOH, 0.1M (Blackwood et al., 2002a; Chambers et al., 1995), ipass meas.
§—= KOH, ??2M (Lesnikova & Frejd, 1980; Behrens, 1987), spectrophotometry
Ca(OH)2, sat. (Hurley et al, 2001), LPR meas
Ca(OH)2, sat. (Hurley & Scully, 2002), potentiostatic pol. meas.
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Figure 5-1.  Compilation of uniform corrosion rates (reported in the non-nuclear industrial and

nuclear waste management literature) for carbon steel in oxic and alkaline chloride-free solutions

representative for the Supercontainer (i.e. pH ~ 12—13.5).

Akolzin et al. (Akolzin, et al, 1983; Akolzin, et al, 1985b) reported high corrosion rates up
to 180 um/year. The highest corrosion rates (between -20 and 180 pm/year) were
measured in Ca(OH), solutions with a concentration of <0.8 g-L"" and in NaOH solutions with
a concentration of <0.76 g-L"'. These high corrosion rates can be directly linked to the
composition of the testing solutions, which were too dilute to provide adequate protection
of the steel from corrosion and can therefore be considered as corrosion rates under an
active corrosion regime. For comparison, concrete pore water is often simulated (in the
laboratory) by a saturated Ca(OH), solution, which corresponds to a Ca(OH), concentration
of 1.5 g-L" or higher.

High corrosion rates (50-140 pm/year) were also reported by Lesnikova and Frejd
(Lesnikova and Frejd, 1980). However, experimental details (e.g. the concentration of the
KOH test solutions) were not given in this reference. And moreover, they used a rather
dubious method (the method has not been used by any of the other investigators): the
corrosion rate was calculated from the amount of dissolved iron that was measured
spectrophotometrically.

Hurley and co-workers (HURLEY, et al, 2001; Hurley and Scully, 2002; Scully, et al, 2003)
published a vast amount of corrosion rate data in a saturated Ca(OH), solution that were
either obtained from potentiostatic or potentiodynamic polarisation measurements or
calculated from polarisation resistance data (measured by the linear polarisation
resistance method, LPR). The highest reported corrosion rate values (11.5 pm/year) were
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calculated from passive current densities that were measured potentiodynamically.
Macdonald, however, found that passive current densities measured potentiodynamically
can be up to three orders in magnitude higher than those measured potentiostatically
under steady-state conditions (Azizi, et al, 2008b; Macdonald, et al, 2009c).

The experimental conditions of the data reported by Byakova and co-workers (Byakova, et
al, 1976), Drazi¢ and Hao (Drazi¢ and Hao,1983), Yasuda and co-workers (Yasuda, et al,
1987), Hubbe (Hubbe, 1980), Schwenk (Schwenk, 1983) and Huet (Huet, 2005a) greatly
differ from the expected environmental conditions inside the Supercontainer (according to
the normal evolution of the repository system):

» Byakova and co-workers (Byakova, et al, 1976) performed experiments in a 30% KOH
solution with a calculated pH of 14.7 (at 25°C);

 Drazi¢ and Hao (Drazi¢ and Hao,1983) performed experiments in a 5M KOH solution
with a calculated pH of 14.5 (at 25°C);

» Yasuda and co-workers (Yasuda, et al, 1987) recorded corrosion rates of up to
4,000 pm/year. The experiments, however, were performed in caustic soda solutions
(either 30% or 50% NaOH with a calculated pH of 14.8 and 15.1, at 25°C,
respectively);

» Hubbe (Hubbe, 1980) performed experiments in a NaOH solution of pH 9.8 (at the
start of the experiment), which decreased to 7.7 at the end of the exposure period.
According to the literature, the pH of these test solutions was too low for maintaining
a stable passive film on the surface of the steel samples. Therefore the steel samples
probably corroded in an active regime, hence the highly measured corrosion rates.
Furthermore, details on the concentration of chlorides added to the test solution
were not given in the reference;

» Schwenk (Schwenk, 1983) and Huet (Huet, 2005a) performed experiments in NaHCO;,
Na,CO; or CaCO; solutions with a pH lower than 9.5. These solutions were used to
simulate the pore chemistry of carbonated concrete. However, under normal
evolution conditions, carbonation of the concrete buffer is not expected to occur;

5.2. Anaerobic alkaline environments (solutions + concrete)

The corrosion rate data in alkaline media under anoxic conditions reported in the
literature largely originate from studies performed under the auspices of various national
nuclear waste management authorities (LLW and ILW programmes). Despite the
widespread industrial use of low alloyed steel as reinforcement in concrete and the
corresponding extensive literature, there are relatively few published studies of corrosion
rates under anaerobic conditions in this field. Furthermore, the studies in the literature
related to industrial applications, are performed under aerated and carbonated conditions.

Figure 5-2 summarizes the corrosion rate data reported in the nuclear waste management
and non-nuclear industrial literature for mild steel in anoxic and alkaline chloride-free
solutions. The data in Figure 5-2 clearly exhibit a decreasing tendency of the uniform
corrosion rate with increasing time of exposure towards a constant and very low value. Long-
term corrosion rates (> 365 days) in the range of 0.1 ym/year or lower have been reported
for temperatures up to 80°C in chloride-free solutions that are most relevant for the
concrete buffer environment inside the Supercontainer (i.e. in the pH range 11.8-13.5).
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100 ¢ Swiss Studies - NaOH, Ca[OH]2 sol., 50°C, pH 12.3-12.5 (electrochemical techn.)
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Figure 5-2.  Compilation of uniform corrosion rates (reported in the non-nuclear industrial and
nuclear waste management literature) of carbon steel in anoxic and alkaline chloride-free solutions
representative for the Supercontainer (i.e. pH ~ 12—13.5).

The graph is compliled from data reported in the following REFERENCES:
& (Grauer, 1988);
(Grauer, et al, 1991a; Grauer, et al, 1991b; Kreis, 1991; Kreis and Simpson, 1992; Kreis, 1993);
(Naish, 1993; Smart, et al, 2004; Smart, 2008; Smart, 2009);
(Smart, et al, 2004; Smart, 2008; Smart, 2009);
(Naish, 1993; Naish, et al, 1995; Naish, et al, 2001; Smart, et al, 2004; Smart, 2008; Smart, 2009);
(Naish, et al, 2001);
(RWMC, 1998; Fujiwara, 2002; Kaneko, et al, 2004);
(Fujisawa, et al, 1997);
(Honda, et al, 2006; Honda, et al, 2009);
(RWMC, 1998; Fujiwara , 2002; Kaneko, et al, 2004);
(Hansson, 1984c; Hansson, 1985; Hansson, 1985a; Hansson, 1987);
(Heusler, et al, 1958; Kaesche, 1965; Grubitsch, et al, 1970; Grubitsch, et al, 1979);

mll N NeNUN XN )

The highest corrosion rates were obtained either
« from electrochemical experiments;
» from weight loss measurements; or

» from H,-generation rates measured during the first initial period of the experiment.
Increased instantaneous corrosion rates were initially measured (on pickled samples),
which was attributed to the build up of a protective corrosion product layer;

The H,-generation derived corrosion rates measured by Swiss and Japanese workers were
consistently about one order of magnitude lower than those reported in the UK studies in
similar environments. A possible explanation could be the use of glass test cells in the
Japanese studies, resulting in the inhibition of the corrosion process due to the dissolution of
glass (Si) at high pH. This assumption seems to be confirmed by the outcome of a study
performed by Smart and co-workers (Naish, et al, 2001; Smart, et al, 2004), in which the
effect of the use of a polythene insert inside a glass cell on the anaerobic corrosion of
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carbon steel was investigated in a highly alkaline environment (0.1M NaOH solution). Tests
performed in glass cells without a plastic liner showed a rapid decline of the corrosion rate
to very low values (see Figure 5-3). Tests performed in glass cells with a plastic liner to
separate the test solution from the glass walls of the test cell showed a very slow decline
of the corrosion rate. The authors have, however, not attempted neither to measure the
concentration of Si in solution nor to analyse the composition of the corrosion products
formed on the surface of the carbon steel specimens.

100.000 —4—0.1M NaOH
—#0.1M NaOH + 3.5 wt% NaCl

=&~0,1M NaOH without plastic liner

)
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Figure 5-3. Effect of corrosion cell type (glass vs. plastic) on the anaerobic corrosion rate of
carbon steel in 0.1M NaOH at 80°C (Naish, et al, 2001).

The experimental conditions of the data reported by Schenk (Schenk, 1988), Simpson and
Schenk (Simpson and Schenk, 1989), Yasuda and co-workers (Yasuda, et al, 1987), Schenk
and Noack (Schenk and Noack, 1995) and Jelinek and Neufeld (Jelinek and Neufeld, 1982)
greatly differ from the expected environmental conditions inside the Supercontainer
(according to the normal evolution of the repository system):

« Simpson and Schenk (Schenk, 1988; Simpson and Schenk, 1989) measured the hydrogen
generation rate from carbon steel in pure water of pH 7 or in Na,CO3;/NaHCO; buffered
solutions with pH 8.5 or 10 using gas chromatography methods in the temperature
range between 50 and 80°C;

» Yasuda and co-workers (Yasuda, et al, 1987) reported extremely high corrosion rates
of 1,500 and 28,000 um/year determined from weight loss and linear polarisation
resistance measurements, respectively. The experiments were performed in caustic
soda solutions at 117°C (30% NaOH, with a calculated pH of 14.9 at 25°C).
Furthermore, the authors assumed that the high measured corrosion rates were
caused by the oxidation of hydrogen instead of corrosion of the steel specimens;

» Schenk and Noack (Schenk and Noack, 1995) conducted volumetric hydrogen
generation measurements on pure iron in synthetic cement pore water solutions of pH
9.0 or 10.5 at 50°C. Extremely low corrosion rates of <0.0003 pm/year (at both pH's)
were measured after a testing period of 330 days;

« Jelinek and Neufeld (Jelinek and Neufeld, 1982) measured the hydrogen generation
rate from carbon steel in 0.1N NaHCO; solution of pH 8.8 using gas chromatography
methods in the temperature range between 60 and 90°C;

5.3. Discussion of the reported data

5.3.1. Criteria for passive/active corrosion

Andrade and co-workers assumed 0.1-0.2 pA/cm? as the boundary icorr range between
active and passive corrosion for carbon steel in concrete (Andrade and Gonzalez, 1978;
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Gonzalez, et al, 1980; Andrade, et al, 1981; Alonso, et al, 1988; Feliu, et al, 1988; Goii
and Andrade, 1990; Andrade, et al, 1990; Andrade and Alonso, 1994; Gonzalez, et al,
1995):

» steel embedded in concrete remains in its passive state when the measured icorr
remains below 0.1 to 0.2 pA/cm? (~1.1 to 2.2 pm/year);

« when the measured icore Value reaches 0.2 pA/cm? (-2.2 pm/year), steel
reinforcements are expected to corrode actively;

This assumption is based on a huge amount of icorg data that originated from a large set of
laboratory experiments (Andrade and Gonzalez, 1978; Gonzalez, et al, 1980; Andrade, et
al, 1981, Alonso, et al, 1988) and measurements in real structures (Feliu, et al, 1988) that
were collected over a 20-year period. The recorded icorr Values are calculated using the
polarisation resistance technique. Figure 5-4 summarizes the expected values of icorr for
carbon steel in concrete as a function of the ambient aggressivity (e.g. amount of chlorides
in the mix, carbonated concrete) and relative humidity of the environment. Furthermore,
they concluded that:

 in uncracked concrete, the maximum icorg Measured in aggressive environments is
about 100 to 200 pA/cm? (-1 100 to 2 200 um/year);

+ in completely saturated concrete, the maximum corrosion rate is limited to 1 yA/cm?
(~10 um/year), even if carbon steel is corroding actively;

However, it may be worth mentioning that the icorr Values reported by Andrade et al. may
be somewhat underestimated because the literature also states (Gepraegs, 2002; Mendoza,
2003; Poursaee, 2007) that these values were obtained with measuring devices that are
believed to generally give lower values than other commercial equipment.
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MAXIMUM VALUES MEASURED IN UNCRACKED CONCRETE r
100 5 , - 1000
. = concrete heavily contaminated by chloride and 95- E
1 98% R.H.; F
1 A L
10 < = concrete contaminated by chloride and 90-95% R.H.; % L 100
3 |!] = carbonated concrete and 95-98% R.H.; g w» E
] =0 C
< ] o %
g i = concrete contaminated by chloride and 80-90% R.H.; < % F o
% = carbonated concrete and 90-95% R.H.; o r =
= = 10
3 2 = concrete contaminated by chloride and 50-80% R.H.; 3 3
. S . = carbonated concrete and 70-90% R.H.; F o
S 1 E £
TRANSITION BETWEEN ACTIVE AND PASSIVE CORROSION r
0.1 4
E = concrete contaminated by chloride saturated by water E 1
3 or dry (R.H. < 50%); g £
] = carbonated concrete saturated by water or dry (R.H. < g = E
J 70%); wOo [
2
0.01 ) . a Qg
E = non-carbonated and non-contaminated (chloride) v O (01
] concrete; E

Figure 5-4.  Map of ranges of corrosion current density, icorr, and corrosion rate, vcorr, Of steel in
different concretes and exposure conditions (source: adapted from [Bertolini, et al, 2004]; original
reference: [Andrade and Alonso, 1994]).

5.3.2. Effect of measuring technique

The anaerobic corrosion rates measured either electrochemically or from the weight loss are
considerably higher than those obtained from the H,-generation measurements. This
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discrepancy becomes even more apparent when the reported corrosion rate data,
determined with the different techniques, are plotted in individual graphs, as illustrated in
Figure 5-5, Figure 5-6 and Figure 5-7:

» the corrosion rates derived from electrochemical techniques are summarized in
Figure 5-5. Very high corrosion rates of up to ~60 um/year were measured, with
0.1 ym/year as a lower limit value. The highest reported corrosion rates (~60 pm/year)
are not considered representative because they were measured using techniques that
are known to give an over-estimation of the instantaneous long-term corrosion rate for
several reasons:

- corrosion rates derived from electrochemical methods are based on the
measurement of corrosion currents. Electrochemical measuring systems, however,
can not distinguish electric currents generated by the corrosion process from
electrical currents coming from other electrochemical processes that can occur at
the electrode surface;

- Macdonald has demonstrated that passive current densities measured
potentiodynamically can be up to three orders in magnitude higher than those
measured potentiostatically under steady-state conditions (Azizi, et al, 2008b;
Macdonald, et al, 2009¢);

- electrochemical techniques in which the corrosion current is determined by
extrapolating the polarisation diagram (cathodic and/or anodic branch) to the
corrosion potential (such as the graphical polarisation curve extrapolation method,
the Tafel extrapolation method and the linear polarisation resistance technique) are
more suited to determine the corrosion rate for actively corroding metals. Heitz and
Schwenk (Heitz and Schwenk, 1976) found that for very slowly corroding systems,
such as for passivating metals (as is the case for carbon steel exposed to concrete),
these electrochemical methods do not provide the corrosion current. Instead, the
kinetic data of the cathodic half-cell reaction (exchange current density or limiting
current density) is found, which results in a too high estimation of the corrosion
current;

- furthermore, it is difficult to properly account for the effects of time-dependent film
formation (which is very important in nuclear waste management because of the
decrease in rate with time due to film formation) (KING, 2008);
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Figure 5-5. Compilation of uniform corrosion rates (reported in the non-nuclear industrial
and nuclear waste management literature) of carbon steel in anoxic and alkaline solutions
using electrochemical techniques.
The following electrochemical techniques were used in the various national waste
management R&D programmes to derive the corrosion rate:

« Swiss studies (#, ¢): LPR®, PCD' (potentiostatic or potentiodynamic);

« UK studies (®, ®, , O): PC? (potentiodynamic), GP", EIS', PCD* (potentiostatic);

« Swedish studies (A, ): PC? (potentiostatic), PCD (potentiodynamic);

+ independent studies (M, M, O0): PCD™ (potentiostatic and potentiodynamic);

» Korean studies (x): TP';

« the corrosion rates calculated from weight loss are summarized in Figure 5-6. Corrosion
rates in the range of 0.1 - ~15 pm/year were measured, with a clear decrease of the
corrosion rate in time. Weight loss measurements are also known to give higher
corrosion rates than the actual rate at the end of the test, because weight loss
corrosion rates are averaged over the entire duration of the exposure period. This is
best illustrated by King (King, 2008): if one considers that the corrosion rate decreases
according to t‘lf“'Z, then the time-averaged weight loss corrosion rate is twice the
instantaneous rate at any given time. An additional error that can possibly contribute
to the over-estimation of weight loss derived corrosion rates is a small amount of metal
that can be dissolved when stripping the samples from its corrosion product layer in a
cleaning solution;

Linear Polarisation Resistance technique.

Passive Current Density measurements: the passive current densities were derived graphically
from the polarisation curves (recorded either potentiostatically or potentiodynamically).
Polarisation Curve measurements: the corrosion current densities were derived graphically from
the polarisation curves (recorded either potentiostatically or potentiodynamically) by
extrapolating the the linear regions of the cathodic and anodic reactions to the corrosion
potential.

Galvanostatic Pulse technique.

Electrochemical Impedance Spectroscopy measurements.

Tafel slope Extrapolation method.
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Figure 5-6.  Compilation of uniform corrosion rates (reported in the non-nuclear industrial
and nuclear waste management literature) of carbon steel in anoxic and alkaline solutions
using the weight loss.

the corrosion rates generated from measurements of the rate of H, evolution are
summarized in Figure 5-7. Corrosion rates in the range of 0.0015 - ~30 pm/year were
reported. The measured corrosion rates were found to decrease with increasing
exposure time. This time dependence of the anaerobic corrosion rate can also be
clearly demonstrated from the data in Table 5-1. The highest measured corrosion
rates were based on short-term experiments (exposure period of < 10 days). These
values are not considered to be a reliable estimate because they correspond to the
very high initial peak in corrosion rate consistent with the formation of the protective
corrosion product layer. However, longer-term studies (e.g. UK Studies have been
running for ~4,000 days) suggest an instantaneous long-term corrosion rate of carbon
steel of the order of <0.1 pm/year;
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Table 5-1.

Anaerobic corrosion rates of carbon steel in high pH solutions determined from long-

term H,-generation experiments.

Environment pH T  Test duration VCORR R&D
("0 (days) (um/year)  programme
initial 0.09 - 0.11
60 0.07
0.1M NaOH 12.8 21 120 0.06 Swiss Studies
280 0.02
710 0.005
60 0.09
KOH 12.8 21 280 0.01 Swiss Studies
710 0.0035
18 0.02
sat. Ca(OH), 12.8 21 280 0.007 Swiss Studies
710 0.0035
initial 1.5-3.11
280 0.1
0.1M NaOH 12.8 30 625 0.04 UK Studies
750 0.04
3949 0.01
initial 5.5-8.6
80 0.6
210 0.54 .
0.1M NaOH 12.8 50 310 0.005 UK Studies
600 0.02 - 0.01
3492 0.011
initial 18-29.6
80 3.6
0.1M NaOH 12.8 80 125 1 UK Studies
311 0.25
2591 0.002
initial 5.1-5.4
360 0.84
sat. Ca(OH), 12.8 50 500 0.1 UK Studies
580 0.01
3494 0.003
initial 0.7-1.43
280 0.3
sat. Ca(OH), + 0.1M NaOH 12.8 30 510 0.2 UK Studies
1000 0.1
3743 0.022
initial 2.5-2.8
sat. Ca(OH), + 0.IMNaOH  12.8 50 2 Lo UK Studies
773 0.11
1000 0.1
30 0.13
90 0.075
cement equilibrated water  11.8 30 400 0.02 Japanese Studies
600 0.005
750 0.005
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Figure 5-7.  Compilation of uniform corrosion rates (reported in the non-nuclear industrial
and nuclear waste management literature) of carbon steel in anoxic and alkaline solutions
using the rate of hydrogen generation.

Numerous examples of differences between uniform corrosion rates calculated from weight
loss and uniform corrosion rates obtained from hydrogen gas measurements have been
reported in various national waste management programmes. The weight loss corrosion rates
give an average value calculated over the entire testing period, while H,-generation
corrosion rates give an instantaneous value measured at the end of the testing period:

« Smart and co-workers (Smart, et al, 2004) have measured one to two orders of
magnitude higher corrosion rates by weight loss relative to H,-generation
measurements in saturated Ca(OH), + 0.1M NaOH and 0.1M NaOH solutions (see
Table 5-2). The maximum duration of the laboratory experiments was approximately
10 years;

Table 5-2. Comparison of uniform corrosion rates calculated either from weight loss or from
hydrogen generation rates (volumetric) of carbon steel in high pH solutions relevant for the UK
waste management programme (Smart, et al, 2004).

Test solution Test duration Vcorr (AM) Vcorr (H2)
(days) (O VACE) (um/year)

sat. Ca(OH)2 + 0.1M NaOH, 30°C 3743 0.115 0.022

0.1M NaOH, 80°C 2591 0.511 0.002

 Fujiwara and co-workers (RWMC, 1998; Fujiware, et al, 2001) investigated the effect of
dissolved O, concentration on the uniform corrosion rate of carbon steel in synthetic
cement pore solutions at 35°C. The corrosion rates calculated from weight loss were
approximately 100 times higher compared to those calculated from the amount of H,
gas generation (see Figure 5-8);
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Figure 5-8. Uniform corrosion rates, calculated either from weight loss or from hydrogen
generation rates (mass spectrometry), of carbon steel in synthetic cement pore solutions at 35°C
as a function of pH and dissolved oxygen concentration (source: adopted from [RMWC, 1998;
Fujiware, et al., 2001]).
(the solution containing 2 ppm of dissolved oxygen equals an O, concentration in the gaseous
phase of 20%, which corresponds to oxic conditions)

« Japanese workers (RWMC, 1998; Kaneko, et al., 2004) measured the corrosion rate in
cement-equilibrated water (pH 11.8) by means of the weight loss and the H,-generation
method. The corrosion rates calculated from weight loss were more than 10 times
higher compared to those calculated from the amount of H, gas generation (see
Figure 5-9). The corrosion rate, after a lapse of about 2 years, was as follows:

- ~0.2 pm/year (calculated from weight loss);

- ~0.005 pm/year (calculated from the rate of H, gas generation);

10 ‘ -0~ Corrosion rate calculated from weight-loss
|

a | —®— Corrosion rate from hydrogen gas meas.
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Figure 5-9.  Comparison of uniform corrosion rates calculated either from weight loss or from
hydrogen generation rates (mass spectrometry) of carbon steel in cement equilibrated water at
30°C (source: adopted from [RWMC, 1998; KANEKO et al., 2004]).
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» Kaneko et al. (Kaneko, et al, 2004) investigated the effect of chloride concentration
(up to 20,000 mg/L) on the uniform corrosion rate of carbon steel in saturated Ca(OH),
(pH 12.5) at 35°C. The corrosion rates calculated from weight loss were found to be
about one order of magnitude higher than those calculated from the H,-generation rate
for all chloride concentrations (see Figure 5-10);
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Figure 5-10. Comparison of uniform corrosion rates calculated either from weight loss or from
hydrogen generation rates (mass spectrometry) of carbon steel in saturated Ca(OH), with varying
chloride concentrations at 35°C.

(the graph is compiled from data reported in [Kaneko, et al, 2004]).

» Kaneko et al. (Kaneko, et al, 2004) investigated the effect of pH on the uniform
corrosion rate of carbon steel in a saturated Ca(OH), solution containing 5,000 mg/L CU
at 35°C. The corrosion rates calculated from weight loss were found to be about one
order of magnitude higher than those calculated from the H,-generation rate for all
pH's (see Figure 5-11);
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Figure 5-11. Comparison of uniform corrosion rates calculated either from weight loss or from
hydrogen generation rates (mass spectrometry) of carbon steel in saturated Ca(OH), with
5,000 mg/L Cl" with varying pH at 35°C.

(the graph is compiled from data reported in [Kaneko, et al, 2004]).
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5.3.3. Effect of exposure period

For long-term corrosion prediction, only knowing the corrosion rate is not sufficient. One
must also have knowledge on how the corrosion rate varies in time. The rate of corrosion
generally decreases with time either because of the depletion of reactants or, more
usually, because of the formation and growth of a protective corrosion product
film (King, 2007).

A decreasing time dependence towards a constant uniform corrosion rate has been proven
in many individual laboratory studies performed in alkaline media (solutions and concrete),
which are representative for the environment surrounding the carbon steel overpack within
the Supercontainer. Figure 5-12 summarizes the uniform corrosion rate data for carbon
steel in alkaline solutions and concrete, representative for the Supercontainer concrete
buffer environment, under anaerobic conditions reported in the literature. The data
originate from laboratory experiments lasting for more than 10 years performed within the
framework of the UK, Swiss, Japanese, Swedish, Spanish and Korean waste management
programmes. The data confirms a decrease of the uniform corrosion rate in time, with the
largest drop occurring during the first ~400 days. The data also suggests that the long-term
(> one year) corrosion rate is of the order of <0.1 pm/year.

100 —o— Kaesche, 1965 ; Grubitsch et al., 1970 (alkaline sol.)
A Switserland - NAGRA (akaline sol.)
—4— Switserland - NAGRA (akaline sol.)
initial sharp decrease of Vegaq —S— SKB- Sweden (alkaline sol)
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I ~+— UK - AEAT/ Serco TAS (alkaline sol.)
T X Japan - JNC (akaline sol.)
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Figure 5-12. Compilation of uniform corrosion rates of carbon steel in alkaline solutions and
concrete under anaerobic conditions.

Further evidence for the uniform corrosion rate of carbon steel decreasing in time can be
obtained from analogue studies:

« Chitty and co-workers (Chitty, et al, 2005) studied the long-term corrosion resistance
of ferrous reinforcements embedded in concrete originating from nine archaeological
sites, eight situated in France and one in India, aged from the Gallo-Roman period to
the beginning of the 20" century A.D. All the ferrous reinforcements examined in this
study were hypoeutectoid steels (carbon content under 0.8 mass%). Average corrosion
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rates were calculated using thickness measurements of the corrosion products
coupled to a local density correction (see Appendix A2, section A2.4). The calculated
average corrosion rate of the studied ferrous analogues originating from nine
different sites versus sample age are presented in Figure 5-13. This figure shows that
the average corrosion rate roughly decreases from the youngest to the oldest sample.
Additionally, the more recent sample (RAO1) presents a corrosion system (type of
concrete, steel) that is very similar to contemporary ones and therefore the authors

concluded that it can be compared to the materials envisaged for the current waste
management systems.

10

g
- TCo02
bt |—.—.
8 74 -
E\ )
I
@
T 7
c 1 rRa0I TLO2a
S 47 ¥
E 1 onot
£ 34 -
8 1 Jorm ReO1

2-: T TQuol

1] T ] J GallgO!

. 3 SAQL »—]—-4

T T T T T T T T T T T v T T T T
200 400 600 800 1000 1200 1400 1600
Sample age (years)

Figure 5-13. Average corrosion rates of the studied ferrous analogues originating from nine
different sites versus sample age (Chitty, et al, 2005).

OPERA-PU-SCK513 Page 56 of 107



6.

Source and expert range for the corrosion rate of carbon
steel in high alkaline media

The uniform corrosion rate data that have been found in the literature were critically
reviewed considering the following hypotheses:

under the high pH conditions inside the Supercontainer concrete buffer, the surface
of the carbon steel overpack will be passivated and will remain so for the entire
disposal period (or at least for the duration of the thermal phase), resulting in very
low uniform corrosion rates (through the mechanism of passive dissolution);

under normal evolution conditions, the carbon steel overpack will only be prone to
uniform corrosion. This implies that corrosion processes other than uniform corrosion
(such as e.g. pitting corrosion, crevice corrosion, stress corrosion cracking, ...) cannot
occur under the environmental conditions prevailing in the Supercontainer (this is
called the 'exclusion principle’). However, the validity of the ‘exclusion principle’ still
needs to be proven;

under normal evolution conditions, carbonation of the concrete buffer surrounding
the carbon steel overpack (which could lead to a drop in pH causing depassivation of
the overpack surface) is not expected to occur;

thermal simulations suggest that a maximum temperature of -75°C is to be expected
at the surface of the carbon steel overpack. More detailed information can be found
in section 4.1.;

pH evolution calculations predict that the pH around the carbon steel overpack will
remain higher than 12.5 for at least 80 000 years. More detailed information can be
found in section 4.3.;

transport calculations of aggressive species show that chloride concentrations as high
as ~19 000 mg/L (i.e. the background concentration of the Rupel Clay host formation)
could be reached at the surface of the overpack after a period of about 2 000 years.
More detailed information can be found in section 4.4.;

the potential effect of other aggressive species (such as e.g. sulphide and
thiosulphate) are currently not considered. The investigation of the influence of these
species on the uniform corrosion rate should form part of another study;

Our methodology consisted in evaluating the corrosion rate data reported in the literature
as such that the data was divided into two ranges:

Des

source range, i.e. the range of values outside of which the value of the corrosion rate
is very unlikely to lie, considering current knowledge. It includes all theoretical and
experimental values of the corrosion rate, except the outliers that are rejected;

expert range, i.e. the range of values within which experts expect the value of the
corrosion rate to lie. It is meant to be a more realistic range of the corrosion rate
value than the source range and is thus expected to be more narrow;

6.1.Selection criteria applied to derive the source and expert range
pite the widespread research effort on the corrosion of steel reinforcement in concrete

for industrial uses (construction: bridges, road decks, reinforced columns; buildings:
garage floors; ...), the corresponding extensive literature data is not entirely applicable for
our purpose because
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 the environment surrounding the steel reinforcements in these industrial applications
differs from the Supercontainer concrete buffer environment because the concrete
samples are usually carbonated (due to a reaction with the atmospheric
environment);

« none of the published studies of corrosion rates refer to anaerobic conditions;

Consequently, the interpretation of the source and expert ranges of the uniform corrosion
rate of carbon steel is mainly based on data originating from studies from the nuclear
waste management literature. These studies include surface disposal of low level nuclear
waste (concrete bunkers) and deep disposal of high level nuclear waste and spent fuel.

The following criteria have been applied in selecting those studies considered to be
reliable sources for estimating the source range of the uniform corrosion rate of carbon
steel in alkaline media:

« traceability of the data.

- data for which some of the experimental parameters (test duration, experimental
technique, environmental conditions, ...) are not entirely known;

- and no cross-references can be found to trace back the information that is lacking;
 application of the safety methodology developed within this study.

- under normal evolution conditions (and without the presence of aggressive species),
it is believed that the surface of the carbon steel overpack will be passivated under
the high pH conditions inside the Supercontainer, resulting in very low uniform
corrosion rates (through the mechanism of passive dissolution). As pointed out in
section 5.3.1., strong evidence exists that, for carbon steel/concrete systems,
current densities in the range 0.1-0.2 yA/cm? are considered as a transition zone
between passive and active corrosion. This corresponds to a uniform corrosion rate
of ~1.1-2.2 ym/year. Therefore, reported uniform corrosion rates higher than
~2-3 um/year were considered as active corrosion values and were therefore
rejected;

- the cornerstone of our scientific approach is based on proving that corrosion
processes other than uniform corrosion (such as e.g. pitting corrosion, crevice
corrosion, stress corrosion cracking, ...) cannot occur under the environmental
conditions prevailing in the Supercontainer (this is called the ‘exclusion principle’).
Therefore, uniform corrosion rate data originating from studies in which the
specimens have suffered from localised corrosion were rejected;

 relevant type of material.

- In this study, the ‘improved' steel grade CarElso 70 SOHIC (P355QL2) has been
considered as reference candidate overpack material. This improved steel grade
was developed as a result of a CEA-study (Herms, 2009), which reviewed the main
metallurgical requirements for carbon steel selection to prevent possible
environmentally assisted cracking phenomena (SCC, hydrogen embrittlement). The
chemical composition of the ‘improved’ steel grade CarElso 70 SOHIC is given in
Table 6-1;

- only uniform corrosion rate data reported for low alloyed carbon steel was taken
into consideration. But, because of the reduced levels of impurities (the reference
carbon steel grade contains less than 2 wt.% of impurities), the data for pure iron
was also considered relevant;

- uniform corrosion rate data for other Fe-containing materials, such as stainless
steel and cast iron were rejected;
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- and other, non-ferrous, materials, such as Ni-, Ti- or Cu-alloys ( some of them are
studied in other disposal programmes), were considered irrelevant in this study;

Table 6-1. Chemical composition of the reference carbon steel grade CarElso 70 SOHIC.
Designation Chemical composition (wt. %)
UNS® W.Nr.?  Fe C Mn P S Si Cu Ni

P355QL2" 1.8869 pbal <0.16 <1.0 <0.01 <0.001 <0.45 <O0.1 <0.1

UNS W. Nr. Cr Mo Al Co Nb \' Ti B
P355QL2® 1.8869 <0.1 <0.05 <0.05 <0.01 <0.01 <0.01 <0.01 <0.0005

M Unified Numbering system.
@ Deutsche Werkstoff Nr.
® QL2 : heat-treatment code (quenched and tempered).

» relevant environment.

- according to the literature (Grauer, et al, 1991b; Kreis, 1991; Kreis and Simpson,
1992; Kreis, 1993; Naish, 1993; Naish, et al, 1995; Naish, et al, 2001; Fujiwara,
2002; Smart, et al, 2004; Kaneko, et al, 2004; Huet, et al, 2005a), alkaline solutions
containing Ca(OH),, NaOH or KOH are commonly used to simulate the chemical
characteristics of the pore solution of unaltered concrete;

- theory (see section 2.2) shows that the pH of the pore solution of young concrete is
fixed by the alkali content (Na* and K*) to a high value of ~13.5. After leaching of
the alkali ions, the pH is set by the portlandite equilibrium
(Cal0H];;s < Ca**+20H") to a value of ~12.5. It is, therefore, common
practice to use a saturated calcium hydroxide (Ca[OH],) solution (equilibrium pH of
12.5 at 25°C, see section 2.2) as simplified simulated concrete pore solution.
Sodium hydroxide (NaOH) and potassium hydroxide (KOH) solutions, in various
proportions, are commonly used to simulate higher pH solutions (Huet, et al, 2003;
Huet, et al, 2005a; Huet, et al, 2005b; Huet, et al, 2005c);

- too concentrated NaOH or KOH solutions were not taken into account because of
the unrealistically high pH (e.g. a 30% NaOH solution has a calculated pH value of
14.9 at 25°C);

- data gathered from solutions containing NaCO;/NaHCO; were rejected because
these solutions are normally used to simulate the composition of the pore solution
of carbonated concrete;

- numerous studies have also been reported in the literature providing uniform
corrosion rate data for carbon steel in concrete. For the estimation of the source
range of the corrosion rate, we only focussed on data from uncarbonated OPC-
based concrete because

» the SC concrete buffer will be fabricated from OPC-based cement (blended
cements, such as silica fume, fly ash, blast furnace slag, ... are not
considered); and

= under normal evolution conditions, carbonation of the SC concrete buffer is
not expected to occur;

» relevant conditions.

- uniform corrosion rate data was limited to studies performed under relevant
environmental conditions that are fixed by the reference scenario:
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12.5 < pH < 13.5;

T<75°C;

[Cl'] -~ 19,000 mg/L;

the potential influence of other aggressive species (such as e.g. sulphides and
thiosulphates) has currently not been included. This should form part of
another study;

The following criteria have been applied in selecting those studies considered to be
reliable sources for estimating the expert range of the uniform corrosion rate of carbon
steel in alkaline media:

reliability of the data. Some of the reported data sets showed strong evidence to
question the reliability of the reported uniform corrosion rates:

- difference between calculated values (e.g. from graphs) and reported data (e.g. in
tables);

- prove of inconsistency of the reported data sets, such as e.g.

» the integrated uniform corrosion rate data (calculated from weight loss
measurements) is higher than the initial uniform corrosion rate data (derived
from hydrogen evolution measurements);

» the hydrogen evolution measuring technique was used to measure corrosion
rates under aerobic conditions. Hydrogen can only be produced during the
anaerobic corrosion process unless localised corrosion is occurring;

experimental technique applied to measure the uniform corrosion rate. The
experimental techniques providing the most realistic uniform corrosion rate data are:

- the weight-loss measurement method provides the most reliable data for average
corrosion rate determination. However, this technique generally over-estimates the
uniform corrosion rate, as a result of which weight-loss corrosion rates are higher
than the actual rate at the end of the test. The reason being that weight-loss
corrosion rates are calculated as an average value over the entire duration of the
exposure period (and thereby the initial much higher corrosion rates are included in
the calculations). For example, if the corrosion rate decreases according to t 2,
the time-averaged weight-loss corrosion rate is twice the instantaneous rate at any
given time (King, 2008). This is also confirmed by data found in the literature.
Corrosion studies within the framework of the UK Nirex Safety Assessment Research
Programme (NSARP) showed that uniform corrosion rates of carbon steel in
saturated Ca(OH), and 0.1M NaOH solutions measured by weight-loss measurements
were a factor of 5 to 250 higher than those measured by the hydrogen evolution
measurement technique, as illustrated in Table 6-2. Furthermore, the rate of metal
dissolution associated with anaerobic corrosion is generally low and weight losses
from coupons tend to be small, even after long exposure times. Consequently, under
such circumstances, the technique is susceptible to experimental error, which has
resulted, on occasions, in weight gains rather than weight losses (Naish, et al, 2001);
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Table 6-2. Comparison between long-term uniform corrosion rates coming from weight-
loss and hydrogen evolution measurements.

Condition Veorr (Weight loss) Veorr (H evol.)
(um/year) (um/year)

Ca(OH); sat., 30°C, 3743 days 0.115 0.022

0.1M NaOH, 80°C, 2591 days 0.511 0.002

- the following techniques were identified to provide the most reliable data for
instantaneous corrosion rates:

= hydrogen gas measurements (volumetric, mass spectrometry, gas
chromatography): these experimental techniques are limited to providing
corrosion rates under anaerobic conditions;

= passive current density measurements (at steady-state, potentiostatically):
this technique can result in an over-estimation of the corrosion rate in the
presence of oxygen (or other active species, such as e.g. in sulphur containing
environments) due to the contribution of the redox reactions, other than the
corrosion reaction, to the passive current;

= linear polarisation technique (extrapolation to zero sweep rate): no data has
been found in the literature using this technique under relevant conditions;

- it should be mentioned in this respect that electrochemical experiments (e.g. TP,
LPR, GP) generally give an over-estimation of the corrosion rate because often
processes other than corrosion are also taken into account in the calculation of the
corrosion rate. Furthermore, it is very difficult to account for the effects of time-
dependent film formation (King, 2008). Therefore corrosion rate data generated by
such electrochemical experiments are considered here as initial corrosion rate data
and are only included in the source range (but excluded from the expert range);

 test duration.

- it is generally accepted that the uniform corrosion rate decreases with increasing
exposure period due to film formation (King, 2008). This assumption is based on
results from both long-term laboratory studies and from archaeological artefact
studies, in concrete as well as in other environments (such as clay and granite),
under aerobic and anaerobic conditions;

- because of the decrease of the corrosion rate in time, the use of initial high
corrosion rates would lead to a significant under-estimation of the lifetime of the
overpack. Therefore, and in view of the long timescales that are considered in
waste disposal, an accurate estimation of the corrosion rate in the long term is
essential to guarantee the robustness of the disposal system;

- an accurate determination of long-term uniform corrosion rates is of major
importance for the anaerobic period considering its very long duration (thousands of
years). For the aerobic period, it is less important because of its limited duration
(several tens of years);

- for the interpretation of the uniform corrosion rate data, a distinction has been
made between initial corrosion rates (v;n) and long-term corrosion rates (vy):

» initial corrosion rates (studies < 1 year) have been selected to define the
source range. Initial corrosion rates are those rates that have been generated
by hydrogen evolution measurements (initial high values), short-term passive
current density measurements and electrochemical measurements (e.g. TP,
LPR, GP);
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» long-term corrosion rates (studies > 1 year) have been selected to define the
expert range. Long-term corrosion rates are those rates that have been
generated by hydrogen evolution measurements (long-term data) and long-
term passive current density measurements;

- several studies that have been performed in environments relevant for the
Supercontainer (such as saturated Ca(OH), solution, 0.1M NaOH solution, NRVB
cementitious backfill material considered for the geological disposal of
intermediate-level and low-level radioactive wastes in the UK), have indicated that
the major decline of the corrosion rate occurs during the first ~365 days (see
Figure 6-1 and Table 6-3). Therefore, long-term corrosion rates are defined here as
corrosion rates generated from studies lasting longer than ~1 year;

SERER,
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]
ai.. :

Exposare period (bowrs)

(a) (b)

Figure 6-1.  Decrease of uniform corrosion rate in time in media relevant for near field
environment surrounding the carbon steel overpack in the Supercontainer.

Table 6-3. Decrease of uniform corrosion rate in time in media relevant for the near
field environmnet surrounding the carbon steel overpack in the Superconatiner.

Conditions Test duration Veorr Reference
(um/year)

initial 18.0 Naish et al, 2001

125 1.0 Naish et al, 2001

5 311 0.25 Smart et al, 2004;
AL EUIE Smart, 2008; Smart, 2009

2591 0.002 Smart et al, 2004;
Smart, 2008; Smart, 2009

initial 5.4 Naish et al, 2001

sat. Ca(OH),, 50°C 500 0.1 Smart et al, 2004;
3494 0.003 Smart, 2008; Smart, 2009

6.2. Proposed expert ranges for the corrosion rate of carbon steel

The reported corrosion rate data were critically reviewed based on the eight criteria,
described in section 6.1., which have been developed in the framework of the Belgian
disposal programme. The corrosion rate data were divided into two ranges, viz. a source
(SR) and an expert range (ER). They were also classified into aerobic and anaerobic media
because the aerobic and anaerobic period have been identified as the two major periods in
the course of the Corrosion Evolutionary Path (CEP).

The SR and ER of corrosion rates for carbon steel in high alkaline environments (pH ~ 13.6)
and under normal conditions (i.e. without the ingress of aggressive species) are
summarized in the Table 6-4.
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Table 6-4. Proposal of the source (SR) and expert range (ER) for the uniform corrosion rate of
the carbon steel overpack in high alkaline environments (pH ~ 13.6) and under normal conditions
(i.e. without the ingress of aggressive species).

Condition SR ER

oxic, alkaline media 0.005 - 2.2 0.005 - 2.2
anoxic, alkaline media 0.0015 - 2.4 0.0015 - 0.2

6.3. Effect of chloride concentration on SR and ER

6.3.1. Aerobic alkaline environments

A huge amount of information is available in the literature on the effect of chloride on the
corrosion rate of carbon steel in concrete under oxic conditions. This information largely
originates from the non-nuclear waste management literature, because for industrial
applications (longevity of bridge decks, garage platforms, ...), the effect of de-icing salts
on the corrosion behaviour of the steel reinforcements is of a major concern. In these
studies, specimens are often subjected to repetitive wet-dry cycles in simulated concrete
pore solutions with the addition of incrementally increasing concentrations of chloride.

From the literature, a general trend of increasing corrosion rate with increasing chloride
concentation could be observed. For the purpose of illustration, we incorporate a couple
of examples.

Goni and Andrade (Goni and Andrade, 1990) reported corrosion rate data (expressed as a
corrosion current density) of carbon steel rebars in synthetic concrete pore solutions
(saturated Ca[OH], solution) of different pH (ranging from 11.64 to 13.22) and various
chloride concentrations at 21°C. The pH was changed by adding 0, 0.2 or 0.5N KOH to the
Ca(OH); solution. Chloride ions were added either as NaCl or CaCl,. Polarisation resistance
measurements were performed to calculate the instantaneous corrosion rate (a B-value of
26 mV was used).

The influence of chloride additions on the corrosion rate of carbon steel in a saturated
Ca(OH), + 0.2N KOH solution is illustrated in Figure 6-2(a) for NaCl and in Figure 6-2(b) for
CaCl,. The boundary icorr range (~0.1-0.2 pA/cm?) between active and passive corrosion
for carbon steel in concrete is also indicated on the graphs (see section 5.3.1.).

In the chloride-free solution, the steel rebars remained passivated during the entire
experiment (with a measured corrosion rate of ~0.6 um/year after about 80 days).

In the NaCl solutions, the addition of 0.1N Cl increased the corrosion rate slightly but still
remained in the passive region (~1.0 pm/year). The addition of 0.5-1.0N Cl" showed
corrosion rate values in the active domain (13.5-18 pm/year), but without significant
differences among them.

The corrosion rate values in the CaCl, solutions were of the same order of magnitude for
0.5N and 0.75N Cl’, compared to their corresponding NaCl solutions. However, the addition
of 0.1N and 1.0N Cl seemed to be much more aggressive in the CaCl, solutions. A fivefold
(for 0.1N Cl’) to tenfold (for 1.0N Cl’) increase of the corrosion rate was observed.
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Figure 6-2. Evolution of the corrosion rate of carbon steel in saturated Ca(OH),+0.2N KOH
solution at 21°C as a function of chloride addition (adapted from [Goni and Andrade, 1990]).

(a) chlorides added as NaCL salt;

(b) chlorides added as CaCl; salt;

The Texas Department of Transportation (TxDOT) funded a research project to compare
the corrosion resistance of various types of polymer-coated rebars (PVC- and nylon-coated
rebars) and metal-clad rebars (stainless steel-clad and galvanized rebars) to conventional
carbon steel rebars. Polarisation resistance measurements, from which the corrosion rate
was estimated, were conducted in a saturated Ca(OH), solution (1.85 g/L Ca(OH),) for a
period of 6 days. During the first 2 days, the specimens were immersed in a choride-free
saturated Ca(OH), solution. After 2 days, increasing amounts of NaCl were added to the
test solution: for the third and fourth day, 0.67 g/L NaCl (0.01146 mol/L) was added; for
the fifth and sixth day, the NaCl concentration was increased to a total amount of ~3.5%
(0.51334 mol/L). Bent rebar specimens were used (Deshpande, et al, 2000).

Figure 6-3 shows the variation of the corrosion rate in time for carbon steel immersed in a
saturated calcium hydroxide solution. The corrosion rate decreased initially during the
2-day exposure period to the chloride-free Ca(OH), solution. This initial drop was
attributed to the formation of the passive film. On addition of increasing amounts of NaCl,
the corrosion rate progressively increased to a value of ~80 pm/year after 6 days.

3.5

3.15

Corrosion Rate (mpy)

No. of Days of Exposure

Figure 6-3.  Corrosion rate versus exposure time for carbon steel immersed in a 1.85 g/L Ca(OH),
solution with increasing NaCl concentrations (days 1-2: chloride-free sat. Ca(OH),; days 3-4: sat.
Ca(OH), + 0.67 g/L NaCl; days 5-6: sat. Ca(OH), + 35 g/L NaCl) (Deshpande, et al, 2000).

(conversion factor: 1 mpy ~ 25.4 ym/year)

Although the literature clearly shows an increasing trend of the corrosion rate with
increasing additions of chloride, it is very difficult to assign an absolute value (in terms of
corrosion rate expressed in pm/year) to the effect of chloride concentration, because from
the data reported in the literature it is impossible to discriminate between the effect of
increasing exposure time and the effect of increasing chloride concentration (in these tests,
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chloride concentration is gradually increased in time). This is illustrated in Figure 6-4. This
figure shows the current density results from potentiostatic polarisation experiments
carried out at +200 mV (vs. SCE¥) in a saturated Ca(OH), solution (pH 12.6) (Hurley and
Scully, 2002). After a 24-hour stabilisation period (without chloride), chlorides (NaCl) were
added incrementally to the test solution in 24-hour cycles.

In chloride-free Ca(OH), solutions, the current density decreased from 5-107 A/cm?
(~6 pm/year) to 1.3-107 A/cm? (~1.5 pm/year) over a 1-day period. When chlorides were
added to the test solution, the current density increased with time to a value of
2:10”* A/cm? (~2.40-103 pm/year) for 0.0034 M NaCl addition ([CU']/[OH] = 0.14). According
to the authors, the increase of the corrosion rate is to be interpreted as an effect of time
rather than an effect of chloride additions because the increase (of icorr) sShowed no abrupt
changes at the times of chloride additions but occurred at an approximately constant rate.

1.00E-03 0.16
[—e—i(uAlem’2) | 0.14
1.00E-04 | | —[ClJ[0H1 1012
< — to1 T
5§ o
S 1.00E-05 toos &
3 006 O
1.00E-06 0.04
"o\ 1002
1.00E-07 . : : 0
0 20 40 60 80
time (hrs)

Figure 6-4. Plot of current density (determined potentiostatically) as a function of chloride
content versus time for A615 grade carbon steel in saturated Ca(OH), solution at 25°C (Hurley and
Scully, 2002).

Zhang et al. (Zhang, et al, 2009) studied the chloride threshold concentration at which the
corrosion of various types of steel (carbon steel, stainless steel, Cr steel) changed from a
passive state to an active state when exposed to a saturated Ca(OH), solution (pH=12.6).
The corrosion potential and the corrosion rate were monitored in time while adding sodium
chloride (NaCl) to the test solution step by step (0%, 0.61%, 1.2%, 1.8%, 2.4%, 3.0%). The
linear polarisation resistance technique was used to determine the electrochemical
resistance (R,) and the corrosion rate (expressed as the corrosion current density). The
samples were immersed in a saturated Ca(OH), solution for 2 days before testing to allow a
passive film to be formed at the surface.

This study concluded that the chloride threshold concentration of carbon steel in saturated
Ca(OH), is about 1.0 wt.% (i.e. ~6000 mg/L Cl’) (average from 4 replicate experiments), as
illustrated in Figure 6-5. This figure shows the evolution of the corrosion potential and the
corrosion current density of carbon steel in a saturated Ca(OH), solution in time (bottom
X-axis) and with chloride concentration (top X-axis).

icore decreased sharply from about 0.05 pA/cm? (-0.6 pm/year) (passive state) to
0.01 pA/cm? (-0.1 pm/year) after three days, indicating a continued formation and growth
of the passive film on the surface in an environment of pH=12.6. When 0.61 wt.% of
chlorides was added to the solution, icore Showed a relatively large increase from
0.01 pA/cm? (~0.1 pym/year) to 0.1 pA/cm? (~1.2 ym/year) (both were still passive though)
before it started to decrease again to a value of 0.035 pA/cm? (~0.4 pm/year) after six
days. This clearly showed the interference of chlorides on the passive film formation
followed by the recovery of the passive film at this small concentration of chlorides. When
the chloride concentration was increased to 1.2 wt.% (i.e. ~7300 mg/L Cl), icorr
significantly increased by two orders of magnitude from 0.035 pA/cm? (~0.4 pm/year)

k Saturated Calomel Electrode scale.
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(passive state) to 3.35 pA/cm? (~40 pm/year) (active state). For chloride concentrations
higher than 1.2 wt.%, icors remained fairly constant in time.

Chloride Content
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Figure 6-5. Evolution of the corrosion potential and corrosion rate (expressed as a corrosion
current density) of carbon steel in saturated Ca(OH), solution as a function of chloride addition
(Zhang, et al, 2009).

6.3.2. Anaerobic alkaline environments
A number of experiments have been conducted with the addition of chloride:

 in the UK studies, chloride was added up to 20,000 mg/L (Naish, 1993; Naish, et al,
1995; Naish, et al, 2001; Smart, et al, 2004; Smart, 2008; Smart, 2009);

« Fujisawa and co-workers (Fujisawa, et al, 1999) measured the corrosion rate
(volumetric hydrogen generation measurements) of carbon steel exposed to
Ca(OH),/CaCO0; solutions of pH 10.5 or 12.8 with the addition of 19,525 mg/L chloride;

e Mihara and co-workers (Mihara, et al, 2002) performed weight loss and hydrogen
generation experiments in NaOH solutions containing 19,000 mg/L chloride at 50°C;

+ Nishimura and co-workers (Nishimura, et al, 2003) measured the hydrogen generation
rate from carbon steel in saturated Ca(OH), solution containing 3,000 mg/L chloride
using mass spectrometry at 35°C;

» Fujiware and Kaneko (Fujiwara, 2002; Kaneko, et al, 2004) investigated the effect of
chloride concentration (up to 20,000 mg/L) on the hydrogen generation rate (mass
spectrometry) of carbon steel in saturated Ca(OH), solution. They also studied the
effect of pH in saturated Ca(OH), solution containing 5,000 mg/L chloride;

» Kaesche and Grubitsch (Kaesche, 1965; Grubitsch, et al, 1970; Grubitsch, et al, 1979)
studied the active-passive corrosion behaviour of mild steel by recording
potentiodynamic polarisation scans in saturated Ca(OH), solutions containing various
chloride concentrations in the range from 50 to 12,770 mg/L;

The corrosion rate data reported in the nuclear waste management and non-nuclear

industrial literature for mild steel in anoxic and alkaline solutions containing chloride
concentrations are summarized in Figure 6-6. The maximum chloride concentration the
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surface of the carbon steel overpack is expected to be subjected to has been calculated to
be ~19,000 mg/L (after ~2,000 years of exposure) (see section 4.4.).

The data in Figure 6-6 show that the measured corrosion rate decreased with increasing
exposure time, even in the presence of chlorides. Comparison of the data in Figure 5-2
(without chloride) with the data shown in Figure 6-6 (with chloride), it can be concluded
that the presence of chloride (up to 20,000 mg/L) has no discernible effect on the long-
term corrosion rate of carbon steel in anaerobic high pH media.

6.3.3. Considerations

The study of Zhang and co-workers (Zhang, et al, 2009) is of a major importance because it
shows that with the addition of -6,000 mg/L CU (-1 wt.% NaCl) to high alkaline
environments (such as the concrete buffer considered in the Supercontainer), the corrosion
regime of carbon steel changes from passive to active corrosion (under oxic conditions).
This is most likely coupled with the destruction of the protective oxide film.

Considering the high chloride concentrations (-19,000 mg/L) expected at the surface of
the carbon steel overpack in the course of the disposal period (see transport calculations
of aggressive species, section 4.4.), combined with the potential risk of the passive film
being destroyed locally, may result in a significant increased susceptibility to localised
corrosion phenomena (such as pitting corrosion, crevice corrosion and stress corrosion
cracking).

The effect of this high chloride concentrations of the stability of the protective oxide film
should be studied experimentally. Experiments should be performed to evaluate the effect
of chloride (19,000 mg/L) on (1) the corrosion rate of carbon steel under oxic conditions
and on (2) the occurrence of localised corrosion phenomena.
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B UK Studies - NaOH & Ca(CH)2 sol. (+ 2,000 mg/L Cl), 30-50°C, pH13.0 (H gen. meas. - volumetric)
UK Studies - NaOH & Ca(OH)2 sol. (+20,000 mg/L CI), 30-80°C, pH 12.8-13 (H. gen. meas. - volumetric)
UK Studies - 0.1MKCH (+ 10,000 mg/L Cl), pH 13 (electrochemical meas.)
UK Studies - 0.1M KCH (+10,000 mg/L Cl), pH 13 (weight loss meas.)
+ Japanese Studies - sat. Ca(OH)2 (+ 5-1,500 mg/L Cl), 35°C, pH12.5 (weight loss meas.)
Japanese Studies - sat. Ca(OH)2 (+ 5-1,500 mg/L Cl), 35°C, pH12.5 (H gen. meas. - mass spectrometry)
Japanese Studies - 2g/L Ca(OH)2 sol. (+ 5,000 mg/L Cl), 35°C, pH 11.5-13.5 (weight loss meas.)
A Japanese Studies - 2g/L Ca(OH)2 sol. (+ 5,000 mg/L Cl), 35°C, pH 11.5-13.5 (H gen. meas. - mass spectrometry)
L
]

A Japanese Studies - cement porewaters (+ 35.6-131.4 mgiL Cl), 30-35°C, pH 11.8-13.5 (weight loss meas.)
Japanese Studies - cement porewaters (+ 35.6-131.4 mg/L Cl), 30-35°C, pH11.8-13.5 (H gen. meas. - gas chromatography)
Japanese Studies - NaOH (+ 19,000 mg/L Cl), 50°C, pH 12.5-13.5 (weight loss meas.)

A Japanese Studies - NaOH (+ 19,000 mg/L Cl), 50°C, pH 12.5-135.5 (H gen. meas. - gas chromatography)
® Japanese Studies - sat. Ca(OH)2+CaCO3 sol. (+ 19,525 mg/L Cl), 30°C, pH 12.8 (H gen. meas. - volumetric)
® French Studies - alkaline solutions (+ 106.5-177.5 mg/L Cl), 25°C, pH11.0-12.6 (weight loss meas.)
X Korean Studies - cement porewaters (+ 75 mg/L Cl), 25°C, pH12.0 (electrochemical meas.)
Independent Studies - sat. Ca(OH)2 (+ 50-1,590 mg/L Cl), 25°C, pH 12.5 (electrochemical meas.)
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Figure 6-6. Compilation of uniform corrosion rates (reported in the non-nuclear industrial and
nuclear waste management literature) of carbon steel in anoxic and alkaline solutions containing
chloride concentrations representative for the Supercontainer (i.e. pH ~ 12-13.5). The maximum
chloride concentration that is expected to reach the surface of the carbon steel overpack has been
calculated to be ~19,000 mg/L.

The following electrochemical techniques were used in the various national waste management R&D
programmes:

« Korean studies (x): TP";

» independent studies (-): PCD™ (potentiodynamic);

» UK studies (H):PCD (potentiodynamic);

The graph is compiled from data reported in the following REFERENCES:

B [Smart et al., 2004; Smart, 2008; Smart, 2009];

[Naish, 1993; Naish, et al, 1995; Naish, et al, 2001; Smart et al., 2004; Smart, 2008; Smart,
2009];

B [Smart et al., 2004; Smart, 2008; Smart, 2009];

B [Smart et al., 2004; Smart, 2008; Smart, 2009];

€ [Fujiwara, 2002; Kaneko et al., 2004];

[Fujiwara, 2002; Kaneko et al., 2004];
[Fujiwara, 2002; Kaneko et al., 2004];
[Fujiwara, 2002; Kaneko et al., 2004];

A [Matsuda et al., 1995; RWMC, 1998; Fujiwara et al., 2001];
[Matsuda et al., 1995; RWMC, 1998; Fujiwara et al., 2001];
[Mihara et al., 2002];

A [Mihara et al., 2002];

® [Fujisawa et al., 1999]

® [L'Hostis et al., 2011];

X [Jung et al., 2011];

[Kaesche, 1965; Grubitsch et al., 1970; Grubitsch et al., 1979];

' Tafel slope extrapolation method.

™ Passive Current Density measurements: the passive current densities were derived graphically
from the polarisation curves (recorded either potentiostatically or potentiodynamically).
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7. Conclusions

The OPERA reference concept for the disposal of Dutch radioactive waste in the 'Rupel
Clay formation is based on the current Belgian Supercontainer concept. In this concept,
The radioactive waste is packed in a carbon steel container (i.e. the overpack), which is
entirely surrounded by a concrete buffer. In this high alkaline environment (pH ~ 13.6) and
under normal conditions (i.e. without the ingress of aggressive species), carbon steel is
protected by a passive oxide film, which is believed to result in very low uniform corrosion
rates. Considering the long time scales involved in geological disposal, an accurate
estimation of the uniform corrosion rate is a crucial part in the safety study.

This report discusses the corrosion rate data of carbon steel exposed to alkaline media that
are representative of the environmental conditions according the the OPERA concept.
These data are based on a state-of-the-art database, which was build on an extensive
review of the published literature that was performed in the framework of the Belgian
disposal programme.

The integrated RD&D methodology, which was developed within the framework of the
Belgian disposal programme and which aims to provide confidence that the integrity of the
carbon steel overpack will not be jeopordized at least for the duration of the thermal
phase, was presented. It consisted of three consecutive steps: (1) developing the Corrosion
Evolutionary Path (CEP), (2) determining scientifically well-founded estimates of uniform
corrosion rates for the different phases established during the CEP, and (3) proving the
validity of the 'exclusion principle'.

During the initial period after fabrication of the Supercontainer, the entrapped air will
lead to aerobic corrosion of the carbon steel overpack, with the formation of ferric(lll)
corrosion products, according to the following reaction:

4Fe + 6H,O + 30, — 4Fe(OH);  (or a ferric salt) (eq. 7-1)

Because any residual oxygen or oxidizing radiolysis products will be consumed, the
environment surrounding the overpack surface will become anoxic, and the main corrosion
reaction can be described by the following reaction:

Fe + 2H,0 — Fe(lOH), + H, T (or a ferrous salt) (eq. 7-2)

Under anoxic conditions, and depending on temperature (>60°C) and pH, the ferrous
hydroxide (Fe[OH],) may not be the stable corrosion product and may be transformed into
magnetite, Fe;0,4, according to the Schikorr reaction:

3Fe(OH), — Fes04 + 2H,0 + H, T (eq. 7-3)

Preliminary geochemical simulations were conducted to gain a first level of understanding
of the long-term evolution of the environmental conditions surrounding the carbon steel
overpack:

» temperature evolution calculations (2D axisymmetric COMSOL model) predicted a
maximum temperature increment at the outer surface of the carbon steel overpack of
~50°C;

« 1D thermo hydraulic analysis of the resaturation time of the concrete materials
pointed out that the concrete will resaturate almost completely (up to 95 - 98%) after
already one to five years;
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« 1D radial chemical diffusive simulations showed that the pH at the outer surface of
the carbon steel overpack will remain as high as 12.5 for at least 80,000 years;

« 1D axisymmetric transport calculations of the aggressive species (Cl', SO, 05>, S%)
estimated a maximum Cl" concentration, approaching the Rupelian Clay background
level (i.e. ~19,000 mg/L), reaching the outer surface of the carbon steel overpack
after about 2,000 years;

The various methods, reported in the literature, to measure or calculate the corrosion rate
of carbon steel in alkaline media were described. These methods are based on either one
of the following three principles:

» weight loss measurements;

» electrochemical measurement techniques (Tafel extrapolation method, linear
polarisation resistance technique, galvanostatic pulse technique, electrochemical
impedance spectroscopy, electrochemical noise technique, passive current density
measurement); or

+ quantification of hydrogen gas evolving from the corrosion of steel;

Electrochemical techniques usually give an over-estimation of the long-term corrosion rate,
mainly because (1) they do not take properly account for the effects of time-dependent
film formation (the corrosion rate decreases in time due to film formation) and (2) all
reactions occurring at the overpack's surface are taken into account in the calculations
(including the reactions not related to corrosion). Corrosion rates calculated from weight
loss are also kown to give higher values than the actual rate at the end of the experiment,
because weight loss corrosion rates are averaged over the entire duration of the exposure
period. Methods to accurately quantify the amount of hydrogen gas produced during the
anaerobic corrosion of carbon steel (eq. 8-2 and eq. 8-3) are considered to provide the
most reliable values for the long-term anaerobic corrosion rate.

The corrosion rate data of carbon steel exposed to alkaline media that are representative
of the environmental conditions according the the OPERA concept were discussed. These
data originated from an extensive review of the published literature (national nuclear
waste management programmes and studies for industrial applications) that was
performed in the framework of the Belgian disposal programme. The corrosion rate data
were classified into aerobic and anaerobic media because the aerobic and anaerobic
period have been identified as the two major periods in the course of the Corrosion
Evolutionary Path (CEP).

The reported corrosion rate data were critically reviewed based on eight criteria, which
have been developed in the framework of the Belgian disposal programme. The corrosion
rate data were divided into two ranges, viz. a source (SR) and an expert range (ER). The SR
and ER of corrosion rates for carbon steel in high alkaline environments (pH ~ 13.6) and
under normal conditions (i.e. without the ingress of aggressive species) are summarized in
the table below.

Condition SR ER

oxic, alkaline media 0.005 - 2.2 0.005 - 2.2
anoxic, alkaline media 0.0015 - 2.4 0.0015 - 0.2

Because of the high chloride content of the Boom Clay host rock formation, located in the
Netherlands, and the consequential high chloride concentration expected at the surface of
the carbon steel overpack, the effect of chloride on the corrosion rate was evaluated.

A huge amount of information was available in the literature on the effect of chloride on
the aerobic corrosion rate of carbon steel, coming from experimental programmes studying
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the effect of de-icing salts on the corrosion behaviour of steel reinforcements (for
industrial applications). Although a general trend of increasing corrosion rate with
increasing chloride concentration was observed from literature, it was very difficult to
assign an absolute value (in terms of corrosion rate expressed in pm/year) to the effect of
chloride concentration, because from the data reported in the literature it was impossible
to discriminate between the effect of increasing exposure time and the effect of
increasing chloride concentration (tests, in which the chloride concentration was gradually
increased in time, were usually performed).

The anaerobic corrosion rate data of carbon steel in chloride containing media mainly
originated from the nuclear waste management literature. It was found that the anaerobic
long-term corrosion rate was not affected by the addition of chlorides up to 20,000 mg/L.

Although not subject to this study, the high amounts of chlorides present at the surface of
the carbon steel overpack could pose a serious threat to its integrity, in terms of localised
corrosion susceptibility. This should be further investigated.
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8. Recommendations

Considering the high chloride concentrations (~19,000 mg/L) expected at the surface of
the carbon steel overpack in the course of the disposal period (see transport calculations
of aggressive species, section 4.4.), combined with the potential risk of the passive film
being destroyed locally, may result in a significant increased susceptibility to localised
corrosion phenomena (such as pitting corrosion, crevice corrosion and stress corrosion
cracking).

The effect of this high chloride concentrations of the stability of the protective oxide film
should be studied experimentally. Experiments should be performed to evaluate the effect
of chloride (19,000 mg/L) on (1) the corrosion rate of carbon steel under oxic conditions
and on (2) the occurrence of localised corrosion phenomena.
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Appendix 1 - Faraday's laws of electrolysis and its application
in determining the corrosion rate of metals

The First Law of Electrolysis states that the amount of a substance deposited or liberated
at any electrode surface during an electrochemical process is directly proportional to the
quantity of electrical charge (q) passed through the aqueous electrolyte:

W oc q
with g =1-t
giving w=2-1-t (eq. B-1)
where w = mass of the primary product (g)
q = electric charge (C = A.s)
I = current (A)
t = time (s)
Z = constant of proportionality (electrochemical equivalent) (g/A)

The Second Law of Electrolysis states that for a given quantity of electrical charge, the
amount of a substance altered at an electrode is directly proportional to the ratio of molar
mass to the number of electrons involved with a particular reaction:

W oc % oc Z (eq. B-2)

w is also directly proportional to z, which is, by definition, the mass of a substance
liberated by 1 Coulomb of an electrical charge.

Therefore, z is defined by:

M
n

1
Z == eq. B-3
= (eq )

where M is the atomic weight (g/mol), n is the charge number (which indicates the number
of electrons exchanged in the dissolution reaction), and F is Faraday's constant (96485
C.mol™).

Substituting equation (B-3) into equation (B-1) gives:

M.
n

1
W =— |-t eq. B-4
= (eq )

where w is the mass of a substance liberated, deposited or dissolved in the
electrochemical reaction; in terms of corrosion, i.e. the mass of the corroded
metal (in grams, g),
M is the atomic weight (g.mol™),
| is the current passed (in amperes, A),
nF is the number of Coulombs (C) required to convert one mole of metal to
corrosion product, where n is the number of electrons involved in the metal
dissolution reaction, and F is the Faraday constant (96485 C.mol™"), and
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tis the time (in seconds, s) for which the current has flowed.

Because the corrosion rate is expressed as mass x reciprocal of time (e.g. g.y"),
equation (B-4) can be written as follows:

w _ M (eq.-5)

t nFE

Dividing equation (B-5) by the exposed area of the metal and substituting

i = i (currentdensity)

A

gives:

% _ r'\]/l_|l: (eq. B-6)

The corrosion rate, expressed as a penetration unit time, can be obtained by dividing
equation (B-6) by the density of the metal:

VCoRrr —c. M (eq. B-7)
np
where p = density of the metal (g.cm™)
i = current density (A.cm?)
M = atomic weight (g.mol™)
n = number of electrons involved in the metal dissolution reaction
C = constant, which includes the reciprocal of F (Faraday's constant) and any

other conversion factor for units (mol.C™)

3

1 g A mol g A cm® cm

1
C ‘mol cm? “A-s mol om?. s
/mol cm %m3 cm g

If one wants to express the corrosion rate in pm.y", the conversion factor, C, becomes:

The unit of vorg 1S

1 10* (cm — pm)
96485 1
60 x 60 x 24 x 365(s —> year)

= 3.27x10°

The corrosion rate is then given by the following expression:

Veorg (inpm/year) = 3.27x106-nﬂ/') (eq. B-8)
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Appendix 2 - Measurement techniques of uniform corrosion
rates reported in the literature

In the literature, uniform corrosion rate data for mild steel in alkaline environments are
derived from investigations using various techniques, most of which are based on either
one of the following three principles

» gravimetric-based weight loss measurements;
+ electrochemical measurement techniques; or

 quantification of hydrogen gas evolving from the corrosion of steel;

Additionally, some novel methods were reported in the literature that use archaeological
artefacts to estimate uniform corrosion rates.

A2.1. Corrosion rate calculated from weight loss measurements

Uniform corrosion rates derived from weight loss measurements consist in exposing
coupons to a test medium and subsequently measuring the loss of weight of the material at
the end of the predetermined testing period. Weight loss is a measure of the difference
between the original mass of the specimen and its mass when sampled after exposure and
after removing any corrosion product adhering to the specimen. Uniform corrosion rates
can be calculated from weight loss coupons using the following equation:

3,650x AM
V = = eq. A2-1
CORR px Axt (eq )

with veorr @ corrosion rate (in mm/year)

AM : weight loss (in grams)

P : metal density (in g/cm?)
A : coupon area (in cm?2)

t : exposure time (in days)

A2.2. Electrochemical measurement techniques

Since corrosion is an electrochemical process that involves charge transfer (electrons)
through an electrolyte (concrete pore solution), different electrochemical test methods
can be used to evaluate the state of a specimen from a corrosion point of view and to
predict corrosion rates [Mohamed, 2009; Autolab, 2010]. All electrochemical techniques
for corrosion rate determination are based on the measurement of the corrosion current,
lcorr, from which the corrosion current density, icorr (= lcorr/A), and ultimately the
corrosion rate are calculated, providing the surface of the exposed area" of the specimen
is known (Stansbury and Buchanan, 2000).

If the corrosion current density, icorr, 1S known, the uniform corrosion rate (as a
penetration rate) can be calculated by the following equation:

in the limit, only the area of the anodic sites is taken into account. In the case of uniform
corrosion, however, the anodic sites are assumed to be uniformly distributed on a scale
approaching atom dimensions and can not be distinguished from sites of the cathodic reaction
supporting corrosion. Therefore, the total specimen area can be taken equal to the area of the
anodic sites (Stansbury and Buchanan, 2000).
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i
Veorr = 3.27 x SRR L EW (eq. A2-2)

with veore @ corrosion rate (in pm/year)
icore = corrosion current density (WA/cm?)
Je) : metal density (in g/cm3) = pg. = 7.8
EW : equivalent weight (in gram/equivalent) > EW. = 28

where the equivalent weight, EW, for a pure element is given by

EW — % (eq. A2-3)
with M : atomic weight (in g/mol) = Mg, = 56
n : valence of the metal (in equivalent/mol) = ng, = 2

(the conversion calculation from corrosion current density to a penetration rate is given in
Appendix 1)

Substituting the value for pr. (=7.8) and EWg. (=28) in equation (A2-2) gives the following
straightforward correlation between the corrosion current density and the corrosion rate
for steel:

Veorr (inpm/year) = 11.7 xicorg (in pA/cm?) (eq. A2-4)

However, direct measurement of the corrosion current is not feasible (the corrosion
current density is equivalent to the corrosion current divided by the electrode surface
area). The corrosion current is the current that flows between the anodic and cathodic
sites and because the charge balance criterion requires that the rates of production and
consumption of electrons by the anodic and cathodic half-cell reactions must be equal, no
net current can be measured. The estimation of the corrosion current in many of the
electrochemical techniques, therefore, is based on displacing the system away from
equilibrium by applying an external potential, measuring the resultant net current and
then extrapolating it back to the equilibrium potential (Preece, et al, 1983).

Thus, the application of an appropriate electrochemical technique can ultimately result in
the estimation of a corrosion current density (i.e. the corrosion current per unit of area).
The electrochemical methods, found in literature, that are used to derive corrosion rates
include:

« graphical extrapolation of polarisation curves (PC);
» Tafel extrapolation method (TP);

« linear polarisation resistance technique (LPR);

« galvanostatic pulse technique (GP);

+ electrochemical impedance spectroscopy (EIS);
 electrochemical noise technique (EN); and

 passive current density measurements (PCD);

A2.2.1. Corrosion rate calculated from the graphical extrapolation of icorr
from a polarisation curve (PC)
To obtain a potentiodynamic scan, the electrode potential is ramped continuously with time
over a predetermined range, and the resulting current is simultaneously recorded along with
the applied potential. The graphical output of a potentiodynamic scan is referred to as a
polarisation curve, which plots the electrode potential (E) versus the logarithm of the
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current density (log i) (Mohamed, 2009; McCafferty, 2010). A typical polarisation curve for a
passivating metal (e.g. carbon steel in concrete) is shown in Figure A2-1.

T

transpassive region
(film breakdown or oxygen
generation)

Ip4ss. passive current density
A

passive region
(passivity caused by
protective corrosion product)

lzc. critical current density l
A

-
it

Electrode potential (mMVgg)

Tanodic current

——=<—— - — Egppp. open-circuit potential
active region

lcafhodic current

lzore. corrosion current density - l

Log current density (UA/cm?)

Figure A2-1. Schematic representation of a polarisation curve for a passive metal.

When the electrode potential is progressively scanned from the open-circuit potential
(Ecorr), in the noble direction, the corrosion current density initially increases, corresponding
to a region of active corrosion. As the potential continues to become more oxidising, a
critical potential (point 'a’ in Figure A2-1), called the primary passivation potential (Epp),
may be reached at which the corrosion current density rapidly decreases over several orders
of magnitude to a small value (point 'b" in Figure A2-1).

The sharp decrease in current density from a to b is associated with the formation of an
insoluble corrosion product (usually an oxide), which is called the passive film. The presence
of this film can significantly lower the rate at which the underlying metal corrodes. The
more adherent and nonporous the oxide film, the greater the decrease in current density
will be. From b to ¢, the passive film thickens and its protective character increases, holding
the current density to small values, called the passive current density. Within this passive
range (region b-c in Figure A2-1), the small current density is virtually independent of
potential, as indicated by the vertical line in the plot.

This low current density will persist until the potential becomes sufficiently positive (point 'c’
in Figure A2-1) to break down the protective film or to produce oxygen directly from water
by electrolysis. In either event, the current density (and hence the corrosion rate) will rise
sharply. This latter region is the transpassive region (Baboian, 1995; Davis, 2000; Stansbury
and Buchanan, 2000; Blackwood, et al, 2002).

Theory tells us that within a limited voltage range (10-20 mV) either side of the open-circuit
potential, Ecorr, the cathodic and anodic branches of a polarisation curve exhibit linear
behaviour. Thus, the corrosion current, icors, can be estimated graphically by extrapolating
the linear regions of the anodic and cathodic curves to their common value at the open-
circuit potential, as illustrated in Figure A2-1. In some cases, where no numerical data could
be found in the literature, such a graphical approximation of icorz Was made.
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A2.2.2. Tafel extrapolation method (TP)

The potential of a corroding electrode is related to the applied current density by the
following relationship (known as the Butler-Volmer equation) (Kelly, et al, 2003):

2203(5-Fcomg)]  [=2308 €E-EcﬂRR)])
— e (eq. A2-5)

lapp = lcorr (6’[ Ba Be

where icorr is the corrosion current density, Ecorr is the open-circuit potential and B, and B,
are the anodic and cathodic Tafel parameters, which are given by the slopes of the anodic
and cathodic branches of the polarisation curves (Kelly, et al, 2003).

In the Tafel extrapolation method (TP), the test electrode is polarised about 250-300 mV
either side of the open-circuit potential. This can be accomplished either potentiostatically
by changing the potential of the reinforcing steel by a fixed amount and monitoring the
current or galvanostatically by applying a small fixed current to the reinforcing steel and
measuring the resulting potential. The obtained polarisation curve is called a Tafel
plot (Ahmad, 2006; Song and Saraswathy, 2007; PAR, 2010).

The corrosion current density, icorr, Can be obtained directly from a Tafel plot by
extrapolating the tangent line of the linear portion of the anodic or cathodic branch of the
polarisation curve back to the intersection with the open-circuit potential, as illustrated in
Figure A2-2 (Davis, 2000). The more recent corrosion test softwares make use of
sophisticated numerical fitting procedures of the Butler-Volmer equation to yield values for
icorr, Ba and B, (GAMRY, 2007).

The corrosion rate can then be calculated from icorz Using equation (A2-2) (or the simplified
equation (A2-4) for the corrosion of steel).

Noble (+)

Electrode potentlal, SCE-V

Figure A2-2. Schematic illustration of a

hypothetical Tafel plot, with indication of the

Active (-) corrosion current and the Tafel slopes B, and
Log current density, mA/cm? B, (source: adapted from [Davis, 2000]).

A2.2.3. Corrosion rate calculated from polarisation resistance (Rp)
measurements

As already mentioned earlier in this report, a linear relationship exists between the current
and potential in a narrow voltage region around the free corrosion potential, Ecorz (s€€
Figure A2-3). Many of the electrochemical techniques for determining the corrosion rate rely
on the empirical relationship between the corrosion current, Icorz, and the slope of the
polarisation curve around the free corrosion potential, dE/dl, where dE is the potential shift
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from the free corrosion potential, Ecorr, and dl is the applied current. The slope of the
polarisation curve is referred to as the polarisation resistance, Rp.

Rp measurements give as result an instantaneous corrosion rate (Elsener, 2005).

L
/
/4
dl
= 5
& Ecorr N dE
'—E' :
-
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3
(=]
~
/
/
7
Figure A2-3. Linear correlation between
- - polarising potential and current around the
s SEtknEleir) y amadie ) > free corrosion potential (source: adapted
Current, /

from [Mohamed, 2009]).

A2.2.3.1. Linear polarisation resistance technique (LPR)

The linear polarisation technique (LPR) is based on the same principle as the Tafel
extrapolation method. In the LPR technique, however, the reinforcing steel is perturbed
from its equilibrium by only a very small amount (x10-20 mV) (Mendoza, 2003; Song and
Saraswathy, 2007; Mohamed, 2009).

At these low overpotentials, the Butler-Volmer equation (A2-5) can be further simplified®
and becomes approximately linear (Kelly, et al, 2003; GAMRY, 2007; Badea, et al, 2010). The
corrosion density is then inversely proportional to the polarisation resistance and is given by
the following relationship, often referred to as the Stern-Geary equation (Stern and Weisert,
1959; Carino, 1999; Stansbury and Buchanan, 2000; Davis, 2000; Mendoza, 2003; Kelly,et al,
2003; Elsener, 2005; Poursaee, 2007; Vagn Nygaard, 2008; Mohamed, 2009; Badea, et al,
2010; PAR, 2010):

. _ 1 . BaBc ) _ B i
'CORR = 5303 -Rp) (Ba+ﬂc ~ Rp (eq. A2-6)
with A B | a proportionality constant (the Stern-Geary constant, in V).

2.303 - (Bg + Bc)

where icors is the corrosion current density (in pA-cm?), and B, and 8, are the anodic and
cathodic Tafel constants (in kQ-cm?), respectively.

Knowledge of Rp, B, and B, enables direct determination of the corrosion current density at
any instant in time using equation (A2-6). The polarisation resistance, Rp, is determined from
the slope of the polarisation curve (the more recent corrosion test softwares use a numerical

° the Butler-Volmer equation (A2-5) can be mathematically linearised by approximating the
exponential terms with the first two terms of a power series expansion (e.g.,

e*=1+x + xz/z! + x3f3! + o+ xn/n! ) (Stansbury and Buchanan, 2000; Kelly, et al, 2003;
GAMRY, 2007).
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fitting procedure to yield a value for Rp). The anodic and cathodic Tafel constants, 8, and 8,
are obtained from a Tafel plot (Kelly, et al, 2003; GAMRY, 2007).

The corrosion rate can then be calculated from icorz Using equation (A2-2) (or the simplified
equation (A2-4) for the corrosion of steel).

The Stern-Geary constant, B, can be calculated from the values of B, and B.. In practice,
however, an empirical value is often used for B. Vagn Nygaard [Vagn Nygaard, 2008) provides
a good overview of B values that have been used in the literature. Andrade and
Gonzalez [Andrade and Gonzalez, 1978) proposed B values of 26 mV and 52 mV for steel in
the active and passive corrosion state, respectively. These values were based on results of
electrochemical and gravimetric measurements of steel immersed in calcium hydroxide
(Ca[OH],) solutions and embedded in mortar specimens. A very good correlation was found
for the results between the electrochemical and gravimetric measurements in solution.
However, for the reinforced mortar specimens, deviations of up to two and three orders of
magnitude were observed. Nevertheless, these proposed values have, since their
publication, been used in a vast amount of studies on corrosion in concrete (Gonzalez, et al,
1980; Hansson, 1985; Andrade and Page, 1986; Alonso, et al, 1988; Glass, et al, 1997;
Andrade, et al, 2004).

In a more recent study, Song (Song, 2000) and Tang (Tang, 2002) analysed B values from four
different corrosion scenarios and concluded that B can range from 8 mV to infinite.
However, in this respect it needs to be mentioned that an infinite value of B is unrealistic
since it would result in infinite corrosion rates (see equation (A2-5)) which can not be true.
Naish and co-workers (Naish, et al, 1990; Naish, et al, 1991) used a B value of 10 mV.

Hubbe (Hubbe, 1980) used linear regression of the calculated values of the corrosion rate
(obtained from polarisation resistance measurements) vs. weight loss data to yield an
empirical value of B of 27.1 mV for mild steel in a NaOH solution with a pH of 9.8.

Pourbaix (Pourbaix, 1974) suggested that an average value of 100 mV per logarithmic decade
of current may be taken as an estimate of the anodic and cathodic Tafel constants. This

.Sa '.Bc .
2.303 (Bt fo) gives a B value of 21.7 mV.

Moreland and Rowlands (Moreland and Rowlands, 1977) concluded from many measurements
on different corroding systems that B equal to 20 mV can be considered as a good average
value.

Stern and Weisert (Stern and Weisert, 1959; Uhlig and Revie, 1985) showed that B can vary
from about 13 mV (for systems under activation control) to 52 mV (for systems under
diffusion control).

Mansfeld (Mansfeld, 1976) reported values of B in the range of 12 mV to 27 mV for the
system 1008 steel/1N Na,SO,4. This range of B values was the result of a series of 'round robin’
tests performed at various laboratories that employed the polarisation resistance test.
Yasuda et al. (Yasuda, et al, 1987) used 45 and 165 mV/decade as an estimate of B, and B,
respectively, in 30% and 50% NaOH solutions. This gives a B value of 15.4 mV.

value substituted into

A2.2.3.2. Galvanostatic pulse technique (GP)

The galvanostatic pulse technique has been studied by many researchers as a technique to
measure the corrosion rate of steel reinforcements in concrete structures (Clear, 1989;
Elsener, et al, 1997; Frelund, et al, 2002; Elsener, 2005; Feliu, et al, 2005; Song and
Saraswathy, 2007; Poursaee, 2007; Vagn Nygaard, 2008; Poursaee, 2010). And, over the past
years, portable instruments based on the galvanostatic pulse technique have been developed
commercially (e.g. the GalvaPulse system) to perform on-site corrosion rate
measurements (Poursaee, 2007; Gl, 2010).

In the galvanostatic pulse technique, a short time anodic current pulse is imposed
galvanostatically on the reinforcement form a counter electrode placed on the concrete
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surface. The applied current is usually in the range of 5 to 400 pA and the typical pulse
duration is between 5 to 10 seconds. The reinforcement is anodically polarised compared to
its free corrosion potential. The resulting potential change of the reinforcement is recorded
as a function of polarisation time using a reference electrode, which is also located on the
surface of the concrete. A typical potential response for a corroding reinforcement is shown
in Figure A2-4.

300 A

200 A

100 -

Potential (mV)

To [0 0 U S— SR, S——— FEI I, —— - R—

-200

Figure A2-4. Schematic illustration of galvanostatic pulse measurement results (source: adapted
from [GI, 2010]).

When a current is applied to the system, there is an ohmic potential drop, /<Ry, as well as
a change in potential due to polarisation of the reinforcement, /-R,. The potential
response of the reinforcement, Vi(t), at a given time t can be expressed as (Frelund, et al,
2002; Elsener, 2005; Song and Saraswathy, 2007; Poursaee, 2007; Gl, 2010):

Vi(t) = Igpp X

-t
Ry, X (l—e(ﬁp'cdl)) IF Rﬁl (eq. A2-7)

where R, is the polarisation resistance, C4 is the double layer capacitance and R, is the
ohmic resistance.

The values of R,, C4 and R, can be determined by applying an appropriate fitting procedure
(linear or exponential) of the resulting potential-time curve (Figure A2-4) and extrapolation
of the fitted potential response V.(t) either to time zero or infinity.

After the polarisation resistance, R,, has been calculated by means of this analysis, the
corrosion current density can be calculated from the Stern-Geary equation (A2-6).

The corrosion rate can then be calculated from icorr Using equation (A2-2) (or the simplified
equation (A2-4) for the corrosion of steel).

A2.2.3.3. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a non-destructive technique that has gained
an increasing interest over the last two decades in the investigation of the corrosion
behaviour of reinforced steel in concrete (Alonso and Andrade, 1988; Lemoine, et al, 1990;
Wenger and Galland, 1990; Sagoe-Crentsil, et al, 1992a; Sagoe and Crentsil, et al, 1992b;
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Hachani, et al, 1992; Hachani, et al, 1994; Macdonald, et al, 1994; Gu, et al, 1997; Gu and
Beaudoin, 1998; Montemor, et al, 2000; Dhoubi, et al 2002; Ismail and Ohtsu, 2005; Ismail
and Ohtsu, 2006). EIS can provide information related to corrosion rate estimation, but it
may also give complementary information on the corrosion process, the chemical-physical
and dielectric properties of the concrete, the characteristics of the passivating film,
detection of localised corrosion, the degree of protection provided by coatings, ... (Song and
Shayan, 2000; Song and Saraswathy, 2007; Poursaee, 2007).

Basic principle

In the techniques described in previous sections (TP, LPR, GP), a DC (Direct current)
potential is applied to the corrosion cell, the resulting current is measured and the
resistance (R,), from which the corrosion rate can finally be calculated, is computed.

In the EIS technique, an AC (Alternation Current)® potential with varying frequencies is
applied to the corrosion cell and the induced current response is measured. The AC
equivalent of resistance is called the impedance (Mohamed, 2009; PAR, 2010a).

The impedance, which is a complex quantity, is measured over a wide range of frequencies®.
An AC potential perturbation is applied to the working electrode over a range of frequencies
and the resulting current response of the electrochemical system is measured. The system's
impedance is calculated by analysing the response signal at each frequency (PAR, 2010a).
The impedance data can be graphically represented (Nyquist plot; Bode plots). The plot has
to be modelled and fitted with an appropriate equivalent electrical circuit that is
representative of the ongoing electrochemical processes at the interface (Mohamed, 2009).
The value of various parameters (e.g. solution resistance, double layer capacitance,
polarisation resistance) can then be determined by applying a fitting procedure (a non-linear
least squares fitting, NLLS, algorithm is often used) that provides the best agreement
between the measured spectrum (i.e. the plot) and the model's impedance spectrum (i.e.
the equivalent electrical circuit) (Gamry, 2010a).

After the polarisation resistance, R,, has been calculated by means of this analysis, the
corrosion current density can be calculated from the Stern-Geary equation (A2-6). Note that
icore determination in equation (A2-6) requires the knowledge of B, and 8., which are not
obtained from an impedance experiment.

The corrosion rate can then be calculated from icorr Using equation (A2-2) (or the simplified
equation (A2-4) for the corrosion of steel).

The main advantage of the EIS technique is that the amplitude of the excitation signal is
very small, generally in the range of 5 to 10 mV peak-to-peak, so that the corrosion system
under study (the steel, attached corrosion products or absorbed species) is minimally
perturbed (Mendoza, 2003; Song and Saraswathy, 2007).

P Alternation Current that changes its magnitude and direction with time according to a certain
function, i.e. sinusoidal function.

9 The general principle of EIS is based on the fact that corrosion of steel in concrete usually
consists of several different individual processes. These processes have different rates at a given
potential, and their responses to a changing potential are also different. These responses are
generated by the electrochemical reactions at the surface of the steel, as well as other relevant
processes within the concrete. A process can generate a significant current fluctuation in
response to a changing potential, only if the rate of the process matches the changing rate of the
applied potential. Therefore, if a series of small AC potentials with different frequencies, from 0
to -, are applied to the reinforced concrete, then the current responses of the individual
processes involved in the corrosion of the reinforcement would be strongly displayed in different
frequency ranges. By analysing these responses in the frequency domain, the individual processes
involved may be deduced and studied (Song and Shayan, 2000).
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AC circuit theory

In DC theory, the electrical resistance, R, is defined by Ohm's Law as the ratio between
voltage, E, and current, |/ (Ahmad, 2006; Gamry, 2010a):
R = % (eq. A2-8)
Unfortunately, this relationship (equation (A2-8)) is only applicable for the ideal resistor. In

reality, however, the circuit elements exhibit a much more complex behaviour. Therefore, a
more general circuit parameter, the impedance (Z), is used (Gamry, 2010a).

DC theory can, in fact, be viewed as a special case of the AC theory where the frequency
equals 0 Hz (Poursaee, 2007; PAR, 2010a)

The electrochemical impedance is usually measured by applying an AC potential to an
electrochemical cell at a number of discrete frequencies (w) and then measuring the current
through the cell. Assuming that a sinusoidal potential excitation is applied, the resulting
current response will exhibit a sinusoidal response at the same frequency but shifted in
phase (¢) (see Figure A2-5) (GAMRY, 2010a).
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Figure A2-5. Applied potential and resultant
external current relative to the
electrochemical impedance spectroscopy
w =27f, w (rad/s), t (s), f (frequency of the applied signal, Hz) method (source: adapted from [Stansbury
and Buchanan, 2000]).

The excitation signal, expressed as a function of time, has the form (Gamry, 2010a):

E; = E, sin(wt) (eq. A2-9)
where E; is the potential at time t, E, is the amplitude of the signal and w is the radial
frequency.

The relationship between radial frequency, w (expressed in radians/second), and frequency,
f (expressed in hertz) is (Gamry, 2010a):

w = 2nf (eq. A2-10)

In a linear system, the response signal, I;, is shifted in phase (¢) and has a different
amplitude, I, (Gamry, 2010a):

An expression analogous to Ohm's Law allows us to calculate the impedance of the system
as (Gamry, 2010a):

=t

I; Ig sin(wt+ ¢) 70 Sin(wt+ @)

Eg sin(wt) sin{ewt)

(eq. A2-12)

The impedance is therefore expressed in terms of a magnitude, Z,, and a phase shift, ¢.
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AC currents and potentials are vector quantities (Gamry, 2010a):

Et = EO 'BJ-LOt (eq. A2'13)

I, = Iy-eUot=9) (eq. A2-14)

The impedance can then be represented as a complex number with real and imaginary

components whose values are frequency dependent (Kelly, et al, 2003; Mohamed, 2009;
Gamry, 2010a):

Ep(w)
I; ()

where j is the imaginary number, given by the square root of (-1)".

Z(w) = Z'(w) +jZ (w) = = Zyel? = Z,(cosg + jsing) (eq. A2-15)

The magnitude and phase shift of the impedance are then defined by (Kelly, et al, 2003;
Poursaee, 2007):

Zol = VZ'(w)? + Z'(w)? (eq. A2-16)
_1 (Z (w)

¢ = tan* (Z,{;) (eq. A2-17)

Data presentation

EIS data can be presented in different formats. The most common plots to illustrate the
response of an electrochemical system to an applied AC signal are the Nyquist plot and the
Bode plots (Mendoza, 2003; Poursaee, 2007; Mohamed, 2009; Gamry, 2010a):

+ the expression for the impedance, Z, is composed of a real and an imaginary part. If
the real part (ReZ) is plotted on the X-axis and the imaginary part (ImZ) is plotted on
the Y-axis of a chart, we get a Nyquist plot (see Figure A2-6(a)). The impedance is
represented as a vector (arrow) of length |Z| and the angle between this vector and
the X-axis, commonly called the phase shift, ¢ (=arg Z). Each point on the Nyquist plot
represents the impedance at a particular frequency. However, the value of that
frequency cannot be extracted from the plot. Low frequency data are on the right side
of the plot and higher frequencies are on the left;

« another frequently used format is the Bode plot (see Figure A2-6(b)). The Bode plot can
be separated into a magnitude plot and a phase plot. The data are plotted with the
logarithm of frequency on the X-axis and both the logarithm of the absolute value of
the impedance, |Z|, and the phase shift, ¢, on the Y-axis. These plots provide
information on the dependence of impedance to the frequency;

Equivalent electrical circuit fitting

EIS data is commonly analysed by fitting it to an equivalent electrical circuit model. An
equivalent electrical circuit is actually a dummy circuit, consisting of some electronic
dummy components, that has the same current or potential response, to a small amplitude
of potential or current stimulation, as the corrosion system. For the model to be
representative of the ongoing electrochemical processes occurring at the interface, the
elements in the model should have a basis in the physical electrochemistry of the system
(Song and Shayan, 2000; Mohamed, 2009; Gamry, 2010a).

Both the resistance (used in DC theory) and impedance (used in AC theory) are described as
a measure of the ability of a circuit element to resist the flow of electrical current or

mathematicians use i to stand for +—1, but electrochemists use j to avoid confusion with i, the
symbol for current (Poursaee, 2007).

r
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electrons (Gamry, 2010a). In an electrochemical cell, various processes can impede the flow
of electrons, such as slow electrode kinetics, slow preceding chemical reactions and
diffusion. In an electrical circuit, these processes are considered to be analogous to
resistors, capacitors and inductors, respectively. In DC circuits, only resistors produce this
effect, while in AC circuits, capacitors and inductors also impede the flow of electrons (PAR,
2010a).

Resistors, capacitors and inductors, each of which stands for some particular process of the
corrosion system, are therefore commonly used as electrical elements to compose the
equivalent electrical circuit. Table A2-1 lists the common circuit elements, together with
the equation for their impedance (Song and Shayan, 2000; Mohamed, 2009; Gamry, 2010a).
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Figure A2-6. Schematic illustration of the response of a simple electrochemical system (GAMRY,
2010a).

(a) Nyquist plot.

(b) Bode plots.

Table A2-1. Circuit elements, together with their impedance expression, used in EIS (Scully, 1995;
Kelly, et al, 2003; Poursaee, 2007; Gamry, 2010a).

Component resistor, R capacitor, C inductor, L Warburg  constant phase
element, W element, CPE
impedance R = jwL 1 1
wC Yo/ (@) Yo(jw)®

The different equivalent circuit models that have been adopted to simulate the
electrochemical corrosion processes of steel in concrete are listed in Figure A2-7.
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Figure A2-7. Different equivalent circuit models used to simulate the electrochemical corrosion

processes of steel in concrete (source: adapted from [Song and Shayan, 2000]).

(a) One-time-constant circuit (McCarter and Brousseau, 1990; Sagues, et al, 1995, Thompson, et al,, 1988;
Thompson and Lawson, 1991; Bertocci, 1997);

(b) One-time-constant with a diffusion (Warburg) element (Hope, et al, 1986; Thompson et al, 1988; Thompson
and Lawson, 1991; Bertocci, 1997);

(c) Two-time-constant circuit, series connection (Christensen, et al, 1992; Christensen, et al, 1994; Aperador, et
al, 2009);

(d) Two-time-constant circuit, inclusive connection (Wenger, et al, 1980; Wenger, et al, 1985; Hachani, et al,
1992; Hachani, et al, 1994; Bertocci, 1997);

(e) Two-time-constant circuit with a diffusion (Warburg) element (McCarter and Brousseau, 1990; John, et al,
1981; Newton, et al, 1988);

(f) Three-time-constant circuit Newton, et al, 1988; Gu, et al, 1996);

(g) Three-time-constant circuit with a diffusion (Warburg) element (Lay, et al, 1985; Sagoe-Crentsil, et al, 1992);

(h) Transmission line model (Macdonald, et al, 1988; Macdonald, et al, 1991; Macdonald, et al, 1994; Feliu, et al,
1988; Feliu, et al, 1989);
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In the equivalent circuits described in Figure A2-7, each element has a physical-chemical
meaning (Song and Shayan, 2000):

 Figure A2-7(a) is the simplest equivalent circuit and it is called the Simplified Randles
Circuit: Ro-concrete resistance; Ri-polarisation resistance of the reinforcement; C;-
double layer capacitance between the reinforcement and concrete;

» Figure A2-7(b) is called the Randles Circuit: Ry, Ry and C; have similar meanings to
those in Figure A2-7(a); W-Warburg impedance due to diffusion-controlled transport of
oxygen in the concrete;

» Figure A2-7(c) shows the series connection configuration of a two-time-constant
circuit: Ry has no meaning (only used for the purpose of calculation of other
parameters); Rj-concrete resistance; C;-capacitance of concrete; R,-polarisation
resistance of the reinforcement; C,-double layer capacitance;

 Figure A2-7(d) shows the inclusive connection configuration of a two-time-constant
circuit: Ry, R; and C; have similar meanings to those ion Figure A2-7(a). The part
C21 IRy, corresponding to the second time constant, usually becomes significant when
the impedance of the reinforcement is low;

» Figure A2-7(e): Rp-concrete resistance; Rj-interfacial resistance; Ci-interfacial
capacitance; R,-polarisation resistance; C,-double layer capacitance; W-Warburg
diffusion impedance;

« Figure A2-7(f): Ro-concrete resistance; Cy-capacitance of concrete; Ri-resistance of the
steel/concrete interfacial film; Cs-capacitance of the steel/concrete interfacial film;
R,-polarisation resistance of the steel rebar; C,-double layer capacitance of the steel
surface;

» Figure A2-7(g): Ry, Co, Ry, Ci, R, and C; have similar meanings to those in
Figure A2-7(f); W-Warburg diffusion impedance;

« Figure A2-7(h): Z;i-the impedance of concrete per unit volume; Y;-the electrochemical
impedance of the interface between the concrete and steel reinforcement per unit
length; Y; is commonly assumed as one of the above equivalent circuits or their
combination;

Among all of the above equivalent circuits, it seems that those represented by Figure A2-7(g)
and Figure A2-7(h) are the most reasonable. The former theoretically simulates most of the
important processes involved in the reinforced concrete system at a micro-scale. The latter
realistically considers the influence of spatial distribution of electrochemical processes in
reinforced concrete at a macro-scale (Song and Shayan, 2000).

A2.2.3.4. Electrochemical noise technique (EN)

Electrochemical noise (EN) is a non-destructive technique that has recently emerged as a
promising tool for studying a wide variety of corrosion systems, such as active and passive
corrosion, pitting and crevice corrosion in passive films, metastable pitting, stress corrosion
cracking, as well as for the measurement of uniform corrosion rates, the evaluation of
inhibitors and coatings and monitoring of corrosion of reinforced concrete structures (Hladky
and Dawson, 1981; Bertocci, et al, 1983; Gabrielli, et al, 1985; Cottis and Loto, 1990;
Gabrielli and Keddam, 1992; Legat and Govekar, 1994; Legat and Dolecek, 1995; Bertocci,
1996; Bertocci, et al, 1997b; Lee and Mansfeld, 1998; Mansfeld, et al, 1998; Tallman, et al,
1998; Gowers and Millard, 1999; Bierwagen, et al, 2000; Leban, et al, 2000; Mansfeld, et al,
2000; Song and Shayan, 2000; Mansfeld, et al, 2001; Zhou, et al, 2002; Legat, et al., 2004;
Mojica, et al., 2004; Pujar, et al., 2007; Song and Saraswathy, 2007; Gamry, 2010b).
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The author’s intent of this chapter is only to present to the reader a brief description of the
measurement method and the different approaches that have been used for the analysis and
interpretation of EN data. More detailed information on the EN technique can be found in
(Eden and Rothwell, 1992; Bertocci and Huet, 1995; Cottis and Turgoose, 1995; Bertocci,
1996; Dawson, 1983; Dawson, 1996; Bertocci, et al, 1997a; Eden, 1998; Cottis and Turgoose,
1999; Roberge, et al, 2000; Cottis, 2001; Perdomo and Singh, 2002; Huet, 2006; Cottis,
2008).

EN refers to the spontaneous fluctuations in electrochemical potential and corrosion current
that occur on a metal's surface during corrosion. Electrochemical potential is related to the
driving force (thermodynamics) of the reaction, while corrosion current is related to the rate
of reaction (kinetics) of the reaction. The idea behind EN is that random electrochemical
events on the surface of a corroding metal generate noise in the overall potential and current
signals. The principle of the EN technique is based on measuring this noise (potential and
current fluctuations) (Song and Shayan, 2000; Holcomb, et al, 2001; Mendoza, 2003).

In the EN technique, the potential and/or current fluctuations of a working electrode are
measured under freely corroding conditions, i.e. that no external perturbation of the
current or potential is applied. Therefore, the characteristics of electrochemical noise is
only influenced by the corrosion process (e.g. type and rate of corrosion) (Song and Shayan,
2000; Holcomb, et al, 2001; Mendoza, 2003).

The standard method for measuring the electrochemical potential or current noise
generally involves measuring the fluctuation in potential or current difference between a
working electrode and a reference electrode or between two nominally identical working
electrodes coupled through a zero resistance ammeter (ZRA). By using ZRA, the galvanic
coupling current between these two electrodes can be measured while the coupled
electrodes are maintained with negligible potential difference (Cottis and Turgoose, 1995;
Cottis, 2001).

The output of an EN measurement is a curve of potential or current fluctuation in the time
domain. Analysis methods for electrochemical noise data can be separated into three
categories (Cottis and Turgoose, 1999; Song and Shayan, 2000; Bullard, et al, 2002; Zhou,
et al, 2002; Kelly, et al., 2003; Mendoza, 2003):

« deterministic. The simplest approach to data analysis is to examine the time
record(s) for features that are characteristic of particular types of corrosion. The
shape of the transients can already provide a limited insight in the type of corrosion,
e.g. when general corrosion is occurring on the metal surface, the electrochemical
noise has a relatively smooth appearance, whereas when pits begin to form and
propagate, occasional sharp increases and decreases in the amplitude of both the
potential and current noise data can be observed (Cottis and Turgoose, 1999; Bullard,
et al, 2002].

« statistical. The recorded potential or current difference signals (in the time domain)
are treated as statistical fluctuations about a mean level. Several statistical
parameters can be obtained. Among these parameters are the noise resistance and
the localisation index.

The noise resistance, R,, is defined as the ratio of the standard deviations of the
potential and current noise fluctuations and is given by the following relationship
(Zhou, et al, 2002; Mansfeld, 2003; Mendoza, 2003; Song and Saraswathy, 2007]:

oV

ol

R, = (eq. A2-18)

where oV and ol are the standard deviation of the potential and current fluctuations,
respectively. Eden et al. (Eden, et al, 1986) and Chen and Skerry (Chen and Skerry,
1991) suggested that R, is related to the polarisation resistance, R,, that was commonly
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determined by linear polarisation techniques or electrochemical impedance
spectroscopy (EIS). Initially, R, was thought to be equivalent to R, (Cottis, 2001;
Mansfeld, 2003) and hence the value of R, could be used to calculate the corrosion
current density (from the Stern-Geary equation (A2-6)) and the corrosion rate (from
equation (A2-2), or the simplified equation (A2-4) for the corrosion of steel). It was
found later that, in reality, R, was not always equal to R, but rather that R, was related
to R, indirectly (Zhou, et al, 2002). Mansfeld (Mansfeld, et al, 2000) and Lee (Lee, et al,
1998) have determined that for passive systems, R, can deviate significantly (up to
several orders of magnitude) from R,. Moreover, Mansfeld (Mansfeld, et al, 1998) has
found that R, is close to R, only in those cases where the impedance is independent of
frequency within Af.

The localisation index, L/, which is derived from the ratio of the standard deviation of
the current to the root mean square (rms) of the current (LI = !J—r), is a parameter

that can give information on the type of corrosion. LI ranges from 107 for general
corrosion to 1 for localised corrosion (Holcomb, et al, 2001; Bullard, et al, 2002;
Perdomo and Singh, 2002; Song and Saraswathy, 2007).

« spectral. In spectral analysis, first the noise signal is converted from the time domain
into a frequency equivalent by means of either a fast Fourier transform (FFT)
algorithm or the maximum entropy method (MEM). So, every time domain function
has a counterpart in the frequency domain. This counterpart function is called the
power spectral density (PSD), that is, the distribution of the power of the signal in
the frequency domain. The value of the slope of the amplitude-frequency plots is
indicative for the type of corrosion taking place (Perdomo and Singh, 2002; Kelly, et
al, 2003; Pujar, et al., 2007; Song and Saraswathy, 2007).

A2.2.4. Corrosion rate calculated from passive current density (ipass)
measurements (PCD)

A2.2.4.1. ipass determinined from polarisation curves

Figure A2-1 shows a typical polarisation curve for a passivating metal. Such a polarisation
curve can yield important information such as

« the potential region over which the metal remains passive;
« the corrosion rate in the passive region;

Carbon steel exposed to high pH environments, such as concrete, is known to passivate (see
section 2.2). Under these conditions, carbon steel will adopt an open-circuit potential within
the passive region. The passive current density can therefore be used as a measure of its
corrosion rate.

Polarisation curves can be obtained potentiodynamically or potentiostatically:

« a potentiodynamic polarisation curve is obtained by continuously changing the potential
at a constant rate (a typical scan rate of 0.167 mV/s is used). This technique is
described in more detail in section A2.2.1.;

 a potentiostatic polarisation curve is obtained by changing the potential stepwise after
the current has reached a steady-state value or after a predetermined time has
elapsed. This technique is extremely time-consuming and expensive;

Blackwood et al. (Blackwood, et al, 2002) adopted a variant technique to determine the
passive current density. The electrode potential was increased continuously at a constant
scan rate such as in the potentiodynamic method up to a holding potential close to the
oxygen reduction potential.
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A2.2.4.2. ipass measured potentiostatically under steady-state
conditions

In this technique, the current density is continuously recorded while holding the sample at a
constant applied potential, which is situated within the passive region. The current density
needs to be recorded sufficiently long (typically in the order of several years) to ensure that
steady-state conditions have been reached.

A2.3. Quantification of hydrogen gas evolving from the corrosion of steel

The quantification of hydrogen gas evolving from the anaerobic corrosion of steel can be
determined in the following ways:

» volumetric gas measurement method (gas cell technique). In this technique, the
uniform corrosion rate is correlated with the amount of hydrogen gas evolving from the
corrosion of the steel, which is measured through the displacement of a column of
liquid;

» gas chromatography/mass spectrometry. This technique requires an inert gas stream
to flow through a sealed cell over the test medium that contains the corroding steel.
Hydrogen gas, evolving from the corrosion reactions, is entrained in the inert gas,
which is then carried to, and quantified in, either a gas chromatograph or a mass
spectrometer;

» hydrogen-sensitive probes incorporated in the test cells;

A2.4. Corrosion rate estimated from archaeological artefacts

Neff et al. (Neff, et al, 2006; Neff, et al, 2007) outline a procedure for estimating
corrosion rates from archaeological artefacts and report the results of measurements on
~40 objects from five different sites. The minimum corrosion rate was estimated from the
amount of precipitated corrosion products by dividing the thickness of the corrosion
product layer by the exposure period and a correction factor to account for the difference
in density between the underlying metal and corrosion product. The maximum corrosion
rate is estimated by adding an amount to account for the advective-diffusive loss of
soluble corrosion products estimated by multiplying a fraction of the annual precipitation
at the site by the solubility of the corrosion product (King, 2008).

Yoshikawa et al. (Yoshikawa, et al, 2003; Yoshikawa, et al, 2008) reported corrosion rates
from a study of ~1,000 artefacts from a 1,500-year-old site in Japan. The authors used an
X-ray computer tomography technique to non-destructively map density differences in
encrusted corrosion products, from which the location of the metal/oxide interface was
estimated and a corrosion layer thickness inferred. The reduction in thickness of the
original material is then calculated from the corrosion layer thickness by using a conversion
factor that takes into account the ratio of the iron content of the different components
present in the rust layer. A 1 mm thickness of rust is considered equal to 0.35 or 0.14 mm
thickness of iron metal when the rust component is assumed to be due to magnetite or
goethite, respectively (King, 2008).
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