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Abstract

The corrosion of steel reinforcement in concrete structures has proven to create problems
for a long time, which is why much research have been devoted to discovering the cause.
Numerous studies have focused on determining the effect of factors such as pH-levels,
aggressive ion concentrations, carbonation, grout conditions and surface conditions. A
selection of these studies has been presented in this thesis. The thesis also includes
summaries of inspections and preliminary reports performed on Herøysundet bridge,
which were used to provide the basis for experimental testing.

Further, this study investigates how chloride and sulfate ions, pH levels and the presence
of oxygen effect the corrosion of tensile wires immersed in a saturated Ca(OH)2 solu-
tion. Steel samples extracted from Farriseidet bridge were prepared for testing by being
grinded, coated to create a specified exposure area and immersed in a concrete pore solu-
tion for seven days. The oxide layer built on the surface was found through inspections
with scanning electron microscopy (SEM) to consist of CaCO3, which consist with the
inspections of oxide layer made on samples extracted from Farriseidet bridge through
similar test methods. Corrosion testing were conducted in saturated Ca(OH)2 solutions
with varying concentrations of aggressive ions, pH levels and oxygen content, follow-
ing values measured in inspections of Herøysundet bridge and results from preliminary
reports and from the specialization project. Cyclic polarization (CP) curves measured
according to ASTM G61 standards revealed a chloride threshold level of 0.0025 M for
solutions with a pH of 12.5. The removal of oxygen lead to a decrease in the corrosivity,
while the addition of magnesium sulfate made the solution more aggressive. From the
CP curves it also became clear that the source of sulfates affects the corrosivity of the
solution. Open circuit potential (OCP) and linear polarization resistance (LPR) were
measured during long-term exposure, followed by potentiodynamic polarization scans
in order to see effects of real exposure conditions. Results suggested chloride threshold
values above 0.01 M and gave indications of reduced corrosivity following the removal
of oxygen. All tests indicate that ion contents and pH-levels measured in Herøysundet
bridge are consistent with levels that cause corrosion attacks on the tensile wires.
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Sammendrag

Over lang tid har korrosjon av armering skapt problemer for betong strukturer og det er
lagt ned mye forskning for å forstå hva som forårsaker det. Effektene av faktorer som pH-
nivå, aggressive ioner, karbonatisering, stål overflate og tilstanden til injeksjonsmassen
har vært hovedfokuset til en rekke studier. Et utvalg av disse er presentert i denne
oppgaven. I tillegg inneholder oppgaven et sammendrag av inspeksjoner og tidligere
rapporter som benyttes som grunnlag for eksperimentelt arbeid.

Oppgavens eksperimentelle arbeid baserer seg på å teste hvordan klorid og sulfat ioner,
pH nivå og oksygeninnhold påvirker korrosjonen av spenntråder nedsenket i en mettet
Ca(OH)2 løsning. Stål prøver hentet fra Farriseidet bru ble pusset, gitt et bestemt ekspo-
nerings område og senket ned i en simulert poreløsning i syv dager før korrosjonstesting.
Oksidet som ble dannet på overflaten til stålet ble funnet til å bestå av CaCO3 ved hjelp
av et elektronmikroskop. Dette samsvarer med oksidet som ble funnet på spenntrådene
hentet fra Farriseidet bru, også testet med et elektronmikroskop. Korrosjonstester ble
utført i mettede Ca(OH)2 løsninger med varierende ion innhold, pH verdier og oksygen
innhold, og var basert på inspeksjoner og tidligere arbeid utført på Herøysundet bru.
Fra sykliske polariseringskurver (CP), målt etter ASTM G61 standarder, ble det funnet
en kritisk klorid grenseverdi på 0.0025 M for løsninger med en pH på 12.5. Fjerning av
oksygen fra løsningen viser en reduksjon i korrosiviteten til løsningene, mens en tilsats
av magnesium sulfat viser en økning. Kurvene viste også at kilden til sulfat spiller en
rolle på korrosiviteten til løsningen. For å teste effekten av mer realistiske eksponerings-
forhold ble det gjort målinger av åpen krets potensial (OCP) og lineær polariserings
motstand (LPR) over lengere eksponeringsperioder, etterfulgt av potensiodynamisk po-
lariserings målinger. Resultatene antydet en kritisk klorid grenseverdi på over 0.01M. I
tillegg antydet testene at fjerning av oksygen førte til en reduksjon i korrosivitet. Alle
tester gir en indikasjon på at ion innhold og pH-nivå målt i Herøysundet bru tilsvarer
nivåer som fører til korrosjonsangrep på spenntrådene.
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Chapter 1

Introduction

Reinforced concrete (RC) is one of the most common types of structural materials
used due to low costs, wide availability of raw materials and because in most cases it
exhibits good performance and high durability. As is the case when dealing with metal
components, the risk of corrosion is always present. The passive layer that forms on
the surface of the steel when immersed in concrete was formerly thought to make the
reinforcement resistant towards corrosion, however time has revealed that this layer can
be broken down. Many factors can cause the loss of passivity, and various researchers
have investigated how these different factors affect the corrosion of steel reinforcement
in concrete. Important factors such as aggressive ions [1–4], the lack of grout in contact
with the steel [5] and decreases in pH-level [6, 7], have all been discovered to have an
impact on the service life of RC structures.

Statens Vegvesen (SVV) is responsible for the construction and maintenance of a num-
ber of concrete bridges in Norway, which uses reinforcement in order to secure the
desired strength. Inspections have revealed that the reinforcement in some cases had
not shown any signs of corrosion after more than 30 years of service, while in other
cases, severe corrosion attacks had occurred only years after the bridge was completed.

The corrosion of the tensile wires observed in Herøysundet bridge provides the back-
ground for this thesis, and the main focus will be on determining the effects of some of
the elements that could be the source of the corrosion. In Herøysundet bridge, the rein-
forcement is made up of tendon ducts containing strung up and prestressed tensile wires
embedded in grout. All the components mentioned are affected on different levels, but
the most critical component affected is the corroded tensile wires. This thesis will in-
clude theory on typical elements affecting corrosion in concrete, information regarding
the bridge and an overview of some of the previous research published on the sub-

1
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ject. Furthermore, scientific experiments are carried out to determine how the different
factors affect the corrosion rates of the tensile wires in question. Previous studies have
been performed on as-delivered samples from the bridge, whereas this thesis will use
samples that have been pre-treated for the purpose of recreating the surface conditions
present on steel when embedded in grout.

1.1 Objective

The objective of this thesis is to determine the effects of the different elements that
could potentially be the cause of corrosion found on the tensile wires in Herøysundet
bridge. Research questions that are relevant:

• Will pre-treatments effect how the different elements affect corrosion?
• What factors affect the corrosion of the wires the most?
• Can a combination of factors have worsened the corrosion?
• With regards to pH-levels and chloride contents, are there any limiting values for

corrosion initiation?
• What can we learn from earlier published work on the same topic?
• Are there any new test methods that can be used in order to take into account

the complexity of the environment inside voids in tendon ducts?

1.2 Disclaimers

This thesis is a continuation of a specialization project performed during the fall of 2021.
Therefore, parts of the background, research and findings made during that project have
been included in this thesis. Experimental work builds on the work performed during
the specialization project, and results from this thesis will be compared to the previous
work. Previous results are therefore displayed in the appendixes, see section D.1, D.2
and D.3.



Chapter 2

Background

2.1 Corrosion of Steel in Concrete Structures

The use of steel reinforcement in concrete structures is a common practice as it in-
creases the strength of the structure. However, there have been numerous reports of
corrosion found on the reinforcement, which can affect the structure’s life expectancy
and durability [8]. The service life of reinforced concrete (RC) can be broken down
into two phases: initiation and propagation [9]. The initiation phase begins as the steel
loses its passivity due to external factors and corrosion is initiated. In this phase, the
structure is still functioning as designed to. When the protective layer begins to dissolve
due to depassivation, the second phase has begun. Corrosion now proceeds at different
rates depending on environmental conditions such as humidity and temperature. As the
reinforcement deteriorates, the second phase continues until the component no longer
serves its purposes.

In order for corrosion to arise on the reinforcement, certain conditions need to be in
place. Most types of corrosion require the presence of moisture and oxygen, as well as a
breakdown of the protective layer on the surface of the steel, to be initiated [8, 10]. The
corrosion of the reinforcement is affected by the environment present inside the concrete
and external conditions that are able to diffuse through. Moisture in the form of pore
solution will always be present within the pores of concrete, which allows for oxygen
to diffuse through. There are several factors that can further influence the corrosion
initiation and the corrosion rate, such as pH level, steel surface conditions, chloride-
and sulfate content, and several related to the quality of the concrete, see Section 2.2.

3
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2.2 Elements Affecting Corrosion of Steel in Concrete

2.2.1 pH-level

In general, concrete provides a good protection against corrosion due to the high al-
kalinity of the pore solution. As can be seen in Figure 2.1, high pH levels keep the
steel in a passive state. The level of alkalinity is therefore one of the main parameters
determining whether or not corrosion can be initiated [11].

Figure 2.1: Pourbaix diagram showing the passive, active and immune area of Fe�
H2O [12].

If concrete is not subjected to external influences, it usually exhibits a pH between
12.5 and 13.5, ensuring that the steel is within the passive state area. In Figure 2.1, a
red area is drawn, marking a typical potential-pH region for steel in concrete. Below
a pH level of ⇠ 9, there is a risk of the steel entering into an active area, depending
on the electrochemical potential. Above a pH of 13.5, the steel can once again enter
an active area where corrosion is possible. When the steel is within the passive area, a
thin protective oxide layer forms on the surface (<10 nm) [13, 14]. This layer is made
up of corrosion products that form on the surface, and due to a high permeability,
makes the rate of corrosion become extremely low (⇠ 0.1 µm/year) [15]. Passive film
formation begins with the dissolution of the metal, represented by Equation 2.1 [13,
16]. This reaction is the anodic part of the two half-cell reactions taking place during
the electrochemical process that is corrosion of steel [17].

Fe ! Fe2+ + 2e� (2.1)

The protective oxide layer that forms on the surface of the steel as it comes into contact
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with concrete usually consists of Fe3+ and Fe2+ rich oxides [18]. The protective Fe2+

rich oxides form a thin oxide film in contact with the surface, while the Fe3+ layer form
near the free surface. As the immersion in concrete continues and there is a surplus of
ions available to diffuse towards the surface, the Fe3+ layer will continue to grow thicker
through the formation of new oxides and through mechanisms of mass transportation,
causing a more robust and protective layer [19–21]. For corrosion to occur, the passive
oxide layer has to be broken down. This process is known as depassivation.

2.2.2 Oxygen Content

Oxygen has several roles when it comes to the protection of, as well as the corrosion of
steel in concrete environments. Along with moisture, oxygen is essential for the break-
down of the passive layer [9, 22]. In passive conditions, oxygen must be dissolved in the
pore solution in order to take part in a cathodic reaction that thickens the passive layer
[22]. The amount of oxygen available around the steel reinforcement determines what
type of cathodic reaction takes place on the surface [23]. The amount also contributes
to controlling the corrosion rates. If the oxygen diffusion towards the steel becomes
limited, the cathodic reaction rate slows down, causing the corrosion rate to slow over
time. [16, 24].

There are two cathodic reactions that can take place, and the one that becomes the
dominant reaction depends on pH level, potential level and the amount of oxygen avail-
able. Given enough oxygen present, the dominating cathodic reaction will be an oxygen
reduction reaction, see Equation 2.2. If there are very low levels of oxygen present, the
dominant reaction will be in the form of hydrogen evolution, see Equation 2.3. The
electrons consumed in the cathodic reactions stem from the anodic half-cell reaction
given in Equation 2.1. For hydrogen evolution to become the dominant reaction there
has to be a depletion of oxygen and highly negative potentials, as is the case in pits
and crevices, Section 2.2.5, [9, 24]. Therefore, oxygen reduction is in most cases the
dominant cathodic reaction.

1

2
O2 +H2O + 2e� ! 2OH�. (2.2)

2H+ + 2e� ! H2. (2.3)

Even though oxygen is usually present for initiation of corrosion, it is not required for
the continuation. Corrosion can proceed with the reduction of the oxides or hydroxides
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formed and with water hydrolysis, but the presence of oxygen can intensify the corrosion
process [16, 22]. The iron ions in the passive film will react further, and depending on the
amount of oxygen present, different anodic reactions are possible. [14, 16]. A common
type of corrosion product to form is Fe2O3, which forms as the iron ions in the solution
reacts with hydroxides and oxides, see Equation 2.4 [13, 25].

Fe+ 2OH� ! Fe(OH)2

4Fe(OH)2 +O2 + 2H2O ! 4Fe(OH)3

Fe(OH)3 ! Fe2O3 ⇤H2O + 2H2O

(2.4)

When the access to oxygen becomes limited, the initial iron hydroxides will react further
to create corrosion products such as Fe3O4 [26]. If the film becomes composed primarily
of Fe3O4, the corrosion rate will become similar to that of a film free surface as the
layer is porous which allow for ions to diffuse easily through.

Figure 2.2: Relative volume of iron and some of its oxides [27].

The formation of the different corrosion products leads to varying increases in volume,
which again can lead to crack formation in the concrete [14, 27]. When the corrosion
products become hydrated, they take up an even bigger volume, see Figure 2.2. Cracks
in the concrete can cause exposure of the reinforcement to the atmosphere.

2.2.3 Steel Surface Conditions

The state of the surface of the steel will play a role in what chemical and electrochemical
reactions take place [5]. Typically, the surface is either consisting of bare steel, covered
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with mill scale or covered with pre-existing rust. If the surface of the steel consists of
bare steel, it will passivate when immersed in alkaline, chloride free environments. This
will create a passive film on the surface, as previously mentioned.

Steel subjected to hot rolling tend to form an oxide layer on the surface known as
mill scale. This layer is made up of iron oxides, typically FeO, Fe3O4 or Fe2O3 [28].
These layers of oxides vary in thickness and are often brittle. This creates a high risk of
cracks forming if the steel is not handled with care. On the interface between the mill
scale and the steel substrate there are often voids and crevices present, see Figure 2.3
[29, 30]. Cracks in the mill scale can cause pore water to fill these voids and crevices,
causing corrosion beneath the mill scale layer. Even though the mill scale is stable in
the alkaline pore solutions, it it less protective against corrosion than the passive film
created on bare steel due to the imperfections that are present.

Figure 2.3: SEM image of cross section from research by Ghods et al., depicting an
as received sample with mill scale. [29].

Between being manufactured and being mounted in its intended structure, the steel
may be exposed to situations that can cause the surface to corrode. These layers of
superficial rust usually consist of FeOOH, with traces of Fe2O3 and Fe3O4 also present
[31–34]. The hydroxide layer is naturally porous and adheres poorly to the substrate.
This makes it easy for corrosive species to penetrate the rust layer, which causes the
steel surface to corrode further underneath.

Another surface parameter that play an important role in the corrosion process of steel
is the surface roughness. A smoother and polished surface will provide better resistance
against localized attacks as there are less possible initiation sites. The smooth surface
will also be able to form a firmer passive layer that will be harder to penetrate [7, 35,
36]. These highly polished surfaces are often used for laboratory testing and will not
necessarily represent the surface conditions of the steels used on site. The variation of
surface roughness can explain why some rebars corrode under low chloride situations,
while other remain passive with much higher chloride concentrations present.
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2.2.4 Electrochemical Properties

Another important parameter controlling whether or not corrosion can be initiated is
the electrochemical potential, E, on the surface of the steel [11]. The passive surface
layer is affected by parameters such as cement type, temperature, porosity, RH, oxygen
content and the surface roughness of the steel, but also by the electrical potential on the
steel surface [37], see Figure 2.1. It is the electrochemical potential that determines the
rate of the anodic and cathodic process that takes place during corrosion [16]. By using
polarization curves the corrosion behavior can be described by relating the potential to
the anodic or cathodic current, as displayed in Figure 2.4.

Figure 2.4: An illustration of polarization and overvoltage curves [38].

The polarization curve plots the logarithm of the external current as a function of the
potential with respect to both the anodic and cathodic reaction current. The overvoltage
curves, also called Tafel lines, are found by extrapolating the polarization lines [38].

Iron submerged in water will give an anodic polarization curve as shown in Figure 2.5a,
measured against a standard hydrogen electrode (SHE). The corrosion potential is the
potential that the electrode has when no external current is applied [39]. This potential
is often denoted Ecorr or E0, and is the same as the open circuit potential (OCP).
When the potential is below the corrosion potential, denoted E0 in Figure 2.5a, iron
has a tendency for oxidation, leaving it in an immune state [16]. In the area above the
passivation potential, Epass, the anodic current density is again very low, resulting in
the thin passive oxide layer forming on the surface. The low current density corresponds
to low dissolution rates, which is why the steel is in a passive state. Current density
values between 0.1 and 1 µA/cm2 are typically considered passive [36, 40]. In between
E0 and Epass the passive oxide layer does not form on its own, leaving the steel in an
active state of corrosion.



2.2: Electrochemical Properties 9

In solutions simulating the conditions of concrete the polarization curve will look some-
what different, see Figure 2.5b, where the anodic polarization curve is measured against
a saturated calomel electrode (SCE). As can be seen in Figure 2.5b, the addition of car-
bon and chlorides will minimize the passive area, making the steel reach an active state
at lower potentials.

(a) The anodic polarization curves for
Fe�H2O measured against a SHE [38].

(b) An illustration of the anodic polarization
curve of steel measured against a SCE in con-
crete with chlorides and carbon [16]

Figure 2.5: Anodic polarization curves for iron in (a) water and (b) concrete.

The cathodic polarization curves are determined by the kinetics of oxygen reduction
[16]. Below potentials of 0 mV vs. SCE, the rate of the cathodic process is dependent
on the amount of oxygen available on the steel surface, see subsection 2.2.2. The rate
of the cathodic process and the corrosion potential also decreases with the increase of
moisture content in the concrete, see Figure 2.6. Hydrogen evolution, Equation 2.3,
will start alongside oxygen reduction when reaching potential levels below -900 mV vs
SCE. When there is no oxygen present, i.e. in a completely saturated concrete, the only
possible cathodic process will be the hydrogen evolution.

2H+ + 2e� ! H2. (2.3 revisited)

When combining the plots of the anodic and cathodic curves it is possible to find the
corrosion current density, icorr, and the corrosion potential, Ecorr, from the intersection
between the two, see Figure 2.7. Ecorr and icorr can be found from the intersection given
that the ohmic drop is negligible [16].



2.2: Chlorides 10

Figure 2.6: An illustration of the cathodic polarization curve of steel in concrete
measured against SCE. Divided by different moisture content: (a) semidry; (b) wet; (c)
completely saturated [16].

Figure 2.7: An illustration of icorr and Ecorr from anodic and cathodic polarization
curves of steel in concrete [16].

2.2.5 Ion Content

Chlorides

As mentioned previously, for corrosion to proceed, the passive layer needs to be broken
down. One of the most common ions to attack the steel and break down the passive
surface layer is the chloride ion [41]. When a critical chloride threshold level (CCTL)
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is reached a breakdown of the passive layer can occur, depending on the potential on
the surface of the steel [42]. This critical chloride threshold level is not a set value but
vary with factors such as the pH level, concrete properties, w/c ratio, relative humidity
(RH), the surface roughness of the steel and the source of the chlorides, among others
[6, 37, 42, 43]. This being said, the American Concrete Institute (ACI) has set an ASTM
standard called ACI 318-08 that states that the chloride ion by weight of cement ratio
should not exceed 0.06 percent by weight of cement for prestressed concrete [44] Similar
limits have been set by other design codes from America, Canada and New Zealand,
while Europe and Hong Kong have set limits at 0.10 kg/m3 for prestressed concrete
[45].

In concrete, the chloride ions can either come from internal or external sources [46].
External sources are typically environmental factors such as seawater in marine en-
vironments or deicing salts in colder environments. Internal sources for chloride ions
usually come from chloride containing admixtures, contaminated aggregates or from
the mixing water. Regardless of the source, the chlorides can either be dissolved in the
pore solution, known as free chlorides, or they can be bound to the cement hydrates,
known as bound chlorides. Only the free chloride ions are able to initiate localized
breakdowns of the passive layer, which can allow for pitting corrosion to occur [8, 35,
47].

When the chloride ions have managed to break through the passive layer, a pit or crevice
is formed where a local "differential environmental cell" is created [48]. An oxygen
depletion will take place in the pit, making the local environment more acidic than the
one surrounding the passive film, and hydrogen evolution becomes the dominant anodic
reaction. From here on, the growth becomes autocatalytic as the chloride ions are not
consumed in the process, but continue to react further with the metal, see Figure 2.8.
The local corrosion system created, with an adjacent active and passive area as shown
in Figure 2.8, is known as a microcell.

Figure 2.8: An illustration of how chloride-induced pitting corrosion takes place on a
metal with a passive layer [49].



2.2: Sulfates 12

The potential required for the chlorides to locally break down the passive layer is known
as the pitting potential, Epit, [38]. By analyzing the anodic polarization curves the
pitting potential can be found as shown in Figure 2.9. In an active pit, the lower
limit for corrosion is given by the repassivation potential, Erep. Therefore, the critical
potential must be more positive than the repassivation potential in order to initiate
corrosion.

Figure 2.9: A schematic presentation of a cyclic polarization curve depicting ECorr,
EPit and ERep [50].

Sulfates

Another type of ion known to affect the corrosion of steel in concrete is the sulfate ion.
These ions can either come from infiltration from external sources like groundwater and
soils or from the concrete itself [51, 52]. In external sulfate attacks, the sulfate ions can
react with either calcium hydroxide or tricalsium aluminate (C3A) in the concrete and
form gypsum and ettringite, respectfully [51, 53–55]. Both reactions are presented in
Equation 2.5 and 2.6.

Ca(OH)2 + SO2�
4 + 2H2O ! CaSO · 2H2O + 2OH� (2.5)

C3A+ 3CaSO4 + 32H2O ! 3CaO · Al2O3 · 3CaSO4 · 32H2O (2.6)

The most important reaction of these two is the formation of ettringite, Equation 2.6, as
it forms as crystals that causes greater expansive effects. If secondary ettringite develops
in the walls of air voids, it become stable and will not cause cracking of the cement [51,
54]. However, internal sulfate attacks can result in delayed ettringite formation (DEF).
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A problem then arises as the delayed ettringite formation (DEF) forms as massive
clusters, which can lead to a swelling of the concrete that may increase microcracking
and capillary porosity.

Different salts are known to have different effects. Particularly, the magnesium sulfate,
ammonium sulfate and sodium sulfate are known to disrupt the integrity of the rein-
forcement [2, 51]. High concentrations of free sulfates can inhibit the formation of the
passive surface layer, making way for general corrosion. When found in crevice environ-
ments they can allow for localized corrosion. The most common modes of deterioration
caused by sulfates are the acidic type and the expansive type. In the acidic type, the
hydrated cement paste is reduced to granular mass, which creates voids next to the
reinforcement. The second mode causes cracking of the cement and therefore exposure
to the environment.

In addition to raising problems on their own, the sulfate ions can also affect the effect
chloride ions have on corrosion [56–58]. A presence of sulfate ions will not speed up the
corrosion initiation process but it can increase the corrosion rate. A use of supplement-
ary cementitious materials (SCM) can minimize deterioration caused by sulfates due to
a reduction of C3A.

2.2.6 Carbonation

Carbonation is a problem that arise when the concrete come into contact with air, as
calcium hydroxide, Ca(OH)2, in the concrete reacts with CO2 from the air and water
[14], see Equation 2.7.

Ca(OH)2 + CO2 ! CaCO3 +H2O (2.7)

The carbonation process is dependent on water and therefore concrete parameters, such
as the RH, the w/c-ratio and the moisture content of the aggregates, are important
parameters influencing the rate of carbonation [8, 59]. Carbon dioxide diffuses through
the concrete pores and the reaction reduces the pH value of the concrete to below
9, which is low enough to depassivate the steel. As the passive layer breaks down, a
relatively homogeneous corrosion process takes place. The corrosion products are soluble
and therefore often diffuse to the surface of the concrete causing visible rust stains.
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2.2.7 Galvanic Couplings

When local differences in the electrochemical state gets generated on separate locations
of the surface of the reinforcement steel, a macrocell may form [14, 17, 60]. In this
case, the steel can have both active and passive surfaces that are spatially separated
from to each other. Macrocells arise due to local depassivation, which can be the result
of local areas with high chloride concentrations, partial carbonation or when the steel
gets partly covered by grout and partly exposed to a void. This creates a galvanic
coupling between the passive steel and the depassivated steel and causes a current to
flow between the two, see Figure 2.10. The current is known as the macrocell current
and is highly dependent on the conductivity of the electrolyte surrounding the steel
[38].

Due to nobility, the active area will function as an anode, while the passive area becomes
the cathode [38]. The current circulating from the anode to the cathode will contribute
to accelerate the corrosion attack on the active surface simultaneously to increasing the
passivity on the passive surface. A larger difference in free corrosion potential, Ecorr,
between the passive and active surface will cause a higher magnitude of the macrocell
current. However, the current will decrease as the dissipation produced at both surfaces
increase. In addition to the magnitude of the macrocell current and the conductivity of
the electrolyte, another factor determining the corrosion rate on the active steel is the
area ratio between the active and the passive steel [38, 61, 62].

Figure 2.10: An illustration of macrocell corrosion due to local differences in passivity
[14].

In chloride contaminated situations, the amount of oxygen present around the passive
metal will control the macrocell current [38]. With a sufficient amount of oxygen present,
the galvanic coupling will increase the alkalinity surrounding the passive steel. In such
cases, the macrocell will contribute to maintaining the passivity on the passive steel
as the active steel corrodes as explained above. However, when the amount of oxygen
is limited, the macrocell current will be reduced over time as the oxygen is consumed.
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This will result in a lowering of the potential on the passive steel until it reaches levels
similar to that of the corroding steel.

2.2.8 Concrete Parameters

The main constituent in concrete is Portland cement, which is rich in hydroxides of
calcium, potassium and sodium [63, 64]. These contribute to the alkaline pH levels,
which, as mentioned previously, gives the concrete its protective properties. This being
said, the factors mentioned in the previous sections are able to decrease the protective-
ness of the concrete. In order for chloride ions or carbon dioxide to diffuse through the
concrete, certain concrete parameters come into play. The transport and diffusion rates
are dependent on the porosity, permeability, curing time and temperature, w/b-ratio
or w/c-ratio and aggregate size [14, 64–66].

There are several types of porosity in cement paste, but it is the capillary pores that
are the most critical. They are the largest of the pores and it is their interconnectivity
that sets the limit for diffusion of chloride ions, CO2, oxygen and moisture through the
concrete. The capillary porosity is affected by the w/b-ratio, admixtures and the use of
supplementary cementitious materials (SCM) [67]. A higher w/b-ratio will increase the
interconnectivity of the capillary pores, leading to increased diffusion. An advantage
with admixtures, like plasticizers, is the ability to lower the water needed to give the
same workability of the fresh concrete. For that reason will an addition of plasticizers
lower the w/b-ratio and consequently the porosity. A use of SCM, such as silica fume,
can also contribute to reduce the connectivity of the capillary pores [65, 66].

The relative humidity (RH) is another factor that can affect the permeability of the
concrete. It is the intermediate levels of the RH that allow for the highest rates of
diffusion [15, 68]. At low RH levels, the corrosion rate is low due to limited conductivity.
When the RH becomes to high, the corrosion rate again decreases due to the limited
amount of oxygen present. Other important parameters affecting permeability are the
curing conditions, especially the curing time [69]. Increasing the curing time will make
the structure denser and therefore make diffusion harder [14, 70].

As corrosion is not only affected by what is able to diffuse through the concrete, it
is also important to consider what is already inside the concrete. Within the pores of
the concrete there is a fluid that is left after the hydration process is finished. This
pore solution consists of elements that it absorbs from the concrete, such as CaO, K2O
and Na2O [5, 71, 72]. The pore solution provides a presence of moisture needed for
corrosion to initiate [30]. In cases where the w/c-ratio is too high or the setting time
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is too long, there is a risk of concrete bleeding. This can cause settlement areas under
the reinforcement, which acts as empty voids. If bleeding arises, then bleed water may
accumulate in the settlement areas next to the steel-concrete interface (SCI).

Next to the SCI a higher porosity is often naturally present. This is similar to the inter-
facial transition zone (ITZ), and is caused by a reduced packing density, see Figure 2.11.

Figure 2.11: Porosity next to the ITZ and SCI [5].

Larger air voids can also arise at the SCI as air bubbles rise during compaction and
either adhere to the surface or become trapped underneath horizontal reinforcement [5].
These air voids usually have larger volumes than the pores and will usually fill up with
moisture, oxygen and aggressive ions. Even larger voids can also appear inside ducts as
the result of poor filling or frost deterioration. If these voids are next to the steel, they
can create corrosive environments.

2.2.9 Concrete vs. Grout

Important to note, is that there is a difference between concrete and grout. Concrete is
considered a composite material and consist of hydrated cement paste and both coarse
and fine aggregates, often with a presence of admixtures [52, 64, 73]. In general, aggreg-
ates makes up 70-80% of the volume of concrete and is therefore of great importance
to its properties. The variation in aggregate size, or grading, gives concrete an inhomo-
geneity that causes good packing abilities, and therefore result in small pores with sizes
varying from nm - mm, see Figure 2.12. Porosity and pore size are important factors in-
fluencing the resistance towards frost attacks, which can cause the concrete to crumble
[52]. This is due to the fact that in smaller pores, a lower temperature is required in
order for the water inside to freeze.

Grout used for post-tensioning tendon ducts typically consist of a homogeneous mix-
ture of cement, admixtures and water [74, 75]. The main component of grout is ordinary
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Figure 2.12: A schematic representation of size gradation of aggregates.

Portland cement. An addition of other supplementary cementitious materials can en-
hance properties such as corrosion resistance and reduce the permeability of the final
products [76]. These SCM are typically fly ash, slag cements and dry silica fume, each
with its different contribution to the properties. Admixtures are also often used to
reduce the w/c-ratio, improve workability and pumping properties.

Even though grout consists of many similar components as concrete, it exhibits different
qualities. The lack of large aggregates causes poor grading and therefore causes the
mixture to require a higher w/c-ratio to obtain good workability. A higher w/c-ratio
results in an increased risk of segregation, which can lead to void formation along the
steel-concrete interface. [77, 78]. The poorer grading creates pores in a size range of mm,
which can increase diffusion coefficients and give the grout a lower resistance towards
frost attacks.



Chapter 3

Herøysundet Bridge

Herøysundet bridge is a girder bridge built in 1966 and located in Herøy in Nordland
County. It is a part of FV828 and serves as the main connection between Sør-Herøy
and Nord-Herøy. The bridge has a length of 154 meter and consist of one lane with
sidewalks on each side, giving its widest point a width of 5.3 meters [79]. Its foundation
is made up of 5 piers and 2 abutments, with a largest span of 60m.

During maintenance work in 2019, extensive corrosion on the reinforcement was dis-
covered [80, 81]. These findings have led to limitations regarding use and a plan to build
a new bridge is now in motion.

3.1 Components

The bridge has four concrete girders, each being 0.4 m thick and have 4 reinforcement
bars running through each side [82], see Figure 3.1. This gives a total of 8 reinforcement
bars within the girders.

Figure 3.1: A sketch of the bridge and the cross section of a girder [82].

In Herøysundet bridge, the reinfocement used is known as post-tensioned BBRV re-
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inforcement bars. These are in the form of bundled tensile wires inserted into tendon
ducts filled with grout, see the illustration in Figure 3.2. The BBRV reinforcement al-
low for both pre-stressing and post-tensioning and are cast into concrete to increase the
strength of the structure [83]. Concrete has a tensile strength about 10% of its com-
pressive strength, which can result in cracking when a concrete structure is under load
[76]. Introducing stresses to the structure can offset anticipated tensile stresses that can
present themselves under loading situations and in turn reduce cracking and increase
durability.

Figure 3.2: An illustration of the reinforcement setup present in Herøysundet bridge.

Tendon Ducts

The tendon ducts are the outer shell of the reinforcement. In the case of Herøysundet
bridge, the tendon ducts are made from steel, with a wall thickness of 0.3 mm and an
external diameter of 60 mm. They run the length of the bridge and have two joints,
each located 15 meters from the center of the bridge [82]. As is the practice with post-
tensioned reinforcement, the tendon ducts are cast on site into the structure before the
wires are are installed and pulled into tension and the grout is injected [76, 78, 84].
To reflect the parabolic bending moments that gets generated in a simply supported
beam structure, the tendon ducts are draped accordingly. An example of a potential
placement of a duct is shown in Figure 3.3. These complex layouts allow for very high
stressing forces and are able to neutralize external loading by matching the shape of
bending moment diagrams.

Tensile Wires

The wires are the innermost component of the reinforcement, and this is where most
of the corrosion has taken place in Herøysundet bridge. Each wire has a diameter of 6
mm and is made up of carbon steel without any coating. The chemical composition of
the wires is given in Table 3.1.
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Figure 3.3: An illustration of typical post-tensioned tendon placement [84]

Table 3.1: The chemical composition of the wire given in wt%.

C Si Mn P S Cr Ni Cu
0.75-0.87 0.15-0.35 0.5-0.8 0.03 0.03 0.10 0.10 0.15

Before being cast into the grout, the wires are prestressed in order to create compressive
stresses in the concrete [85]. Hydraulic jacks are used to pull the wires to a predeter-
mined value for the purpose of inducing a force in the wires that makes them elastically
elongate [76]. The compressive stresses created will counteract any tensile stresses that
can present itself during service loads. After the wires have obtained the full required
force from the jack, the force is transferred to the end anchorage, see Figure 3.4. Lastly,
the wires are secured by a wedge plate that separate the strands.

On the surface of these tensile wires, a passive oxide layer is formed due to the alkaline
environment and high pH level in which the wires are embedded [38]. It has been
reported that the smooth surface gained by the process of prestressing the wires creates
a firmer passive layer that is harder to break down [7, 35].

Figure 3.4: A typical post-tensioning anchorage for wire tendonds [76].
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Grout

In order to protect the tensile wires and ensure durability to the structure, the duct
is filled with grout. The grout is typically pumped into the tendon duct through an
injection port after the wires have been pulled and locked into place by the wedge plate
[74, 76]. The inlet point is typically a part of the anchorage and is located at the lowest
point of the duct layout. As can be seen in Figure 3.3, there are grouting vents placed
at the highest points of the layout to ensure complete filling of the duct. After grouting
is finished, the anchorage is protected from the environment by being covered with
multiple levels of protection.

Traditionally, grout for post-tensioned ducts is made up of cement, water and admix-
tures [74]. It is important that the grout has flow properties that allows it to flow easily
through the ducts in order to properly cover the wires. Incomplete filling of the ducts
can result in voids next to the wires, which can serve as locations for initiation of cor-
rosion. The voids can be a result of blockages, entrapped air or leakages in the duct
[86]. Given a complete fill of the ducts, the risk of corrosion will be low due to the high
alkalinity of the grout [87]. It is also important that the grout is of good quality, which
was standardized in the United Kingdom in 1999 according to Table 3.2 [88].

Table 3.2: Select U.K. Grout requirements.

Property Common Grout
Maximum w/c ratio 0.40
Volume change �1% to +5%
Bleeding less than 1%
Strength at 7 days 27 MPa (3916 psi)

Figure 3.5 shows a typical example of tendon ducts containing tensile wires embedded
in grout. These images are gathered from Farriseidet bridge during its demolition in
2018.

Figure 3.5: Images from Farriseidet bridge [79]. Left: tensile wires in a tendon duct
covered in grout. Right: a tendon duct cast into the concrete.
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3.2 Inspections Performed on Herøysundet Bridge

Following inspections were performed mainly on three locations. These are illustrated
in Figure 3.6

Figure 3.6: An illustration of Herøysundet bridge depicting the areas where samples
have been collected [82].

A 2017 inspection lead by Multiconsult on the behalf of SVV was performed in order
to determine the chloride content in the concrete of Herøysundet bridge and the corro-
sion potential of the reinforcement. The results deemed maintenance necessary due to
relatively high levels of chlorides in certain areas. High levels of chlorides might prove
of big importance to the amount of corrosion found on the reinforcement.

In 2020 Dekra Indrustrial performed an inspection of the bridge using non-destructive
testing (NDT) methods in order to locate voids in the grouted tendon ducts [82]. The in-
spection revealed several areas within the ducts that contained voids of various volumes
due to a lack of or crumbled grout. All 8 ducts in the girders were revealed to have
areas with missing grout. In the most severe case, there was a 6 meter length missing
of grout. In this location it was also discovered three wire breakages. Areas containing
voids are typically high-risk areas with regard to reinforcement corrosion.

SVV, in cooperation with NTNU, performed an inspection in 2019 to determine the
state of the tendon ducts, grout and tensile wires. The inspection revealed areas where
the wires showed signs of general corrosion, some areas with severe pitting damages and
other areas completely covered with grout and without sign of corrosion, see Figure 3.7.
In one of the tendon ducts, fractured tensile wires were discovered. The state of the
tendon ducts varied from unaffected by corrosion on both the inside and outside to
highly corroded on both sides. In most cases, the state of the tendon ducts showed
corrosion on the internal side, while the outside was without corrosion. With regards
to the grout, areas were found with large voids that were completely lacking grout,
while in other areas the grout filled the tendon duct completely. There were also areas
where the consistency of the grout varied from normal dry to moist and from intact to
completely frost deteriorated. Different states of the grout gathered from the bridge is
displayed in Figure 3.8. More images from the inspection are given in Appendix E.
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Figure 3.7: Tendon duct and tensile wires - Left: missing grout and corrosion on both
duct and wires. Right: filled with grout and no sign of corrosion on either component
[79].

Figure 3.8: Grout gathered from different locations in the bridge [79].

in 2020, SINTEF was brought in to analyze the grout inside the tendon ducts after
the inspection SVV did in 2019 [89]. The grout analysis revealed elements given in
Table 3.3. A separate chloride analysis revealed the chloride content in dry grout to be:

• Sample 1: 0.036 %Cl
• Sample 2: 0.026 %Cl

These levels of chlorides are relatively low and it was therefore determined to remove the
option of seawater being used as mixing water [89]. Visual inspections and analyzes also
revealed a high porosity in the grout and a high w/b-ratio. This led to an assumption
of the grout having low viscosity.

Later that year, SINTEF performed an analysis of the grout with regards to moisture
content and composition, and analysis of the pore solution [90]. Samples were gathered
from two different inspection sites, one sample had dry, firm grout and the other was a
moist sample. The results from the moisture analysis are given in Table 3.4.
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Table 3.3: The elements found in the grout after analysis by SINTEF [89].

Elements
Samples

Firm grout [wt%] Crumbled grout [wt%]
CaO 31.7 23.2
Fe2O3 19.6 24.4
SiO2 10.3 16.5
Al2O3 2.71 4.22
MgO 0.86 0.97
Na2O 0.86 0.90
K2O 0.436 0.548
TiO2 0.220 0.233
MnO 0.122 0.114
P2O5 0.042 0.051

Table 3.4: Moisture content measured in grout samples by SINTEF [90].

Sample Moisture content [wt%]
Corrected moisture content
(removal of metal and
rubber) [wt%]

Dry sample 18 21
Moist sample 39 44

Testing of the pore solution composition from the moist grout sample revealed the
major components to be sodium, potassium, sulfur, calcium and chloride [90]. The dry
grout consisted mostly of the same elements, though in slightly different amounts, see
Table 3.5.

Table 3.5: The composition of the pore solution measured by SINTEF [90].

Element Moist sample [mmol/L] Dry sample [mmol/L]
Na 43.406 1.982
K 13.088 1.070
Ca 5.729 15.361
S 8.999 1.138
Cl 0.677 0.536

Note to Table 3.5: Only elements with a concentration above 0.1 mmol/L was included
in the table.

A separate chloride analysis was performed on both dry and moist grout samples [90],
confirming the measurements previously performed by SINTEF [89]. The following
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chloride contents were measured:

• Moist sample: 0.037 %Cl
• Dry sample: 0.035 %Cl

Lastly, the pH of the pore solution was measured to 13, using pH paper strips [90].

3.2.1 A Summary from the Inspections

The following main findings can be summarized from the inspections:

• Metal components:

1. Corrosion was present on the tensile wires in areas with incomplete filling of
the grout and in areas where the grout did not follow requirements.

2. The corrosion found on the wires was either general corrosion or pitting
corrosion. A general trend was that the corrosion was worse on the wires
close to the bottom of the duct compared to the ones on top.

3. On one of the locations a wire was found fractured, most likely a result of
corrosion.

4. The state of the ducts varied, but in most cases, the inside was highly cor-
roded while the outside was untouched by corrosion.

• Grout:

1. The state of the grout varied from dry to moist and from intact to frost
deteriorated.

2. The degree of filling varied a lot and in some areas there were large voids
observed.

3. The composition of the grout varied throughout the bridge, but main com-
ponents were found to be Na, K, Ca, S and Cl.

4. Chloride contents in both grout and pore solution was relatively low.
5. Low probability of carbonation.
6. High moisture contents. Cause to assume segregation.



Chapter 4

Previous Research

In the 1980s, corrosion in post-tensioned tendons became a concern regarding the dur-
ability of structures on an international level [91]. Since then, there have been a lot of
research devoted to discovering the cause of corrosion of steel in concrete. Worth noting
is that a lot of research performed is based on corrosion of steel in concrete and not in
grouted tendons.

4.1 Composition of Concrete Pore Solution

In 1983, Page and Vennesland tested ordinary Portland cement and silica in order
to determine the composition of the pore solution [72]. To determine the major ionic
constituents, standard procedures such as titration, graviometric determination and
atomic absorption spectrometry was carried out. The results of the procedures showed
that the pore solutions consisted primarily of Na+, K+ and OH�, while Ca2+ and SO2�

4

were only minor specimens. Later research on the composition of cement pore solutions
have concluded in similar compositions [5, 92, 93]. These findings have been used in
order to create simulated pore solution for further corrosion research.

4.2 Forming an Oxide Layer on the Surface

A lot of research base itself on directly exposing steel samples to chlorides or sulfates.
This does not give the steel the time to passivate, as it does when embedded in concrete.
Therefore, research have been performed to achieve an estimate of the time it takes to
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passivate the steel in synthetic pore solutions and in mortar [94]. The composition of
the synthetic pore solution used by Pursaee et al. is given in Table 4.1. This study used
steel samples with different surface conditions, i.e as-received and sandblasted.

Table 4.1: Composition of synthetic pore solution in the research by Poursaee et al.
[94].

NaOH (g) KOH (g) CaSO4· 2H2O (g) Ca(OH)2 (g) Water (L)
9.17 31.4 0.96 4.2 1.75

In order to determine the required time for passivation, Poursaee et al. [94] deployed
potentiostatic linear polarization resistance (LPR) and half-cell potential techniques.
The research concluded that it takes approximately three days for the steel to develop
a passive layer with potentials of approximately - 200 mV vs. SCE, but the potential
continued to slowly increase after that. This led to a recommendation that steel should
be kept in the solution for at least a week prior to adding chlorides.

In a study by Chen et al., they looked at the corrosion behavior of ASTM A416 steel in
simulated pore solutions under active aeration [95]. The alkaline solution used to simu-
late the environmental conditions within cement grout is given in Table 4.2. After the
solution was mixed, the suspended Ca(OH)2 solids was filtered out of the electrolyte.
The working electrode (the ASTM A416 steel rod) was polished with silicon carbide
papers up to 600 grit. The reference electrode equipped was a Hg/HgO electrode and
the counter electrode was made of platinum.

Table 4.2: Composition of the solution used in the research by Chen et al. [95].

Ca(OH)2 (g/L) NaOH (g/L) KOH (g/L) pH
2 8.33 23.3 13.8

Measurements, performed using a potentiostat, suggested the formation of an oxide film
on the surface of the steel [95]. This film thickness increased with increasing immersion
time. Through open circuit potential (OCP) measurements it was discovered that it
could require up to 300 ks (⇠ 3.47 days) for the system to reach a steady state at a
potential of approximately - 80 mV vs. Hg/HgO, see Figure 4.1a. Though, the oxide
started stabilizing already after ⇠100 ks. They also discovered that by applying different
potentials during the OCP measurements, the time until stabilization differed, see Fig-
ure 4.1b. At a potential of +0.22 V vs. Hg/HgO it took 250 ks to reach a steady state,
while at other potentials it could suffice with 50 ks for the system to reach a steady state
current, see Figure 4.1. Lastly, cyclic voltammetry revealed possible corrosion products
to be FeO, Fe(OH)2 and Fe3O4.
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(a) OCP as a function of time. (b) Current density as a function of time,
with varying applied potentials.

Figure 4.1: Results from a study by Chen et al. [95].

Other studies have also been performed on the time it takes for the OCP of steel
to reach a steady state in alkaline solutions. Sánchez et al. ran tests on steel rebars
submerged in simulated concrete pore solutions, created with saturated Ca(OH)2 [19].
They discovered that a natural growth of the passive layer on the steel surface starts
reaching a stable state after 3 days and is stable at -0.27 V vs. SCE after 5 days. This
corresponds to the three days until reached passivity at -0.2 V vs. SCE discovered by
Pourasee et al. [94] and at -80 mV vs. Hg/HgO (⇠-0.22 V vs. SCE) discovered by Chen
et al. [95]. Researchers have noted steady state behavior after shorter periods of time,
such as Abd El Haleem et al. [96], who reported signs of a steady OCP already after
250 minutes. However, other researchers, such as Flis et al. [97], noted that the OCP
started to shift towards the active direction after 30 days and was still changing after
100 days. Minor differences in the composition of the electrolytes and small variations
in pH, could amount to some of the differences in results.

Research was performed by Ghods et al. to study the properties of the passive oxide
film that forms on the surface of steel when exposed to a saturated calcium hydroxide
solution, and how chlorides affects the film [18]. Sample preparation consisted of creating
rebar specimens with a length of 8 mm each. These were polished with anhydrous
isopropyl alcohol to prevent oxidation. Three samples were then immersed in a saturated
calcium hydroxide solution meant to simulate a concrete pore solution. The solution
had a pH of 12.5, a conductivity of 8.82 mS/cm and a dissolved oxygen concentration of
2.28 mg/L. It was prepared by dissolving analytical grade calcium hydroxide in distilled
water. Two samples were removed after 2 and 9 days, respectively, in order to study
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the effect of immersion time on the properties of the passive film. After 9 days, sodium
chloride was added to the solution to increase the chloride concentration to 0.05 M.

By using X-ray photoelectron spectroscopy on the samples, it was found that the oxide
films formed were approximately 4 nm thick and were not affected by the immersion
time in the solution [18]. Analysis revealed that the oxide film consisted of Fe2+ rich
oxides close to the substrate and Fe3+ oxides near the free surface. The amount of Fe2+

compared to Fe3+ increased with increasing immersion time. The addition of chlorides
resulted in a reduction of the oxide film, which supports the theory that the interaction
with chlorides causes the oxide to dissolve into the solution.

In a later study by Ghods et al., the passivity and chloride-induced depassivation of
steel immersed in simulated concrete pore solutions were studied again [98]. Samples
were prepared in the same fashion as the previous research by Ghods et al. [18]. The
solution used for passivation of the steel samples is given in Table 4.3. Three samples
were immersed in the solution and kept there for two weeks. Passivation of the samples
was confirmed by OCP measurements, which after passivation was relatively constant
at �220 ± 10 mV vs. SCE.

Table 4.3: Composition of the solution used in the research by Ghods et al. [98].

Ca(OH)2 (M) NaOH (M) KOH (M) CaSO4 (M) pH
0.1 0.1 0.2 0.003 13.3

After two weeks of exposure, a sample was removed before sodium chloride was added
to the solution [98]. This brought the chloride concentration in the solution to 0.45
M, which Ghods et al. discovered to be below the depassivation threshold of polished
steel samples in concrete pore solutions during a previous research [36]. The OCP
measurements continued to show stable behavior at values of approximately �230 ±
10mV vs. SCE. After two more weeks of exposure, a second sample was removed and
the chloride concentration in the solution was increased to 3 M. The sample was kept
in the solution for four weeks in order for the chlorides to have time to react with the
passive film. The OCP measurements of the third sample showed stable behavior with
values measured to �350 ± 10mV vs. SCE.

Once the last sample was removed, X-ray photoelectron spectroscopy was performed to
analyze the results [98]. The oxide film formed on the samples was determined to be
approximately 5 nm thick and consisting of Fe2+ close to the substrate and Fe3+ near
the free surface, which is similar to the results of the previous study [18]. The addition
of chlorides resulted in a thinner oxide layer with a reduction of the Fe2+/Fe3+ ratio.
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Fe2+ oxides were determined to be the protective oxides, as a decrease in Fe2+ with
respect to Fe3+ caused depassivation of the steel.

4.3 Corrosion Testing

Sulfate Concentration

After severe corrosion related to grout segregation was discovered on bridges in Florida
related to grout segregation, research began to determine the cause [1]. The grout was
discovered to have high pore water pH, moisture content and sulfate concentration,
but a low chloride content. For the experimental part of the study, steel samples were
exposed to alkaline solutions meant to simulate pore solutions with pH of 12.6 and 13.3,
and with varying sodium sulfate levels, see Table 4.4. In the experiment, some of the
samples were exposed to early fixed sulfates, while other were exposed to sulfates later
on. This was to determine the impact of allowing an oxide layer to form on the surface
of the steel.

Table 4.4: Compositions of the solutions used for electrochemical tests in the research
by Krishna Vigneshwaran et al. [1].

Solution NaOH (g/L) KOH (g/L) Ca(OH)2 (g/L) pH
1 - - 2.1 12.6
2 3.7 10.5 2.1 13.6

Electrochemical testing performed in the research by Krishna Vigneshwaran et al. [1]
included steady-state condition tests measuring Ecorr and linear polarization resistance
(LPR). In addition, potentiodynamic polarization tests were run. The research found
that pH was a really important parameter in the corrosion development. In highly
alkaline solutions, with pH above 13, the sulfates were not able to break down the
passive film. There were, however, corrosion on some of the samples in more moderately
alkaline solution with a pH around 12.6. In the cases where early fixed sulfates were
present, there was damage on the passive layer which resulted in pitting corrosion.
When the sulfates were added in later, they were not able to depassivate the steel, even
at the lower levels of pH, see Figure 4.2.
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(a) pH = 13.3 (b) pH = 12.5

Figure 4.2: Anodic polarization curves with late exposure of varying contents of
sulfate ions measured by Krishna Vigneshwaran et al. [1].

Krishna Vigneshwaran et al. are only some of many who have devoted research on the
subject of how sulfate concentrations affect the corrosion rate of steel in concrete. The
general conclusion is that increasing the sulfate concentration increases the corrosion.
In 1988, Al-Tayyib et al. [99] tested steel samples polished to 600 grit in a saturated
Ca(OH)2 solution with a pH of 12.5 and varying concentrations of Na2SO4. They dis-
covered that sulfate ions actively participate in corrosion and noted an increase in
corrosion rate when sulfates were combined with increasing temperatures. Dehwah et
al. [57] tested in 2002 steel reinforcement samples in different types of Portland cements
with an addition of NaCl and varying contents of Na2SO4 and MgSO4. They found that
the addition of sulfates did not affect the time to initiation of corrosion, but increased
the current density compared to solutions only containing chlorides. It was also dis-
covered that the magnesium sulfate caused bigger increases in icorr compared to sodium
sulfate.

How the different types of sulfate salts influence the passive film on steel in simulated
concrete solution was the topic of the research performed by Xu et al. in 2019 [2]. In their
research they used carbon steel rods with a diameter of 10 mm and a length of 10 mm
as test material. The samples were grinded with emery paper up to 1200 grit, rinsed and
degreased with acetone before being covered with epoxy resin to give an exposure area
of 0.785 cm2. The base solution was made of saturated Ca(OH)2 to simulate a concrete
pore solution. For the purpose of creating a passive layer on the surface, the samples
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were kept in the simulated pore solution for 7 days prior to testing. The samples were
then immersed in separate containers containing the solution and four different types
of sulfate salts, respectively. The salts in question were magnesium sulfate (MgSO4),
ammonium sulfate ((NH4)2SO4), sodium sulfate (Na2SO4) and calcium sulfate (CaSO4).
There was also created a solution with sodium chloride (NaCl) for reference. The salts
were replenished stepwise each day at a dosage of 0.01 mol/L. For the experiments,
a SCE was used as working electrode and a platinum electrode as reference electrode.
Cyclic polarization (CP) was measured from 200 mV below Ecorr up to 1200 mV vs. Ecorr

and then reversed, with a scan rate of 1 mV/s. All tests were run at room temperature.
Results are displayed in Figure 4.3.

Figure 4.3: Cyclic polarization curves measured by Xu et al. for different salts [2].

From experimental testing, Xu et al. [2] discovered that the magnesium sulfate and
ammonium sulfate induced higher corrosion rates than sodium chloride and sodium
sulfate. This observation was based on the measurements of icorr. From the current
density measurements, they concluded that calcium sulfate had an almost negligible
corrosion effect on the passive layer, compared to the other sulfate salts and the sodium
chloride. They also discovered that the chloride ions were more prone to induce pitting
corrosion compared to the sulfates.
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Chloride concentration

In a 2011 report by R.D. Moser et al., the topic of chloride induced corrosion of
prestressed steel was researched [3]. Cold drawn specimens in the shape of both single
wires and 7-wire strands were used as testing material. The prestressed steel was coated
with ZnPO4, which prior to testing was determined to be flawed as a result of cold draw-
ing. The wire samples were coated with a silicon adhesive sealant at the top and bottom
of the exposure area to prevent crevice corrosion. This left an exposure area of 3.5 cm2.
All experiments were performed in a solution simulating the composition of a typical
concrete pore solution, see Table 4.5. Prior to testing, all samples were immersed in the
simulated pore solution without the presence of chlorides for 90 minutes, in order for
a passive layer to form on the surface. The samples were then directly transferred to a
solution containing chlorides and left for 30 minutes to acclimate before testing began.

Table 4.5: Composition of simulated concrete pore solution used in research by Moser
et al. [3].

KOH (g/L) NaOH (g/L) CaSO4·2H2O (g/L) Ca(OH)2 (g/L) pH
17.94 5.24 0.55 2.40 13.6

Cyclic potentiodynamic polarization techniques were used to measure the corrosion
resistance of the samples when exposed to different concentrations of chlorides [3].
Tests began at -25 mV vs. OCP and ran with a scan rate of 0.1 mV/s until it reached
a current density of 0.25 mA/cm2. In Figure 4.4, only chloride concentrations that
resulted in corrosion initiation were included.

Figure 4.4: Polarization curves for different levels of Cl� for the pre-stressed wires
measured by Moser et al. [3].
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As can be seen in Figure 4.4, Moser et al. [3] found that an increase in chloride content
leads to a decrease in the pitting potential, Epit, and a slight decrease in the Ecorr. The
corrosion was initiated as localized pitting attacks, primarily at imperfections on the
surface. The pitting corrosion was then followed by uniform attacks on the surface of
the samples.

Li et al. tested the chloride corrosion threshold of reinforcing steel in alkaline solutions
[6]. Test material was made using samples made from reinforcement steel bars with a
diameter of 12 mm. The samples were then divided into three groups: 1) as-received
condition, including some rust; 2) sandblasted; 3) immersed in sodium chloride to create
a pre-rusted condition. Three different solutions were created according to Table 4.6.
The pH of the solutions dropped up to a order of ⇠3 as the chlorides were added to the
solutions.

Table 4.6: The solutions created for the experimental testing in the research by Li et
al. [6].

Solution NaOH (g/L) KOH (g/L) Ca(OH)2 (g/L) pH
1 0 0 2 12.6
2 3.70 10.5 2 13.3
3 8.33 23.3 2 13.6

Through OCP measurements, electrochemical impendance spectroscopy (EIS) and po-
larization resistance, Rp, measurements, Li et al. [6] discovered that the chloride threshold
level was not constant but varied with pH. As can be seen in Figure 4.5, the increase
in pH level demanded higher chloride concentrations in order to initiate corrosion. In
the solution with a pH of 13.6, active corrosion was started in the sandblasted samples,
but not sustained as the chloride content reached 3.0M. This can be seen in Figure 4.5c
from the fluctuations of the corrosion potential, denoted EOC in Figure 4.5, between
-400 mV, indicating active corrosion, and -200 mV, which indicates passivity.

Ioan Pepenar performed a study in 2017 regarding the influence of chloride ions on the
electrochemical behavior of prestressing steel in alkaline solutions [100]. The materials
tested were two types of high strength steel, typically used as tendons for prestressed
concrete structures. The samples were covered in epoxy resin to leave a sample area
of 20 mm2 and 40 mm2 for steel type 1 and 2, respectively. The samples were then
grinded with emery paper up to 1000 grit and degreased with benzene and washed with
acetone. No passive layer was ensured prior to testing. The electrolyte used was made
up of an aqueous suspension of Portland cement with a pH of 12.7 and a w/c ratio of
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(a) pH = 12.6 (b) pH = 13.3

(c) pH = 13.6

Figure 4.5: The results from Li et al. showing the evolution of corrosion potential as
the chloride content increase over time [6].

10. Different concentrations of chlorides were added to the solutions for electrochemical
testing.

Anodic potentiodynamic polarization curves were measured from a potential of -1000
mV vs. SCE with a scan rate of 0.556 mV/s [100]. The scan was reversed once the
oxygen release potential was reached. Measurements led to the conclusion that depas-
sivation of the steel started occurring once the chloride concentration exceeded 0.01 M.
Further increasing the chloride concentration caused a shift in the electrode potentials
in a more negative direction. Lastly, it was found that the pitting potential decreased
linearly with the logarithmic value of the chloride concentration.

In 2014, Lee and Zielske wrote a report on the behalf of the Federal Highway Admin-
istration on the subject of chloride threshold levels in post-tensioning tendon grout [4].
They ran tests on single-wire specimens, single-strand specimens and multi-strand spe-
cimens. The single-wire specimens were electrochemically tested in aqueous solutions
with different pH and chloride concentrations, while the single- and multi-strand speci-
mens were tested in grout. The solutions used for testing of the single-wire specimen is
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given in Table 4.7, in addition the chloride concentration by weight of cement was varied
between 0.00 and 5.00 percent. The single-wire tests had the intention of evaluating the
effects that chloride concentration, pH and stress levels have on corrosion.

Table 4.7: The chemical composition of the test solutions used in the research by Lee
and Zielske [4].

pH Na2CO3 (g/L) NaHCO3 (g/L) Ca(OH)2 (g/L) NaOH (g/L) KOH (g/L)
9.0 4.10 24.41 0 0 0
13.6 0 0 1.96 8.11 22.76

The experimental test setup used a Ag/AgCl electrode as a reference electrode [4]. Tests
were run both with wires subjected to no external stresses and on wires prestressed to
60% of the guaranteed ultimate tensile strength. The results of the corrosion potential
data is given in Figure 4.6.

(a) Corrosion potential (b) Corrosion rate

Figure 4.6: Results from tests for single wire specimen under different test environ-
ments measured by Lee and Zielske [4].

From the results of Lee and Zielske [4], it was clear that, at a pH of 13.6, the wires
were protected by the passive film that gets created at high pH levels. This is indicated
by relatively high potentials and low corrosion rates. The potential was stable, and
the wires withstood any significant corrosion with chloride concentrations up to 0.6%.
The lower pH tests yielded results with lower corrosion potential and higher corrosion
rates compared to the equivalent tests run at pH 13.6, as is displayed in Figure 4.6.
The increase in chloride concentration resulted in lowering the corrosion potential for
the solutions with a pH of 9.0. At the same pH level, there was a drastic increase
in corrosion rate measured between the chloride free solution and the solution with a
chloride concentration of 0.04 wt%, indicating very low resistance towards corrosion
already at very low chloride concentrations.
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Lee and Zielske [4] noted a reduction in corrosion rate at a 5% chloride concentration,
which could be caused by a reduction in dissolved oxygen due to the amount of chloride
ions. They also noted a significant difference in corrosion product between pH 9.0 and
13.6. At the higher pH level, corrosion products observed were negligible, while for pH
9.0, the corrosion products were more visible and as the corrosion rate increased, the
color of the solution darkened from dissolved corrosion products.

Galvanic Couplings

Dong and Poursaee performed a study on the subject of coupled reinforcing steel in
simulated concrete pore solutions in 2019 [62]. Test material consisted of ribbed steel
bars that were sandblasted and cleaned, then coated with an epoxy resin in order
to isolate specified surface areas. The samples were divided between active and passive
steels, where the passive samples had a constant exposure area, while the active samples
were given three different exposure areas. This resulted in three different active-to-
passive area ratios, see Figure 4.7a. The chemical composition of the simulated concrete
pore solution is given in Table 4.8.

Table 4.8: Composition of the solution used for testing in the research by Dong and
Poursaee [62].

NaOH (Mol/L) KOH (Mol/L) Ca(OH)2 (Mol/L) CaSO4·H2O (Mol/L) pH
0.1 0.3 0.03 0.002 13.1

All samples were immersed in the chloride-free solution for 14 days prior to testing [62].
Then, an addition of 3wt% of NaCl was given to the active cells. After 90 days, the
chloride concentration in the active cells were increased to 10wt%. For testing of coupled
cells, a salt bridge was used in order to keep the passive cell from being contaminated
by the chlorides in the active cell. The salt bridge was filled with 1 mol/L KOH which
was sealed in by two sintered discs at the ends of the U-shaped glass tube. The setup,
illustrated in Figure 4.7b, was sealed in order to minimize effects of carbonation and to
prevent evaporation.

Measurements performed included LPR, CP, EIS and zero resistance ammetry (ZRA)
[62]. A SCE served as the reference electrode and a 316L stainless steel rod as the
counter electrode. All experiments were performed at room temperature (⇠23�C). LPR
tests were performed within the range of ± 10 mV vs. corrosion potential, Ecorr, with
a scan rate of 0.166 mV/s. CP tests were run from -200 mV vs. Ecorr to +500 mV vs.
SCE and decreased to -200 mV vs. Ecorr, with a scan rate of 0.166 mV/s. From the
measurements, it was discovered that the area-ratio between the passive and active
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(a) (b)

Figure 4.7: An illustration of the sample designs and setup for coupled cells used by
Dong and Poursaee [62].

areas played a part. In the experiments where the active area was smaller than the
passive area, the galvanic coupling did not seem to affect the potential development
of the active steel. However, in the experiments with a 1:1 ratio, the galvanic coupling
caused an increase in potential of the active steel, see Figure 4.8. CP tests revealed
that coupled samples with an active area smaller than a passive area displayed very
small hysteresis loops compared to individual samples. This could indicate a tendency
towards more severe general corrosion instead of the localized attacks presenting itself
on individual samples.

Figure 4.8: The potential development for different passive/active areas following the
research of Dong and Poursaee [62]. The numbering in the top right corner correspond
to the sample geometry displayed in Figure 4.7a.

The research concludes that couplings with an A/P-ratio less than 1:1 resulted in little
potential changes [62]. This being mentioned, galvanic couplings increased the anodic
and cathodic Tafel slopes compared to individual samples. An increase in iron oxidation
rates resulted in heightened corrosion rates.
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Castel et al. performed several studies on the effect of galvanic couplings of steel re-
inforcement in carbonated concrete [61, 101]. Test samples were prepared by casting
10 horizontal steel samples into a 1100 mm high concrete member. The steel samples
were made of two 12 mm diameter ribbed steel bars with an electric wire welded onto
an end, glued together with PVC tubes. After a curing period of 28 days in water,
the concrete member was sawed into ten pieces, each containing one PVC-steel bar.
Due to the top-bar effect, the samples cast on the top section of the member displayed
steel-concrete interfacial defaults. The ten pieces were then sawed in two across the
center PVC section. An epoxy resin was used to coat the concrete samples, as shown in
Figure 4.9, in order to control the area susceptible to carbonation. In these studies, the
carbonation process was accelerated by placing the samples in a confined room with an
optimal relative humidity (⇠65%) and with 50% CO2 and 50% air. The samples were
left for 16 weeks in these conditions. Passive specimens were created by being cast into
smaller members and using steel bars with a length of 100 mm.

Figure 4.9: Specimens used in the research by Castel et al. after sawing and coating
was performed [61, 101].

The experimental setup used is displayed in Figure 4.10, and shows that the macrocells
consisted of an active and a passive sample that was electrically connected and partially
submerged in water. During the 2010 research [101], the macrocell current was measured
regularly during a 6 to 17 week immersion time using zero resistance ammetry (ZRA).
Results showed that samples containing interfacial defaults displayed significantly lower
potentials on the depassivated sample, compared to samples without defaults. The
2014 report also included microcell corrosion testing in order to compare microcell and
macrocell currents [61]. Through testing they concluded that galvanic current densities
were of great importance and much higher than the measured microcell current density.
In addition, they noted that the active-passive ratio strongly influenced the macrocells,
as the galvanic current density increase with increasing surface ratios.
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Figure 4.10: Setups used to monitor macrocell corrosion in the research by Castel et
al.. Setup a) is the one used in the 2010 report [101], while all three are equipped in
the 2014 report [61].

4.4 Previous Research on Herøysundet Bridge

After severe corrosion was detected on Herøysundet bridge, research began in order to
determine the cause [50]. Corrosion testing was performed on materials from Farriseidet
bridge, which was built at the same time as Herøysundet bridge, had the same type of
tensile wiring and presented similar corrosion attacks. The wires used for testing was
not cleaned in any way, and therefore had minor traces of grout present on the surface,
as well as the natural oxide layer which had been created during its service lifetime.

Testing consisted of ASTM G61 and OCP/LPR measurements. Results from the testing
are displayed in Figure 4.11

Figure 4.11: A summary of the results found in the report by Roy Johnsen [50].

The results concluded that for solutions with pH levels of 12 and 12.5, with a chloride
concentration of either 3.545 or 14.18 g/L, the removal of oxygen from the solutions
decreased the corrosivity. This was indicated by increased values of Epit, less clear Erep
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and decreased anodic current during the decrease in potential. The results also showed
that for pH levels of 13, an increase in the chloride content from 3.545 g/L to 14.18 g/L
caused increased corrosion by lowering Epit and increasing the anodic current during
the decrease in potential. It was also found that the presence of sulfates reduced the
corrosivity of the electrolyte. This was indicated by either no or a reduction in the
hysteresis loop after reaching maximum potential, noted by Ipass1  Ipass2 or NA in
the table in Figure 4.11. It was also found that at pH levels of 14.5 the OCP was more
negative than for lower levels of pH. In addition to this, the polarization curve showed
unstable current values between -900 to -600 mV vs. Ag/AgCl, which could indicate
that the oxide layer is unstable between these potentials.



Chapter 5

Method

5.1 Outline of Tests

In the experimental work, carbon steel samples will be cut from tensile wires into a
length of ⇠80 mm before being grinded with emery paper. Sections of the samples will
then be coated to expose a predefined surface area to the electrolyte. In order to create
a passive layer on the exposed surface, the samples will be exposed to a simulated
concrete pore solution with a pH of 13.5 for a duration of a week.

All experiments will be performed in saturated Ca(OH)2 solutions with varying pH
levels and ion contents. The experimental work will include measurements of potenti-
odynamic cyclic polarization (CP) curves according to ASTM G61 and long-term ex-
posure measurements of open circuit potential (OCP) and linear polarization resistance
(LPR) curves. After ended OCP/LPR measurements, the samples will be subjected to
potentiodynamic scans to measure the polarization curves. The oxide layer created will
be analyzed using a scanning electron microscopy (SEM). An optical microscope will
be used for visual inspections to document the surface conditions after exposure.

5.2 Test Material

Due to a limited amount of test material available from Herøysundet bridge, the test
materials used in the experiments were gathered from Farriseidet bridge. Farriseide
bridge used to be located outside Larvik and was removed in 2014. It was construc-
ted around the same time as Herøysundet bridge and was built using the same type

42
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of reinforcement materials. In Figure 5.1, the test material from Farriseide bridge is
displayed. The release of the tensile wires, as depicted on the right side in Figure 5.1,
was performed by the Department of Structural Engineering (KT) at NTNU.

Figure 5.1: Test materials from Farriseide bridge. Left: A section of concrete extracted,
containing a tendon duct with tensile wires embedded in grout. Right: Tendon duct
and tensile wires after removal of concrete and grout [50].

.

5.3 Sample Preparation

The test samples used in the experiments consisted of tensile wires with a diameter of
6 mm, which were extracted from Farriseidet bridge. These were cut into test samples
with a length of ⇠80 mm using a cutting machine. Grinding was then performed with
emery paper up to grade 500 on a polishing machine to remove sharp and uneven edges.
The surface of the samples was grinded by hand, also on grade 500 emery paper, to
remove corrosion residue and any traces of a previous oxide layer on the surface. To
achieve a defined test area, two sections of the samples were painted with Jotamastic
87 from Jotun according to the measurements in Figure 5.2. This left a surface area of
376 mm2 to be exposed to the electrolyte. One end of the sample was left unpainted in
order to serve as a contact point for electrical connections. Once painted, the samples
were placed in a ventilated oven for 48 hours in order for the paint to cure completely.
The painting process was repeated once to secure full coverage of the sharp edges on
the tip of the samples.

In addition to the rods, pieces of the wires were cut to a length of ⇠5 mm. The cross
section was polished with emery paper up to grade 500. These were made in order for
the purpose of later studying the oxide layer with SEM.
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Figure 5.2: The test samples with dimensions given in mm. Areas with coating in
blue and areas without coating in gray

5.4 Oxide Layer Development

In order to create conditions similar to the ones found on steel exposed to concrete, a
passive oxide layer was created on the surface of the steel. The experimental setup of
the cell is schematically shown in Figure 5.3. A simulated pore solution was created
according to Table 5.1 using distilled water. The solution was similar to pore solutions
used in other tests according to literature, as documented in Chapter 4. As the solution
was oversaturated, it was left for 24 hours at room temperature before the suspended
Ca(OH)2 solids were filtered out of the electrolyte using filtering paper with a particle
size of 5-13 µm. The final solution was clear and had a pH of ⇠13.5.

Table 5.1: Composition of the synthetic pore solution used for creating an oxide layer
on the samples.

NaOH (g/L) KOH (g/L) Ca(OH)2 (g/L)
3.7 10.5 2.1

The larger samples were then placed in the solution as shown in Figure 5.3. One of the
samples was connected to a potentiostat to measure the open circuit potential (OCP)
on the surface of the steel as the oxide layer developed. The smaller samples were left
on the bottom of the beaker. After a week in the experimental setup, the samples were
placed in a desiccator until they were going to be used in the corrosion testing. Due to
the number of samples needed, the process was repeated several times.

5.5 Corrosion Testing

5.5.1 Electrolyte

The base electrolyte solution was made by adding 2 g/L Ca(OH)2 to distilled water. As
the solution was oversaturated, it was left for 24 hours at room temperature before the
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Figure 5.3: An illustration of the experimental setup for the buildup of an oxide layer.

suspended Ca(OH)2 was filtered out of the solution using filtering paper with a particle
retention of 5-13 µm. The final solution was clear and had a pH of ⇠ 12.5.

For some solutions, an addition of NaCl was given to vary the Cl� ion content. In
other solutions, either Na2SO4 or MgSO4 were added to vary the SO2�

4 ion content.
A few solutions were given an addition of both Cl� and SO2�

4 ions, in order to study
the combined effect. The MgSO4 salt had a purity of 98%. An addition of either NaCl,
Na2SO4 or MgSO4 would change the pH, therefore the pH had to be fixed for these
solutions. 10M KOH solution was used to increase the pH, as this prevented changing the
concentration of the solution. The different solutions created is displayed in Figure 5.7
and 5.8 in Subsection 5.5.5.

5.5.2 Exposure Conditions

All tests were performed at room temperature, corresponding to 21 ± 2 �C. Oxygen
was present in the solution for some of the tests, while removed in others, see Figure 5.7
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and 5.8. To remove the oxygen, N2 gas was used to purge the solution during the test
period.

5.5.3 Equipment

For experiments following ASTM G61 and for OCP/LPR measurements run without
the presence of oxygen, the test container used was made of glass. The container and the
experimental setup are displayed in Figure 5.4. The container had a length of 73 mm
and an internal diameter of 40 mm, which corresponds to a total electrolyte volume
of 183.4 mL. For electrochemical measurements, the test samples were used as the
working electrodes, a platinum wire served as counter electrode and an Ag/AgCl (3 M
KCl saturated electrode) served as the reference electrode. The correlations between an
Ag/AgCl electrode and electrodes used in literature and previous research are given in
Figure 5.6. To measure polarization curves and monitor OCP and LPR, a potentiostat
(Interface 600, Gamry instruments ®) was used.

(a) (b)

Figure 5.4: a) and b) shows the equipment and setup for the ASTM G61 tests.

For OCP/LPR measurements run with oxygen present in the solution, a setup was
created according to Figure 5.5a. A beaker with an internal volume of 600 mL was
used as the container in this setup. The reference electrode was an Ag/AgCl (3 M KCL
saturated) electrode, a platinum mesh served as the counter electrode, and one or two
samples were immersed. One sample was connected to the potentiostat to monitor OCP
and measure LPR while the other was connected to a potential logger that continuously
measured OCP throughout the entire exposure period.
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(a) (b)

Figure 5.5: a) and b) shows the equipment and setup for OCP/LPR measurements
with and without oxygen present, respectively.

Figure 5.6: Correlations between common electrodes [102].
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5.5.4 Corrosion Tests

Method A - ASTM G61

The objective of method A is to find the pitting potential, Epit, and the repassivation
potential, Erep.

Procedure:

• Tests run without oxygen:

� Measure OCP while bubbling nitrogen through the solution for an hour prior
to starting polarization.

• Test run with oxygen:

� Measure the OCP during one hour of exposure to solution prior to starting
polarization.

• Polarization measurements according to ASTM G61.
• Visual examination of the sample surface after testing to document possible cor-

rosion attacks.

The polarization was started at an OCP of -100 mV and was polarized with a speed of
600 mV/hour in the anodic direction. This proceeded until the anodic current density
reached 100 µA/cm2. The polarization was then reversed to polarize in the cathodic
direction until ERep was reached.

From the tests using method A, the following results were gathered:

• The OCP development during the initial one hour of exposure.
• Polarization curves.
• An estimation of Epit, ERep and the anodic current density iA.
• Visual inspection of the sample surfaces.

Method B - Long-term Exposure

The objective of method B is to i) examine the potential development and the corrosion
current density in order to compare it to the pitting potential, Epit, and the repassivation
potential, Erep, under true exposure conditions, and ii) investigate the surface condition
after the exposure period (i.e. has corrosion been initiated and to what extent).
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Procedure:

• Measure the OCP continuously for the entire duration of the experiment
• Measure LPR (± 10 mV) every 24 hours. Begin one hour after starting OCP

measurements and measure the corresponding current change I.
• Exposure period varying from 14 to 30 days.
• For tests run with two samples immersed, one shall be used to run a potentiody-

namic scan after ended exposure period.
• Visual examination of the sample surface after testing to document possible cor-

rosion attacks.

The LPR scans were performed with a scan rate of 0.1667 mV/s, starting from -5 to +5
mV relative to the OCP. The Stern-Geary equation, Equation 5.2, was used to calculate
the corrosion current density, icorr. The potentiodynamic scan ran from OCP - 500 mV
to OCP + 500 mV with a scan rate of 0.1667 mV/s.

Corrosion current densities and corrosion rates values were calculated based on polariz-
ation resistance values, RP . These values were extracted from the LPR measurements
using the Gamry Echem Analyst software. The RP values were extracted from the soft-
ware assuming both Tafel constants, b, to be equal to 120 mV/decade, see Equation 5.1.
This is a typical value for the Tafel slope at 25�C, given a composite transfer coefficient
for oxidation, ↵, of 0.5 [39].

b =
RT · ln{10}

|↵|F
25�C���! 59.16mV

|↵| , (5.1)

where b represents a Tafel slope, R is the gas constant, T is the temperature, ↵ is the
composite transfer coefficient and F is the Faraday constant. The calculations used for
determining the icorr follow the Stern-Geary equation, listed below.

icorr = B/[RPA] =
bA · bC

2.3(bA + bC)RPA
, (5.2)

where

RP = �E/�I. (5.3)

In the equations listed above, B is the Stern-Geary constant, RP is the polarization
resistance, A is the total area of the sample exposed to the electrolyte, bA and bC are
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the Tafel constants, �E is the change in potential and �I is the change in current.
The Stern-Geary constant is a function of the Tafel slopes and have been found by
Andrade et al. to be 26 mV for active steel [103]. This corresponds to Tafel constants of
120 mV/decade, as can be found when inserting the Tafel values into the Stern-Geary
equation, Equation 5.2.

Further, the corrosion rate, vcorr [mm/year], was calculated using Faradays law, which
was simplified for steel into Equation 5.4. Here it was assumed uniform corrosion on
the sample surface.

vcorr = 0.0116 · icorr, (5.4)

when [icorr] = µA/cm2.

From the tests using method B, the following results were gathered:

• The OCP development as a function of time.
• The Rp values (E/I) during the exposure period.
• Visual inspection of the sample surface.
• For some tests: potentiodynamic scans.

5.5.5 Test Programs

The test programs for the Specialization project were decided upon following the con-
clusions of preliminary reports, previous work [50, 79] and literary research, see Chapter
4. Further, the test programs used for the specialization project, along with the res-
ults from inspections performed on Herøysundet bridge, served as a basis for the test
programs used for the Master thesis. As can be seen in Figure 5.7 and 5.8, the content
of Cl� and SO2�

4 ions, the presence of oxygen and the pH-level varied throughout the
different tests.

Method A

For method A, the different test solutions are given in Figure 5.7.
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(a) Tests matrix used during the preliminary specialization project for method A.

(b) Test matrix used during this thesis following method A.

Figure 5.7: Test programs - method A.

From here on out, the different solutions and corresponding samples are labeled and
referred to according to the numbering given in the first column in the test matrix in
Figure 5.7.

Notes to method A:

• Solution 1-9, given in Figure 5.7a, were completed during the preliminary spe-
cialization project during the fall of 2021. Results are given in Appendix D, sec-
tion D.1.

Method B

For method B, the different test solutions are given in Figure 5.8.

(a) Tests matrix during specialization project for method B.
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(b) Test matrix used during this thesis following method B.

Figure 5.8: Test programs - method B.

Notes to method B:

• 1 test, given in Figure 5.8a, was completed during the preliminary specialization
project during the fall of 2021. Results are given in Appendix D, section D.2.

• Solutions 3, 5B and 9 in Figure 5.8b were run over Christmas and results will be
included in this report.

• Solutions 9 and 15 were run with only one sample, which was connected to a
potential logger. Therefore, these solutions lack LPR measurements.

• Solution 15 and 25 were also used to run tests with samples that had the oxide
layer grinded away, marked with xx under the OCP/LPR column in Figure 5.8b.
This was done to measure the potential development with the bare steel exposed
to the solution.

5.6 Surface Investigation

5.6.1 Oxide Layer

In order to analyze the oxide layer developed on the surface, scanning electron micro-
scopy (SEM) was used. Two of the smaller samples created was prepared for the SEM
by being rinsed with distilled water and acetone. This would remove unwanted particles,
but not damage the oxide layer. The samples were placed with the cross section facing
upwards. Visual inspections were performed using a voltage of 10 kW and an aperture of
30 µm. The low voltage was applied to prevent the electrons from penetrating through
the oxide layer and into the metal.
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To determine the chemical composition of the oxide, energy-dispersive X-ray spectro-
scopy (EDS) analyses were performed. The aperture was changed to 100 µm. This
resulted in poorer resolution in the images, but faster scan rates. With EDS, both a
point analysis and a mapping analysis were performed.

SEM and EDS analyzes were also performed on as-delivered samples to compare the
composition of the naturally formed and chemically created oxide layers.

5.6.2 Visual Inspections

Visual examinations were performed on all samples after ended corrosion tests in order
to determine the approximate size of surface area subjected to corrosion attacks. A
simple ruler was used for measurements.

Samples displaying little to no visible corrosion were examined more thoroughly using
an optical microscope (OM). The microscope used was an Olympus BX53M optical
microscope, and the surfaces were examined using a lens with a 10X magnification.



Chapter 6

Results

Summaries of the results from the specialization project that will later be used in the
discussion, see Chapter 7, are included prior to current results.

6.1 Oxide Layer

Results from the Specialization Project

During the preliminary work, the following results were gathered from analyses of the
oxide layer:

• The oxide layer began to stabilize after approximately 6 days at a potential of
-0.116 V vs. Ag/AgCl.

• SEM analysis revealed oxides of various sizes present on the surface with a tend-
ency to form clusters.

• The main components were found to be oxygen, calcium and carbon from an EDS
point analysis.

• An EDS mapping analysis confirmed the findings of oxygen, calcium and carbon
as the major components in the oxide. In addition, the analysis revealed areas
dominated by iron in between the oxide clusters.

The results are based on the plots and images given in section D.3.

54
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Results from the Master’s Thesis

Samples were oxidized in four different sets. Figure 6.1 shows the potential development
on the surface of the samples during the development of the oxide layers. It is clear that
an oxide layer has started to form during all the different processes due to the increase
in potential. As the potential development for all sets follow the same path and end up
at potentials of approximately -0.14 V vs. Ag/AgCl after seven days of exposure, the
samples developed similar oxide layers prior to testing.

Figure 6.1: OCP measurements made during the development of oxide layers on the
surfaces.

6.1.1 SEM Analysis

Figure 6.2 shows the surface of an as-delivered sample at a magnification of 5000x. The
sample has not been grinded and the oxide layer visible was built up during its service
lifetime in Farriseidet bridge. Peaks and minor groves are in the image, most likely
a result of oxide precipitates growing into one another over time. However, the oxide
appears to be thick and to provide an overall even coverage of the steel surface.
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Figure 6.2: Image taken with SEM at a magnification of 5000x.

6.1.2 EDS Analyses

Point Analysis

The sites used for the point analysis is displayed in Figure 6.3. From the different
spectrum analyses, the occurrence of elements present on the surface was found. An
average from all the sites has been calculated and is displayed in Table 6.1. The point
analyses revealed the main elements on the surface to be oxygen, calcium and carbon,
when considering atomic%. Traces of sulfur, phosphate, iron, silicon, aluminum and
magnesium have also been detected.

Figure 6.3: Overview of the sites used for the point analysis on the as-delivered
sample.
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Table 6.1: Average results from the point analysis performed on the as-delivered
sample.

Element Weight % Atomic % Error %
O 43.19 56.70 9.15
C 9.57 16.59 8.71
Ca 16.26 8.77 13.50
P 3.12 2.39 26.22
Si 2.76 2.15 6.95
S 3.44 1.76 39.07
Fe 2.92 1.10 22.38
Al 1.10 0.88 18.62
Mg 0.30 0.26 52.66

Mapping Analysis

Figure 6.4a shows an element overlay map created during the mapping analysis. The
map illustrates the most dominant elements found on the surface, with color coding
according to Figure 6.4b. The map clearly indicates that oxygen and calcium are the
dominating elements on the surface, with minor traces of other elements appearing
in between. From the mapping analysis, other results gathered includes a live map, a
spectrum analysis and individual element overlay maps. These results are displayed in
Appendix C.

(a) (b)

Figure 6.4: Shows the element overlay map with color explanations and results from
the EDS mapping analysis of the as-delivered sample.



6.2: Cyclic Polarization Curves 58

The mapping analysis also gave an indication of what elements presented themselves on
the surface with regards to weight % and atomic %. These are presented in Table 6.2.
Main elements, based on atomic%, was found to be oxygen, calcium and carbon.

Table 6.2: Results from the mapping analysis performed on the as-delivered sample.

Element Weight % Atomic % Error %
O 44.90 58.45 8.29
Ca 31.58 16.41 3.01
C 9.00 15.61 7.55
Al 4.20 3.24 3.69
S 4.53 2.94 2.91
Si 2.24 1.66 3.47
Fe 2.58 0.96 8.41
P 0.58 0.39 4.14

Mg 0.40 0.35 4.97

6.2 Corrosion Testing

6.2.1 Method A

Results from the Specialization Project

During the preliminary work, the following results were gathered from method A.

• Among the solutions given in Figure 5.7a, the most corrosive were 4 and 5, which
had a pH level of 12.5 and a chloride content level of 0.1 M. They displayed large
hysteresis loops and low repassivation potentials in Figure D.1.

• An addition of 0.21 M sulfate caused a reduction in corrosivity, as can be seen in
a reduction in the hysteresis loop.

• Solutions containing only sulfates, introduced from NaSO4, caused no visible signs
of corrosion on the samples. The reduction in corrosivity can be seen from the
lack of and negative hysteresis loops.

The results are based on the plots and images given in section D.1.
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Results from the Master’s Thesis

Cyclic Polarization Curves

Table 6.3 presents parameters extracted form the cyclic polarization (CP) plots gathered
using method A. All individual CP plots are displayed Appendix A, along with images
from visual inspections of corroded samples. The corrosion potential is here denoted as
OCP. The pitting potential, Epit, is defined here as the potential in the forward scan
where there is a sharp increase in current density. The repassivation potential, Erep, is
defined as the potential where the reversed scan crosses the average current density in
the passive region during the increase in potential.

Table 6.3: Results from method A. Data extracted from the polarization curves shown
in Figure 6.5.

Solution1 OCP
[mVAg/AgCl]

Epit

[mVAg/AgCl]
Erep

[mVAg/AgCl]
Ipass1
[µA]

Ipass2
[µA]

10 -326 523 NA 6.47 NA
11 -349 474 NA 5.43 NA
12 -358 499 NA 5.78 NA
13 -328 528 NA 5.72 NA
14 -352 503 NA 6.05 NA
15 -346 485 -898 4.22 11 600
16 -360 504 -879 12.35 11 263
17 -373 506 -436 6.48 NA
18 -279 490 NA 6.97 NA
19 -275 527 -704 7.32 22 178
20 -270 507 -704 4.51 8195
21 -357 611 -871 25.63 4414
22 -297 526 -888 10.18 4152
23 -331 599 -874 11.88 4775

1 Solutions referred to according to Figure 5.7.

Notes to Table 6.3:

• Ipass1: Average anodic current in the passive region during the increase of the
potential.

• Ipass2: Average anodic current in the passive region during the decrease of the
potential.

• NA: The polarization curve has a positive hysteresis loop, indicating that after
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reaching maximum potential it has no active part.

All cyclic polarization curves measured according to method A are displayed in Fig-
ure 6.5. A common denominator for all samples is that they display passive behavior
at the corrosion potential, OCP. The corrosion potentials vary little from each other
and all solutions display potentials between -270 mV vs. Ag/AgCl and -373 mV vs.
Ag/AgCl. As the current density increases and the potentials increase above OCP, all
samples stay passive and move into a passive region with current densities in the order
of 0.02-3 µA/cm2.

From the cyclic polarization (CP) plots in Figure 6.5, the corrosion initiation is illus-
trated by the sudden increase in current density, which arises after the pitting potential
has been reached. The current density remains high as the potential decreases with
the reversal of the scan. For all corroded samples, see Table 6.4, a key observation is
that Erep is not reached during the reversed scan until the potentials are below OCP.
This shows that once corrosion is initiated, anodic dissolution continue in the solution
without the overpotential applied by the potentiostat. Some of the samples does not
show any signs of corrosion, see Table 6.4, and have CP plots that display positive
hysteresis loops. These are indicated in Figure 6.5 by arrows showing the direction of
the polarization.

Figure 6.5: All CP plots measured according to method A.



6.2: Cyclic Polarization Curves 61

A change is clearly visible in the size of the area beneath the hysteresis loop as the
chloride ion concentration exceeds 0.001 M. With a pH of 12.5, samples display large
hysteresis loops with chloride concentrations as low as 0.0025 M, see Figure 6.6. Solution
10 and 13, which have no chlorides and a content of 0.001 M Cl�, respectively, display
positive hysteresis loops. The samples immersed in these solutions does not exhibit any
visible signs of corrosion.

However, as the chloride content is increased to 0.0025 M and higher, the samples
immersed in these solutions visibly corrode, see Appendix A, Figure A.3. With an
increase in chloride concentration from 0.0025 M and upwards, follows a decrease in the
pitting potential. The slope of the passive region becomes less steep with the increase of
chloride concentration, indicating an increase in corrosivity of the solution. In addition,
the increasing chloride concentration also results in higher corrosion current densities
being reached.

From Figure 6.6, it is clear that the removal of oxygen in solution 20 leads to a decrease
in corrosivity. This can be seen by the increase in pitting potential, increase in corrosion
potential and from the shift in both the passive area and the active area to lower current
densities, compared to solution 15.

Figure 6.6: CP plots of solutions with a pH of 12.5 and varying chloride concentra-
tions.
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With a pH � 13, corrosion is only initiated in solution 16, which has a chloride con-
centration of 0.01 M, see Figure 6.7. Lower concentrations results in positive hysteresis
loops and no signs of visible corrosion. In solution 18, there is an addition of sulfate
ions instead of chloride ions. At these pH levels, this made the solution less aggressive,
demonstrated by an increase in OCP.

Figure 6.7: CP plots of solutions with a pH of 13. The solutions have varying chloride
concentrations, except for solution 18, which only contain a SO2�

4 concentration of 0.21
M.

The cyclic polarization plots of the solutions containing magnesium sulfate are displayed
in Figure 6.8. Solution 18, which has a pH of 13.5 and no chloride ions present in the
solution, display a positive hysteresis loop and no visible signs of corrosion. The decrease
in pH to 12.5, as is the case with solution 17, causes the scan to cross itself during the
reversal. This entails that the initial positive hysteresis loop turn negative. Solution 17
also display signs of metastable pitting during the passive stage of the forward scan.
As can be seen in Figure A.3, the sample in solution 17 show corrosion on the exposed
surface area. It is also worth noting that solution 17 display both a lower corrosion
potential and a steeper passive region located at higher current densities, compared to
the other two solutions containing magnesium sulfate.

The most corroded sample out of all tests run according to method A is the sample



6.2: Visual Inspections 63

immersed in solution 19. Compared to all solutions displayed in Figure 6.5, solution
19 display the highest anodic current density reached during the reversal of the scan.
When only regarding the solutions with magnesium sulfate present, solution 19 is the
only solution that display a solely negative hysteresis loop.

During testing, the solutions containing magnesium sulfate separated, leaving a visible
difference in the electrolytes, see Figure A.2c.

Figure 6.8: CP plots of solutions containing sulfate. Solution 19 also contain an
addition of 0.1 M Cl�.

Visual Inspections

Visual inspections performed on the samples at the end of the corrosion testing results
in an approximation of corroded surface area, which is presented in Table 6.4. The table
is sorted to display the samples from the most to the least corroded. Images displaying
the corroded samples are given in Appendix A, Figure A.3. From Table 6.4, it is clear
that an increasing chloride concentration results in an increase in corroded surface area.
It can also be seen that the addition of magnesium sulfate contribute to causing the
largest corrosion attack among the solutions.
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Table 6.4: The percentage of the surface area subjected to corrosion.

Sample1 Percentage of Area Corroded [%]
19 65-70
15 20-25
21 20-25
16 15-20
20 15-20
17 5-10
22 5-10
23 5-10
10 0
11 0
12 0
13 0
14 0
18 0

1 Sample number refers to the solutions given in Figure 5.7.

Summarized Findings from Method A

1. At a pH of 12.5, the samples begin to visible corrode as the chloride concentration
exceeds 0.0025 M. This corresponds to the formation of large negative hysteresis
loops with repassivation potentials below the corrosion potentials.

2. The removal of oxygen from a corrosive solution causes a decrease in corrosivity,
visible by increased OCP and Epit and by shifting the curve to lower current
densities.

3. With a pH � 13 The chloride concentration has to be raised to 0.01 M in order
to cause corrosion of the samples.

4. In solutions only containing magnesium sulfate, there is little to no corrosion vis-
ible in the solution. However, the combination of Cl� and SO2�

4 from magnesium
sulfate makes the solution highly corrosive. More so than the solution only con-
taining chlorides.
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6.2.2 Method B

Results from the Master’s Thesis

Most tests performed with oxygen present, according to method B, had two samples
immersed in the same solution. On one parallel, connected to the Gamry potentiostat,
both OCP and LPR measurements were performed, while on the other parallel, only
OCP was measured. The results from the individual measurements of both parallels are
displayed in Figure B.1 in Appendix B. Results from the measurements made with the
Gamry potentiostat are given in Table 6.5.

As mentioned in Subection 5.5.4, the calculations of icorr and vcorr are made from LPR
measurements assuming the Stern-Geary constant to be B = 26 mV. In addition, the
calculations are made using a constant exposure area equal to the original area of 376
mm2. Images from visual inspections of corroded samples are displayed in Appendix B,
Figure B.7.

Table 6.5: Results from method B. Data extracted from the polarization curves shown
in Figure 6.9, 6.13a and 6.13b

Solution1 OCP-start
[mVAg/AgCl]

OCP-
finish
[mVAg/AgCl]

icorr�start
[µA/cm2]

icorr�finish
[µA/cm2]

3 -342 -666 3.83 38.83
4 -321 -335 0.05 0.52

5B -309 -553 0.36 5.87
92 -283 -530 - -
10 -253 -130 0.09 0.05
13 -62 -111 0.05 0.07
14 -71 -107 0.04 0.03
152 -111 -96 - -
16 -250 -328 0.36 0.20
19 -333 -462 0.63 5.63
21 -159 -122 0.07 0.05
22 -131 -157 0.04 0.04
24 -147 -95 0.03 0.03
25 -242 -81 0.04 0.04

1 Solution referred to according to Figure 5.8.

2 Measurements made with the potential logger.
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Notes to Table 6.5:

• OCP-start: Potential measured 1 hour after start.
• OCP-finish: Potential measured at the end of the experiment, after either 14, 21

or 30 days.
• icorr-start: Corrosion current density calculated from LPR measurements 1 hour

after start.
• icorr-finish: Corrosion current density calculated from LPR measurements at the

end of the experiment, after either 14, 21 or 30 days.
• - : No LPR measurements performed

OCP Measurements

Most of the samples have an exposure period of 21 days, with a few exceptions, as shown
in Figure 6.9. The potential developments shown in Figure 6.9 are gathered from the
samples connected to the Gamry potentiostat, except for solution 9 and 15, where both
samples are connected to a potential logger. There is a clear distinction visible between
two potential range groups. Solutions with a chloride concentration  0.01 M display
relatively stable potential developments with potentials between ⇠-50 and ⇠-150 mV
vs. Ag/AgCl, indicating passive behavior. As the chloride concentration in the solu-
tion exceeds 0.01 M, the potentials becomes significantly lower. These samples display
typical corrosive behavior with turbulent potential developments at lower potentials.
The potentials range from ⇠-250 mV vs. Ag/AgCl all the way down to ⇠-560 mV vs.
Ag/AgCl. When the pH is lowered to 12 and the chloride concentration is increased to
0.4 M, as is the case with solution 3, the potential drops all the way down to -666 mV
vs. Ag/AgCl.

By comparing OCP measurements from method B and CP plots from method A it
can be found that some solutions have OCP developments that either dip under or
end at potentials below the measured corrosion potential values from method A. These
solutions cause big corrosion attacks on the surfaces of the submerged samples, see
Table 6.7. Samples immersed in solution 5B and 19 display OCP developments that are
below the corrosion potential measured in method A during the entire time of exposure.
Solution 3 had potentials that dropped below the OCP from method A after approx-
imately a week. A common denominator for all the corrosive solutions is that none of
the potential developments go below the repassivation potentials measured through the
CP curves. The CP measurements for solution 3, 4, 5B and 9 were performed during
preliminary work and can be viewed in section D.1, Figure D.1.
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Figure 6.9: OCP development in different solutions.

In order to observe the effects of long-term exposure to oxygen free environments,
solution 4 was run with nitrogen bubbling through the system in the setup displayed
in Figure 5.5b. Throughout the exposure period, the test encountered two unforeseen
problems that affected the results. After approximately one day, the nitrogen supply
was cut off, allowing oxygen to enter the system. The aeration of the solution explains
the first dip in potential that is visible in Figure 6.10a. It took approximately a day
before the nitrogen was returned to the system. The return of nitrogen can be seen by
the increase in potential.

After 14 days of exposure, the test was aborted prematurely due to evaporation of the
electrolyte, see Figure 6.10b. When considering the potential development of solution
4, the potential begins to drop after three days of exposure, which is consistent with
the reduced electrolyte volume following the evaporation. Despite the problems en-
countered, it is clear that the removal of oxygen initially causes an increase in potential
when comparing solution 4 and 5B in Figure 6.9.
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(a) OCP development for solution 4. (b) The situation after two weeks
of exposure

Figure 6.10: Solution 4.

To test the effect of the laboratory created passive layer, two solutions were chosen
to run tests with samples that had the passive layer grinded away prior to testing.
The two selected solutions were solution 15 and 25 and the potential developments are
displayed in Figure 6.11 along with their oxide covered parallel. Both solutions have a
chloride concentration of 0.01 M and solution 25 additionally contain 0.21 M of sulfate.
The solutions display low corrosivity when samples with a pre-built passive layer are
immersed. A common denominator for both oxide free samples is that they start at
potentials below their pre-treated parallels, but end up at similar potentials.

In solution 15 there is a clear increase in potential during the first 5 days, indicating
a building of an oxide layer. Even though the measurements display increasing noise
after the initial 5 days, it is clear that the oxide layer stabilizes at potential values
similar to the parallel sample with a pre-built oxide layer. In solution 25, the oxide
layer appears to develop faster. Almost immediately, the potential development takes
on a path similar to the pre-built oxide layer, residing only ⇠10 mV below.
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(a) Solution 15.

(b) Solution 25.

Figure 6.11: Tests run with and without a pre-made oxide layer.
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LPR Measurements

From the LPR measurements, the corrosion current densities for the different solutions
were calculated using the total exposure area and a Stern- Geary constant of 26 mV.
The corresponding corrosion rates are given in section B.2 in Appendix B. One solution
clearly stands out in Figure 6.12. Solution 3, which has a pH of 12 and a chloride con-
centration of 0.4 M, display an almost continuous increase in current density during the
first 21 days of exposure. After three weeks of exposure the electrolyte had evaporated
to such a degree that parts of the exposure area were above the solution. A reduction
in area will cause a reduction in icorr, which explains the drop in current density visible
after 21 days. During the last week of exposure, the current density stabilizes. The high
current densities reached corresponds to the large amounts of corrosion found on the
sample immersed, displayed in Figure B.7 and in Table 6.7.

Figure 6.12: Corrosion current density for all solutions tested. Calculated from LPR
measurements made once every 24 hours during the exposure time, using the total
exposure area.

When considering the corrosion current density development, there is again a clear
distinction between two groups in the solutions with a pH of 12.5, see Figure 6.13a.
Solution 19, which has a chloride concentration of 0.1 M and a sulfate concentration



6.2: LPR Measurements 71

of 0.21 M, display relatively high and unstable values of icorr, which coincides with the
unstable OCP curve with generally low potential values displayed in Figure 6.9. Solution
5B, which has a chloride concentration of 0.1 M, is stable until approximately 19 days,
when the corrosion current density rapidly increases. This corresponds to a sharp dip
in OCP measurements after the same amount of time. Both samples mentioned display
a high percentage of corroded surface area, see Table 6.7.

In Figure 6.13b the corrosion current density development for solutions with a pH of
13 is displayed. Even though a gap is visible between solution 16 and solutions 14 and
24, the icorr values for all the solutions are still at relatively low values compared to
the curves in Figure 6.13a. The icorr values are in the same range as the the solutions
displaying low corrosivity with a pH of 12.5. Although solution 16 resides within the
lower potential ranges from OCP measurements, it displays here passive behavior similar
to the other two solutions in Figure 6.13b. None of the samples with a pH of 13 display
any visible signs of corrosion.

(a) pH = 12.5.
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(b) pH = 13.

Figure 6.13: Corrosion current density for all solutions with a pH of 12.5 and 13.
Calculated from LPR measurements using the total exposure area.

Potentiodynamic Scans

The potentiodynamic scans performed after ended OCP/LPR measurements have less
distinctive groups compared to what the other types of measurements display, see Fig-
ure 6.14. However, it is the same corrosive solutions that occupy the lower ranges of
potential values and the higher ranges of current densities. Solution 10-15 and 21-25
display passive behavior due to the high potentials and low current densities. The an-
odic branches have slopes approaching infinite values, ba ! 1, which indicates true
passive states.

Solution 16, which previously have resided in the lower potential group form OCP
measurements, but the passive regions from the LPR measurements, display here a
slightly more corrosive behavior. It has a corrosion potential of approximately -700 mV
vs. Ag/AgCl, which is in the same potential range as solution 5B. Still, solution 16 have
current density values residing within the typical passive range of 0.1-1 µA/cm2 and an
anodic branch that bends until ba ! 1.
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Figure 6.14: Potentiodynamic scans performed after ended OCP/LPR measurements
for solutions in method B.

Initially, solution 3, 5B and 19 appear to go through a passivation polarization, indicated
by the steep slopes of the anodic branch. As the potentials increase, the current densities
rapidly increase, and the solutions enter a stage of activation polarization. Overall,
solution 3, 5B and 19 appear to be in an active state of corrosion due to the combination
of very low potentials and high current densities.

Corrosion current density, icorr, values are calculated from RP , which assumes both
Tafel constants to be 120 mV/decade. From the potentiodynamic scans, both anodic
and cathodic Tafel constants have been measured for solutions displaying corrosive
tendencies and solutions residing in the lower potentials of passivity. These are presented
in Table 6.6. Most anodic Tafel constants are a lot higher than the assumed value. The
steep slopes correspond to the passivation polarization displayed in Figure 6.14. This
indicates that the samples are passive, or as is the case with solution 3, 5B and 19,
initially passive.
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Table 6.6: Tafel constants measured from some of the potentiodynamic scans per-
formed after ended OCP/LPR measurements. Plots are shown in Figure 6.14 in Ap-
pendix B.

Solution1 ba [mV/decade] bc [mV/decade]
3 409.8 -80.4

5B 247 -172.7
13 ⇠ 1 -39.1
14 ⇠ 1 -47.1
16 ⇠ 1 -65
19 415 -137

1 Solution referred to according to Figure 5.8.

The absolute value of the cathodic Tafel constant, bc, of solution 19 is quite close to
the assumed value of 120 mV/decade. However, some of the cathodic Tafel constants
appear to be closer to a cathodic Tafel slope of -40 mV/decade, which can be calculated
assuming a composite transfer coefficient for reduction, ↵, of 1.5 [39]. A cathodic Tafel
slope of -40 mV/decade will result in a Stern-Geary constant equal to -26 mV, using
Equation 5.2.

Visual Inspections

After ended testing, all samples have been subjected to visual inspections. Images of
the corroded surfaces are displayed in Appendix B, Figure B.7. The amount of surface
area subjected to corrosion is measured and the results are displayed in Table 6.7.
The table is sorted in order the from most to the least amount of corroded area after
OCP/LPR measurements. From measurements it is clear that the solution displaying
the most corrosion after OCP/LPR measurements are the ones containing the highest
concentrations of chlorides.
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Table 6.7: The percentage of the surface area subjected to corrosion.

Samples1
Percentage of Area Corroded [%]

After OCP/LPR After OCP/LPR + Polarization
42 90-95 x
3 50-55 95-100

5B 20-25 95-100
9 10-15 x
19 0-5 25-30
14 0-5 0-5
25 0 5-10
253 0 x
15 0 0-5
153 0 x
21 0 0-5
22 0 0
10 0 0
13 0 0
16 0 0
24 - 0

1 Sample number refers to the solutions given in Figure 5.7.

2 Errors in corroded surface area may be present due to complications during measurements.

3 Sample had no oxide layer prior to testing.

Notes to Table 6.7:

• -: Only one sample tested, therefore sample has undergone both OCP/LPR and
polarization measurements prior to visual inspections.

• x: Polarization measurements were not performed on sample.

In order to further inspect the surfaces, an optical microscope (OM) was used. The
surface of the sample subjected to OCP/LPR measurements in solution 15 was ex-
amined more closely, see Figure 6.15. Initial inspections, without any magnification,
does not reveal any corrosion damage. However, a 10X magnification reveal varying
states of the oxide layer. In the middle of the exposure area, there are sections where
the oxide appeared intact and sections with defects in the oxide layer. Along the edge
of the exposure area, the oxide appear the most damaged showing larger areas lacking
of oxides.
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(a) Edge (b) Midsection (c) Midsection

Figure 6.15: OM imaging of solution 15.

Inspections performed with an optical microscope on the surface of the sample immersed
in solution 10 and subjected to OCP/LPR measurements are displayed in Figure 6.16.
Without any magnification, the sample display no signs of corrosion. When inspected
more closely, the surface reveal major damage to the oxide layer.

(a) Edge (b) Midsection (c) Midsection

Figure 6.16: OM imaging of solution 10.

After OCP/LPR measurements, the sample subjected to solution 9 had a large continu-
ous corroded area. Within this area, the oxide layer appears to be completely dissolved,
see Figure 6.17. When viewing the remaining surface area, the oxide appear unaffected
by the exposure to the electrolyte, as can be seen by the lack of defects both along the
edges and in the middle of the exposure area.
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(a) Edge (b) Midsection (c) Corroded area

Figure 6.17: OM imaging of solution 9.

The rest of the results from the surface examinations using an optical microscope is
given in section B.3 in Appendix B. Samples displayed there, show no signs of corrosion
outside of what was visible to the naked eye. However, there are variations in the state
of the oxide layer.

Summarized Findings from Method B

1. A clear distinction in potential ranges and icorr is seen between solutions with a
chloride concentration above and below 0.01 M. With a concentration  0.01 M,
the solutions display high potentials, indicating passive behavior.

2. A chloride concentration > 0.01 M results in solutions displaying corrosive beha-
vior with samples subjected to corrosion attacks.

3. The removal of oxygen indicates a reduction in corrosivity.
4. Samples run without a pre-made oxide layer appear to form an oxide layer during

their initial days of immersion in the test electrolyte. This was visualized by a
rapid increase in potentials, until the potentials of the two parallels matched.

5. Samples displaying no visible corrosion, show varying states of the oxide layer
when examined with an optical microscope.



Chapter 7

Discussion

7.1 Observations from the Bridge

One of the biggest takeaways from inspections performed on Herøysundet bridge, from
preliminary testing and from the discussion made during the specialization project is
that the source of the corrosion on the tensile wires stem from internal factors within
the tendon ducts. This statement is based on the limited corrosion found on the rein-
forcement bars placed closer to the environment and the minimal corrosion found on
the outside of the tendon ducts. Another potential cause of corrosion that was excluded
was the use of seawater as mixing water for the grout. The low chloride concentrations
measured by SINTEF [89, 90] in the dry grout lay grounds for this statement.

Factors emerging as important to the corrosion discovered were the presence of large
voids, the state of the grout, high moisture contents and high ion contents. Tensile wires
covered in firm grout displayed no corrosion, while areas subjected to voids or crumbled
grout displayed corrosion attacks, shown in Appendix E. After inspections performed
by Deka [82], large voids were discovered within the tendon ducts. Voids stretching over
1 meter in length were most likely the result of poor filling. The high moisture contents
reported by SINTEF [90] could be the cause of a too high w/c-ratio, which is known
to cause segregation and consequentially the formation of voids. Typical for high w/c-
ratios is the presence of excess bleed water in voids. This could explain the corrosion
attacks on the wires that show worse attacks along the bottom. A high w/c-ratio is
most likely also the cause for the frost deteriorated grout found within the ducts.

Due to the size of the voids, it is likely they contained a surplus of oxygen which would
contribute to intensify corrosion reactions. It is also a possibility that carbon dioxide
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could be present within the large voids. This could then explain why parts of the wires
exhibited general corrosion attacks, as carbonation lowers the pH enough to break down
the passive layer on the steel.

SINTEF reported low concentrations of chlorides in the dry grout, 0.026-0.036 wt%
(⇠0.0075-0.01 M) [89], but higher values were found in the pore solutions of both moist
and dry grout, 0.536-0.677 mmol/L (⇠0.27-0.34 M) [90]. After experimental testing per-
formed in this thesis, it has become apparent that corrosion can be initiated at chloride
concentrations levels corresponding even to the lower levels discovered by SINTEF given
a pH of 12.5 and 13. The documented presence of sulfur by SINTEF [90] could have
contributed to worsening the pitting corrosion discovered on the wires.

7.2 Experimental Findings

7.2.1 Oxide Layer

During the preliminary work, several discoveries were made with regards to the oxide
layer created on the surface of the samples. These findings led to conclusions being
drawn regarding the time required for stabilization and the composition of the oxide
layer. Figure D.8 showed that the oxide began to stabilize at a potential of -0.116 V vs.
Ag/AgCl after six days of immersion, and the EDS analyses indicated that the oxide
consisted of calcium carbonate, CaCO3. The composition of the oxide was gathered
from the results displayed in section D.3. SEM analyses also indicated that the calcium
carbonate oxide had an uneven coverage. This could be seen both through imaging at
high magnifications and through EDS results showing areas with high iron contents. A
possible explanation could be uneven oxide thickness, which could lead to the electrons
penetrating the substrate at thin areas. Another possible explanation for the high iron
contents could be that the areas are covered with a natural passive layer that forms when
steel reacts with oxygen in alkaline environments. As the iron dominating phases most
likely consisted of FeO, a common oxide to form in alkaline solutions, both explanations
seem plausible.

During the experimental program of the master thesis, new samples were immersed in
the simulated concrete pore solution. It is apparent from potential measurements that
an oxide has formed on the surface of the samples. As can be seen in Figure 6.1, the
oxide layers reach a potential of approximately - 0.14 V vs. Ag/AgCl after seven days
of immersion. This corresponds to results from preliminary work, as well as results from
research by Poursaee et al. [94] and Sánchez et al. [19].
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SEM images of the as-delivered samples were made in order to compare the natural
oxide layer to the one created in the simulated pore solution. Imaging revealed the
surface of the as-delivered samples to be covered with a naturally built oxide layer. The
smoother appearing surface of the as-delivered samples displays large visual differences
from the oxide created in the laboratory, see Figure 7.1. On the laboratory created
oxide, the surface is covered with calcium carbonate, CaCO3, micro particles. These
particles are not visible under the same magnification on the surface of the as-delivered
sample, which has an oxide layer that appear to provide an overall more even coverage.

(a) As-delivered sample. (b) Laboratory created oxide.

Figure 7.1: A comparison of the different oxide layers.

The difference in appearance might be the cause of several factors, such as mass trans-
portation and diffusion rates. Firstly, the laboratory made oxide had one week to build,
while the oxide immersed in grout could have continued to grow for years. Given the
right conditions, particles will continue to grow and merge into one another through
surface diffusion or volume diffusion, resulting in a fuller appearing layer. It is therefore
possible to assume that the oxide layer on the as-delivered sample had an appearance
similar to the laboratory made sample during its initial days covered in grout. Another
influencing factor might be the availability of calcium. It is safe to assume that the
growth of CaCO3 is controlled by the diffusion of calcium in the surrounding medium.
As calcium ions surrounding the steel gets used in the reactions creating the passive
layer, more calcium ions present in the grout will be able to diffuse through the grout
and into the pore solution, creating an endless supply. In the synthetic solution however,
calcium surrounding the sample is more limited. As the calcium ions react, growth will
slow down as less ions are available to diffuse towards the surface. Limited diffusion is
also associated with rounder particles, which corresponds to the observations made on
the laboratory created oxide layer.

Even though there is a visual difference between the oxide layers, the EDS analyses of
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the as-delivered sample revealed the composition of the oxide layer to consist mainly
of oxygen, calcium and carbon, which corresponds to the findings on the laboratory
created oxide layer. By taking into account the atomic % of the elements found on both
surfaces, it is highly probable that the layers consist of CaCO3. As the iron content of the
as-delivered sample is very low, it is plausible that CaCO3 particles were the dominating
oxides formed on surface, or that the oxide layer is thick enough that the electrons are
not able to pass through to the substrate. Though low in %, there are trace elements
of aluminum, magnesium, silicon, phosphate and sulfur present on the surface. These
are likely present in the form of oxides which have developed from elements present in
the steel or from trace elements found within the grout.

7.2.2 Method A

Simulating real conditions in a laboratory setting, with regards to corrosion testing of
steel in concrete, can prove challenging. As pointed out by Angst et a. [5], among others,
there are certain conditions that does not occur both on site and in the laboratory. In
addition, a lot of previous research on the subject, see Chapter 4, is based on examining
one critical factor at a time, and does not evaluate how different factors come into play
together. In method A, CP measurements following ASTM G61 provide the grounds for
testing. The ASTM G61 is developed to examine pitting and repassivation potentials
on stainless steels and Ni-alloys. As the tensile wires are covered with an oxide layer in
their passive condition, the method can be used to document Epit and Erep for the wires.
These tests can also be used for giving an indication of what circumstances will make
samples corrode. However, the test method has a short exposure time and run using
high applied currents. Due to this, the tests usually provide lower threshold values for
corrosion. Compared to long-term OCP/LPR measurements, the ASTM G61 provide
high values for both pitting potentials and current densities. This might be a result of
the high scanning rates (600 mV/t), that potentially are too high to reach initiation or
to obtain an equilibrium. This being said, the ASTM G61 tests are a fast and simple
way of testing and provide threshold values that can give an indication of when solutions
turn corrosive.

Following the test program given in Figure 5.7b, the CP curves were measured for all
given solutions. As can be seen from Figure 6.5, there was a clear distinction between
corrosive and non-corrosive solutions. The large negative hysteresis loops correspond to
a greater difficulty in restoring passivity, as it led to corrosion attacks on the surface
of the samples, see Figure A.3. All corrosive solutions had a chloride concentration �
0.0025 M. According to the 2020 SINTEF analyses [89, 90], the chloride concentra-
tion measured in the dry grout was at 0.026-0.037 %, which corresponds to a molarity
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of 0.0075-0.01 M. This entails that the chloride concentration found on cite were high
enough to initiate corrosion, given the right pH values. SINTEF also reported a chloride
concentration of 0.27 to 0.34 M in the pore solution extracted from dry and moist grout
samples, respectively [90]. These values are way above the critical chloride concentra-
tion of 0.0025 M, indicated from the ASTM G61 standardized CP tests. From visual
inspections it was clear that the increase in chloride concentration led to an increase in
corroded surface area as shown in Table 6.4. A general trend in the CP curves, which
corresponds to the research by Moser et al. [3], is that an increase in concentration
also corresponds to an increase in current densities reached and a decrease in pitting
potentials.

The majority of samples tested were exposed to solutions with a pH of 12.5. This was
determined following results from tests performed during the specialization project.
Increasing pH levels require higher chloride ion levels in order for corrosion to occur,
and this thesis was aimed to focus on corrosion in the presence of low chloride contents.
At a pH of 12.5, corrosion was visible on samples with chloride concentrations as low
as 0.0025 M. When examining the path of the reversed scan of the corrosive solutions
in Figure 6.6, it was clear that the the solutions exhibit similar increases in current
density as the potential decreases. This signifies that the samples continued in a state
of pitting initiation and propagation, which can explain the amount of corrosion found.
As the repassivation potential was around 0.5 V below OCP for all corrosive solutions,
the corrosion continued to propagate throughout the test.

Solution 15, which had a chloride concentration of 0.01 M and was exposed to oxygen,
was the solution with only chlorides present and a pH of 12.5 that displayed the largest
amount of corrosion. It was also the solution that reached the highest current densities
during its reversed scan, which signifies high corrosivity. The removal of oxygen from
the solution, as was the case with solution 20, made the solution less aggressive. This
was indicated by a lowering of current densities, during both the forward and reversed
scan, and by an increase of OCP and Epit. Research performed by M. Raupach in 1996
[24] noted that high cathodic reaction rates could occur in the early states of removal
of oxygen, but a long-term removal would lower the potential and cause negligible
corrosion rates. This corresponds to the literature presented in Subsection 2.2.2. As the
CP measurements in method A were made over only hours, it is possible that the initial
stages of oxygen removal is applicable to solution 20. If so, it could explain the increase
in current density during the decrease in potential and the corrosion attacks present on
the surface. However, the sample in the aerated solution displayed an approximately
twice as large corroded area compared to the sample in the deaerated solution, building
on the argument of reduced corrosivity.
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Somewhat unexpected is the amount of corrosion discovered on the sample immersed
in solution 22, with a chloride content of 0.0075 M. Compared to the samples subjected
to solution 15 and 21, with chloride concentrations of 0.01 and 0.005, respectively, the
corroded area was a quarter of their size. As the chloride concentration of solution 22
should entail a corroded area between that of solution 15 and 21, it is possible that there
was an error during mixing, either with respect to the measurement of NaCl or the pH
level. Solution 22 reached current densities similar to that of solution 23, which had
a chloride content of 0.0025 M. From the results discovered during the specialization
project, see Figure D.1 in section D.1, an increase in pH led to a shift of the curve to
lower current densities. This corresponds to the observations made of solution 22. As
Epit has not increased compared to solution 15, an error in pH is more likely than an
error regarding the chloride concentration. However, as only one sample was tested in
each solution, the small differences between the solutions may be due to chance and
minor differences in the oxide layer. If each solution were run with more samples, an
average would present more accurate results.

Solutions exposed to electrolytes containing sulfates displayed three very different CP
curves, as shown in Figure 6.8. The lack of corrosion found on the sample immersed in
solution 18 is as expected as the pH was 13.5, and the low corrosivity was reflected in
the positive hysteresis loop. As the pH was lowered to 12.5, the sample in solution 17
displayed metastable pitting during the passive state of the forward scan. The pitting
potential was reached above typical passive current density levels, which can explain
the corrosion attack found on the sample, displayed in Figure A.3. An addition of
chloride ions given to solution 19 increased the corrosivity drastically, as can be seen
from the large negative hysteresis loop that reaches high current densities and from the
repassivation potential at 0.4 V below OCP. A common denominator for all magnesium
sulfate containing solutions is that the solutions separated. By the end of the tests,
sulfates were observed along the bottom of the test container, displayed for solution 19
in Figure A.2c. This may have affected the composition or the pH of the solutions. In
future tests, the solutions should be filtered, and pH should be measured before testing
is performed.

In Figure 7.2, the effect of different sources of sulfates are examined. Solution 7, 8 and
9 were given additions of sodium sulfate (Na2SO4), while 18, 19 and 20 were given
additions of magnesium sulfate (MgSO4). Both solution 7 and 18 have a pH of 12.5,
solution 8 and 19 have a pH of 13.5 and solution 9 and 20 have a pH of 12.5 and an
additional chloride concentration of 0.1 M. According to research by Xu et al. [2] and
Dehwah et al. [57], different sources of sulfates result in varying corrosion rates. They
discovered that magnesium sulfate made the electrolytes more corrosive than sodium
sulfate. These findings correspond to the observations made during this thesis. With
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a pH of 12.5 and no chlorides present, solution 18 displayed more corrosive behavior
than its sodium sulfate containing counterpart. When the combination of sulfate and
chloride was present, it is evident from the increased current densities reached and
the enlarged negative hysteresis loop that magnesium sulfate created a more aggressive
solution. However, a contradiction to the theory of increased corrosivity, is the change of
the passive path towards lower current densities and the increase in OCP. The results
of the CP might be affected by the separation of the solution, as discussed above.
This being said, the sample immersed in solution 19 displayed worse corrosion attacks
compared to solution 9. Solution 9 caused a corrosion attack on the sample dominated
by several semi-large corrosion initiations, imaged in Figure D.3 in section D.1. The
solution immersed in solution 19 displayed many small pit initiations, which correlates
to the rapid increase in current density displayed after Epit has been reached.

Figure 7.2: CP plots of solutions containing sulfates. Solution 7-9 were measured
during the specialization project the fall of 2021.

When considering the combined effect of sulfates and chloride ions the results vary de-
pending on the source of the sulfate ions. In Figure 7.3, the CP plots can be seen for
solution 5, with a chloride concentration of 0.1 M, solution 9, with a chloride concentra-
tion of 0.1 M and a sulfate concentration stemming from sodium sulfate of 0.21 M, and
solution 19, with a chloride concentration of 0.1 M and a sulfate concentration stem-
ming from magnesium sulfate of 0.21 M. According to literature and previous research,
as described in Subsection 2.2.5, the addition of sulfates can increase corrosion rates
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when combined with chlorides. With regards to Epit, sulfates appear to have increased
the potential, indicating a reduction of corrosivity. A presence of sodium sulfate lowered
the OCP and presented a forward scan at higher current densities, both of which in-
dicate increased corrosivity. The solution with magnesium sulfate show lower current
densities during the forward scan compared to the sulfate free solution, indicating that
the solution is less aggressive. However, all solutions display forward scans within the
range of typical passive current densities. Solution 19 display a reversed scan following
a similar path to that of solution 5, both reaching higher current densities than solution
9. Both sulfate containing solutions have low Erep which entails difficulties in restoring
passivation after pitting was initiated. From visual inspections of the samples, given in
Table 6.4 and D.2, it is clear that the solution with magnesium sulfate was the most
corrosive, given an overall larger corrosion attack on the surface. Immersion in solution
9, however, resulted in less corrosion on the surface compared to the sulfate free solu-
tion. This could entail that the high current densities reached during the reversed scan
and the low Erep are the most determining factors of corrosivity from the CP plots.
The effect of sulfates on the corrosivity of the solutions appear to be dependent on the
source of sulfate ions.

Figure 7.3: CP plots of solutions with a chloride concentration of 0.1 M. Solution 5
and 9 were measured during the specialization project the fall of 2021.
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7.2.3 Method B

As previously mentioned, long-term exposure tests provide more accurate indications
of the corrosivity of a solution as they run under conditions closer to the true expos-
ure conditions. During method B, OCP measurements were made over the course of
two to four weeks. Compared to the CP test run according to ASTM G61, the long-
term OCP measurements provided less conservative chloride threshold values. From
the OCP measurements displayed in Figure 6.9 a clear distinction was visible between
the corrosive and non-corrosive solutions. In the ASTM G61 tests run with a pH of
12.5, the change in corrosivity was visible in the curves as the chloride concentrations
reached 0.0025 M. From OCP measurements, the drop in potential indicating corrosion
was not visible until the concentration exceeded 0.01 M for the same pH level. This
corresponds to chloride threshold levels measured by Ioan Pepenar [100]. A threshold
level of 0.01 M is within the upper range of the chloride levels discovered in the grout
analysis performed by SINTEF [89], but is still way below the chloride levels of 0.27-
0.34 M measured in the pore solution [90]. The corrosive solutions display potential
developments that never go below the repassivation potential measured through CP
curves. This could entail that corrosion continued until the end of the exposure and
would explain the amount of corrosion found on samples immersed in solution 3, 5B, 9
and 19.

The only test run with chloride concentrations above what was measured by SINTEF
in the pore solution is solution 3, which had a chloride concentration of 0.4 M in
addition to a pH of 12. It displayed a OCP development with very low potentials that
continued to drop until the exposure period was finished. Visual inspections performed
after testing, indicated large corrosion attacks, both general and pitting. The CP curve
for solution 3 were measured according to ASTM G61 during the specialization project
and is displayed in Figure D.1. A small hysteresis loop placed at low potentials and
with an undefined pitting potential correspond to the general corrosion visible on the
samples used in both CP and OCP measurements.

When considering the chloride/pH combinations, most solutions follow potential de-
velopments at expected values. The exception is solution 16, which, with a chloride
concentration of 0.01 and a pH of 13, displayed low potentials and was located among
the corrosive solutions. This is not as expected as solution 15, which had a chloride
concentration of 0.01 and a pH of 12.5, resided within the upper non-corrosive poten-
tial group. Based on literature [16] and research by Li et al. [6], the resistance towards
pitting should increase with increasing pH. Another inconsistency regarding the low
potential values of solution 16 was the lack of corrosion on the exposure area of the
immersed sample. However, under closer inspection, the sample does exhibit signs of
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corrosion on the upper unpainted area that was connected to the potentiostat. As each
solution was only tested once, minor deviations from the intended mixture can be a
possibility. Another potential influencing factor is the addition of KOH added to all
solutions with a pH of 13 in order to obtain the high pH level. None of the other
solutions with a pH of 13 display low potential, however, solution 16 had the highest
chloride level of them.

As shown in Figure 6.10a, the test run without oxygen provided an indication of an
initial increase in potential compared to the aerated counterpart (5B), even though
the test experienced several problems. In comparison to the aerated solution, solution
4 displayed an initial increase in potential up to values reaching approximately 0.2 V
vs. Ag/AgCl above solution 5B. As the nitrogen was reported cut off after two days
of exposure, there is a corresponding dip in potential dropping to values similar to the
aerated solution. As the nitrogen return, the potential increases again to values similar
to the initial potential. A new reduction in potential appears, most likely due to the
evaporation of the electrolyte as imaged in Figure 6.10b. Even through the difficulties,
it is visible that at times when the oxygen was removed, the solution became less
aggressive.

The two solutions with magnesium sulfate and sodium chloride contents, 19 and 25,
yielded very different potential results. In Figure 6.9, Solution 19, which had a sulfate
content of 0.21 M and a chloride content of 0.1 M, resided within the lower potential
group and displayed a turbulent potential development. The solution displayed corrosive
tendencies and caused corrosion attacks on the sample immersed. Solution 25, with a
sulfate content of 0.21 M and a chloride content of 0.01 M, did not inflict any corrosion
attacks on the sample immersed. This was as expected considering the high stable
potentials displayed in Figure 6.9. A chloride concentration of 0.01 M, given to solution
15, was not able to initiate corrosion on its own, while a chloride content of 0.1 M in
solution 5B proved to make the solution corrosive. Knowing this, it is possible to assume
that sulfates only worsen corrosion attacks that already have presented themselves and
are not able to participate in the initiation of corrosion.

Similar to the magnesium sulfate containing solutions tested according to method A,
the sulfate containing solutions used in method B separated during the exposure period,
imaged in Figure B.6. This resulted in an opaque and highly concentrated sulfate solu-
tion lining the bottom of the test container. As sulfates are known to worsen corrosion
attack when combined with sulfates [56–58], a bigger difference was expected when
comparing potential developments of solution 19 and 25 to the solutions with similar
chloride concentrations. However, if the sulfates were not actively participating, due
to the separation, it could explain the lack of major differences. From Figure 7.4 it is
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visible that there is a potential difference during the first 6 days of exposure. As the
immersion continues, the potential developments become more similar. Worth noting
is that solution 19 caused a smaller percentage of corroded surface area compared to
its sulfate free parallel. This could entail reduced corrosivity, but the most probable
explanation is the shorter immersion time. As the sample in solution 5B was kept for
an additional week, it is clear that the potential continued to drop during the last week,
causing further corrosion. It is possible that the initial difference is caused by the mag-
nesium sulfate, and as the ions settle at the bottom of the beaker, they stop affecting
the corrosion and only chloride ions contribute to the corrosivity. During long-term ex-
posure tests, a magnetic stirrer may prevent the separation and yield more distinctions
in potential developments.

Figure 7.4: OCP developments in solution 5B and 19.

Both tests run with samples that had the passive layers grinded away prior to testing
showed potential developments in Figure 6.11 that indicated a new passive layer de-
veloped within a week of exposure. As the solutions chosen previously yielded results
of low corrosivity when samples with pre-built passive layers were submerged, it is as
expected that the samples were able to passivate. From these tests it is found that a
chloride concentrations of 0.01 M is not sufficient to cause corrosion before the samples
passivate. This was confirmed by a lack of corrosion on the test samples after ended
testing. Larger differences might appear if tests were run at higher chloride concentra-
tions.
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In between OCP measurements, LPR measurements were made once every 24 hours.
The corrosion current densities were then calculated assuming a Stearn-Geary constant
of 26 mV. Important to note is that the original exposure area was used for the cal-
culations of all samples. For non-corroded samples, this will not result in any errors of
current density. However, for corroded samples, the effective anodic area would have
changed. As solution 3, 5B and 19 caused corrosion on the immersed samples, the ef-
fective anodic area would have minimized during the exposure period. A reduction in
area would lead to an increase in current density, as i = I/A [39]. Because of this, the
current density values calculated towards the end of the exposure period for solution
3, 5B and 19 displayed in Figure 6.12 and 6.13a might be somewhat lower than what
they actually were.

This being menitioned, there are clear correlations between the OCP and LPR measure-
ments. When inspecting the corrosion current density development of solution 5B, it is
evident that the first notable increase after 13 days of exposure corresponds to a dip in
potential from the OCP measurements, see Figure 7.5a. As the current density rapidly
increases at day 20, the potential drops. Similar correlations are visible in solution 19,
where peaks in the current density corresponds to dips in the potentials, and vice versa,
as displayed in Figure 7.5b.

(a) Solution 5B (b) Solution 19

Figure 7.5: OCP vs. icorr.

The final measurements performed during method B were the potentiodynamic scans
made at the end of the exposure period. In Figure 6.14 distinctive groups of corrosive
and non-corrosive solutions are slightly blurred by the position of the curve belonging
to solution 16. The low chloride containing solutions that have previously exhibited
non-corrosive behavior still occupy high potentials and low current densities. Their
potentiodynamic curves display anodic branches with slopes that approaches infinite
values, which confirms passive behavior. As previously mentioned, solution 16 displayed
a potential development similar to that of a corrosive solution. The LPR measurements,
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however, indicate that the solution is non-corrosive. A corrosion current density between
0.175 and 0.36 µA/cm2 is below 1 µA/cm2, which is typically marked as the upper
value of passive current densities as noted in Subsection 2.2.4. Even though solution
16 deviates from the clearly passive solution, it is still within the passive ranges of the
current density and display the characteristic steep anodic branch. A potential reason
for the low icorr values calculated from LPR measurements and lack of corrosion on the
specimen in solution 16 could be that the current density values in the potentiodynamic
scan never surpasses the passive region.

Within the lower potentials and higher current densities reside the same corrosive solu-
tions, 3, 5B and 19. A common denominator for all three solutions, is that they all ex-
hibit an initial passivation polarization as indicated by the steep initial anodic branch.
However, as the the current densities reach values between 50-100 µA/cm2, the increase
in potential subsides and they enter stages of activation polarization indicated by the
rapid increases in current density. These observations coincides with the visual inspec-
tions that indicated all three samples had a large increase in corroded surface area after
polarization, see Table 6.7.

The anodic Tafel slopes measured from the potentiodynamic scans differ from literature.
The high values of ba are most likely caused by the initial passivation polarization that
the solutions exhibit. By measuring the slope of the activation polarization, the Tafel
constants are all below the 90 mV/decade. The total slope, as shown in Figure 7.6, give
a ba values closer to 120 mv/decade, which was the value used for the calculations of
corrosion current density.

After ended testing, visual inspections using an optical microscope led to discoveries of
defects in the oxide layers of samples that displayed little to no corrosion. The different
states of the oxide layer may be the result of a too short immersion time during creation.
Confirming this theory is the state of the oxide layer on the sample immersed in solution
10, displayed in Figure 6.16. The solution had no chloride ions present, making the
solution non-corrosive, in theory. Immersion should therefore have caused a further
passivation of the sample, not a breakdown of the passive layer. Solution 15, which
have a chloride concentration of 0.01 M have shown passive behavior during all tests
performed according to method B. Observations using the microscope show damages
to the oxide layer but no corrosion initiation. This observation emphasizes the theory
that the chloride threshold level is above 0.01 M.
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Figure 7.6: Illustration of the average slope of the anodic branch.

7.3 New Test Methods

Inside the tendon ducts, the wires can be exposed to several conditions. From the images
gathered from the bridge in Herøysundet, see Appendix E, it is visible that the wires are
partially surrounded by firm grout, while other sections are exposed to crumbled grout,
moisture or air. These different exposure conditions have resulted in different types
and different amounts of corrosion. In order to get a more correct understanding of the
processes that takes place inside the ducts, a new test method needs to be developed
that takes into consideration all the exposure conditions inside.

The test methods used for experimental testing during this thesis base themselves on
the tensile wires being subjected to only concrete pore solutions. Research by Dong et
al. [62] and Castel et al. [61, 101], as described in Chapter 4, use tests that take into
account galvanic elements. Dong et al. [62] look at how corrosion proceeds when parts
of the sample is covered in non-corrosive pore solutions, while other parts are subjected
to chloride contaminated pore solutions. Castel et al. [61, 101] use samples cast into
concrete to test the effect of galvanic couplings between carbonated and uncarbonated
concrete.

In order to create a more realistic testing method, elements from all these tests should
to be taken into account. In addition, there should be a part of the test that equip
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atmospheric corrosion tests to account for the situation in empty voids. New test meth-
ods should be developed to measure rate determining conditions and how these affect
one another. In addition, the test should have a way of controlling the diffusion rates
of factors such as oxygen and aggressive ions.



Chapter 8

Conclusions

This study has consisted of drawing conclusions from observations and inspections
performed on Herøysundet bridge. These have been followed by experimental testing in
order to determine the consequences of the findings made during the inspections and to
determine the causes of corrosion. From preliminary work and inspections performed on
Herøysundet bridge, it is evident that the source of corrosion on the tensile wires stems
from within the tendon ducts. Further, the presence of grout was determined to be a
critical factor influencing whether or not corrosion presented itself. In areas containing
large voids and/or crumbled grout, the tensile wires displayed large corrosion attacks.
Sulfate and chloride levels measured in both grout and pore water was found through
experimental testing to be above levels that initiate corrosion.

In this study, test samples used were grinded before an oxide layer was created by
exposure to a simulated pore solution. The process created a oxide layer consisting
of CaCO3 that, through observations with a SEM, was different in appearance from,
though similar in composition to the oxide layer present on the samples extracted
from the bridge. This leads to the conclusion that the samples tested provide good
representation of the tensile wires in the reinforcement of the bridge.

Cyclic polarization measurements following ASTM G61 were used to determine how
ion contents, pH levels and the presence of oxygen affected corrosion of steel immersed
in simulated pore solutions. Measurements lead to the following conclusions:

• Corrosion is initiated in solutions with a chloride concentration � 0.0025M given
a pH of 12.5. Increasing chloride levels lead to increasing corrosivity, as shown
through decreasing Epit and increasing anodic current densities reached. The in-
creased corrosivity is also visible through increased percentage of corroded area.
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• Removal of oxygen makes the solution less aggressive, as seen from an increase in
Epit and OCP, and from a shift of the curve towards lower current densities.

• A sole presence of magnesium sulfates is able to cause a minor corrosion attack
when the pH = 12.5, but not sufficient to cause corrosion at pH = 13.

• When sulfate ions from magnesium sulfate are combined with chlorides, the solu-
tion becomes more aggressive than when chlorides ions are present alone. The
increased corrosivity can be seen through larger corrosion attacks on immersed
samples.

• The source of sulfate ions has an effect on the corrosivity. Magnesium sulfate
containing solutions are able to cause corrosion under conditions that the sodium
sulfate containing solutions are not.

Long-term tests were performed in order to investigate potential development under true
exposure conditions. Tests were run with varying exposure time in saturated Ca(OH)2
solutions with varying concentrations of Cl� and SO2�

4 and varying pH levels, measuring
OCP and LPR followed in most cases by potentiodynamic scans. Following conclusion
can be drawn:

• For corrosion to occur, the chloride concentration have to exceed 0.01 M in solu-
tions with pH = 12.5. This was confirmed by all tests and visual observations.

• A removal of oxygen gives indications of reduced corrosivity from increased po-
tentials and decreases in current densities.

• The combination of sulfate and chloride ions appear to increase corrosivity dur-
ing the initial days of exposure in solutions where the chloride concentration was
high enough to cause corrosion on its own. The lack of major differences in po-
tential developments further out in the exposure period in chloride containing
solutions with and without sulfates present can be explained by the separation of
the solutions.

• A pH level of 12 combined with chloride concentration of 0.4 leads makes the
solution highly aggressive and leads to general corrosion on the immersed steel.
Therefore the pH level should be kept � 12.5 when combined with high chloride
contents in order to avoid general corrosion attacks.

As the ASTM G61 is known to provide more conservative threshold values due to
extreme test conditions, the long-term tests provide more realistic results. Due to this,
this thesis concludes that the chloride threshold concentration is above 0.01 M.

When taking into account everything that has been discovered through inspections,
analyzes and experimental work, it appears that the chlorides found in the pore solution
combined with a presence of large voids is the main cause of the corrosion found on
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the tensile wires in Herøysundet bridge. Through experimental testing, the chloride
levels discovered have been determined to be high enough to cause corrosion given
the pH levels measured on site. The presence of sulfates found in the grout have likely
contributed to worsen the already corrosive environment inside the large voids detected.
However, there might be other factors not considered in this thesis that have contributed
to the corrosion.



Chapter 9

Recommendations for Future Work

As long-term testing appears to give the most realistic results, testing following method
B should be the main focus in succeeding research. To get a deeper understanding of
what effect the different factors have and how they affect each other, future work can
include:

• Testing to more accurately determine chloride threshold levels:

� Tests with chloride concentrations between 0.01 M and 0.1 M at pH = 12.5.
� Tests with chloride concentrations between 0.01 M and 0.1 M at pH = 13.

• Testing to further investigate the effect of sulfates:

� Tests with the addition of only sulfates from both sources.
� Tests run with both chloride and sulfate ions of varying concentrations.
� Tests run with new sources of sulfates to further test the effects.

In order to measure the long-term effect of oxygen removal, a solution has to discovered
with regards to the evaporation of the electrolyte, alternately a new test method has
to be created. New test methods should also be developed to take into account the
galvanic corrosion that present itself due to the varying states within the tendon ducts.
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A.1: Cyclic Polarization Curves II

Appendix A

Results from Method A

A.1 Cyclic Polarization Curves

(a) Solution 10 (b) Solution 11

(c) Solution 12 (d) Solution 13

(e) Solution 14 (f) Solution 15



A.2: Visual Inspections III

(g) Solution 16 (h) Solution 17

(i) Solution 18 (j) Solution 19

(k) Solution 20 (l) Solution 21

(m) Solution 22 (n) Solution 23

Figure A.1: All individual CP curves measured according to method A.



A.2: Visual Inspections IV

A.2 Visual Inspections

(a) Solution 15 (b) Solution 16

(c) Solution 19 (d) Solution 20

(e) Solution 21 (f) Solution 22



A.2: Test Samples V

(g) Solution 23

Figure A.2: Images depicting the situation after ended CP measurements for the
corroded samples.

Test Samples

(a) Solution 15 (b) Solution 16



A.2: Test Samples VI

(c) Solution 17 (d) Solution 19

(e) Solution 20 (f) Solution 21

(g) Solution 22 (h) Solution 23

Figure A.3: Visual inspections of samples displaying signs of corrosion.
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B.1: OCP Measurements VIII

Appendix B

Results from Method B

B.1 OCP Measurements

(a) Solution 3 (b) Solution 4

(c) Solution 5B (d) Solution 9

(e) Solution 10 (f) Solution 13



B.1: OCP Measurements IX

(g) Solution 14 (h) Solution 15

(i) Solution 16 (j) Solution 19

(k) Solution 21 (l) Solution 22

(m) Solution 24 (n) Solution 25

Figure B.1: OCP measurements performed using either or both a Gamry potentiostat
and a potential logger.



B.2: LPR Measurements X

Figure B.2: Plot showing the OCP development made with a Gamry potentiostat for
all solutions during the exposure time. Illustrates the difference in potential between
the different solutions.

B.2 LPR Measurements

Figure B.3: Corrosion rates for all solutions tested. Calculated from LPR measure-
ments using the original surface area.



B.3: Visual Inspections XI

Figure B.4: Corrosion rates for solutions with a pH of 12.5, calculated from LPR
measurements.

Table B.1: Results from method B. Data extracted from the polarization curves shown
in Figure B.2 and B.3

Solution1 OCP-start
[mVAg/AgCl]

OCP-
finish
[mVAg/AgCl]

icorr�start
[µA/cm2]

icorr�finish
[µA/cm2]

3 (Logger) -335 -651 - -
3 (Gamry) -342 -666 3.827 38.826
4 (Gamry) -321 -335 0.050 0.520
5B (Logger) -313 -562 - -
5B (Gamry) -309 -553 0.358 5.870
9 (Logger1) -283 -530 - -
9 (Logger2) -290 -525 - -
10 (Gamry1) -255 -159 0.234 0.091
10 (Gamry2) -253 -130 0.089 0.050
13 (Logger) -155 -138 - -
13 (Gamry) -62 -111 0.046 0.069
14 (Gamry) -71 -107 0.037 0.026
15 (Logger) -111 -96 - -
16 (Logger) -254 -336 - -
16 (Gamry) -250 -328 0.360 0.202
19 (Gamry) -333 -462 0.626 5.626
21 (Logger) -130 -279 - -
21 (Gamry) -159 -122 0.065 0.045
22 (Gamry) -131 -157 0.037 0.036
24 (Gamry) -147 -95 0.029 0.031
25 (Gamry) -242 -81 0.039 0.035
1 Solution referred to according to Figure 5.8.



B.3: Test Samples XII

Figure B.5: Corrosion rates for solutions with a pH of 13, calculated from LPR
measurements.

B.3 Visual Inspections

Figure B.6: Image depicting the situation after ended OCP/LPR and polarization
measurements for solution 19.



B.3: Test Samples XIII

Test Samples

(a) Solution 3 (b) Solution 4

(c) Solution 5B (d) Solution 9

(e) Solution 14 (f) Solution 19

Figure B.7: Visual inspections of samples displaying signs of corrosion.



B.3: Optical Microscope Imaging XIV

Optical Microscope Imaging

(a) Edge (b) Midsection

Figure B.8: OM imaging of solution 13.

(a) Visible corrosion (b) Midsection

Figure B.9: OM imaging of solution 14.



B.3: Optical Microscope Imaging XV

(a) Edge (b) Midsection (c) Midsection

Figure B.10: OM imaging of solution 16.

(a) Edge (b) Midsection (c) Midsection

Figure B.11: OM imaging of solution 21.

(a) Visible corrosion (b) Midsection

Figure B.12: OM imaging of solution 22.



Appendix C

Results from Oxide Layer Analysis

C.1 Mapping Analysis

(a)

(b)

Figure C.1: Live map from EDS mapping analysis.

Figure C.2: The sum of the spectrum recorded during the mapping analysis.

XVI



C.1: Mapping Analysis XVII

(a) Oxygen content (b) Calcium content

(c) Carbon content (d) Iron content

(e) Aluminum content (f) Sulfur content



C.1: Mapping Analysis XVIII

(g) Phosphate content (h) Silicon content

(i) Magnesium content

Figure C.3: Individual element overlays from the EDS mapping analysis.



Appendix D

Results from the Specialization
Project

D.1 Method A

Cyclic Polarization Curves

Figure D.1: Plot showing all cyclic polarization curves measured according to ASTM
G61 during the specialization project.

XIX



D.1: Visual Inspections XX

Table D.1: Results from method A. Data extracted from the polarization curves shown
in Figure D.1

Solution1 Ecorr

[mVAg/AgCl]
Epit

[mVAg/AgCl]
Erep

[mVAg/AgCl]
Ipass1
[µA]

Ipass2
[µA]

1 -453 -320 -591 - 376
2 -442 -368 -578 12.2 525.4
3 -493 -386 -546 62.27 460.6
4 -251 657 -508 9.696 35 250
5 -250 494 -513 6.337 26

748.45
6 -272 198 -761 0.99 8497.6
7 -332 526 -390 2.37 8.0746
8 -341 466 NA 8.469 2.224

9 -403 184 -682 4.23
83.532
and 12
314

1 Solution referred to according to Figure 5.7.

Notes to Table D.1:

• Ipass1: Average anodic current in the passive region during the increase of the
potential.

• Ipass2: Average anodic current in the passive region during the decrease of the
potential.

• - : No passive area present.
• NA: The polarization curve has a positive hysteresis loop, therefore it has no

active part.

Visual Inspections

(a) Solution 1 (b) Solution 2



D.1: Visual Inspections XXI

(c) Solution 3 (d) Solution 5

(e) Solution 6 (f) Solution 9

Figure D.2: Images depicting the situation after ended measurements for a selection
of the samples.

(a) Solution 1 (b) Solution 2



D.1: Visual Inspections XXII

(c) Solution 3 (d) Solution 4

(e) Solution 5 (f) Solution 5 - other side

(g) Solution 6 (h) Solution 9

Figure D.3: Visual inspections on the samples that showed corrosion.



D.2: Method B XXIII

The percentage of the surface area covered in corrosion is given in Table D.2. These
values are based on visual inspections and simple measurements with a ruler. The table
is sorted from the most corroded samples to the least.

Table D.2: The percentage of the surface area subjected to corrosion.

Sample1 Percentage of Area Corroded [%]
5 25-30
9 20-25
4 15-20
6 0-5
2 0-5
1 0-5
3 0-5
7 0
8 0

1 Sample number refers to the solutions given in Figure 5.7.

D.2 Method B

Table D.3: Results from method B.Results from method A. Data extracted from the
polarization curves shown in Figure D.5 and Figure D.6.

Solution1 OCP-start
[mVAg/AgCl]

OCP-
finish
[mVAg/AgCl]

icorr�start
[µA/cm2]

icorr�finish
[µA/cm2]

5A -224 -452 0.084 1.64
1 Solution referred to according to Figure 5.8.

Notes to Table D.3:

• OCP-start: Potential measured 1 hour after start.
• OCP-finish: Potential measured at the end of the experiment, after 14 days.
• icorr-start: Corrosion current density calculated from LPR measurements 1 hour

after start.
• icorr-finish: Corrosion current density calculated from LPR measurements at the

end of the experiment, after 14 days.



D.2: Method B XXIV

Figure D.4: Sample 5 after 14 days of testing.

Figure D.5: OCP development for solution 5 during 2 weeks of exposure.



D.2: Method B XXV

Figure D.6: Calculated corrosion current density development based on LPR meas-
urements during 2 weeks of exposure.

Figure D.7: Calculated corrosion rate development based on LPR measurements dur-
ing 2 weeks of exposure.

The plot in Figure D.6 and Figure D.7 was calculated using Equation 5.2 and Equa-
tion 5.4, respectfully.



D.3: SEM Analysis XXVI

D.3 Oxide Layer

Figure D.8: The potential development on sample during the buildup of oxide layer.

Figure D.9: Left sample: with oxide layer. Right sample: without oxide layer.



D.3: Point Analysis XXVII

SEM Analysis

Figure D.10: Image taken with SEM at a magnification of 5000x.

EDS Analyses

Point Analysis

Figure D.11: The overview over the sites used for the point analyses.

Table D.4: Lists the average results from the EDS point analysis given in Figure D.12.

Element Weight % Atomic % Error %
C 11.06 19.40 6.42
O 43.93 57.71 9.16
Fe 5.20 2.02 43.59
Ca 39.80 20.87 3.79



D.3: Mapping Analysis XXVIII

(a) Point analysis from spot 1.

(b) Point analysis from spot 2.

(c) Point analysis from area 1.

Figure D.12: Spectrum analyses from the EDS point analysis.



D.3: Mapping Analysis XXIX

Mapping Analysis

(a) (b)

Figure D.13: Shows the element overlay map with explanations and results from the
EDS mapping analysis.

Table D.5: Results from the EDS mapping analysis.

Element Weight % Atomic % Error %
C 9.71 18.88 6.24
O 35.96 52.50 8.49
Fe 18.51 7.74 7.03
Ca 35.83 20.88 3.02

(a)
(b)

Figure D.14: Live map from EDS mapping analysis.



D.3: Mapping Analysis XXX

Table D.6: Results from the FeL/O K/CaK/C K phase (blue area).

Element Weight % Atomic % Error %
C 8.80 23.02 7.89
O 15.80 31.03 7.36
Fe 59.50 33.48 5.09
Ca 15.90 12.47 3.78

Figure D.15: Shows the sum of the spectrum recorded during the EDS mapping
analysis.



D.3: Mapping Analysis XXXI

(a) Oxygen content (b) Calcium content

(c) Carbon content (d) Iron content

Figure D.16: Individual element overlay from EDS mapping analysis.



Appendix E

Images From the Site

All images are gathered from a 2021 report by Roy Johnsen [79].

E.1 Focus on corrosion

Figure E.1: Images taken from inspection site 1. Corresponds to image E1-1 to E1-4
in Appendix F, respectively

XXXII



E.1: Focus on corrosion XXXIII

Figure E.2: Images taken from inspection site 2. Corresponds to image E1-5 to E1-9
in Appendix F, respectively



E.1: Focus on corrosion XXXIV

Figure E.3: Images taken from inspection site 3. Corresponds to image E1-10 to E1-17
in Appendix F, respectively



E.2: Focus on the grout XXXV

E.2 Focus on the grout

Figure E.4: Images taken from inspection site 1. Corresponds to image E2-1 to E2-4
in Appendix F, respectively



E.2: Focus on the grout XXXVI

Figure E.5: Images taken from inspection site 2. Corresponds to image E2-5 to E2-7
in Appendix F, respectively



E.2: Focus on the grout XXXVII

Figure E.6: Images taken from inspection site 3. Corresponds to image E2-8 to E2-11
in Appendix F, respectively



Appendix F

Image descriptions

A description of the images displayed in the figures in Appendix E. Image numbers are
given in the captions of the figures.

Image number Camera Motive
E1-1 Mobile Surface corrosion on all armour wires, some signs of

cross sectional area reduction.
E1-2 Mobile Same as E1-1.
E1-3 Endoscope Large differences regarding the corrosion on the wires.

The wires on the bottom of the duct show greater
signs of corrosion compared to the ones on top. Can
also see signs of frost deteriorated grout.

E1-4 Endoscope Can see signs of corrosion in the form of black
"pearls".

E1-5 Mobile Corroded reinforcement bars.
E1-6 Mobile Corrosion on all armour wires. The ones on the bot-

tom show again a higher degree of corrosion compared
to the ones on top. Shows also crumbled grout.

E1-7 Mobile Corroded armour wires are being bent by a crowbar.
E1-8 Mobile Same as E1-7.
E1-9 Mobile Depicts the situation right after a wire was cut with

an angle grinder. A retraction of approximately 3 cm
is visible.

E1-10 Mobile Heavily corroded armour wires. Shows signs of pitting
corrosion and shows a fracture in one of the wires. The
grout is heavily crumbled.

E1-11 Mobile The lower side of the duct after the grout has been
removed. Signs of heavy corrosion on the wires.

E1-12 Mobile Piece extracted from the inside of a duct.
E1-13 Mobile Piece extracted from the outside of a duct.
E1-14 Mobile A loose wire that has most likely fractured due to

corrosion.
E1-15 Mobile Cut armour wires.

XXXVIII



F.0: Image descriptions XXXIX

Image number Camera Motive
E1-16 Mobile Fracture of a armour wire as a result of corrosion.

High degree of corrosion on surrounding wires. Moist
grout containing corrosion products. No corrosion on
the outside of the duct.

E1-17 Mobile A section of an armour wire showing a reduction in
the cross sectional area.

E2-1 Endoscope The topside of the duct showing signs of corrosion.
Dry grout but incomplete filling.

E2-2 Endoscope Bottom side of a duct. No grout present and corrosion
along the inside of the duct.

E2-3 Endoscope Close up of the armour wires and showing the state
of the crumbled grout and low degree of filling.

E2-4 Endoscope The grout is crumbled and there is incomplete filling
around the wires.

E2-5 Mobile Frost detriorated grout (light yellow powder) and
solid grout (gray lumps).

E2-6 Mobile Solid grout close to the surface of the armour wires.
E2-7 Mobile Image taken close to the injection point (⇠ 6m).

Should have been a complete filling, but only signs
of grout in the top part of the duct. The filling is sep-
arated - signs of evaporated water. The grout present
show signs of frost deterioration.

E2-8 Mobile Wet grout. Samples brought back in bag for further
testing.

E2-9 Mobile Showing the surrounding area where a wire had frac-
tured. Frost deteriorated grout can be seen at the
bottom of the duct in addition to a low degree of
filling. No sign of corrosion on the reinforcement bar
below. Solid concrete.

E2-10 Endoscope The grout found in the duct is moist and crumbled.
Shows the duct facing west of the fracture.

E2-11 Endoscope The grout found in the duct is moist and crumbled.
Shows the duct facing east of the fracture.
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