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Preface

The doctoral thesis is submitted to the Norwegian University of Science and
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carried out at the Department of Structural Engineering, Faculty of Engineering Science
and Technology at NTNU in Trondheim, Norway. Main supervisor was Professor Dr
Mette Rica Geiker (NTNU, Norway), co-supervisors were Dr Claus Kenneth Larsen
(NTNU and Norwegian Public Roads Administration (NPRA), Norway), Professor Dr
Bernhard Elsener (Eidgendssische Technische Hochschule Zirich (ETH Ziirich),
Switzerland and University of Cagliari, Italy), and Dr Ueli Michael Angst (ETH Zirich
and Swiss Society for Corrosion Protection, Switzerland).

The PhD project started in December 2009 and the thesis was submitted in August
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Department of Structural Engineering, NTNU. During the project period, the candidate
had two maternity leaves of in total 19 months.

The project was initiated and founded through the Concrete Innovation Centre (COIN,
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The thesis consists of an extended summary, five appended papers (four of them
accepted or submitted to international scientific journals, one published in an
international conference proceeding) and an appendix.

The author, Karla Hornbostel, declares that the thesis and the work presented in it are
her own. The thesis contains no material that has previously been submitted for a degree
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Abstract

Norwegian concrete structures are exposed to salt contamination from both sea water
and de-icing salts. Chlorides penetrate the concrete cover and initiate corrosion of the
reinforcement. The deterioration process can propagate at high rates and endanger
serviceability and structural safety. Concrete resistivity is usually assumed to correlate
closely with the corrosion process, and its measurement is in principle simple and cost-
efficient, and widely recommended to support service life assessment. However, the
extent to which concrete resistivity measurements can provide us with detailed
information about the corrosion process needs critical examination.

The main objective of this PhD project was to study the applicability of concrete
resistivity measurement for predicting the rate of reinforcement corrosion induced by
chlorides. A review of the literature led to the conclusion that a general correlation
could be found between increasing concrete resistivity and decreasing corrosion rate,
but a large scatter was observed within and between the studies reviewed. Various
possible reasons for the discrepancies were identified: researchers used dissimilar
procedures for determining both concrete resistivity and corrosion rate, and concrete
composition was recognised as affecting the overall tendency. Interestingly, the
literature contained very limited discussion on the mechanisms involved in providing
the correlation assumed between concrete resistivity and corrosion rate.

On the basis of the literature review, it seemed appropriate to investigate the
relationship between concrete resistivity and corrosion rate further using specially
designed laboratory experiments. In total, three experimental studies were conducted
using mortar to investigate the subject. The first study focused on the limitations of
measuring galvanic currents in macro-cells. It was confirmed that galvanic current
measurements provide an indication of the actual corrosion current, and thereby rate,
only if the actively corroding segment is sufficiently small.

The second experimental study investigated the limitations of bulk resistivity
measurements for predicting the ohmic resistance in a macro-cell between small anodes
and a large cathode network. It was found that for small anodes the ochmic resistance
between the anode and the cathode is not directly correlated with the bulk resistivity.
Local inhomogeneities strongly influence the measurements. The ratio between bulk
resistivity and the resistance between a specific anode and the cathode was not constant
over time and varied in particular with changes in the moisture conditions.

The third experimental study examined the influence of mortar resistivity on the rate-
limiting steps of chloride-induced corrosion. It was shown that for small anodes the
local conditions around the anode are more decisive for the anodic and ohmic partial
processes than the bulk resistivity. The cathodic partial process was found to be
practically independent of the mortar resistivity. For the setup and materials
investigated, it was not possible to identify any one rate-limiting step as dominant. The



controlling rate-limiting step varied for the different materials investigated. For mortar
prepared with fly ash, and therefore possessing high mortar resistivity, the concept of
anodic-resistance control suggested in the literature was found to fit well. Cathodic
control was identified for mortars with a comparatively low bulk resistivity (prepared
only with Portland cement). Furthermore, it was confirmed that the generally assumed
inverse correlation between corrosion rate and concrete resistivity depends very much
on the material composition.

In conclusion, it was found that there can be no direct relationship between concrete
resistivity and the corrosion rate. The dependency on material composition and in
particular the fact that concrete resistivity is not directly correlated with the underlying
partial processes that determine the corrosion rate must be considered as decisive on this
question. It must therefore be assumed that the direct relationships between concrete
resistivity and corrosion rate introduced in the literature, and any models and general
threshold values based upon them, are not generally applicable.

Vi
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1 Introduction

1 Introduction

Reinforced concrete surrounds us in our everyday life. It is important for social and
industrial buildings and essential for infrastructure structures. There are numerous
examples of the application of reinforced concrete ranging from small-scale, such as
foundations and barriers, to large structures like bridges, tunnels, dams and offshore
platforms. Its variability in both shape and properties allows the use of reinforced
concrete in a variety of forms and environments.

Reinforced concrete is considered a durable building material with a lifespan over
several decades. However, some existing reinforced concrete structures are reaching the
end of their calculated lifetime or show distinct signs of deterioration, such as spalling
and cracking. To avoid failure of these structures, it is essential to gain profound
knowledge about the deterioration processes of reinforced concrete, not only to assess
existing structures, but also to be able to make reliable predictions for new structures.
Research on the topic has been going on for more than 100 years, with increased
activity in the last 50 years (Page and Treadaway 1982). Nevertheless, some of the
fundamental mechanisms and testing procedures are still under discussion. General
understandings from the traditional material, ‘Portland cement’, need to be questioned
for the new materials that are steadily entering the market to reduce COy-emissions
from cement production.

It is necessary to distinguish between deterioration processes affecting the concrete and
those processes attacking the reinforcement (Bertolini et al. 2013). The corrosion of
reinforcement steel in concrete has been identified as the most common cause of failure
and “arguably the largest single infrastructure problem facing industrialised countries’®.

The reinforcement in concrete is protected by a thin film of iron oxides and iron
hydroxides (the passive layer) that forms spontaneously on the steel surface due to the
highly alkaline pore solution of the concrete material. The high alkalinity arises from
sodium and potassium oxides being present in the clinker minerals of the cement or
other constituent materials, when passing into solution, hydroxyl ions are formed.
Mainly, Portlandite Ca(OH), formed during cement hydration provides the alkali
reserve in concrete (Broomfield 1997).

Two causes of reinforcement corrosion are recognised. One arises from the reaction
between CO, from the air and calcium-containing phases in concrete leading to the
carbonation of the concrete cover. The reaction causes a decrease in pH from initial
values between 12 and 14 to near neutrality. The passive layer on the reinforcement is
no longer stable in these conditions (depassivation), and corrosion can initiate.
Commonly, the whole passive layer in contact with carbonated concrete is dissolved
leading to a general type of corrosion. The cause and extent of corrosion depends on the

! Broomfield (1997) — Page 1.



1 Introduction

environmental conditions in which the concrete is located. Carbonation-induced
corrosion is common in urban environments with a high concentration of carbon
dioxide in the atmosphere and the rate of carbonation of the concrete cover is favoured
at relative humidity (RH) between 60% and 70%. With increasing wetting periods, the
carbonation rate decreases (Broomfield 1997, Bertolini et al. 2013).

Chlorides penetrate the concrete cover if the structure is in contact with water
containing chloride, such as sea-water or surface water polluted with de-icing salts.
Before the topic of chloride-induced reinforcement corrosion was generally recognised,
chloride-containing mixing water, aggregates, cements and admixture (e.g. accelerators
(Myrdal 2007)) were occasionally used. Today, the maximum amount of chloride in the
concrete mix is limited and defined in standards, e.g. (EN206-1 2000). Corrosion of the
steel reinforcement initiates when a certain amount of chloride is present at the surface
of the reinforcement (Angst et al. 2009). This leads to a local breakdown of the passive
layer, iron dissolution takes place in a limited area (pits), while most of the steel surface
remains passive. The local corrosion rates can be considerably higher than for corrosion
initiated by carbonation.

The research for this thesis focused on chloride-induced steel corrosion in concrete that
is considered the main risk for Norwegian infrastructural structures. Norway’s long
coast line and its harsh winters, which make the extensive use of de-icing salts
necessary, mean that more than 18 000 bridges and some 1 000 tunnels (NPRA 2015)
are exposed to severe salt contamination. For the owners of these structures, the
mechanisms and assessment criteria for chloride-induced reinforcement corrosion is of
special interest.

The process of chloride-induced reinforcement corrosion can be divided between the
initiation and the propagation periods (Figure 1). The initiation period describes the
time chlorides need to penetrate the concrete cover. The depassivation of the steel
surface ends this period and marks the start of active corrosion propagation.

Acceptable level
of degradation

_—

Degradation level
Depassivation
Start of corrosion

Penetration of
aggressive substances
Initiation period Propagation period

s
Service Life

Time

Figure 1 — Process of reinforcement corrosion, model according to Tuutti (Tuutti 1982) .
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The penetration of chlorides into concrete is often described as a diffusion phenomenon
characterised by the effective diffusion coefficient D. The latter primarily depends on
the pore structure of the concrete, which is a result of not only the water-to-cement
ratio, cement type, cement content and curing conditions, but also the exposure
conditions, chloride binding and the surface concentration of chlorides (Larsen 1998,
Luping et al. 2012). The amount of chloride needed to initiate corrosion on the
reinforcement surface is referred to as the critical chloride content or threshold value. It
depends on a variety of parameters, such as the electrochemical potential of the steel,
the pH and interfacial conditions between the concrete and steel (Angst et al. 2009).
Corrosion propagates at a rate dependent on both the material and exposure conditions,
such as the degree of saturation, temperature, pore solution composition, as well as
oxygen and water availability (Hope et al. 1986, Lopez and Gonzélez 1993, Bertolini
and Polder 1997, Andrade et al. 1998). Corrosion rates of up to 1 mm/year are reported
for chloride-induced corrosion (Bertolini et al. 2013).

Several inspection methods can be used to assess concrete durability in both the
initiation and the propagation periods; some of them are destructive, others non-
destructive (Broomfield 1997, Bertolini et al. 2013). With regard to periodical field
surveys and monitoring, non-destructive methods are to be preferred. In addition to
well-known electrochemical inspection methods like half-cell potential mapping
(Elsener et al. 2003) and polarisation resistance measurements (Andrade et al. 2004),
determination of the electrical resistivity of concrete is often used (Polder et al. 2000),
with measurement techniques adapted from the field of geophysics (Wenner 1915,
Lataste 2010). Resistivity measurement is a favoured method as it is easy to use,
relatively quick and cheap (Polder 2001, Lataste 2010).

Electrical resistivity is a quantity that describes the charge transport ability of a
material; it is independent of geometry. In concrete, it characterises the flow of ions in
the cement paste matrix which depends both on material properties (e.g. porosity, pore
solution composition) and exposure conditions (degree or pore saturation, temperature).
The pore solution composition and pore network connectivity are closely related to
concrete resistivity (Burchler et al. 1996, Hunkeler 1996). The degree of saturation has
been identified as the main factor influencing concrete resistivity (Gjerv et al. 1977).
Since the electrochemical process of steel corrosion in concrete requires the transport of
ions through the concrete, it is widely held that concrete resistivity influences the
corrosion process.

Numerous publications report decreasing corrosion rates with increasing concrete
resistivity, found in a variety of different contexts. Occasionally, the trend observed is
used to define threshold values or create prediction models for the corrosion rate (Polder
et al. 2000, Broomfield and Millard 2002, Andrade et al. 2004, Smith et al. 2004,
Andrade and d'Andrea 2008, Ahmad 2014). The selection of modern binders, blended
cements with fly ash, silica fume, slag, and others is often justified with reference to
their commonly high resistivity compared to traditional materials and the consequently
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expected lower corrosion rate of embedded steel (Cabrera and Ghoddoussi 1994, Smith
et al. 2004, Gastaldini et al. 2009).

However, whether this overall trend, though well-established, can be exploited as a
reliable and trustworthy fundament for prediction of corrosion propagation and material
choice needs critical scrutiny. The main research question for this thesis was to study to
what extent concrete resistivity can be used as a direct indication of the corrosion rate.



1 Introduction
1.1 Objectives, research approach and organisation of the thesis

1.1.1 Objectives

The PhD project aimed at improving the basis for assessment of the service life of
reinforced concrete structures. It focused on the propagation of chloride-induced
reinforcement corrosion. The aim of the study was to investigate to what extent
concrete resistivity can be used to predict the corrosion rate of chloride-induced
corrosion.

The following objectives were defined:

1. Toidentify the lack of knowledge in the current discussion about the
relationship between corrosion rate and concrete resistivity.

2. To study the rate-limiting processes of chloride-induced macro-cell corrosion.

3. To discuss the applicability of concrete resistivity as an indicator of the rate of
chloride-induced corrosion.

1.1.2 Research approach and limitations

The study focused on chloride-induced reinforcement corrosion and the relationship
between the corrosion rate and the concrete resistivity during the propagation period. As
background for the PhD study and further experimental investigations a state-of-the-art
literature review was provided to meet the first objective. Based on the literature review
it was considered adequate to undertake experiments with mortar specimens and
accelerated corrosion initiation. Segmented rebars with electrically isolated segments
were the preferred experimental setup. The materials used in the experimental studies
were representative for materials commonly used in Norway. The second and third
objectives are discussed on the basis of the results of the experimental studies. It was
not intended to create or provide input data for service life models. Carbonation-induced
corrosion (uniform corrosion) was not studied in this PhD project.

1.1.3 Organisation

The thesis consists of three parts. Part | gives an extended summary of the theoretical
background for the research and the experiments undertaken. The three experimental
programmes (Experimental Studies | — I1l) conducted are briefly described, and the
main results are given, the main findings and conclusions are summarised, and
proposals are made for future research. Part Il of the thesis consists of the appended
papers, which contain detailed descriptions of the work and findings of the PhD project
and are to be considered the main part of the thesis. Part Ill contains appendices
presenting results of experimental work not published in the appended papers and more
detailed information on the materials used.
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2 Theoretical background

2 Theoretical background

2.1 Electrical resistivity in concrete

The electrical resistivity (p) of a material quantifies how strongly it opposes the flow of
electric current. It can be expressed as the product of the electrical resistance (R), which
in turn is the ratio of voltage (U) to current (1), and a cell constant (often referred to as k
and valid for homogenous conditions where k = constant (Lataste 2010)). Resistivity is
expressed in the Sl-unit [Qm].

U
p=<7>-k=R'k Eg.1

The cell constant can be calculated if the volume penetrated by the current field has a
constant area and length.

A
l

k= Eq. 2

If the geometry of the electrical field is unknown, the cell constant can be determined
either by numerical modelling or by calibration using materials (e.g. solutions) with
known resistivity.

The range over which the electrical resistivity of materials spans is one of the greatest of
any physical property. Concrete resistivity ranges from 10° Qm for oven-dried to
10 Qm for saturated concrete (Whiting and Nagi 2003).

Concrete is an inhomogeneous material and is considered biphasic from an electrical
point of view, with non-conductive aggregates embedded in a more or less conductive
cement paste (Hunkeler 1996, Lataste 2010). Cement paste consists of porous hydration
products, mainly calcium silicate hydrates (C-S-H) and calcium hydrates (CH) (Bensted
and Barnes 2009). Depending on the degree of saturation, the pore solution is adsorbed
and/or condensates on the pore walls or fills the pores. The composition of the pore
solution is dominated by the positively charged ions, sodium (Na*), potassium (K*) and
calcium (Ca?"), and the anions sulphate (S0,%) and hydroxyl (OH") (Biirchler 1996).
The latter can be found in high concentrations, corresponding to a high alkalinity of the
pore solution (pH of up to 13.5) (Bertolini et al. 2013).

lon transport in solution depends on the strength of the electrical field and the charge of
the ions, also referred as ion mobility (u) (Bertolini et al. 2013). Table 1 gives an
overview of the mobility of ions commonly found in the pore solution of cement paste
as well as the chloride ion. The conductivity o (inverse of resistivity) of the bulk
solution can be calculated from the mobility and concentration of all ions in the solution
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(Hunkeler 1996). Hydroxide ions have a major impact on resistivity due to their high
mobility and high concentration in the pore solution.

Table 1 — lon mobility in water at 298 K (Atkins and de Paula 2006).

lon Valence 1(':1?:2'/'('3%)
Hydroxide ion (OH") -1 20.64
Sulphate (S0,%) -2 8.29
Chloride ion (CI") -1 7.91
Potassium ion (K") +1 7.62
Calcium ion (Ca®") +2 6.17
Sodium ion (Na") +1 5.19

The effect of chloride ions in the pore solution on concrete resistivity is still under
discussion. There seems to be a dependency on the alkalinity of the pore solution; with
increasing alkali content, the effect of chloride concentration on the resistivity strongly
decreases (Hunkeler 1996). It is also suggested that the cation associated with the
chloride ion has an influence on the effect of chlorides on pore solution conductivity
(Bertolini and Polder 1997).

The resistivity of cement paste is 2-3 orders of magnitude higher than the resistivity of
the pore solution (Burchler 1996). lons move not by the shortest distance between the
electrodes applied, but have to take tortuous paths through the pore system. They can
only move in pores filled or partly-filled with pore solution that interconnect with each
other. Cement paste consists of different pores with dimensions between 2 nm (gel
pores) and 4 — 1 000 nm (capillary pores) (Bertolini et al. 2013). Depending on the
degree of saturation, these pores are covered by one or more layers of adsorbed water.
When the RH increases (>40-45%), they will also be filled by capillary condensation. It
has been found that only the capillary condensed water can be assumed to be
conductive; the adsorbed water in the gel pores appears to be nonconductive although
the concentration of ions is high (Hunkeler 1996). Air and macro pores in the range of
several um up to mm do not normally fill with water. They show no capillary suction
effects and only fill under water pressure. Consequently, in the cement paste, it is the
capillary pore system which contributes to the overall conductivity.

Research over recent decades has clearly shown that the degree of saturation of the pore
system has the most significant influence on concrete resistivity (examples are given in
Figure 2). The correlation between the degree of saturation and concrete resistivity
depends on the concrete composition, age (degree of hydration), and temperature.
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Figure 2 — Influence of moisture content on resistivity (Gjerv et al. 1977, Schulte et al. 1978,
Birchler et al. 1996, Sellevold 1997).

The temperature dependency of concrete resistivity is related to the properties of the
pore solution and ion-solid interactions (absorption behaviour), and has been a matter of
discussion for several decades (Raupach 1992, Birchler 1996, Bertolini and Polder
1997, Whiting and Nagi 2003, @stvik 2005, Larsen et al. 2006). It seems to depend on
the degree of pore saturation and the concrete composition (Elkey and Sellevold 1995,
Polder et al. 2000). As a rule of thumb, the change in resistivity for samples with
moisture contents above 70% lies at about 3% per 1°C and for samples with a moisture
content below 30% at about 5% per 1°C; this is, however, a very rough estimation
(Elkey and Sellevold 1995). Improved approaches can be found in the literature
(Monfore 1968, Woelfl and Lauer 1979, Castellote et al. 2002, Whiting and Nagi 2003,
@stvik 2005, Michel et al. 2013a).

2.1.1 Measurement of concrete resistivity

No standardised method for measuring concrete resistance appears available. However,
attempts have been made to give general guidelines and recommendations (DuraCrete
1997, Polder et al. 2000, Spragg et al. 2013). In principle, two or four metal electrodes
are placed at a certain distance from each other on the surface of a concrete sample or
are embedded in the fresh mix. The electrical resistance can be measured using either
DC (Direct Current) or AC (Alternating Current). By multiplying the electrical
resistance by a geometrical factor, the resistivity can be derived (cf. Eq. 1).

Current and frequency
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The electrical resistance of a concrete sample can be determined either by AC or DC
measurements. DC measurements are not usually recommended because the electrodes
are polarised during the measurement (Raupach 1992). Using AC, on the other hand,
prevents the occurrence of chemical reactions at or the polarisation of, the electrodes
(Gautefall and Venneslad 1994). Nevertheless, to avoid capacity effects on the
electrode-concrete interface, a high measurement frequency is recommended, with
values between 50 Hz and 1 000 Hz considered suitable (DuraCrete 1997, Polder et al.
2000). The measurement frequency can influence the readings for ohmic resistance.
Detailed investigations have shown that the optimal measurement frequency depends on
the moisture state and temperature of the sample (Qdstvik et al. 2006). For wet concrete,
frequencies between 100 Hz and 10000 Hz seem to be suitable. At very low
temperatures, a measurement frequency above 1000 Hz should be avoided. The
recommendation is somewhat different for dry concrete, however, with frequencies
between 500 Hz and 1 000 Hz showing acceptable fluctuation (Jstvik 2005, @stvik et
al. 2006).

Electrodes and electrode contact

Electrodes of different metals can either be placed on the concrete surface or be
embedded in the concrete. Plates on the outside are often used when the bulk resistance
of a standardised concrete cube or cylinder is to be determined in the laboratory
(DuraCrete 1997, Spragg et al. 2013). On site, two or four electrodes are placed on the
concrete surface. When the electrodes are embedded, wires or bars are often used, also
parallel metal mesh are suited (@stvik 2005).

If the electrodes are placed on the concrete surface, special attention has to be paid to
the contact between the concrete and the electrodes. The use of wet cloth or sponges
placed between the electrode and the concrete is recommended. Saturated calcium
hydroxide or sodium chloride solutions can be used to wet the contact material
(Newlands et al. 2008), tap water is also suited. Pressure on the electrodes generally
improves the results; a contact pressure of 6 kPa has been recommended (Newlands et
al. 2008). The extent of squeezing prior to applying the contact material can also have
an influence.

To ensure good contact when measuring on site, it is occasionally recommended to
insert the electrodes into predrilled holes filled with conductive solutions (Bungey et al.
2006). However, this is only suitable for single measurements. Where large areas are to
be monitored, non-destructive methods are to be preferred.

Measurement setup

The most common methods used to measure resistance are summarised in the following
subsections. A number of additional methods can be found, such as the use of direct
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radar waves (Shartai et al. 2007). Listing all the methods available is beyond the scope
of this section.

Two-electrode systems

The most commonly used method to determine concrete resistivity in the laboratory is a
two-electrode setup. This means that the electrical resistance is measured between two
parallel electrodes on the concrete surface (Figure 3 a)) or cast in the fresh material
(Figure 3 b)). Two-electrode setups are also used in the field, e.g. in the form of
multiring electrodes (Figure 3 c)). A special arrangement is the ‘disc method’, whereby
a small metal disc is placed on the concrete surface and the resistance to a
comparatively large counter electrode is measured (Figure 3 d)) (Feliu et al. 1996).

==  Electrodes
fffff Current lines

\
[

a) Outside the sample b) Inside the sample ¢) Multiring d) Disc method

Figure 3 — Two-electrode setups.

The electrodes can be steel plates, rods, wires or the reinforcement itself. With the two-
electrode arrangement, insufficient electrode-concrete contact leads to serious
measurement errors (Polder et al. 2000).

Multiring electrodes are a series of two-electrode arrangements next to each other
(Figure 3 c)) (SchieRl and Raupach 1992). They are used to follow the moisture
distribution or carbonation front in the cover concrete by monitoring resistivity changes.
The commercially available sensor consists of about eight stainless steel rings with a
diameter of 20 mm and a thickness of about 5 mm (DuraCrete 1997, Sensortec 2015).
They are separated by PE insulation rings. An AC resistance measurement is performed
between neighbouring steel rings. The sensor is embedded in the fresh concrete or a
repair mortar at a depth of at least 2.5 mm from the concrete surface.

Four-electrode systems
The four-electrode setup is the most common method used for field measurements. A

current is sent between the two outer electrodes, while the two inner electrodes measure
the potential drop, which determines the resistance (Figure 4).

11
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.

Equipdtential lines

Current lines

Figure 4 — Four-electrode setup.

The method is also called WENNER-technique, named after its inventor Frank Wenner,
who introduced the setup in 1915 for soil resistance measurements (Wenner 1915). The
technique normally consists of steel rods placed on the concrete surface or embedded in
pre-drilled holes. There can be found several commercially available hand-held devices.
Although a good contact also has to be established for the four-electrode setup between
the concrete surface and the electrode, the method is less susceptible to contact
problems than the two-electrode technique. The resistivity can be calculated with the
following equation, provided that the electrodes are separated by an equal distance (a)
and are placed on the surface:

p=2m-a-R Eq. 3

There are several parameters which have to be taken into account when measuring the
resistance of a sample with the four-electrode method; in particular, the distance (a)
between the electrodes and the position of the equipment on the concrete surface are
important. Difficulties can be encountered when measurements are made too close to
edges, in line with underlying reinforcement, or when the distance between electrodes is
smaller than the size of inhomogeneities in the concrete (aggregates, air voids, etc.).
Recommendations on electrode spacing and positioning can be found in the literature
(Millard 1991, Gowers and Millard 1999, Polder et al. 2000, Broomfield and Millard
2002, Bungey et al. 2006, Sengul and Gjarv 2008, Sengul and Gjgrv 2009, Angst and
Elsener 2014).

Good agreement has been observed when comparing the two-electrode setup using
parallel steel plates on the outside of the concrete with the WENNER technique
(McCarter and Barclay 1993, Sengul and Gjgrv 2008, Deutscher Ausschuss flr
Stahlbeton 2012). The comparability of other methods is less well documented.

Validity
Concrete is an inhomogeneous material, which is partly a result of its composite nature,

but also due to insufficient compaction or curing differences over the cross section. It is
therefore not surprising that resistivity readings can vary over a concrete structure. A
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variation coefficient of about 10-20% must be considered as normal in the laboratory,
and up to 30% can be observed on site (Polder et al. 2000).

When making resistivity measurements, comparing the observed values with reference

values obtained for similar conditions can help exclude major measurement mistakes.
Reference values are given in Table 2 (Polder et al. 2000).

Table 2 — Reference values for concrete resistivity [Qm] at 20°C (Polder et al. 2000).

Environment Concrete prepared Concrete prepared with

with PC SCM
Very wet 50 - 200 300 - 1000
Outside, exposed 100 - 400 500 — 2000
Outside, sheltered 200 - 500 1000 - 4000
Indoor 3000 and higher 4000 — 10 000 and higher
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2.2 Chloride-induced reinforcement corrosion

The passive layer breaks down locally (pitting) when a sufficient amount of chloride has
penetrated the concrete cover, (cf. Section 1). In the presence of water and oxygen,
corrosion occurs with the two half-cell reactions; anodic (oxidation) and cathodic
(reduction) (Figure 5). During the anodic reaction iron ions dissolve in the electrolytic
solution, and electrons are released in the metallic phase. The electrons are consumed in
a cathodic reaction. In concrete under common environmental conditions, oxygen
reduction takes place which produces alkalinity and thus strengthens the passive layer.
However, other half-cell reactions, such as hydrogen evolution, may occur under special
conditions. To equilibrate the anodic and cathodic reactions, an ionic current flows
between them through the concrete matrix (ohmic partial process). Chloride-induced
corrosion is characterised as macro-cell corrosion because anodic and cathodic regions
are spatially separated from another. (Pease 2010, Bertolini et al. 2013)

Ohmic partial process

H,O O
- Na© Ca2* i 7
_OH™ soi‘ ' '
OH™CI" y - Cathodic partial process

17207 +HyO+2¢"—=20H"

4

Passive film

Anadic partial process

Figure 5 — Schematic illustration of chloride-induced macro-cell corrosion with the related
partial processes, after (Angst 2011).

Thermodynamics

The laws of thermodynamics provide information about the likelihood of a reaction
occurring spontaneously. The tendency of a metal to dissolve in a specific condition can
be assessed by comparing its electrochemical potential with its reversible potential
(E™). The reversible potential can be calculated based on the standard electrode
potential (E®), which can be found tabulated for a large number of reduction reactions
(Hamann et al. 1998). The reversible potential is calculated by the Nernst equation
(Hamann et al. 1998) taking into account the metal ion concentration (a,z+), the
valence of the metal ion (z), and the temperature (T).

R-T
Ere"=E°+ﬁlnaMz+ Eq. 4
where R is the gas constant and F is the Faraday constant.
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Electrode potentials can only be measured in terms of difference from other half-cell
reactions. For this purpose, reference electrodes (RE) with well-defined potentials are
used. The half-cell reaction of platinised platinum in an acid solution equilibrated with
hydrogen gas at 1 atm is declared to be 0 V (SHE).

Using the Nernst equation (cf. Eg. 4) and considering feasible reduction reactions,
thermodynamically stable corrosion products can be illustrated over a range of pH
values (Pease 2010). This approach was first applied by Marcel Pourbaix and these
diagrams are known as PourBAix diagrams (Pourbaix 1974). They allow the
assessment of the possible corrosion reactions of a metal in solutions with different pH.
The PourBaAlx diagram for iron in water is shown in Figure 6; this is commonly also
applied for the corrosion behaviour of carbon steel in concrete (Angst 2011). In the
diagram, various thermodynamic states are illustrated: active iron dissolution/corrosion
(white area), the formation of passive layers (light grey area), and the
thermodynamically stable/immune state (dark grey area) where corrosion cannot take
place. The hydrogen evolution and oxygen reduction reactions are represented by
dashed lines in Figure 6. Between these lines, water is stable (in the form of H™ and
OH)).
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Figure 6 — Pourbaix diagram for iron in water (Temperature 25°C, iron concentration 10°mol/l)
from (Pourbaix 1974), approximate reproduction.

The PourBAIXx diagram shows that steel is passive under most environmental conditions
without external polarisation and without CI', as long as high alkalinity is maintained in
the concrete pore solution.

Kinetics

While thermodynamics describes the likelihood of a corrosion reaction occurring,
kinetics provides information about the rate at which the reaction proceeds.
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The rate of corrosion is defined as the amount of metal (m in [g/m?-year]) removed from
the metal surface over a time period (t; — t2). It can be calculated using Faraday’s law of
electrolysis (Hamann et al. 1998):

M [t
m—ﬁ.f;ll(t)dt Eq. 5

where | is the current flowing in the corrosion cell and M is the molar mass of the metal.
In electrochemical investigations, it is more common to describe the corrosion rate in
the form of current density in [mA/m?] or [pA/cm?]. The corrosion current leoy can be
measured e.g. by electrochemical techniques. The corrosion rate of metal dissolution at
the anode is determined by dividing the corrosion current by the corroding/anodic area:

I
ieorr = 2 Eq. 6

Levels of corrosion rates published in the literature for the assessment of steel corrosion
in concrete are given in Table 3.

Table 3 — Assessment of corrosion rate of steel in concrete (cf. (Broomfield 1997, Gonzalez et
al. 2004, Bungey et al. 2006, Bertolini et al. 2013)).

corrosion activity corrosion rate [pnA/cm?]

passive <0.1
low 0.1-0.5
moderate 05-1
high 1-9
very high >9

The rate of the corrosion process of steel in concrete is governed by the rate of the
anodic and cathodic reaction as well as the transport rate of ionic current in the concrete
(ohmic partial process) (cf. Figure 5). The transport of electrons through the metallic
phase is assumed to be considerably faster than the other partial processes; it does not
contribute to slowing the corrosion process and is commonly neglected. The remaining
three processes are complementary to another, which means that they have to occur at
the same rate (Bertolini et al. 2013).

Leorr = leathodic = lanodic = lonmic Eq.7

Accordingly, the corrosion rate is governed by the slowest of the three partial processes;
the result is referred to as anodic, cathodic or ohmic control. One of the partial
processes can dominate slowing the corrosion rate in certain conditions. In water-
saturated concrete where the supply of oxygen is restricted, the slow rate of the cathodic
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partial process will prevent corrosion propagation. In very dry conditions, the concrete
resistivity is high, which constrains current transport between anode and cathode. If
chloride content is low and pH is high, the anodic reaction will be slow and no
significant corrosion current will flow. In between these extremes, it is likely that a
mixed control determines the overall corrosion rate.

The charge transfer reaction rate of the anodic and cathodic reactions can, under certain
conditions, be measured experimentally. They are commonly illustrated in EVANS
diagrams, named after Ulick R. Evans, who developed the idea of presenting
polarisation curves in the form E vs log I, which allows the description and explanation
of many corrosion related issues (Evans 1960). Figure 7 shows a simplified EVANS
diagram for the process of chloride-induced (macro-cell) corrosion of steel in concrete.
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Figure 7 — Evans diagram for active corrosion.

According to thermodynamics, steel will corrode if the potential of the metal increases
above E,"'. The rate will depend on the potential difference (E, - Eo"") given by the
anodic polarisation curve. The same can be derived for the cathodic reaction (cathodic
polarisation curve).

The progression of the anodic and cathode polarisation curves gives information about
the limiting factors determining the reaction rate. It can be distinguished between
activation (1) and diffusion (1) control with a transition region between them (cf. Figure
7) (Nisancioglu 2015). In conditions where the resistance of the electrochemical
reaction at the metal-electrolyte interface to convert species involved in the corrosion
reaction predominates, the reaction rate is activation controlled (curve part (1) in Figure
7). A necessary precondition is the availability of all reactants at the interface. The
curve progression can be approximated by a TAFeL-equation (Copson 1963).
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I
E—E™ = B log

= Eq. 8

The slope of the curve is termed the TAFEL constant (), and 1° defines the exchange
current (current in the absence of electrolysis). For the curves illustrated in Figure 7, the
TAFEL equation can only be applied when the potential difference E — E™" is
sufficiently high.

Various TAFEL constants have been reported for the anodic and cathodic reactions of
steel in concrete. For the anodic reaction, values between 67 and 1050 mV/decade have
been found (67-80 mV (Jaggi 2001), 73-136 mV (Garcés et al. 2005), 450-1050 mV
(Angst et al. 2011a), 90-800 mV (Beck 2010)). For the cathodic reaction, TAFEL
constant values between 97 and 239 mV/dec have been reported (97-194 mV (Raupach
1992), 170-220 mV (Angst et al. 2011a), 130-220 (Beck 2010), 222-239 (Jaggi 2001)).

In cases where the supply of reactants is slower than the rate of their reaction, the
process becomes diffusion-controlled. The availability of substances is independent of
the electrochemical process and therefore independent of the potential (vertical line or
steep slope, part (II) in Figure 7). The corrosion current is limited (l}y). Diffusion
control might be expected for the cathodic reaction, in cases of limited oxygen supply.
However, it has been found that it is solely in cases of long-term water saturation that
the diffusion of oxygen to the electrode is a limiting factor for the cathodic reaction in
concrete (Page and Treadaway 1982, Raupach 1992).

For macro-cell (chloride-induced) corrosion, the anode and cathode are spatially
separated from one another (cf. Figure 5). This requires a current to be transported
through the concrete (electrolyte) between them. Concrete has a certain electrical
resistance, which results in a potential drop between anode and cathode, illustrated as
IR drop in Figure 7. Consequently, the potentials at the anode (E,) and cathode (E.) are
different. The IR drop depends on the strength of the current field and the electrical
resistance between anode and cathode.

2.2.1 Measurement of corrosion rate

Usually, the instantaneous corrosion current leor iS determined by measuring the linear
polarisation resistance (Rp). The concept is based on the assumption that the E-I
relationship is linear within a small potential range around Ecor (Figure 8) (Elsener
2005). A mathematical description for calculating the corrosion current from the
polarisation resistance R, was suggested by Stern and Geary in 1957 based upon the
TAFEL slopes fa and S. (Stern and Geary 1957). The equation was later summarised as:

a’Pc B
Ba-P =— Eq. 9

1
ppr = =t 0 — =
€= 23Ba+B) R, R,
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A calibration factor B was introduced to allow for a calculation of the corrosion current
even when anodic and cathodic polarisation curves (e.g. TAFEL constants) are not
available. From experiments in solution, the values B = 26 mV for active ongoing
corrosion and B = 52 mV for passive conditions were derived (Andrade and Gonzélez
1978). These values are frequently also used for corrosion current calculations in
concrete. The uncertainties related to the calibration factor B are assumed to lead to an
error for the corrosion current calculations within a factor of 2 (Raupach 1992, Bertolini
et al. 1998, Elsener 2002, Jaggi et al. 2007, Nygaard et al. 2009).

el

\ Cathodic

\ polarization curve
\

Anodic
polarization curve

1(’{)”‘ = [(l' = 1('

Figure 8 — Concept of the polarisation resistance, after (Elsener 2005).

It has recently been shown that the Stern-Geary equation (Eq.9) is not applicable for
localised corrosion because the equation is based on the mixed-potential theory valid
only for uniform corrosion (Angst and Blchler 2014). The following paragraphs present
the techniques most commonly used for determining the corrosion current, all of them
based on the polarisation resistance and the Stern-Geary equation. It is not claimed that
they are generally applicable, and as result of the above-mentioned research (Angst and
Biichler 2014), none of them can be recommended for use in connection with chloride-
induced (macro-cell) corrosion.

Techniques used to determine the polarisation resistance

The polarisation resistance is measured with a three-electrode setup including the
embedded steel (working electrode (WE)), a counter (CE) and a reference electrode
(RE). Counter and reference electrodes can be either located on the concrete surface or
embedded in the concrete. There are several techniques available.

Potentiostatic, potentiodynamic and galvanostatic techniques

With help of the counter electrode, the reinforcement can be polarised, and the change
in potential is measured with the reference electrode. The static techniques are aimed at
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measuring either the current response to a constant potential or the potential response to
a constant current. In dynamic measurements, slow potential sweeps around Eco are
applied and the current response is monitored. There are various factors that influence
the measurements, such as the waiting or delay time used from introducing the potential
or current until the response is measured, and the rate at which the potential sweeps are
applied. Information about these influences can be found in the literature (Andrade and
Alonso 1996, Andrade et al. 2004, Elsener 2005, Nygaard 2008, Nygaard and Geiker
2012). Moreover, there are several challenges which have to be overcome when using
the techniques in the field. In particular, the fact that the counter electrode is
considerably smaller than the reinforcement steel network makes controlling and
knowing the polarised surface area and thus the interpretation of the measurements
difficult (Kranc and Saguiés 1993, Nygaard et al. 2009, Andrade et al. 2012).

In most such techniques, the measured polarisation resistance R, contains the ohmic
drop between the electrodes in the three-electrode arrangement (Rp). For electrolytes
with a high electrical resistivity, as is the case for concrete, it is particularly important to
correct the measured R, for the ohmic drop; otherwise, the corrosion current will be
underestimated. There are various ways of compensating for the ochmic drop. Some of
them are available in automatic IR compensation features included in the common
measurement procedures of potentiostats and other commercial devices. An overview of
common methods of compensating for IR drop can be found in (Oelssner et al. 2006).

Electrical impedance spectroscopy
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Figure 9 — Theoretical sketch of EIS results — Nyquist plot.

The IR drop and the polarisation resistance can be measured with electrical impedance
spectroscopy (EIS). During EIS, an AC signal of small amplitude with changing
frequencies is applied to the working electrode and the current response is measured.
The impedance of the corroding system is studied in different frequency ranges. The
data is analysed in BoDE and/or NyQuisT plots and interpreted using appropriate
equivalent circuit diagrams (Hope et al. 1986). A simplified approach is given in Figure
9; the ohmic and polarisation resistance can be obtained when analysing EIS data in this
way.
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Corrosion rate for localised corrosion attacks

To determine the corrosion rate of iron dissolution, the corrosion current has to be
related to the corroding (anodic) area (cf. Eqg. 5). In concrete structures or specimens,
the corroding area can only be measured through inspections. As a simplification and to
avoid opening and destroying parts of the structure or samples, the corrosion current is
frequently divided by the whole area assumed polarised during the measurements.

In a localised corrosion attack, however, the corroded area might be significantly
smaller than the area polarised during the measurements (Figure 10). This can cause a
considerable underestimation of the actual corrosion rate. This is a known source of
error with LPR measurements, and the application of a somewhat arbitrary ‘pitting
factor’ is recommended; values between 4 and 15 have been proposed (Gonzélez et al.
1995, Andrade and Alonso 1996, Elsener 1998).

RE

polarised area

A polarized > Apit

Figure 10 — Current distribution for LPR measurement for local corrosion pits.

Moreover, the determination of the ohmic drop is also related to uncertainties when
localised corrosion is involved. The usual methods for measuring the ohmic drop are
based either on AC, with various (preferably high) frequencies, or by interrupting a DC
for a short time («1s). In both cases, the current is distributed comparatively uniformly
over the polarised rebar area and consequently does not account for the actual ohmic
drop arising from a non-uniform current distribution, such as must be expected in
localised attacks (Elsener 2002) (cf. Figure 10). As a consequence, the IR drop
measured by AC or short-time DC techniques does not reflect the actual ohmic
resistance met during DC measurement, which can lead to an erroneous calculation of
the corrosion current. The extent of this error depends on the distribution of anodic and
cathodic areas in the polarised steel area. It has been found that an error of about two
may be expected, comparable with the uncertainties related to the calibration factor B
(Elsener 1998).
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2.3 Relationship between corrosion rate and concrete resistivity

The transport of ionic current within the macro-cell between anode and cathodes and the
transport process of ions through the pore structure from the surface to the
reinforcement are inherent parts of the corrosion process. A relationship between
corrosion rate and concrete resistivity can therefore be expected. And indeed, an inverse
correlation between them is commonly observed.

The relationship between corrosion rate and concrete resistivity was studied in a
literature survey. The results of this study are presented in Paper I. The main
conclusion of the investigation was that although a tendency can be found that the
corrosion rate decreases with increasing concrete resistivity, the scatter observed is high
within and between the reviewed publications (Figure 11). Various reasons for the
discrepancies were identified, but none of them could be recognised as the dominating
cause. It was suggested that variation may arise from inaccuracies in determining the
corrosion rate and/or the concrete resistivity and concrete composition. Very little
discussion was found in the literature on mechanisms that might potentially provide a
direct correlation between concrete resistivity and corrosion rate.
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Figure 11 — Trend lines and data published in the literature on the relationship between
corrosion rate and concrete resistivity for chloride-induced corrosion. The first value after the
references indicates the water/binder ratio; the cement type used (if known) is given as well (cf.
Paper I).
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3 Summary of work

Three experimental studies were conducted to investigate the main objective of the PhD
project (cf. Section 1.1.1). The studies are named according to the objective of the
experiment, but for reasons of simplification, the terminology, ‘Experimental Studies I-
11’ is also introduced.

Experimental Study I — Measuring galvanic currents in simulated macro-cells

Experimental Study | explored the possibilities of using galvanic current measurements
to characterise the corrosion current. Various segment sizes were tested. The limitations
of the pitting factor concept common in (electrochemical) methods of determining the
corrosion rate for localised attack were also studied.

Experimental Study Il — Resistance between small anodes and a large cathode
network

In Experimental Study Il, the resistance between small anodes and a large cathode
network was measured and compared to the bulk resistivity. The study identified
limitations of mortar resistivity measurements as a means of characterising the ohmic
resistance within a macro-cell.

Experimental Study 111 — Rate-limiting step of chloride-induced macro-cell corrosion
Experimental Study 11l examined the influence of mortar resistivity on the rate-limiting
step of chloride-induced macro-cell corrosion. The extent to which mortar resistivity
can be related to the partial process was discussed.

The materials used in the experiments are described in detail in Appendix A. Results

not published in the appended papers are given in Appendices B-D. An overview of the
papers and appendices related to the experimental work is given below.

Table 4 — Experiments and related papers and appendices

Topic Paper/ Appendix
_ ] Paper 11
E tal Study | Gal t t i
xperimental Study alvanic current measurements Appendix B

. i Paper 111
Experimental Study 11 Resistance between small anodes and a p

large cathode network Appendix C
. -limiti ide-i Papers IV + V
Experimental Study 111 Rgte limiting step of.chlorlde induced p .
reinforcement corrosion Appendix D
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3.1 Experimental Study I — Measuring galvanic currents in simulated
macro-cells

The non-destructive determination of the instantaneous corrosion rate of steel embedded
in concrete or mortar is subject to a variety of potential errors (cf. Section 2.2.1). For
chloride-induced corrosion in particular, several uncertainties arise from the local
character of the attack (cf. Section 2.2.1). Using segmented rebars and measuring the
galvanic current between actively corroding and passive segments is an alternative
method appropriate for laboratory investigations to avoid some of these potential errors.

Segmented rebars have occasionally been used in experiments (Noggerath 1990,
Raupach 1992, Bertolini et al. 1998, Elsener 2002, Jaggi et al. 2007, Nygaard et al.
2009). The current flowing between the segments is measured with zero-resistance
ammeters (ZRAs). Shunts with known ohmic resistance can also be used. The accuracy
of the device should be in the range of less than 1 pA because the current between
anode and cathode segments (galvanic current lgy) can be very low. Galvanic current
measurements are much more robust than electrochemical measurements. However, the
anode segment will hardly ever have a uniform corrosion attack. In most cases, a certain
amount of cathode (passive areas) on the anode segment will lead to current flow on the
segment itself, referred to as micro-cell corrosion or self-corrosion (Andrade et al. 2008,
Beck 2010). In case of large amounts of micro-cell corrosion, the corrosion rate can also
be considerably underestimated in experiments using segmented rebars and relying on
galvanic current measurements.

With regard to experiments executed in solution, it has been found that for a cathode-to-
anode area ratio (C/A ratio) of 10 (exposed area of the anode segment 50 mm?), the
amount of self-corrosion is limited to 25% (Andrade et al. 2008). A detailed study of the
extent of self-corrosion on anode segments embedded in a variety of different concrete
mixes was undertaken by Matthias Beck (Beck 2010). He found that specimens with
high galvanic currents between anode and cathode showed lower self-corrosion
fractions than macro-cells with low galvanic currents (constant exposed area of the
anode segment 314 mm?). Beck also found a dependence of self-corrosion on the w/b
ratio, chloride content, temperature and degree of saturation. He identified self-
corrosion fractions between 4% and 75% for the various conditions tested (Beck 2010,
Deutscher Ausschuss fiir Stahlbeton 2012).

To explore the possibility of using segmented rebars for determining the corrosion rate,
a setup was designed with differing segment sizes. The amount of self-corrosion
depending on the segment size was studied (Paper I1). The setup also made it possible
to study the concept of ‘pitting factor’ taking into account the corroding area and IR
drop correction (Appendix B).
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3.1.1 Experimental setup

Segmented rebars consisting of one mild steel segment (anode segment, ribbed,
@ 10 mm) and two stainless steel segments (cathode segments, unribbed, @ 10 mm),
were embedded adjacent to one another in chloride-contaminated mortar (Figure 12).

_~— Counter electrode

~— Cathode segment (50 mm)

Anode segment
(different lengths 5, 10, 20,50 mm)

— Reference electrode

Figure 12 — Experimental setup — Experimental Study | (measures in [mm]).

The length of the anode segment was varied between 5 mm (exposed area 157 mm?),
10 mm (314 mm?), 20 mm (628 mm?) and 50 mm (1570 mm?). The cathode segments
had a constant length of 50 mm each (1570 mm?). Anode and cathode segments were
electrically isolated from one another with silicon.

Each segmented bar was placed in an individual mould along with a reference electrode
and a counter electrode (cf. Figure 12). An activated titanium mesh was used as
reference electrode [4], and the counter electrode was a 45 mm long stainless steel tube.

To shorten the initiation period and enhance corrosion, a chloride-contaminated mortar
was used (2.5% CI" by cement weight, composition and material see Appendix A).
After removing the formwork, the specimens were stored for 5 days in a laboratory
environment to ensure a sufficient surface dryness to apply an epoxy coating. Epoxy
was painted on all vertical sides of the specimens; the top and bottom sides were not
painted. Subsequently, the specimens were kept in a relative humidity of approximately
95-98% and a temperature of 20-22 °C for the whole testing period.

More details on the setup and methods of investigation can be found in Paper Il and
Appendix B.
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3.1.2 Summary of results

The results of Experimental Study | are presented in Paper Il and Appendix B and are
summarised in the following:

o0 It was confirmed that the ratio between the corrosion current determined with
LPR measurements and the galvanic current measured between anode and
cathode segments strongly depends on the size of the anode segment. Moreover,
even small anode segments (exposed area 157 mm? C/A ratio = 20) were
subject to a large amount of self-corrosion (>50%).

o For the geometry tested here, pitting factors up to ~36 were recognised. The
pitting factor is strongly related to the C/A ratio (Figure 13). On the basis of the
results, the application of a random pitting factor to take account of localised
corrosion cannot be recommended when the actual corroding area is unknown,
as in non-destructive corrosion current measurements (such as LPR).

40 |
35 1
30 |
25 1
20 1

o
s 7

0

Pitting factor

0 2 4 6 8 10 12 14 16 18 20 22
C/A ratio

Figure 13 — Dependence of the pitting factor on the C/A ratio; each point indicates a different
anode size — cf. Appendix B.1.
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3.2 Experimental Study Il — Resistance between small anodes and a
large cathode

Experimental Study Il investigated the influence of inhomogeneities on the resistance
between small anodes and a large cathode network (termed cell resistance Ry in the
context of Experimental Study I1).

Chloride-induced corrosion develops as a localised type of corrosion with small anodic
areas spatially separated from a much larger cathode (cf. Section 2.2). During the
corrosion process, current flows through the concrete material between the anodic and
cathodic areas. The current concentrates at the pit opening (anode), resulting in a
‘potential drop’ right in front of the anode. This is known from other fields as spreading
resistance, Rspreading: IN homogenous materials, the spreading resistance can be
calculated based on the bulk resistivity of the surrounding material and the geometry of
the small electrode. Various approaches and formulations can be found in the literature
(Nanis and Kesselman 1971, Denhoff 2006). Concrete, however, is an inhomogeneous
material not only due to its composite nature, but also due to differences in casting,
compaction, curing, exposure, etc. Inhomogeneities will have considerable influence on
the cell resistance of small anodes. Because the cell resistance has a direct influence on
the corrosion process (ohmic partial process, cf. Figure 5), its characteristics are of
particular interest.

The main objective of the experimental study was to investigate the influence of various
parameters on the cell resistance. Mortar specimens equipped for the purpose were
designed, which consisted of simulated macro-cells with small anode segments (circular
discs @ 6.0 mm — exposed area 28.3 mm?). This was considered a realistic pit size,
especially in the early stages after corrosion initiation (cf. Table 5).

Table 5 — Pit surface areas reported in the literature (maximum values are presented).

Pitarea [mm?] Exposure period Exposure

(Apostolopoulos et al. 2013) max = 29.8 1 year Salt spraying
(Angst et al. 2011a) max = 0.035" 20 - 40 days Wetting/Drying
(Pacheco-Farias 2015) max = 9" 36 weeks Wetting/Drying

Ttheoretical estimations
"2 cracked concrete

Two mortar mixes were used to evaluate the effect of low and high resistivity (quality)
mortars on the cell resistance. It is known that bleeding zones below the embedded steel
bars in relation to the casting direction exhibit a different (coarser) microstructure than
the bulk material or the material above the reinforcement (Al Khalaf and Page 1979,
Soylev and Frangois 2003, Bensted and Barnes 2009, Angst 2011). For this reason,
anode segments were positioned facing the bottom, top or sides in relation to the casting
direction.
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Chlorides were mixed in some of the mortars to investigate the effect of corrosion
products on the cell resistance. The electrical resistivity of corrosion products is seldom
stated in the literature, but investigations on the corrosion of electrical contacts reported
a contact resistivity of up to 10° Qm when the metal is heavily corroded (Slade 2013).
This is comparable to the bulk resistivity of high resistivity concretes (cf. Table 2) and
indicates that the resistivity of corrosion products may influence the cell resistance.

3.2.1 Experimental setup

A detailed description of the experimental setup can be found in Paper I11. Additional
information about the materials used as well as the mortar composition and properties is
given in Appendix A. The initial idea of the setup is based on experiments using
instrumented rebars with small pins undertaken at the Technical University of Denmark
(DTU) (Pease et al. 2011, Michel et al. 2013Db).

Experimental Study Il consisted of four mortar specimens. Each of them was equipped
with two instrumented stainless steel tubes and a segmented centre tube of stainless
steel (Figure 14). Five anode segments (@ 6 mm, exposed area 28.3 mm?, carbon steel)
were mounted in different positions on each tube. The cathode-to-anode area ratio could
be varied between 11 and 575 (with several values in between).

esitivity sensors

Instrumented tube

Centre tube

Simulated anode
‘— Instrumented tube

Figure 14 — Experimental setup — Experimental Study Il (measures in [mm]).

Three resistivity sensors (built of small stainless steel tubes @ 2.5 mm) were embedded
in each specimen. With the help of the sensors, the bulk resistivity could be measured.

For each of the four specimens, a different mortar mix was prepared (high and low
resistivity mortars, with and without chlorides mixed in). See Appendix A for the
composition and properties.

All the instrumented mortar specimens were wrapped in plastic foil after demoulding,
24 hours after casting. They were kept in sealed conditions for the first 10 months after
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casting. Then they were unwrapped and an epoxy coating was applied on all vertical
sides to ensure one-dimensional moisture profiles while the samples were exposed to
tap water. Approximately one year after casting, the specimens were pressure-saturated.
More detailed information on the exposure conditions can be found in Paper Il1.

Electrical resistance measurements of the bulk material and the cell resistance were
carried out during the study. Measurements were made using electrical impedance
spectroscopy (EIS) and with a hand-held LCR meter (additional explanations on the
resistance measurements can be found in Appendix C).

A supplementary study was carried out with a comparable setup using water as the
electrolyte to simulate homogenous conditions for the test setup. Information on this
additional experiment is also provided in Paper I11.

3.2.2 Summary of results

The results of Experimental Study Il are presented in Paper 111 and Appendix C and
are summarised in the following:

0 The cell resistance (resistance between anode and cathode) is independent of the
cathode-to-anode ratio when the latter exceeds a value of 40. For the geometrical
conditions tested in the study, no pronounced influence of cathode distance on
the cell resistance (maximum distance 100 mm) was found.

0 Local inhomogeneities (inherent to concrete (here: mortar), such as aggregates
and air voids) in front of small anodes influenced the cell resistance. This led to
a considerable scatter between cell resistances for anodes of the same size and
embedded in the same material (with a factor of up to ten). The position of the
anode in relation to the casting direction influenced the cell resistance in low-
resistivity (low quality) mortar, but had little influence in high-resistivity (high
quality) mortars.

0 The ratio between bulk resistivity and cell resistance (cell constant, cf. Eq.1 and
Figure 15) for one and the same anode was not constant over time and depended
on moisture conditions. It was concluded that cell resistance is not directly
correlated with bulk resistivity.
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Figure 15 — Actual cell constants determined during Experimental Study Il. The theoretical
value for homogenous material conditions is indicated as a dashed grey line. Grey areas mark
times of different exposure than sealed storage; the specimens were pressure-saturated
approximately 380 days after casting (cf. Paper I11).
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3.3 Experimental Study 111 — Rate-limiting step of chloride-induced
macro-cell corrosion

The third Experimental Study was intended to investigate the influence of mortar
resistivity on the corrosion process. The three main partial processes (anodic, cathodic
and ohmic, cf. Figure 5) that contribute to the overall corrosion propagation were
studied with regard to their potential correlation with the mortar resistivity.

In the literature, the anodic partial process was found to depend on the moisture state as
well as the mortar composition and chloride content (Warkus 2014). A potential
correlation between the anodic partial process and the bulk resistivity is discussed in
(Angst et al. 2011a), where a relationship is suggested because both are related to the
flow of ionic charge.

For the cathodic polarisation behaviour, a rather poor correlation with the moisture
content is documented (Raupach 1992). Whereas temperature influences the cathodic
reaction markedly (Brem et al. 2002). The extent to which the cathodic partial process
can be related to mortar resistivity is therefore somewhat unclear.

It might be expected that the ohmic partial process could be reflected in mortar
resistivity because it accounts for current transport through the mortar matrix. However,
the findings presented in Experimental Study Il indicate that there is no direct
correlation between bulk resistivity and the ohmic resistance between small anodes and
a large cathode network.

In Experimental Study 11, macro-cell corrosion was simulated using an experimental
setup comparable to the one in Experimental Study Il. Small anode segments were
electrically separated from a large cathode network. Galvanic current and resistance
measurements could be undertaken between the anode and cathode. It was also possible
to study the polarisation behaviour of the anode and cathode in isolation. The setup
enabled the investigation of the three partial processes, separate from one another and in
comparison with the mortar bulk resistivity.

3.3.1 Experimental setup

The experimental setup is described in detail in Paper IV. A sketch of the setup is
shown in Figure 16. The concept of the setup is comparable to that of Experimental
Study 11. Anode segments with an exposed area of 28.3 cm? were also chosen for this
study (carbon steel, @ 6 mm).

The anode segments were mounted on a stainless steel tube (instrumented tube, termed
C1). All the anode segments were placed on the lower side of the tube in relation to the
casting direction, because the highest corrosion activity was expected in this area
(Soylev and Frangois 2003). Four anode segments were placed in each specimen,
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mainly to increase the probability of corrosion onset at one of them. After corrosion
initiation, macro-cell corrosion was simulated with just one of the four anode segments;
the other anode segments were isolated. The macro-cell cathode was represented by a
network of stainless steel bars (C1-1 to C2-2) with different cover depths and distances
from the anode segment. The C/A ratio for all cathodes connected was 685.

All stainless tubes and bars intended to work as cathode were preheated to increase the
cathodic capacity of the exposed surface. Details are given in Appendix D.1.

T T Counter electrode

C1-2

C1 (Instrumented tube)
-l

Figure 16 — Experimental setup — Experimental Study 111 (measures in [mm]).

The anode and cathode segments were electrically isolated from one another and
connected manually for most of the testing period. They were disconnected occasionally
so that measurements could be undertaken for the anode and cathode separately.

Electrochemical measurements were undertaken with an embedded reference electrode
(ERE20 FORCE TECHNOLOGY) and an embedded counter electrode (stainless steel mesh)
(cf. Figure 16).

The same mortar recipes as studied in Experimental Study Il were used in Experimental
Study Il (Appendix A), except that no chlorides were added to the mix. Corrosion was
initiated by exposing the specimens to a chloride solution (3 mol/l NaCl). To speed up
chloride ingress, the cover depth of the anodes (originally 30 mm to ensure a realistic
cover depth under casting) was reduced to 10 mm (Nygaard and Geiker 2005, Angst et
al. 2011b). Subsequently, the specimens were gently dried in an oven (30 °C — low RH)
before chloride exposure (following the procedure reported in (Nygaard and Geiker
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2005)). The specimens were exposed to a variety of different RH and temperatures. The
primary aim of the different kinds of exposure was to achieve a broad range of different
mortar resistivities. It was not within the scope of the experiment to study the influence
of different temperature or moisture conditions on the corrosion process itself. Details
on the exposure can be found in Paper 1V.

3.3.2 Summary of results

The results of Experimental Study Ill are presented in Paper 1V, Paper V and
Appendix D, and are summarised in the following:

(o}

It was found that the process of chloride-induced macro-cell corrosion (for the
geometry and materials studied) is controlled by a combination of the anodic,
cathodic and ohmic partial processes.

The ohmic and anodic partial processes are governed by the local conditions in
close proximity to the anode (for small anodes). No direct relationship was
observed between these partial processes and the bulk resistivity.

It was observed that the cathodic reaction kinetics are not related to the mortar
bulk resistivity.

For small anodes, the corrosion kinetics at the anode are directly influenced by
local inhomogeneities in the vicinity of the anode (mass transfer limitation). The
concept of anodic-resistance control (meaning the combined effect of the anodic
charge transfer reaction and the ohmic resistance associated with the anode) was
found to be appropriate, especially for the corrosion process in mortars prepared
with fly ash.

These findings indicate that there cannot be one direct relationship between mortar
resistivity and the corrosion rate. This is due to the fact that mortar resistivity is not
directly correlated to the underlying partial processes that determine the corrosion rate.

0 The empirical relationship between corrosion rate and mortar resistivity is

material-dependent (Figure 17). It was found that although mortar prepared with
fly ash exhibited one order of magnitude higher bulk resistivity than mortars
made of plain Portland cement, the corrosion rates differed less.
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Figure 17 — Comparison between the bulk resistivity and the galvanic current (cf. Paper 1V).
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4 Main findings and conclusions

The following chapter summarises and discusses the main findings of the PhD project
and gives the conclusions. The main objective of the project was to investigate the
possibilities of using measurement of concrete resistivity to predict the rate of chloride-
induced corrosion. Based on findings from an extended literature review an
experimental investigation was undertaken. The main focus in the choice of materials
and exposures was to offer a broad range of variation in mortar resistivity and promote
active corrosion. The mortar resistivity was varied by using various mortar mixes and a
range of different exposures (in terms of both temperature and moisture conditions). It
was not within the scope of the study to investigate the influence of given exposure
conditions (e.g. temperature, moisture state) nor material composition on the corrosion
process or mortar resistivity. The investigations were undertaken for chloride-induced
macro-cell corrosion of steel reinforcement in mortar, conclusions are limited to the
geometrical dimensions defined when designing the experimental setup (in terms of
both anode size and cathode-to-anode ratio).

Objective 1: To identify the lack of knowledge in the current discussion about the
relationship between corrosion rate and concrete resistivity

The literature on the correlation between corrosion rate and concrete resistivity was
reviewed and discussed in Paper I. A general tendency has been reported that corrosion
rate decreases with increasing concrete resistivity, but the scatter within and between
the studies reviewed was high. The relationship was investigated in a variety of studies
using different setups, materials and conditions. The methods used to measure corrosion
rate and concrete resistivity varied. The principal approaches to handling and comparing
data were also found to be inconsistent. These differences in the principal approaches to
investigating the relationship between corrosion rate and concrete resistivity may partly
explain the scatter observed. However, comparisons between the various investigations
also showed that the relationship depends on the corrosion mechanism (localised or
uniform), and that the concrete composition, and especially the use of supplementary
cementitious materials, seems to alter the overall trend.

It was shown in the review (Paper I) that the overall scatter of the reported data covers
the whole range of expected corrosion rates from low to high for a given bulk
resistivity. All the studies on the relationship between corrosion rate and concrete
resistivity were purely empirical. It was especially clear with regard to chloride-induced
corrosion that no attempts were made to explain the principal mechanisms that might
create the assumed correlation. Yet without improved understanding of the corrosion
process and the partial processes that affect the corrosion rate and its correlation with
concrete resistivity, one cannot adequately explain, nor make general use of any
potential relationship between corrosion rate and concrete resistivity.
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Conclusion

The lack of knowledge in the current discussion about the relationship between
corrosion rate and concrete resistivity is rooted in the absence of fundamental
understanding of the assumed mechanistic connection between them. The current state
of the art does not permit the assessment of corrosion rates based on resistivity
measurements.

Objective 2: To study the rate-limiting processes for chloride-induced macro-cell
corrosion

An experimental setup was designed using instrumented steel tubes where steel surfaces
acting as anodes and cathodes were electrically separated. Such a setup allows galvanic
current and resistance measurements between the simulated anodes and cathodes. It also
enables the study of anodic and cathodic reaction kinetics in isolation from each other.
The setup was considered well suited for the investigation of the corrosion process and
the influence of concrete resistivity on the partial processes.

Galvanic current measurements between anode and cathode segments are assumed to be
more robust than common electrochemical methods, but galvanic current measurements
can considerably underestimate the actual corrosion current depending on the extent of
self-corrosion on the anode segment. A suitable segment size, preferably as small as
possible but still realistic, must be chosen to avoid an underestimation of the actual
corrosion current (Paper I1). For most of the experimental work, anodes in the form of
discs with a diameter of 6 mm were used (Paper 111, Paper 1V and Paper V). The
simulated anodes were intended to present a single pit, which would develop on the
reinforcement during the early propagation stage of chloride-induced corrosion.

The partial processes (anodic, cathodic and ochmic) were studied separately with regard
to their correlation with mortar bulk resistivity. Information was obtained by measuring
the ohmic resistance between small anodes and a cathode network. It was shown that
the ohmic partial process is strongly dependent on the local conditions around the anode
(Paper I11). In particular, inherent inhomogeneities in the mortar (such as aggregates
and air voids) in the immediate vicinity of the anodes influence the resistance (current
flow) between the anode and the cathode. Inhomogeneities arising from e.g. bleed water
zones can also affect the ohmic resistance between the anode and the cathode.
Consequently, it could be shown that for small anodes (comparable in size with inherent
inhomogeneities such as aggregates and air voids) the ohmic partial process is not
directly related to the bulk resistivity. For the dimensions and materials (mortars) tested,
a variation in the ohmic resistance between the simulated anode and cathode for a given
bulk resistivity of up to one order of magnitude was found. Such variation must be
expected in concrete for pit sizes of several centimetres as typically aggregates up to
32 mm are used.

36



4 Main findings and conclusions

On the basis of anodic polarisation curve measurements, it was found that the anodic
partial process can be characterised by a polarisation resistance (a linear correlation
between potential and current changes). The polarisation resistance of the anode was
found to be closely correlated with the local conditions around the anode, which
suggests mass transfer control of the anodic partial process (Paper 1V). This can be
described by the concept of anodic-resistance control, introduced in the literature. No
direct correlation between the bulk resistivity and the anodic polarisation resistance was
found, even though a trend can be observed that increasing mortar resistivity also
increases the anodic polarisation resistance (Paper 1V).

The cathodic polarisation behaviour was found to be adequately described by a TAFEL
equation. The TAFEL constant and exchange current density showed no correlation with
the bulk resistivity (Paper 1V). No influence of mortar resistivity on the corrosion rate
can be expected in cases where the corrosion process is controlled by the cathodic
partial process. This is in agreement with limitations related to the empirical
relationship between corrosion rate and concrete resistivity proposed in the literature,
where it is stated that such a relationship is not valid in the case of saturated concrete or
above an atmospheric relative humidity of approximately 95% (Paper I). In these cases,
cathodic control of the corrosion process is to be expected.

It was found that, for the macro-cell geometry and materials tested none of the partial
processes was dominant in controlling the overall rate of the corrosion process. It was
observed that all three partial processes have a certain influence. For mortars with a
comparatively low bulk resistivity, 40-60% of the corrosion process was found to be
controlled by the cathodic partial process. For high resistivity mortar, 60-80% of the
corrosion process was under anodic-resistance control (Paper 1V).

Comparisons between the galvanic current and the bulk resistivity on the one hand, and
the ohmic resistance associated with the anode on the other, showed clearly that for
small anodes the corrosion process is more influenced by the local conditions around
the anodes than by the bulk resistivity.

Consequently, no unique correlation between the corrosion rate and the mortar bulk
resistivity could be documented because mortar resistivity is not directly related to the
partial processes underlying the corrosion process. The scatter obtained for comparisons
between corrosion rate and concrete resistivity can thus be explained.

Conclusion

The cathodic partial process cannot be related to bulk resistivity at all, and the anodic
and ohmic partial processes are not directly correlating with the bulk resistivity (for the
anode size tested). In addition, a mixed control of all three partial processes was
identified for the conditions tested in this research. On the basis of these findings, it can
be concluded that there can be no mechanistic relationship between corrosion rate and
concrete resistivity.
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Objective 3: To discuss the applicability of concrete resistivity as an indicator of
the rate of chloride-induced corrosion for service life assessment.

The previous section explained that the relationship between corrosion rate and concrete
resistivity can only be of an empirical nature and that a scatter must be expected
because concrete resistivity cannot be directly correlated with the partial processes
underlying corrosion propagation.

Nevertheless, the corrosion rate determined for the simulated anodes was compared
with the bulk resistivity and with the trend lines from the literature reviewed (Paper V).
This was done to allow an evaluation of the scatter found in the experimental study
presented and to enable comparison with the literature data. It was confirmed that the
empirical relationship between corrosion rate and concrete resistivity is material-
dependent, which is in agreement with suggestions from the literature (Paper 1). It was
proposed that the material dependency of the empirical relationship can be explained by
differences in the pH of the pore solution. Lower pH in the pore solution results in a
higher bulk resistivity, but can also favour higher corrosion rates (Paper V). The scatter
obtained in the dataset for the two materials investigated was high. For a given
resistivity, the corrosion rate varied by more than one order of magnitude. This exceeds
the scatter observed in other studies in the literature. Moreover, it was found that the
instantaneous corrosion rates determined in the study presented (based on galvanic
current measurements and a small anode area) were considerably higher than corrosion
rates published in the literature. This was ascribed not only to the corrosion conditions
established, but also to the method of determining the corrosion rate, which differed
from common approaches (mainly due to differences in the anode size used for
calculating the corrosion rate).

Inherent concrete inhomogeneities were identified as major causes of the high scatter
obtained in the empirical relationship between corrosion rate and bulk resistivity (Paper
111, Paper IV and Paper V). In particular, inhomogeneities in the near vicinity of
anodes were shown to have considerable influence on the corrosion process in the early
and intermediate stages of corrosion propagation. The author is not aware of any service
life models that take into account the inhomogeneity of concrete. The findings of this
research suggest that assuming concrete to be homogenous is an oversimplification.

The possibility of using the empirical relationship between corrosion rate and concrete
resistivity for service life assessment and service life modelling is briefly summarised in
what follows.

Material choice for the planning of new structures
In the literature, the high bulk resistivity of concretes made with supplementary
cementitious materials (SCM) such as fly ash, silica fume or slag is often emphasised

and related to an assumed improved durability performance. In this research (Paper V),
as in earlier investigations (Paper 1), it has been found that although mortars/concrete
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prepared with SCM exhibit a higher bulk resistivity (in particular in the long term) than
mixes prepared with Portland cement alone, the corrosion rate is not correspondingly
lower. So the use of concrete made with SCM to improve durability performance (in the
propagation period) cannot be justified on the basis of increased concrete resistivity
alone.

Assessment criteria for existing structures

In this research, it has been shown that the measurement of both corrosion rate and
concrete resistivity are subject to several challenges. In particular, the determination of
the rate for chloride-induced corrosion is very uncertain due to the local nature of
attacks. Common methods cannot adequately take this into account (Paper V and
Appendix B.1). Measurements of the bulk resistivity also depend on a variety of
parameters (e.g. frequency, Appendix C.1). Moreover, it has been shown that local
conditions around the anode are more important for the early and intermediate stages of
corrosion propagation than bulk resistivity.

Consequently, general threshold values and/or models based on experimental data like
those compared in the literature review (Paper 1) can only be valid and applicable for
the conditions and materials they were obtained for. They are also limited to the specific
measurement methods used (Paper V). It is not recommended to transfer the empirical
relationship between corrosion rate and concrete resistivity to other materials or
conditions.

Measurement methods of all kinds (electrochemical, destructive, non-destructive, etc.)
and assessment criteria for reinforced concrete structures are generally connected with
considerable uncertainty. In particular, measurement techniques for determining
corrosion current or rate (such as LPR techniques) are associated with general
reservations and application challenges. There are currently no methods available that
allow a reliable and non-destructive determination of the corrosion rate. In this context,
an empirical relationship between corrosion rate and concrete resistivity may still be
utilised to identify potential areas in a concrete structure which are subject to a risk of
high corrosion rates. This is, however, only possible for one and the same material.

Conclusion

In the absence of other reliable methods for assessing corrosion propagation in existing
concrete structures, the empirical relationship between corrosion rate and concrete
resistivity may be utilised to a limited extent. However, further applications, in the form
of general threshold values or any models based upon them, are not generally
applicable. This conclusion can be explained with the dependency of the relationship on
material composition and in particular the fact that concrete resistivity is not directly
correlated with the underlying partial processes that determine the corrosion rate.
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5 Future research

Corrosion propagation in concretes prepared with fly ash and other
supplementary cementitious materials

In literature, the extent of corrosion commonly observed for concretes prepared with
SCM is lower than for those made of plain PC. This is often explained by an increased
bulk resistivity of concretes made with SCM compared to concretes made with PC only.
However, it was shown that instantaneous corrosion currents in mortars prepared with
fly ash were measured in the same range as for mortars prepared with PC, despite a
difference in bulk resistivity of a factor of ten (Paper V). Based on the presented
findings, the improved durability performance of concrete prepared with fly ash (and
presumably other SCM) cannot be explained solely by their higher bulk resistivity.
Future research is needed to study the corrosion performance of concretes prepared with
SCM once corrosion has started so that an appropriate understanding can be gained.

The influence of inhomogeneities on the corrosion process and for service life
modelling

In the research presented, small anodes were investigated representing the early stages
of corrosion propagation. It was found that for small anodes the corrosion process is to a
great extent influenced by inhomogeneities inherent to concrete (such as aggregates and
voids) (Paper 111 and Paper IV). As corrosion proceeds, the anodic area will reach and
exceed the dimensions of voids and aggregates, the variation caused by these inherent
inhomogeneities will decrease and eventually vanish. However, the resistance related to
the anode will also depend on other parameters, such as the deposit of corrosion
products or the expansion of corrosion products causing cracks and degradations around
the anode, which will introduce other inhomogeneities during the long-term of
corrosion propagation. To what extent these inhomogeneities influence the corrosion
process needs further investigation.

To simplify models, homogenous material conditions are commonly assumed. The
findings of this research indicate that inhomogeneities have an influence on the
corrosion process and that certain assumptions (e.g. anodic-resistance control) can only
be explained by taking them into account. Moreover, disregarding their influence
introduces a considerable scatter in results. Further research is needed to allow for an
adequate description of the influence of inhomogeneities on the corrosion process and
to verify the extent to which they have to be considered in service life models.

Interaction between anodes
Localised corrosion was studied in this project by simulating one pit in a well aerated,

passive cathode network. However, usually several pits are identified on the steel
surface; mutual interaction between them has to be expected. Using a setup comparable
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to the one developed in Experimental Studies Il and 11l or similar approaches (perhaps
models) offers the possibility of studying the effect of several pits and their mutual
interaction. Detailed investigation of the corrosion process for several neighbouring pits
and the extent to which corrosion propagation is influenced by their interactions is
highly relevant and needed.

Rate-limiting step of chloride-induced corrosion

Small-scale laboratory specimens can only provide a limited steel surface area which is
considerably smaller than the steel surface in large-scale structures. The implications of
the limited cathode area on the determination of the rate-limiting step were discussed in
this project (Paper 1V). The ohmic resistance associated with a remote cathode was
ascribed to the ohmic partial process, consequently it was suggested that in large-scale
structures the corrosion process can only be under anodic or resistance control, because
in principle an infinitely large cathode area is available for the cathodic reaction. The
approach needs further verification, and its implications for the extrapolation of findings
from small laboratory-scale specimens to large structures must be studied.
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The process of reinforcement corrosion in concrete is partially controlled by the transport of ions through
the concrete microstructure. lons are charged and the ability of a material to withstand transfer of charge
is dependent upon the electrical resistivity. Thus, a connection could be expected between the corrosion
process of steel embedded in concrete and the electrical resistivity of concrete. This paper reviews
research concerning the relationship between corrosion rate and concrete resistivity. Overall, there exists
an inverse proportional correlation between the parameters. However, the dependency varies between
studies and one single relationship cannot be established between corrosion rate and resistivity. To
address the variation, the article reviews and evaluates the influence of factors including the experimen-
tal setup, the concrete mix design and the cause of corrosion.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Corrosion of steel in concrete has caused numerous costly re-
pairs and a considerable number of structural failures during the
last centuries [1]. It is of high interest to evaluate the corrosion
process in a sufficient way not only for existing structures but also
for the design of new structures. Concrete resistivity is, in this re-
spect, seen as one of the most important parameters that can help
to assess corrosion of steel in concrete. Investigations have found
correlations between concrete resistivity and both, the initiation
and the propagation period [2-22] (Fig. 1).

This paper addresses the relationship between corrosion rate
and concrete resistivity (referred to hereafter also as the “C-R rela-
tionship”). It is today widely accepted that the corrosion rate de-
creases with increasing concrete resistivity under common
environmental exposure conditions (excluding submerged struc-
tures). However, considerable and not fully clarified deviations
are found between studies published in the literature.

1.1. Background

The electrical resistivity p (Q2 m) of a material describes its abil-
ity to withstand the transfer of charge. It is the ratio between ap-
plied voltage and resulting current multiplied by a cell constant
and is thus a geometry independent property [23]. The inverse of

* Corresponding author. Tel.: +47 73594537.
E-mail address: Karla.Hornbostel@ntnu.no (K. Hornbostel).

0958-9465/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.cemconcomp.2013.03.019

resistivity is conductivity . The range spanned by resistivity is
one of the greatest of any material property. For concrete it varies
between 10° Q@ m for oven dried samples to 10 Q m for saturated
concrete [24]. Electrical resistivity in concrete is ascribed to micro-
structure properties such as porosity and pore solution character-
istics. The degree of saturation of the pore structure has been
identified as the most important factor influencing concrete resis-
tivity [11,25,26] and temperature also has a considerable impact
[27].

In the highly alkaline environment of the concrete pore solu-
tion, steel is protected against corrosion by a thin layer of iron-oxi-
des (passive film). However, this passive film is not stable in the
presence of a sufficient amount of chlorides or when the concrete
surrounding the steel is carbonated. Corrosion can then occur. The
propagation of corrosion of steel embedded in concrete is an elec-
trochemical reaction that consists of four separate processes
(Fig. 2). Each step represents a resistance against the flow of cur-
rent in the cell. The resistances are connected in series and conse-
quently the corrosion current will be limited by the highest
resistance. The resistance of current flow through the steel will
be low with respect to the other three processes. Accordingly,
either the cathodic, anodic or concrete resistance limit the corro-
sion rate, which depends on environmental and/or material prop-
erties [6,13,28,29]. Concrete resistivity can have a direct
influence on the corrosion process by describing the flow of current
between anode and cathode regions (R.n in Fig. 2). However,
through its ability to describe the moisture stage and the flow of
ions such as chlorides through the concrete microstructure, it can
also have an indirect correlation to the corrosion process by influ-
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Fig. 1. Definition of the Service Life based on Tuutti’s model [22].

encing the anodic and cathodic reaction rates. The corrosion rate is
commonly described as current density ico, (A/cm?).

Reinforcement corrosion due to carbonation usually occurs over
a large area of reinforcement surface. Cathodic and anodic areas
are adjacent and a uniform dissolution of the steel takes place. This
mechanism is called microcell [28] or uniform [30] corrosion. Uni-
form corrosion can also appear if the chloride content along the re-
bar is very high [1]. Generally however, localized pits develop in
the presence of chlorides. The anodic area in the localized pit is
much smaller with respect to the cathodic area (the passive rebar
surface around the pit) and anodic and cathodic regions are sepa-
rated in space creating a macrocell. Hence, corrosion in the pres-
ence of chlorides is referred to as macrocell corrosion [30].

It is widely accepted that concrete resistivity can easily be mea-
sured, especially in the field, compared to other parameters in cor-
rosion science such as the corrosion rate [31]. A relationship
between concrete resistivity and corrosion rate would conse-
quently allow the assessment of the corrosion stage in an efficient
and reasonably priced way. This can be seen as the main reason for
the intensive research over the last decades on the C-R relation-
ship. Assessment criteria to quantify corrosion activity by concrete
resistivity measurements can be found in the literature (Table 1).
However, a high variation between the threshold values is ob-
served. An upper limit of 1000-2000 Q m can be identified from
the comparison over which the corrosion rate will be low. As a
lower limit, concrete with a resistivity under 50 Q m is likely to al-
low heavy corrosion. On site, resistivity values between 50 and
1000 Q m are commonly obtained for concrete made of ordinary
Portland cement (OPC), up to 6000 Qm for blended cements
[23]. The upper and lower limits are consequently too rough for
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Table 1
Criteria for the assessment of corrosion activity in terms of concrete resistivity (see
references).

Refs. Corrosion intensity in terms of resistivity (2 m) Corrosion induced by
High Moderate Low

[2] <50 50-120 >120

[3] <65 65-85 >85

[9] <70 70-300 >300-400 Chlorides

[16] <100 100-300 >300

[20] <200 200-1000 >1000

[11] <50 Under discussion 100-730

[12] <100 100-1000 >1000-2000

[15] <100 100-1000 General

[37] <50 50-200 >200

[18] <80 80-120 >120

the detailed assessment of corrosion activity. To address a more
detailed description of the C-R relationship, this report reviews
and evaluates literature on experimental investigations, compares
their results, and identifies differences between them.

1.2. Objective and methodology

The primary objective of this article is to review existing re-
search on the relationship between corrosion rate and concrete
resistivity. The report identifies the applicability and limitation of
the C-R relationship and evaluates its suitability for the assess-
ment and prediction of the propagation period. Finally, key points
are identified for future research in the area.

An extensive literature search was undertaken. The main refer-
ence sources were international studies investigating the relation-
ship experimentally. A review was prepared of the most relevant
literature. A comparison was made of the experimental setup (Sec-
tion 2), the way in which the recorded data was analyzed (Sec-
tion 3) and the results obtained (Section 4). Several parameters
influencing the C-R relationship were identified and compared
(Fig. 3). The information observed from the literature search was
supplemented by two models which are based on the C-R relation-
ship and which are compared to the experimental data (Section 5).
Further selected reports containing information on the C-R rela-
tionship complement the literature review. Investigations were
considered for both chloride and carbonation-induced corrosion.

Within the individual studies, different terminology has been
used to describe the relationship. Some authors compared the cor-
rosion rate with the concrete resistivity, while others preferred
concrete conductivity. The differences in the terms used affect
the analyses of the relationship. A correlation between concrete
resistivity and corrosion rate indicates an inverse proportionality,
whereas a relationship between concrete conductivity and corro-
sion rate gives a direct proportionality.
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Fig. 2. Electrochemical mechanism of reinforcement corrosion [1].
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Fig. 3. Outline of the literature review.

Table 2
List of symbols and abbreviations.
Explanation
C-R Relationship between corrosion rate and concrete

relationship  resistivity

The reviewed data was compared and evaluated in forms of ta-
bles and graphs. Tables are ordered by the year of publication.
Abbreviations and symbols are defined in Tables 2 and 3. Detailed
information on the experimental setups is presented in Tables 4-8.
Properties and scales used to analyze the C-R relationship are com-
pared in Table 9. The table includes one additional study besides
the ones presented in Tables 4-8. The study contains measurement
data from the field [32]. It is the only investigation found in the lit-
erature search which is based on field investigations.

The experimental data was fitted to linear trend lines in most
reports. The regression lines were compared in the two scales most
commonly used in the literature (Figs. 4 and 5). The reproduction
of the fitted lines from the references and the transformation be-
tween scales was done simply by picking 10 evenly distributed
points out of each trend line and connecting them by a straight
line. To the extent possible, the regression lines were drawn in
the range in which they were found in the reported experiments.
The scatter of the observed regression lines is illustrated in Fig. 6.
Parts of the reviewed experimental data could not be included in
the graphical comparison [7,10]. This data was reported in proper-
ties which are dependent on the geometry of the sample and the
measurement arrangement. Details on these points were not ade-
quately clarified in the appropriate publications.

2. Comparison of the experimental investigations

Experimental setups to study the C-R relationship must consist
of the following:

e Working electrode, preferably construction steel embedded in a
mortar or concrete sample to reflect practice-related conditions.

e A technique to measure corrosion rate, either from the surface
or as an embedded device.

Carbo Corrosion induced by carbonation ) L.
al Corrosion induced by chlorides e A technique to measure concrete resistivity.
R Concrete resistance (€2) e A method to initiate corrosion.
P Concrete resistivity (Q m)
7 Concrete conductivity (1/(€2 m)) No standardized test method exists to investigate the C-R rela-
icorr Corrosion rate (pA/cm?) . hi . ! d 1 d individuall d
R, Polarization resistance (€2) FlOnS ip. Expgrlme_nta setups were deve oped individually accord-
Log Logarithmic axis ing to the points listed above and depending on the focus of the
N Linear axis work. Most experiments studied not only the C-R relationship
LPR Linear polarization resistance but also other corrosion parameters such as electrical potential
WE Working electrode (corroding steel bar) hloride diffusi The foll . t th .
CE Counter electrode or chloride diffusion. The following sections compare the experi-
RE Reference electrode mental setups reported in the literature. The extent to which dif-
wfb Water/binder ratio ferences in the setups can influence the C-R relationship will be
caw Cement:aggregate:water discussed. A comparison of the experimental setups is given in Ta-
orC Ordinary Portland cement
bles 4-8.
SC Slag cement
BFSC Blast furnace slag cement
FA Fly ash 2.1. Specimen geometry and setup
/ Not reported
Commonly, the C-R relationship was studied on samples with
dimensions between 10 and 40 cm [4,7,10,13,16] (Table 4). Smaller
Table 3
Explanation to the literature reviewed in Figs. 4 and 5.
Line style Refs. wib Cement type Cause of corrosion
[13] 0.45 Slag cement (70%) Carbo
5] 0.5 Different Carbo
________________ [13] 0.45 Slag cement (70%) al
(4] 0.45 Slag cement (25% and 50%) Cl
i — [20] 0.5 . al
Samples over 10 years old
P (6] 0.5 I a
[9] 0.5 I a
[16] 0.4/0.6 ” cl
——— i o [13] 0.45 OPC cl

¢ Assumed OPC.
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Details of the specimen geometry, in terms of specimen size, reinforcement type and number of specimens used in the investigation of the relationship between corrosion rate
and concrete resistivity in the studies included in this review (see references).

Refs. Specimen size Reinforcement Total number of specimens
Type Size (mm) @ (mm) Exposed area (cm?) Cover depth (mm)
[4] Slab 114 x 300 x 400 13 102 56 18
[5] Cube 20 x 55 x 80 / 6 7 /
[6] Cube Length 50 1.5 24 / /
7] Cube 180 x 180 x 180 / 2 20 7
19] Cube 20 x 55 x 80 / / | /
[10] Cylinder © 70 x 150 12 / / /
[13] Cube 100 x 100 x 300 6 114 10, 30 32
[14] Slab 1180 x 1180 x 216 16 / 25,51, 76 40
[16] Cylinder @ 150 x 200 10 40 15 16
[20] Slab 1330 x 1330 x 70 8 / / 2
Table 5

Details of the measurement methods used to record corrosion rate and concrete resistivity in the investigation of the relationship between corrosion rate and concrete resistivity
in the studies included in this review (see references).

Refs. Corrosion rate Concrete resistivity
Technique Details Correction for Technique Embedded (WE) Embedded From the
ohmic drop (Ref. bars) surface
[4] LPR Embedded CE RE on the surface / 2 - Electrodes x
[5] LPR From surface Yes 2 - Electrodes X
[6] LPR From surface Yes 2 - Electrodes x
[7] LPR Embedded device Yes 4 - Electrodes X
[9] LPR Embedded CE RE on the surface / 2 - Electrodes X
[10] LPR From surface Yes Ref. sample 2 - electrodes X
[13] LPR Between 3 embedded rebars No 2 - Electrodes X
[14] LPR From surface Yes Measured with the LPR device
Galvanostatic From surface
[16] LPR Yes 2 - Electrodes X
[20] LPR and others From surface Yes /
Table 6
Details of the materials used in the investigation of the relationship between corrosion rate and concrete resistivity in the studies included in this review (see references).
Refs. Type Amount of cement or Cement type w[b
proportion (c:a:w)
[4] Concrete 400 kg/m? OPC 0.45
OPC +25% slag
OPC +50% slag
[5] Mortar 1:3:0.5 OPC sulfate 0.5
Resistance PC slag cement pozzolanic
cement OPC + 30% FA fly ash cement
[6] Concrete 1:3:0.5 / 0.5
[7] Mortar 1:6:0.9/1.1 OoPC 0.9, 1.1
[9] Mortar 1:3:05 / 0.5
[10] Concrete 1:5.85:0.55 OPC 0.55
OPC +30% FA
[13] Mortar (0-8 mm) 300, 330 kg/m> OPC 0.45, 0.65
BFSC (70% slag)
[14] Concrete 337-382 kg/m> / 0.41-0.45
[16] Concrete 300, 400 kg/m> / 0.4, 0.6
[20] Concrete 1:3:0.5 / 0.5
Table 7
Details of the exposure conditions used in the investigation of the relationship between corrosion rate and concrete resistivity in the studies included in this review (see
references).
Refs. Moisture conditions Temperature Measurement period
[4] Changing exposure Laboratory/105 °C ~1 year
[5] Changing exposure Laboratory 500 days
[6] Wetting/drying cycles Laboratory /
[7] Stored in 38-92% RH changing over time 25°C 130 days
[9] Stored in 50% RH 50°C 500 days
[10] Immersed in either salt water or tap water Laboratory 1 year
[13] Changing exposure Changing 5 years
[14] Outdoor exposure Outside 5 years
[16] Wetting/drying cycles, seashore Laboratory, outside 1000 days
[20] Surface wetting Laboratory Several years old specimens 30 days observation
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Table 8

Details of the corrosion initiation used in the investigation of the relationship between corrosion rate and concrete resistivity in the studies

included in this review (see references).

Refs. Carbonation Mixed-in chlorides by cement weight Wetting/drying cycles

[4] 3.5% NaCl solution

[5] Accelerated

[6] 3% CaCl,

[7] Accelerated 0.4 or 1% Cl~ solution

[9] 2% NaCl

[10] 2% Cl 5% NaCl solution or pure water
[13] Accelerated 2% CaCl,

[14] 0-7.2 kg/m> Cl

[16] 0.16-1.65% Cl 3.5% Cl~ solution or outside
[20] 3% CaCl,

Table 9
Details of the analyses and results from the investigation of the relationship between corrosion rate and concrete resistivity in the studies included in this review (see references).
Ref. Scale Relation Dependency Applicability
[4] Log (p) — Log (icorr) Linear Not on cement type /
[5] Log (R) — Log (icorr) Linear Not on cement type Active corrosion
[6] Log (o) — Log (Ry) Linear / Active corrosion, RH < 95%
[7] N (6) = N (icorr) Linear / /
[9] Log (p) — Log (icorr) / / /
[10] Log (R) — Log (icorr) Linear Cement type /
[32] Log (p) — Log (icarr) / / /
[13] N (o) — N (icorr) Linear Cement type cause of corrosion Active corrosion
[14] N (p)— N (icorr) Logarithmic Chloride content, temperature Active corrosion, not saturated
[16] Log (p) — Log (icorr) Linear Not on w/c ratio /
[20] Log (p) — Log (icorr) Linear / Active corrosion
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Fig. 4. Comparison of the regression lines for the relationship between corrosion rate and concrete resistivity observed in literature (see references) in the log-log scale,

details and abbreviations see Tables 2 and 3.

samples with edge lengths under 10 cm [5,6,9] as well as speci-
mens with dimensions over 1 m [14,20] were more seldom used.
The steel diameter varied between 1.5 and 16 mm, according to
the sample size. Mostly, no detailed information was provided
about the type of the steel embedded, both ribbed and smooth
steel was used. In the majority of the studies, several reinforce-
ment bars were placed parallel in cover depths ranging from 7 to
76 mm.

It is seldom discussed to what extent sample size influences
experimental investigations of the corrosion process. It seems of
minor importance from an electrochemical point of view for local-
ized corrosion, provided that enough cathode area is available
[33,34]. For samples with heavily corroding anodes and a compar-
atively small cathode area, cathodic control might be in force and
limit the corrosion rate. No information about the size of the anode
and the ratio between anode and cathode is given in the reviewed
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Fig. 5. Comparison of the regression lines for the relationship between corrosion rate and concrete conductivity observed in literature (see references) in the linear-linear

scale, details and abbreviations see Tables 2 and 3.
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Fig. 6. Scatter within the reviewed studies illustrated as grey cloud around the observed regression lines (details Figs. 4 and 5), compared to field data [32] and framed by

upper and lower limits commonly found for corrosion rate and concrete resistivity.

articles. However, when information was provided about the rate
limiting step, cathodic control was not observed [5-7]. The influ-
ence of the sample’s size on the C-R relationship is therefore not
considered further in this review.

2.2. Measurement methods

Recommendations for measuring corrosion rate and concrete
resistivity have been published [23,35]. However a standard-
ized measuring protocol does not exist for either of them at
present.

Recommendations suggest measuring concrete resistance using
an alternating current (AC) with a frequency between 50 and

1000 Hz [15]. For low temperatures and high moisture contents,
frequencies in a higher range of 100 Hz to 10 kHz have been rec-
ommended [36]. Either 2-electrode or 4-electrode (Wenner) tech-
niques are employed to record the resistance (R (Q2)) [23,37,38],
which is transformed into resistivity (p (Q m)) by multiplying it
with an appropriate geometrical factor (k (m)).

p=(U/)-k=R-k (1)

where U is the potential (V) and I is the current (A). The k-value is
dependent on the volume covered by the measurements.

The resistivity of concrete is influenced by a variety of parame-
ters and is susceptible to moisture changes in particular (Sec-
tion 1.1). Chloride ions decrease the resistivity [11], whereas
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carbonation causes an increase of concrete resistance [39]. Mois-
ture changes, the penetration of chlorides and carbonation takes
place mainly in the cover concrete. Accordingly, the concrete resis-
tivity is likely to change over the cover depth and might be consid-
erably different to the resistivity at the depth of the reinforcement.
Depending on the expected impact of resistivity on the corrosion
process, either the cover resistance or the resistivity at the depth
of the reinforcement must be recorded to allow for an accurate
comparison with the corrosion rate (Section 1.2). A further prob-
lem is that in the case of general corrosion, the resistance of the
interfacial transition zone (ITZ) between bulk concrete and steel
is of more importance than the bulk resistivity [40]. It is unknown
to which extent the resistance of the ITZ can be compared to the
bulk resistivity. It is of significance to acknowledge these resistivity
differences in the interpretation of the findings. In the reviewed
experimental investigations, the concrete resistivity was measured
at the level of the reinforcement in most cases (Table 5). The cover
resistivity was recorded in part of the studies, where an external
LPR device was used to measure the corrosion rate, e.g. [14]. Refer-
ence samples to measure resistivity were used in one case [10]. It
has to be considered that the concrete resistance measured in parts
of the experiment is not accounting for the resistance which influ-
ences the corrosion process. The mistake made is dependent on the
variation between cover, bulk and local concrete resistivity in the
particular experiment, as well as the influence of each on the cor-
rosion process.

Several methods exist to measure corrosion rates in concrete
[12]; the most frequently used is the linear polarization resistance
(LPR) method, a non-destructive technique. In all reviewed papers,
the corrosion rate was determined by LPR, with differences in the
arrangement of the measurement setup. The LPR method is based
on the observation that the polarization curve near the corrosion
potential is linear. A small current is applied from a counter elec-
trode (CE) and the amount required to achieve a defined variation
of the potential is recorded. The potential is monitored with a ref-
erence electrode (RE). The instantaneous polarization resistance
can be calculated from the measurement and transformed into
the total corrosion current (I.,) with help of the Stern-Geary
equation [41]. The corrosion rate i.,, (current density) is obtained
by dividing the total corrosion current I, by the corroding area.
Although simple in its theory, the LPR technique meets several
challenges in practice [12,42-44].

The amount of corroded surface area is unknown in most mea-
surement situations. It is thus common practice to determine the
corrosion rate by dividing the total corrosion current by the area
which is affected by the measurement. This calculation may be
adequate for uniform corrosion where large parts of the surface
area are corroded. However, in the case of localized corrosion only
comparatively small pits are affected by corrosion. The local cur-
rent density inside a pit is significantly higher than the average va-
lue for the steel area affected by the measurement. Consequently,
the corrosion rate will be underestimated in these cases. The latter
must be considered for the reviewed experimental data in the case
of localized corrosion as the actual corroding area was unknown in
all experiments.

The concrete resistance between the RE and the WE (working
electrode, here corroding steel bar) can have a considerable influ-
ence on the measured polarization resistance, referred to as ohmic
drop. A major error can be made in situations where the concrete
resistivity is relatively high. For these cases, the polarization resis-
tance might reflect the concrete resistance rather than the corro-
sion rate. To avoid this influence, it is commonly suggested to
correct LPR measurements for ohmic drop [45]. In parts of the re-
viewed experiments either no modifications for ohmic drop were
done or no information about this was given [4,9,13]. Neglecting
the ohmic drop will lead to an underestimation of the corrosion

rate. This must be considered as the review moves forward to dis-
cuss the results from these studies.

A variety of further parameters not named here can be identi-
fied which influence corrosion rate and concrete resistivity mea-
surements, such as confinement techniques, sweep rate, delay
time and others [44,46,47]. Only by examining all effects influenc-
ing corrosion rate and concrete resistivity measurements can dif-
ferences observed between studies be explained.

2.3. Materials and exposure conditions

In most experiments, mortar or concrete samples were investi-
gated with a w/b ratio between 0.4 and 0.65 by mass (Table 6). The
mixture proportions and cement content varied. Only one work
used higher w/b ratios of 0.9 and 1.1, to achieve a fast change of
the internal environment when changing the exposure [16]. Such
high w/b ratios are not related to current practice. Blended cements
such as fly ash or slag cements were used in parts of the studies
[4,5,10,13]. No detailed information was given about the cement
type in [6,9,16,20]. It is supposed that ordinary Portland cement
was used for these cases, as otherwise a comment would have been
expected.

The specimens were exposed to different and/or changing expo-
sure conditions over the testing period (Table 7). In most studies,
the samples were exposed to a high relative humidity (RH), as it
is known that a RH between 90% and 95% favors high corrosion
rates [13]. To achieve a wide range of concrete resistivities, the
samples were exposed to drier climates occasionally. Samples were
exposed to outside conditions, in particular sea climates, in parts of
the studies [13,14,16]. The temperature did not vary considerably
in most experiments. In general, experiments were undertaken
over a period between one and 5 years.

To evaluate the applicability, limitation and scatter of the C-R
relationship sufficiently, it is desirable to cover a wide range of val-
ues for both parameters. This can be done by changing both mate-
rials and exposure conditions. However, to distinguish the effect of
material and exposure, it is of importance that both can be explic-
itly separated from one another. This can be done by using parallel
setups of material mixes and exposing them to varying environ-
mental regimes. Both material and exposure were changed in the
majority of the reviewed studies; in most cases, the exposure
was changed equally for all samples. This allows an evaluation of
the influence of material on the C-R relationship, however no
information could be observed about the dependency of different
exposure regimes/histories on the C-R relationship in these cases.
Information about that was solely provided in [6,9,13].

2.4. Corrosion initiation

Chloride-induced corrosion was investigated in the majority of
the studies (Table 8). Just one study concentrated solely on carbon-
ation-induced corrosion [5]. A mix of exposure to chlorides and
carbonation was considered in two experiments [7,13]. Chloride-
induced corrosion was initiated by mixed-in chlorides in most
cases. Cyclic exposure to chloride solution was used just partly.
Carbonation was accelerated by storage in carbonation cabinets
with a high CO, concentration and low RH.

The way corrosion is induced is of importance when experi-
mental results should be related to practice. The initiation of corro-
sion and the exposure conditions in the reported studies differ
from one another. Corrosion initiated by mixed-in chlorides was
the most frequently used method. This reduces the time to depass-
ivation (Fig. 1), however mixed-in chlorides may also lead to signif-
icant changes in the pore structure of the concrete [11] and the
corrosion process [48]. Differences between studies with and with-
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out mixed-in chlorides by using the same mix design might be ex-
plained due to this influence.

2.5. Summary

The experimental setup can have a considerable influence on
the C-R relationship observed, as was shown in the previous sec-
tions. In particular the measurement methods comprise a variety
of parameters influencing the recorded data. The specimen geom-
etry and the general setup have a minor influence on the results in
the opinion of the authors. To allow for a sufficient overview of fac-
tors affecting the C-R relationship, the material and exposure con-
ditions should carefully be chosen. Practice related results are in
any case desirable and the initiation of corrosion must be selected
accordingly. This is favorable in particular for experimental results
that should be used as input in prediction models. Subjects dis-
cussed above must carefully be taken into account when designing
and/or evaluating an experimental setup.

A standardized method would be advantageous for testing the
C-Rrelationship. It would then be possible to compare experimen-
tal data obtained in different laboratories and conditions. Such a
method should assure practice-related materials and exposure
conditions. Just one study reporting field data was identified by
the authors [32]. An extensive field survey of the C-R relationship
is critically needed to identify possible deviations between labora-
tory studies and reality.

3. Analysis and scatter

An inverse proportional relationship between corrosion rate
and concrete resistivity was observed in all experimental investi-
gations. However, variations occur between studies. Differences
between the reports concerning analysis of the data will be dis-
cussed in following section. The scatter of the relationship will also
be addressed.

3.1. Properties, scales and correlations

The propagation of the corrosion process was described by the
corrosion rate in all studies with the exception of [6] where the
polarization resistance was not transformed into ic. (Table 9). In
the publications, either resistivity p (resistance R) or conductivity
o was used. Different scales were chosen to illustrate the C-R rela-
tionship depending on the chosen properties. A log-log scale was
selected in studies where resistance or resistivity was compared
with the corrosion rate. This was done for the majority of the stud-
ies (Table 9). Linear scaled axes were preferred in cases where con-
ductivity was correlated with corrosion rate. Other axis types are
seldom used for these properties [4,6,14]. A linear regression line
was fitted to the experimental data in most studies [4-
7,10,13,16,20]. This was done in both the log-log and the linear-
linear scales.

Data is fitted in a different way dependent on the used scale.
The individual data points are weighed differently and conse-
quently, the trend lines differ. A linear regression line fitted to data
using linear scales and not passing though the origin is not result-
ing in a linear line in the log-log scale (trend lines [13] Fig. 4). It
can also be observed that trend lines fitted to data in different
scales might correlate differently to each other dependent on the
scale. As an example, the regression lines of studies [9,16] have
approximately the same slope and location illustrated in linear
scales (Fig. 5). However, on the log-log scale (Fig. 4) different
slopes and positions are identified.

There exists not one clear single linear correlation between cor-
rosion rate and concrete resistivity, as can be seen when compar-

Table 10
Assessment of corrosion conditions [45].

Leorr

Passive condition <0.1 pA/cm?
Low - moderate 0.1-0.5 pA/cm?
Intermediate - high 0.5-1 pA/cm?
Very high >1 pAjcm?

ing the linear trend lines (Figs. 4 and 5). The regression lines
differ from one another in both figures. The slopes of regression
lines in the linear-linear scale vary considerably (Fig. 5), whereas
in the log-log scale trend lines are shifted in parallel (Fig. 4). Differ-
ent parameters causing this deviation are identified and discussed
(Fig. 3).

In the light of the variation between the trend lines, the impact
of different scales to analyze the data is small and so this issue will
not be stressed any further.

3.2. Scatter

A sufficient amount of data is needed to evaluate the scatter of
the trend lines for the C-R relationship. The number of specimens
produced for the reviewed experiments differs from 2 to 40 and
consequently also the amount of recorded data (Table 4). A scatter
of more than one order of magnitude was observed for the corro-
sion rate for parts of the individual data sets [5-7,16,20,32].
Assessment criteria for corrosion activity distinguish one order of
magnitude between very high corrosion activity and passive condi-
tions (Table 10). This should serve as a warning not to rely solely
on a given regression line to characterize the C-R relationship.

The general scatter of the data reviewed is illustrated in Fig. 6 as
a grey cloud around the regression lines. The borders of resistivity
values commonly found in the field [23] are plotted in addition to
the classification of the corrosion rate (Fig. 6). In the light of this
frame, it becomes apparent that the C-R relationship can be uti-
lized just by understanding the reason for its variation. Otherwise,
the clear trend observed for the C-R relationship diminishes to a
data cloud.

Field data collected at one building during a period of a half year
is plotted as grey squares in Fig. 6 [32]. The scatter of the field data
encompasses all trend lines. This demonstrates the difficulties
faced when trying to assess the corrosion rate in an accurate way
by measuring concrete resistance in the field.

3.3. Summary

The scale in which the experimental data is analyzed influences
the regression lines and their comparison. However, this impact on
the C-R relationship vanishes in the light of the high scatter ob-
served for the individual data and between the regression lines.
To allow for an application of the C-R relationship in practice, it
is essential to explain its scatter and variation.

4. Dependency and limitation

The question of which parameters the C-R relationship depends
on, is of high interest in the light of the observed variation between
the regression lines. To address this variation, this section evalu-
ates the influence of material and exposure on the relationship.
The discussion is based on the reported regression lines (Figs. 4
and 5).
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4.1. Materials

The dependency of the C-R relationship on concrete properties
is explained with contradictory hypotheses in the literature. No
changes of the correlation were experienced in some studies
[4,16] by changing the w/b ratio from 0.4 to 0.6 or replacing parts
of the cement by slag. In other cases, changing w/b ratio and/or ce-
ment type influenced the observed trend lines [10,13]. Variations
in the slopes of the regression lines were observed for data from
carbonated samples prepared with different cement types [5], in
particular a difference can be seen between OPC and the other ce-
ment types (Table 11). However, in the study it was concluded that
the values are in good agreement and that a general relationship
between corrosion rate and concrete resistivity can be established
[5].

Regression patterns observed for samples made of different
cement types are marked with different line types for the case
of chloride induced corrosion (Figs. 4 and 5) (Table 3). Based
on this, a gap can be observed between trend lines found for
OPC (dashed doted lines) and for slag cements (dashed lines),
with the exception of one study [20]. Although OPC was used
in the latter study [20], the trend line is clearly differing in posi-
tion from the lines observed for other OPC samples. Variations
within the two groups of trend lines can also be observed. This
might be explained by differences in the amounts of slag used or
different w/b ratios. Another explanation might be variations in
the experimental setups, such as the manner in which chlorides
were induced or the measurement methods (Section 2). Setting
aside these factors, it might be concluded that the C-R relation-
ship is dependent on the cement type in the case of chloride-in-
duced corrosion.

One regression line clearly deviates from the pattern described
above (Figs. 4 and 5 trend line for [20]). The samples investigated
in this study were more than 10 years old and stored in a dry lab-
oratory climate during these years [20]. It is very likely that large
parts of the concrete cover were carbonated when comparing the
conditions to similar reports [1]. Carbonation leads to a densifica-
tion of the concrete pore structure for concrete made of OPC and a
decrease of the pH in the pore solution [1]. Also the type of corro-
sion might be changed which will be discussed as the review
moves forward (Section 4.3). Both could be an explanation for
the deviation of this regression line. Similar observations were
made on samples exposed to accelerated carbonation. The C-R
relationship changed noticeably after this treatment [13]. It can
thus be concluded that not only the cement type but also carbon-
ation of the concrete cover, might influence the trend lines found
for the C-R relationship.

Just two data series could be compared for corrosion due to
carbonation (Figs. 4 and 5). The regression line for the mix pre-
pared with slag cement [13] is located somewhat higher than
the trend line observed as an average of different cement types
[5]. A variation between OPC samples and samples made of
other cement types were observed for the latter data series (Ta-
ble 11), as discussed earlier. Consequently, it might be concluded
that the cement type has an influence on the C-R relationship
also in the case of carbonate-induced corrosion. It cannot be de-
duced whether this variation is more or less pronounced than in
the case of chloride-induced corrosion, because of the limited
amount of data.

Table 11
Slopes of trend lines obtained in [20] - 1g icorr = 1g i, + slope Ig p.

4.2. Exposure

The impact of humidity and temperature on the C-R relation-
ship was emphasized in just a few studies (Section 2.3). The influ-
ence of exposure was discussed separately for corrosion rate and
concrete resistivity in [13]. It was reported that both corrosion rate
and concrete resistivity are influenced exponentially by relative
humidity and temperature under homogenous material conditions.
This suggests that the corrosion rate can be studied by measuring
concrete resistivity, once the C-R relationship is established for
specific material conditions [13,49-51]. Contradicting this, an a
priori relationship between corrosion rate and concrete resistivity
was excluded for chloride-induced corrosion in [28]. In this case, it
was found that corrosion rate showed a higher dependency on
temperature than concrete resistance does. This statement is sup-
ported by comparing activation energies found for the corrosion
process and concrete resistivity in literature. Commonly the corro-
sion process shows activation energies around 30-40 kj/mol (in
the range of 85-100% RH and temperatures between 0 and 60 °C)
[52]. Resistivity, on the contrary, appears to have a lower temper-
ature dependency with activation energies in the average of 25 kJ/
mol (calculated from the constant A in Hinrichson-Rasch Law mul-
tiplied with the ideal gas constant) [11].

The complex correlation between climate variables (as temper-
ature and relative humidity) and corrosion rate was also discussed
in [53]. It appear from the paper that the complex dependency of
corrosion rate on temperature and moisture state could best be
correlated to changes in the concrete resistivity [53].

The influence of the degree of moisture saturation of concrete
on the C-R relationship was described in [9]. It was stated that
the C-R relationship is just applicable for moisture contents below
70% degree of pore saturation under the specific experimental con-
ditions [9]. For concretes with some capillary porosity, this might
be in agreement with [6] where it was stated that the C-R relation-
ship is not valid for concrete near water saturation or above an
atmospheric relative humidity of approximately 95% [6].

Very little information about the influence of exposure on the
C-R relationship can be observed from the graphical comparison.
Regression lines found for data from samples with the same mix
composition (Table 6) but different exposure conditions (Table 7)
show a good correlation, such as data from [9,16]. Based on the
data available, it may be concluded that the exposure conditions
are of minor importance on the C-R relationship, supporting the
findings in [13]. However, there is a need for further research in
this area.

4.3. Corrosion mechanism

The anodic, cathodic and concrete resistance will influence the
corrosion rate to a varying degree (Fig. 2), depending on environ-
mental and material conditions. Without the presence of chlorides
or in non-carbonated concrete, the anodic resistance will be high
and prevent corrosion onset. In a submerged structure, oxygen
supply is limited and consequently the cathodic reaction will be
slow, even though, e.g. a sufficient amount of chloride is present.
In contrast, in very dry environments, the high concrete resistance
will inhibit the corrosion rate. Between these extremes, the rate
limiting step is more undefined. To what extent corrosion rate

Type of mortar OPC Sulfate resistance PC

Slag cement

Pozzolanic cement OPC +30% FA Fly ash cement

Slope -0.72 -1.11 -1.07

—1.06 —1.08 —1.06
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can be correlated to concrete resistance will depend on its influ-
ence on the rate limiting step.

Corrosion can be initiated by chlorides or carbonation (Sec-
tion 1.2). Carbonation will lead to a general type of corrosion with
anode and cathode sites immediately adjacent to one another. The
current will primarily flow through the interfacial zone between
the steel and the bulk concrete [40]. On the contrary, chloride-in-
duced corrosion results in localized pits and, anode and cathode
areas are separated in space from one another. The current field
which develops between anode and cathode will span through
the bulk concrete, but is forced to flow through the pit mouth.
Dependent on the pit size, the spreading resistance of this bottle-
neck to current flow can be very high [33].

For general corrosion due to carbonation, it is proposed that
concrete conductivity has an indirect impact on the anodic reac-
tion rate, which limits the corrosion rate. This is termed “anodic
resistance control” and is comparable to diffusion or activation
polarization under other conditions [7,13]. Contradicting this
assumption, theoretical analyses of the corrosion process of gen-
eral corrosion showed that cathodic activation control might also
be considered as a rate limiting step for general corrosion [40].
The resistance of the concrete between anode and cathode areas
was not identified to be rate limiting as they are in close proximity
of each other and thus the concrete resistance is low. Anodic and
cathodic reactions are primarily dependent on the transport
through the cover concrete. Consequently, the resistivity of the
cover concrete should be compared to the corrosion rate.

For localized corrosion, the mechanism of corrosion control is
unclear [13]. Cathodic control was considered as unlikely, particu-
lar in the beginning of pit growth [6,33]. An indirect correlation of
concrete resistance to the corrosion rate is expected, comparable to
what was explained for generalized corrosion. Primarily, the resis-
tance of the bottleneck to ion flow, such as the supply of chlorides
into the pit, will inhibit the anodic reaction rate [33]. The extent to
which the resistance of the bottleneck can be compared to the bulk
resistivity of the concrete is unknown. The influence of the bottle-
neck will diminish as the pit grows [33]. For later stages, where big
pits and high corrosion rates were obtained, it was suggested that
rather a mix or pure cathodic control limits the corrosion process
[54]. Accordingly, the rate limiting step might change over the
course of the corrosion process. This and the unknown relationship
between the bottleneck resistance and the bulk concrete resistivity
might be a reason that the C-R relationship is less well-defined in
the case of chlorides than for carbonation-induced corrosion [13].

Bound chlorides will be released when concrete carbonates. A
high amount of chlorides may involve a larger area in the corrosion
attack and thus the corrosion rate will be increased [1]. The mor-
phology of pitting corrosion will be less pronounced [1]. This ex-
plains the shift of the regression lines observed for carbonated
samples prepared with mixed-in chlorides in the direction of high-
er corrosion rates compared to uncarbonated samples of the same
type [13,20] (Figs. 4 and 5). Carbonation seems to have a pro-
nounced effect for samples prepared with OPC; the same is not ob-
served for samples made with slag blended cements [13] (Figs. 4
and 5). An explanation for this might be the difference in the im-
pact of carbonation on OPC and slag concrete. The resistivity of
OPC increases due to a combination of reduced pore solution con-
ductivity and porosity. For slag cement, carbonation increases the
porosity and thereby contradicts the impact of reduced pore solu-
tion conductivity.

Interesting to notice is that in the graphical comparison of the
regression lines mainly two areas can be identified where the trend
lines gather (Figs. 4 and 5). The first group presents regression lines
from carbonated samples and samples made of slag cement. The
second group corresponds to trend lines found for samples made
with OPC suffering from chloride-induced corrosion. It would be

of high interest to study whether these groupings are the result
of different corrosion morphology and rate limiting steps or a sim-
ple coincidence. Unfortunately, no detailed information about the
type of corrosion or rate limiting step was given or obtained in
the reviewed literature.

4.4. Summary

Cement type was, in particular, identified to have an influence
on the C-R relationship. This seems to be pronounced in the case
of chloride-induced corrosion. A distinct difference was observed
between regression lines for carbonated and uncarbonated sam-
ples prepared with OPC. More research is needed to evaluate the
influence of moisture and temperature. They seem to be of minor
importance according to the comparison of the trend lines, though
doubts were raised concerning the applicability of the C-R rela-
tionship in the case of chloride-induced corrosion for temperature
changes. It has been emphasized by many authors that the C-R
relationship is not valid for the extreme case of concrete near
water saturation.

An urgent need for research was identified to be the general
understanding of the corrosion process. Without detailed knowl-
edge about the corrosion morphology and the rate limiting step,
the exact influence of concrete resistivity on the corrosion process
cannot be identified.

5. Models of the propagation period

It is of interest to assess and predict the corrosion process for
both existing and new concrete structures. A variety of different
forecast models exist helping to estimate the Service Life of struc-
tures exposed to severe climates [55,56]. The C-R relationship is a
central part of several of these models. Two models have been se-
lected and are compared with the reviewed experimental data.

5.1. Models

A Service Life model derived in parts from the results of the
experiments described in [5,32] was reported in [57]. The estima-
tion of the propagation time in the model is based on the C-R rela-
tionship. Use is made of an effective resistivity per that is estimated
from the resistivity of saturated concrete, adjusted with factors
taking into account concrete age and annual climate changes.
The correlation between corrosion rate and concrete resistivity is
characterized by a factor Keorr:

icurr = Kcorr/pef (2)

Keorr is the constant for the C-R relationship (3 x 10% A/
cm? kQ cm).

The equation does not consider concrete mix design, the cause
of corrosion or exposure conditions [57].

Eq. (2) was supplemented with variables that account for the
cause of corrosion in the final DuraCrete report [58]. The following
equation is proposed for estimations of the propagation period in
the model:

Lcorr :mo/’()E~O(C-F€l Yo 3

m, is the constant for the C-R relationship (882 um-Q m/year), p.
the characteristic value of the resistivity, « the characteristic value
of the pitting factor, F, the characteristic value of the chloride cor-
rosion rate and v, is the partial factor for the cost of mitigation of
risk relative to the cost of repair.

Most parameters are dependent on the cause of corrosion or the
type of corrosion, with the exception of m,. Details about the char-
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Fig. 7. Comparison between the reviewed Service Life models [57,58] and the regression lines observed in literature (thin dashed lines for chloride induced-corrosion, thin

continuous lines for corrosion due to carbonation, details Figs. 4 and 5).

acteristic and statistical quantification of the variables are given in
[58,59]. The factors are based on data collected, such as in [13].

5.2. Comparison with experimental investigations

Egs. (2) and (3) have been compared with the trend lines dis-
cussed previously (Fig. 7). The parameters included in the Dura-
Crete report were chosen for the cases of localized corrosion in
the presence of chlorides and for general corrosion without chlo-
rides. The partial factor in Eq. (3) was assumed for a normal rela-
tive risk of mitigation costs to repair costs [58].

The computed C-R relationship for corrosion due to carbon-
ation from the DuraCrete report slightly underestimates the corro-
sion rate compared to the experimental data. However, in the light
of the variation observed between the reported trend lines this is
seen as a minor deviation. In the case of chloride-induced rein-
forcement corrosion, the corrosion rate calculated from the Dura-
Crete report is considerably higher than determined in the
experimental investigations (Fig. 7). However, due to the unknown
corroding area, it is likely that the corrosion rate was underesti-
mated for localized corrosion in most experiments (Section 2.2).
Consequently, the gap observed between the report and the exper-
iments is likely to be smaller and it cannot be assessed whether the
report reflects the C-R relationship suitably for localized corrosion.
The deviation of the regression lines between the different cement
types is not considered in the DuraCrete report, nor is the influence
of other parameters such as carbonation of the concrete cover.
Additional factors taking into account these influences would be
useful.

The model proposed in [57] assumes one single relationship be-
tween corrosion rate and concrete resistivity. The presented liter-
ature review highlights that this assumption is too simple.
Nevertheless, compared with experimental data, Eq. (2) reflects
the conditions of carbonated samples and samples made of slag ce-
ment suffering from chloride-induced corrosion rather well
(Fig. 7). The model should consequently be more specific about
its applicability or provide an adjustment of its prediction also
for other cases.

The prediction of the models is in good accordance with parts of
the experimentally observed regression lines. However, several
parameters which might have an influence on the C-R relationship
are not considered in the models. None of the models reflected the
C-R relationship for chloride-induced corrosion on samples made
with OPC as it was observed in the experiments. However, as most
of these experiments were undertaken with mixed in chlorides and
as the corrosion rate was probably erroneous calculated, it is ques-
tionable whether they are representative for practice, see
Section 2.4.

It is seen as necessary to refine the equations to be able to pre-
dict the C-R relationship sufficiently. In order to enhance and ver-
ify the models, more in depth research is needed on factors (such
as material, exposure, carbonation of the cover and corrosion
mechanism) which have an impact on the C-R relationship and a
comparison to practice related data.

6. Summary and conclusions

A clear tendency can be found that with increasing concrete
resistivity, the corrosion rate decreases. The relationship can be ob-
served once corrosion has started (active conditions). It will not be
valid in the case of saturated concrete, where although the resistiv-
ity is low, the corrosion rate will still be small due to a lack of oxy-
gen. Different parameters were identified which might have an
influence on the C-R relationship. However, there are still several
factors which need intense discussion and investigation. The re-
sults of the literature review are summarized in the following.

e Even though a distinct correlation is observed between corro-
sion rate and concrete resistivity, the scatter observed is high
in and between the reviewed investigations (Figs. 4-6). This is
reflected also in the ranges suggested for assessment of corro-
sion activity by means of concrete resistivity (see Table 1).

e The experimental design used to investigate the C-R relation-
ship can have a major impact on the results. Especially, the
measurement methods were identified to be susceptible. Corro-
sion rate measurements should always be corrected for ohmic
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drop and for the de facto corroding area, as far as this is possi-
ble. The variation between the investigations might partly be
explained by differences between the measurement methods.
The analysis of the experimental data is sensitive to the proper-
ties and graphical scales used. It was shown that regression
lines found in different scales are not identical. The difference,
however, is small compared to the general variation between
the trend lines. Nevertheless, it would be desirable for the
future to agree upon a concurrent description.

The scatter of the reported data is relatively high. The probabi-
listic evaluation of the C-R relationship needs more attention,
in particular when it is included in Service Life models.

The cement type was identified to change the C-R relationship.
This was pronounced in the case of corrosion in the presence of
chlorides, comparing concretes made of OPC and slag cements.
Differences were also observed for carbonated samples pre-
pared with different cement types (chiefly OPC vs. other cement
types).

Carbonation of the concrete cover seems to have an impact on
the C-R relationship. Differences were observed between car-
bonated and non-carbonated samples suffering from chloride-
induced corrosion prepared with OPC. The differences for sam-
ples made of slag cements were less pronounced. However,
more detailed research is needed to strengthen this finding.
The moisture state and temperature were found to be of minor
influence to the C-R relationship, when comparing the same
material conditions. However, just a few studies could be used
for this comparison and more investigation is needed in this
field.

The cause of corrosion might also be identified to influence the
C-R relationship. A gap was observed between samples made of
OPC suffering from chloride-induced corrosion and carbonated
samples. Unfortunately, no conclusions could be drawn on
extent to which the type of corrosion (localized or general)
influences the C-R relationship. Different mechanisms underly-
ing these types of corrosion are why a variation of the C-R rela-
tionship might be expected. It is highly recommended to study
this issue in greater detail.

The rate limiting step underlying the corrosion process forms
the basis of the C-R relationship. To justify and evaluate the
applicability of the C-R relationship, it is vital to gain further
knowledge about the mechanism which dominates the corro-
sion process and how it is influenced by the concrete resistance.
Prediction models risk over-simplifying the complex C-R rela-
tionship, owing to the variety of parameters changing and influ-
encing it. Both models discussed here missed detailed
differentiation of parameters which have an impact on the C-
R relationship.

Field data was taken into account in just a few studies. It is of
high interest to collect further field experience to assess the
practicability of the C-R relationship.

It can be concluded that although the concrete resistivity seems
promising for the assessment of Service Life of reinforced concrete
structures, it is necessary to investigate its relationship to the cor-
rosion rate further.
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Abstract

Segmented rebars consisting of one mild steel segment in between two stainless
steel segments were used to study steel corrosion in concrete. In total four different
mild steel segment lengths were tested: 5 mm (exposed area 157 mm?), 10 mm (314
mm?), 20 mm (628 mm?) and 50 mm (1570 mm?). The rebars were embedded in a
chloride contaminated concrete (2.5 % CI- by cement weight) which was exposed to
a high relative humidity (95-98 %) and a temperature around 20 °C. The corrosion
process was monitored over several months during which the segments were period-
ically connected. The galvanic current between the corroding mild steel segments
and the passive stainless steel segments was measured. The results were compared
to linear polarization resistance measurements. In the experiment, the galvanic cur-
rent was just half as high as the corrosion current determined by LPR for the smallest
mild steel segment length and only 5 % in case of the biggest segment.

1 Introduction

Reinforcement corrosion in concrete is seen as one of the most severe durability
problems of concrete structures. It can cause considerable damage, endanger hu-
man life and lead to high maintenance costs. Thus it is necessary to assess the cor-
rosion behaviour of concrete structures in a reliable and accurate way. Steel corro-
sion in concrete can either take place as general corrosion when the concrete cover
carbonates or localized corrosion in the presence of chlorides. The corrosion rate for
localized corrosion can be very high, up to about 1 mm/year [1]. Although investigat-
ed during more than five decades, there are still remaining many unanswered ques-
tions to the corrosion process of steel in chloride contaminated concrete. Using seg-
mented steel bars is one of the possibilities to investigate this type of corrosion. De-
pending on the segment size a considerable part of the corroding segment itself
might serve as cathode and the galvanic current flowing between the segments pre-
sents just a part of the actual corrosion current. The purpose of the present study
was to determine a suitable segment size when galvanic current measurements are
to be used for corrosion current measurements. Polarization resistance and galvanic
current measurements were compared for this purpose.

2 Background

2.1 Linear polarisation resistance measurements

The linear polarisation resistance technique is the most frequently used non-
destructive method to determine the corrosion rate of steel embedded in concrete,
both in laboratory and on-site. The technique is executed with a three electrode setup
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using the reinforcement as working electrode (WE) and employing a counter (CE)
and reference electrode (RE) in addition.

The technique is based on the assumption that the polarisation curve shows a linear
behaviour in the vicinity of the corrosion potential Ecor [V] [2]. A mathematical de-
scription for calculating the corrosion current leor [A] from R, was suggested by Stern
and Geary in 1957 [3]:

_ 2 _ BaBc . i
Icorr - Ry - 23(Ba+Bc) Ry (1)
(Ba and B. = tafel slopes of the anodic and cathodic reaction rate)

The factor B [V] was calibrated against gravimetric mass loss measurements and
determined to be 26 mV in the active state and 52mV for passive conditions [4]. The
gravimetric experiments were undertaken in solution, however the values are rec-
ommend for calculations in concrete as well [5]. The measured polarisation re-
sistance Rp* includes always the actual polarisation resistance R, and the ohmic re-
sistance Rq between the CE and the WE. Especially for electrolytes with a high elec-
trical resistivity, as it can be the case for concrete, the measured R,* has to be cor-
rected for the ohmic drop otherwise the corrosion current will be underestimated.
Methods and error sources of determining Rq are reported amongst others in [2, 6,
7].

2.2 Galvanic current measurements

Segmented rebars are occasionally used in laboratory experiments with different
purposes [8-12]. The current flowing between the segments is typically measured
with a Zero-Resistance-Amperemeter (ZRA). However, the corroding segments will
just in very extreme cases work as pure anodes. In the majority of the cases the an-
ode/corroding-segment will also include cathodic acting areas. The corrosion ongoing
on an actively corroding segment itself can be referred to as microcell corrosion [13]
and cannot be reflected by the galvanic current. For experiments executed in solution
for eight days it was found that the galvanic current measured between an actively
corroding segment (exposed area 50 mm?) and a passive segment (area ratio anode
to cathode 1/10) accounts for ca 75 % of the total corrosion current [13].

3 Methods

3.1 Experimental setup

Segmented rebars consisting of one mild steel segment and two stainless steel seg-
ments, adjacent to another (Figure 1) were embedded in a chloride contaminated
concrete. The mild steel “anode” segments were made of ribbed construction (car-
bon) steel used as received. Dependent on the size of the segment, parts of the an-
ode segment will work cathodically as well. Different lengths of mild steel segment
were used to vary the ratio between anode and cathode area in the setup. Mild steel
segment lengths of 5 mm (exposed area 157 mm?), 10 mm (314 mm?), 20 mm (628
mm?) and 50 mm (1570 mm?) were produced. The two adjacent stainless steel seg-
ments were made of 316L (1.4404) steel, unribbed. They acted as cathode and are
therefore also called cathode segments (exposed area 1570 cm? per segment). All
segments were electrically disconnected from each other, but could manually be
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connected through wires. Each segmented bar was, together with a reference elec-
trode, a counter electrode and 4 resistivity sensors, placed in one individual mould.

40 50 - 5/10/20/50 « 90
wires

— 2 o

[ ! 1

shrinkage tube threaded bar silicon
anode segment

cathode segment (carbon steel)

(stainless steel)

Figure 1: Segmented rebar

3.2 Concrete, curing and exposure

To shorten the initiation period (time until depassivation of the reinforcement) the
segmented bars were placed in a chloride contaminated concrete (2.5 % ClI- by ce-
ment weight). The concrete was made of Norcem Anlegg cement (CEM | 52.5 N)
with a water to cement ratio of 0.6 and aggregates with sizes 0-8 mm. The samples
were demoulded after 1 day and stored at laboratory condition until 7 days after cast-
ing when they were sufficiently surface dry to apply an epoxy coating. All sides of the
specimens were painted, except the upper and lower side. This was done to allow
the penetration of water and oxygen through the sample by ensuring a one-
dimensional moisture profile. Subsequently, all specimens were stored in a relative
humidity of approximately 95-98 % and a temperature around 20-22 °C during the
testing period.

3.3 Measurement methods

The LPR was determined by performing a potentiodynamic measurement with a Po-
tentiostat (Princetion Parsatat 2273). The ohmic drop was separately determined by
three different methods. The average value from these methods was used to correct
the measurements. The ohmic drop was determined solely for the corroding segment
to avoid errors due to a wrongly assumed current distribution (see discussion in [2]).
The corrosion current was calculation from Equation (1), using B = 26 mV. The gal-
vanic current flowing between the segments was measured periodically with the built-
in ZRA of the Potentiostat. All measurement data discussed in this paper was rec-
orded approximately a half year after casting, during this period the segments were
periodically connected.

4 Results and Discussion

In experiments where segmented rebars are used it is common to measure the cor-
rosion activity as the galvanic current between the segments instead of applying the
LPR technique. However, dependent on the segment size a considerable amount of
corrosion activity is ongoing on the corroding segment itself. By comparing the gal-
vanic current with the corrosion current determined from LPR measurements (Equa-
tion 1), it is possible to quantify the amount of microcell corrosion, which cannot be
measured by the galvanic current. It has to be kept in mind that the calculation of lcor
using Equation 1 is based on assumptions regarding the measurement method and
the calculation as e.g. B = 26 mV [2]. These possible error sources are neglected in
the further discussion and it is assumed that the corrosion current calculated from
Equation 1 is the actual corrosion current.
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During the testing period the segments were periodically disconnected from each
other. In these periods solely microcell corrosion was ongoing on the anode seg-
ments. Dependent on the size of the segment this may lead to a limited corrosion
growth due to lack of cathode area. Connecting additional cathode area might con-
sequently lead to an increase in the corrosion rate. To evaluate the impact of con-
necting and disconnecting the anodic segments with the cathode segments meas-
urements were preformed one hour and three days after connecting. It was found for
all tested anodic segment lengths that the galvanic current was not increasing over
time after connection (Figure 2). Based on this observation it is assumed that the
galvanic current would not be higher if the segments were constantly connected.

In Figure 2 the corrosion current determined from LPR measurements and the gal-
vanic current measured between the segments are compared. The results shown
were measured a half year after casting. Corrosion rates between 4.3 and
10.9 pA/cm? were found for the connected segments (determined by normalizing the
corrosion current measured with LPR by the anode segment area). According to [14]
these numbers represent high corrosion activity. For this condition, it was observed
that the galvanic current between the segments never exceeded 50% of the corro-
sion current (Figure 2), which indicates that a considerable amount of microcell cor-
rosion was ongoing even on the smallest segment. Thus, galvanic current measure-
ments could in the present investigation not be used to determine the actual corro-
sion current. If solely galvanic current measurements should be used for assessment
of corrosion activity on segmented steel bars in concrete, it is therefore recommend
using segments with smaller surface areas than 150 mm?.

100 -

—&— Segments connected for 1 hour
—O— Segments connected for 3 days

o
(=]
1

60 -

40 -

Galvanic current in [%] of the
corrosion current (obtained by LPR)

20 +

0 T T T T T
10 20 30 40 50

Lenght of the corroding segment [mm]

Figure 2: Comparison between the measured galvanic current between anodic and cathodic working
segments and the corrosion current determined from LPR measurements, as a function of the anode
segment length.
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5 Conclusion

Segmented rebars can be of benefit when investigating corrosion issues experimen-
tally. However, the galvanic current flowing between the segments cannot be as-
sumed to be the total corrosion current as long as the segment, on which corrosion is
ongoing, is not sufficiently small. For mild steel segments imbedded in chloride con-
taminated concrete it was found that even on a segment with a length of 5 mm (ex-
posed area 157 mm?) a considerable amount of corrosion was ongoing on the seg-
ment itself. The measured galvanic current did not exceeded more than 50% of the
total corrosion current.
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An experimental setup was designed to simulate the conditions for chloride-induced macro-cell corrosion, in
which small anodes are located in a large network of cathodes. The overall aim of the present study was to assess
whether measuring the bulk resistivity of reinforced concrete/mortar can give sufficient information about the
resistance between anode and cathode inside a macro-cell. Measurements were executed in mortar specimens
with high and low resistivities. Both the resistance in the simulated corrosion cells and the bulk resistivity of
the mortar mixtures were determined. A comparison of the results showed no direct correlation. This indicates
that the common practice of comparing bulk resistivity with corrosion rate may not be sufficient to characterize

the corrosion process of chloride induced macro-cell corrosion.

1. Introduction

Chloride ions penetrating the concrete cover initiate pitting corrosion
when they exceed a critical content at the steel reinforcement. Chloride
ions in the pore solution limit the precipitation of corrosion products
which under other conditions would lead to expansion around the
corroded area and the consequent cracking and spalling of the concrete
cover [1]. Visual inspection of the concrete surface may therefore not give
sufficient information about the stage of chloride-induced corrosion.
Electrochemical and other methods must be employed to allow the detec-
tion of corrosion activity. Potential mapping has proven to be a reliable
method for locating areas of corrosion within a structure [2,3]. To deter-
mine the rate of corrosion, other methods, typically polarization curves,
electrochemical impedance spectroscopy or galvanostatic tests can be
used [4], but most of these methods are rather difficult to apply, especially
on site, and they are subject to several sources of error [5-7]. The
measurement of concrete resistivity has been recommended as an alter-
native method for determining the corrosion rate [8,9]. However, a recent
literature review showed that the scatter of the published data is high and
concluded that the relationship between the corrosion rate and concrete
resistivity is not yet fully understood [10]. The variations and uncer-
tainties seem more pronounced for chloride-induced corrosion than for
corrosion due to carbonation.
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Chloride-induced corrosion develops as a local corrosion attack with
small areas of anodic activity (pits) in contrast to a large area of passive/
cathodic behaviour [3]. Because the anodic and cathodic areas are
spatially separated, the corrosion process developing is associated with
the formation of a macro-cell [3,11]. The macro-cell current flowing
through the concrete between anode and cathode will be concentrated
at the pit opening. Thus, most of the ohmic resistance occurs in the
vicinity of the anode. This is known from other fields as spreading
resistance, Rypreading [12,13]. For concrete, it was suggested to use the
formula of Nanis and Kesselman [14], which is valid for current flowing
to a small circulate disc in an infinite plane and electrolyte volume [13]:

4 .
Rxpreading = ﬁZpr (1)

in which r is the radius of the disc (anode), and p is the resistivity of the
medium which is assumed to be a homogenous electrolyte.

Concrete is an inhomogeneous material due to its composite nature
consisting of cement paste, aggregates and pores with different electrical
properties. Aggregates are known to have a resistivity several times
higher than that of cement paste [15]. The conductivity of the pore system
and voids will depend on the degree of saturation. It can be expected that
saturated pores act as conductors, whereas as empty pores are insulators.
The surface area of pits developing during chloride induced corrosion
will be in the range of um? to a few cm? [14,16], which is smaller or
comparable in size to aggregates and pores. Thus aggregates and pores
(in the following also called inhomogeneities) in front of pits are expected
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to influence the resistance to current flow from and to the pit. It is
therefore relevant to discuss to what extend the bulk concrete resistivity
can give sufficient information about the resistance between a
small anode and a cathode network (in the following termed cell-
resistance).

The presented investigation had the overall aim to study and charac-
terize the cell resistance. The simulated anodes used in the experiment
were intended to represent one pit located in an otherwise passive
cathode network. The cathodes are located both next to and at certain
distances from the simulated anodes. The setup presents the general
case of localized pitting corrosion induced by chlorides in an otherwise
well aerated concrete. The cell resistance was compared with the bulk
resistivity with a view to explaining the observed scatter between the
bulk resistivity and the corrosion rate for localized corrosion [10]. It
was outside the scope of the investigation to characterize the corrosion
processes and its influence on the cell resistance as well as micro-cell
corrosion on the simulated anodes. This topic will be addressed in
another publication [17].

2. Experimental

An experimental setup was designed to simulate a macro-cell. Anodes
of similar size were located in a network of cathodes in mortars of
differing quality. The anodes were arranged at different angles to
the casting direction. The network of cathodes allowed for a large
variation in the area ratio between cathode and anode. All the steel
elements in the setup were electrically disconnected from each
other, which made it possible to measure resistance between them. The
simulated anodes and the cathode network were at no time connected
with each other as it was outside the scope of this study to investigate
the corrosion process.

The resistance which was measured between the simulated anodes
and a random combination of cathodes is termed cell resistance and
abbreviated as Ry (Table 1). A similar setup was placed in a solution
which was assumed to be a homogenous electrolyte with a constant
conductivity. The measurements in solution were used to identify varia-
tions resulting from the production of the setup and the measurement
method.

Table 1
List of symbols and abbreviations.

Explanation

Reen Cell resistance — measured between the simulated anode and the cathode
network [Q]

Pouik  Bulk mortar resistivity [Q-m]
Geometrical cell constant [m], different indexes are explained in the text

Sa Instrumented tube in which the anode is mounted

Se Centre tube (segmented in the mortar specimens)

Sd Instrumented tube in a distance of 10 cm from the tube in which the anode
is mounted

PC Mortar with ordinary Portland cement

FA Mortar with ordinary Portland cement and fly ash

wo/Cl Without chlorides

w/Cl  With chlorides

AB,C Denotation of the simulated anodes (A = upper side, B = lower side, C =
side with regard to casting direction)

C/A Area ratio cathode to anode

EIS Electrical impedance spectroscopy

w/b  Water/binder ratio

u Mean value = 13"

9 Standard deviation o = Zé"f*‘)z
cy Coefficient of variation ¢, = “j

n Number of specimens

X Value

r Radius

2.1. Experimental setup

2.1.1. Experimental setup — in mortar mixtures

Four instrumented mortar specimens were cast, each containing
two instrumented tubes, one segmented tube, and three smaller steel
tubes with which the bulk resistivity was measured (Fig. 1). With
the setup the area ratio as well as the distance between cathode
and simulated anode could be varied.

Each instrumented tube contained five simulated anodes. The
simulated anodes were produced from a smooth mild steel bar
(S235JR @ 6 mm) cut into pieces 5-6 mm long. Each piece was
sandblasted, soldered with a wire and covered with heat-shrink tubing
leaving just one cut surface exposed (area 28.3 mm?). The simulated
anodes were fixed in stainless steel tubes (AISI 316 @ 12 mm, equipped
with a wire, S,/S4) in each of which five holes were drilled in different
positions (exposed area of the tube 5780 mm?). All simulated anodes
positioned on the upper side are labelled ‘A’, anodes located on the
lower side are labelled ‘B’, and anodes mounted vertically with respect
to the casting direction are labelled ‘C’. Dimensions and labelling can
be found in Figs. 1 and 2.

In each mortar specimen, a segmented stainless steel tube (AISI 316L
@10 mm, S.) was positioned in the centre between the two instrumented
tubes. The segmented tube consisted of four segments, respectively
10 mm (exposed area 314 mm?), 20 mm (exposed area 628 mm?),
40 mm (exposed area 1257 mm?), and 80 mm (exposed area
2513 mm?) in length. Each piece was threaded, so that the segments
could be screwed together around a plastic threaded bar. The segments
were electrically isolated from each other by plastic rings on the
threaded bar between the segments. Wires were soldered on to each
segment.

The three resistivity sensors were made from thin stainless steel
tubes (AISI 304) with a diameter of 2.5 mm and an exposed length of
15 mm (exposed area 118 mm?), the remainder of the tube being
covered with heat-shrink tubing, and wires were soldered on to
each tube. The resistivity sensors were placed at the same level as the
instrumented tubes with a distance of 30 mm between each other.

In addition to the instrumented mortar specimen, 4-5 mortar cubes
(100 x 100 x 100 mm) were also cast for each mixture.

2.1.2. Experimental setup — in solution

An experimental setup similar to the instrumented mortar specimens
was built in a water tank to establish a reference setup in a homogeneous
electrolyte.

For the reference setup, two instrumented tubes were used, with the
same dimensions but somewhat different anode arrangement as used
for the main setup (Figs. 1 and 2). The anodes were mounted so that in
total four electrodes were on the upper and lower sides (Aerand Byy)
and two anodes positioned on the side of each tube (C.). A non-
segmented stainless steel bar (AISI 316L) with diameter 10 mm
was placed between the instrumented tubes. The distance between all
tubes was kept as in the instrumented mortar specimens. The dimensions
of the water tank were slightly different from those of the mortar
specimens (200(h) x 300(w) x 150(1) mm?), the tubes were centred in
the setup. It was possible to rotate the instrumented tubes during the ex-
periment, so that anodes could change their position.

2.2. Materials and exposure

2.2.1. The mortar mixtures

Two different mortar mixtures were prepared to make it possible to
study the cell resistance at high and low bulk resistivity levels. Chlorides
were added to half of each mixture, providing in total four different test
mixtures. The aim was to achieve resistivity values close to 50 and
10,000 Om, comparable to the low and high ends of the range reported
for concretes on site [18]. For low resistivity, a mortar mixture with a
water/binder ratio (w/b) of 0.55 prepared with an ordinary Portland
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2nd Opening section

Ist Opening —
section

3rd Opening

section \ — Resistivity sensor
‘— Center tube (Sc)

“—Instrumented tube (Sa/Sd)

Fig. 1. Sketch of the instrumented mortar specimens, positions as cast and tested [mm]. 1st
opening section — vertical 10 mm from surface, 2nd opening section — vertical at position
of centre tube, 3rd opening section — horizontal at level of tubes (for abbreviations, cf.
Table 1).

cement (CEM I 42.5 R) was used. High values of resistivity were
achieved with a mixture with w/b of 0.4 and by replacing 30% of the
Portland cement with fly ash (Table 2).

All the instrumented mortar specimens and cubes were wrapped in
plastic foil after demoulding, 24 h after casting. The specimens were
stored in different conditions during the testing period (Table 3).
Monitoring of the specimens with different techniques was performed
over 500 days. The cubes were treated in exactly the same way as the
instrumented mortar specimens for the first 315 days. After 315 days,
the exposure of the instrumented mortar specimens was varied
(Table 3), while the cubes were kept sealed. For most of the testing
period, all the specimens were kept at 20 °C, but between day 48 and
day 82 after casting they were stored at 37 °C.

2.2.2. The solution experiment

For the experiment in solution, the tank was filled with tap water
with a resistivity of 65 Qm, which is comparable to a low-quality
concrete. Air bubbles evolving on the steel surface were removed
using a brush before each measurement.

2.3. Methods of investigation

2.3.1. Ohmic resistance
The resistivity sensors embedded in the instrumented mortar
specimens were used to determine the bulk resistivity of the specimens.
The sensors were calibrated against the mortar cubes 28 days after casting
by determining the cell constant Ksens
ksens _ IR;Cube .28 /l‘cube (2>
sens.28  Lcube

where Rype 2 is the resistance measured on the cubes 28 days after

Al

Fig. 2. Labelling of the simulated anodes on the instrumented tubes in the specimen as
shown in Fig. 1: A — anodes on the top, B — anodes on the bottom, and C — anodes on
the sides relative to the casting direction.

casting, Rsenss is the resistance measured by the embedded sensors in
the instrumented mortar specimens at the same time, and A, and
leupe are the surface area and length of the cubes respectively.

Accordingly, the resistivities of the cubes and the sensors were
calculated as follows:

A
Peube = Reue - lcube (2.1)
cube
Psens = Rsens - Ksens. (2.2)

The cell resistance was measured between the simulated anodes and
a given cathode configuration, the cathode configuration most used was
the instrumented tube in which the anode was mounted (S,) connected
with the segmented tube (S. = all segments connected). Where other
configurations were used for measuring the cell resistance, this is
explicitly noted in the results section.

In the first 96 days after casting, the measurements were carried out
using a LCR meter (frequency 1 kHz, square pulse ca. 0.9 V) however it
was found that the measured resistance did not in all cases correspond
to the ohmic resistance. The measurement procedure was therefore
changed after the first 96 days to electrical impedance spectroscopy
(EIS) using a potentiostat of the type PRINCETON APPLIED RESEARCH
PARSTAT 2273. The ohmic resistance was determined as the impedance
with the minimum phase angle in the chosen frequency range. A
frequency range between 500 kHz and 1 Hz was used. The AC amplitude
was adjusted to the mortar specimen tested; in most cases 10 mV was
chosen for the PC specimens and 40 mV for the FA specimens. For the
experiments in solution, the amplitude chosen was 10 mV. It was found
that the values measured with the LCR meter in the first 96 days of the
testing period could be converted to the ohmic resistance determined
with EIS by using a time independent factor.

2.3.2. Opening of instrumented mortar specimens

The four instrumented mortar specimens were opened 502 days
after casting, and the condition of the anodes and the bulk mortar was
examined. Each specimen was opened in three sections (Fig. 1). The
1st opening section was used to visually inspect the general condition
of the mortar (segregation, distribution of air voids and other
irregularities) in the vicinity of the embedded tubes. The 2nd opening
section gave information about the condition of the mortar around
the embedded tubes. The 3rd opening section was used to analyse the
conditions around the simulated anodes in detail, including air voids,
material state and corrosion products.

3. Results
3.1. Cell resistance in an homogenous electrolyte

Three different cathode configurations were studied in the reference
setup with tap water as the homogeneous electrolyte. In addition, the
position of the anodes was varied by rotating the instrumented tubes
180°, and the precision of the measurements was assessed by repeating
measurements with one of the cathode configurations.

Fig. 3 illustrates the results of the test. Variations in the results for
one cathode configuration (e.g. A1, A2, A3 and A4 are expected to be
identical) are ascribed to the production of the setup; for example, it
was not possible to mount the heat-shrink tubing in exactly the same
way for all anodes. Differences between the results obtained with the
same cathode configuration (grey background Fig. 3) are attributed to
the measurement method (these are reparative measurements which
should be identical).

The cell resistances measured in a homogenous electrolyte
appear not to depend on the anode position (upper or lower side).
Nor did the distance of the anode from the container walls have
any influence (A3, Adrer, and Bl,es, B2,¢r are located close to the
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Table 2
Mortar compositions.
Denotation PCwo/Cl PCw/Cl FAwo/Cl FAw/Cl
Cement (CEM 142.5 R)? kg/m? 5032 5032 3784 3784
Silica fume (920 D) % cement 6 6
Fly ash % cement 45.6 45.6
Water/binder” 0.55 0.55 04 0.4
Aggregate (0-4) % aggregate 80 80 100 100
Aggregate (0-2) % aggregate 20 20
Superplasticizer (SP130)¢ % cement 1.2 1.2
Paste I/m? 438 438 438 438
cl- % binder 3 3
% cement 3 4.5
(%: weight percentage)
2 Norcem
b Efficiency factor = 1
€ Mapei

walls). Consequently, the variation between the measured values in
a given cathode configuration can be ascribed to the setup production
(position of the heat-shrink tubing, etc.). Table 4 shows the mean
value (p), the standard deviation (0), and the coefficient of variation
(cy) of the reference experiment for the cathode configuration Anode
vs. S, + S.. Based on this, it was conclude that a coefficient of variation
¢, = 0.10 can be attributed to the production of the setup.

No major difference was observed between the measurements that
were repeated (grey background in Fig. 3). This indicates that the
measurement method has a repetitious accuracy.

The difference in measured cell resistance between the cathode
configuration Anode vs. S4 and the other configurations is ascribed
to difference in the distance between the cathode and the anode
(see Section 3.3.1).

3.2. Bulk resistivity of the mortar mixtures

The bulk resistivity of the cured and sealed mortar mixtures was
determined repeatedly during the period of testing by measuring the
mortar cubes and using the sensors in the instrumented mortar speci-
mens. A good correlation was found between the two sets of data
(Fig. 4). This indicates that the cell constant ks.ns — Eq. (2) is independent
of changes in material properties (at least for the conditions tested here)
and that the cell constant concept is applicable for resistance measure-
ments in a length scale above those of possible material inhomogeneities.
Fig. 4 shows also that the two different methods used to measure bulk
resistivity (external vs. embedded electrodes) give comparable results.

The bulk resistivity development over time is shown in Fig. 5.
After 310 days, the mortar mixtures reached values between 56
and 2700 Om in sealed storage. This represents an adequate range of

Table 3
Exposure conditions of the mortar specimens during the testing period.

4
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0
(Ref))  turned 180 C

Fig. 3. Cell resistance measured in homogenous conditions and with various cathode
configurations (x-axis). Anodes with the same orientation on the instrumented tube are
illustrated with the same line type (cf. legend, A — top, B — bottom, C — side — beside
the last measurement configuration where the instrumented tubes were turned 180 °C).
Measurements on the same cathode configuration are indicated with grey background.
The measurement configurations are shown in the chronology they were measured
(from left to right). Further details are given in Table 1, Table 4 and Fig. 1.

bulk resistivities. The increase in resistivity during the period of sealed
storage (between ca. 100 to 300 days after casting) may be explained
by prolonged cement hydration.

3.3. Cell resistance in the mortar specimens
3.3.1. Effect of cell geometry

3.3.1.1. Ratio between anode and cathode. Fig. 6 shows results from cell
resistance measurements between selected simulated anodes and cath-
odes differing in size. The different cathode areas were achieved by
varying the configuration of the centre tube, from measuring solely
against the smallest segment (length = 10 mm, cathode to anode
area (C/A) = 11) to measuring against all segments connected with
each other (length 150 mm, C/A = 167). The figure shows that the
influence of the area size vanishes for C/A > 40. The measured cell resis-
tances do not change by more than 3% thereafter. Apart from the initial
drop between C/A 10 to 20, which is most pronounced for the FA
specimens, the impact of C/A on measured cell resistance was similar
for all the specimens.

Days after casting Duration (days) Temperature (°C)

Exposure

Instrumented mortar specimens Cubes

0-1 1 20
1-48 48 20
48-82 32 37
82-315 233 20
315-384/387° 69/72 20
384/387-387/390% 3 20
390-502 120 20

502

Curing in the mould Curing in the mould

Sealed Sealed
Sealed Sealed
Sealed Sealed
- Unwrapped, with epoxy coating on all vertical sides Sealed
- exposed to tap water on lower side

- Unwrapped with epoxy coating on all vertical sides Sealed
- stored in a pressure tank (72 h, 5 MPa)

- Unwrapped, with epoxy coating on all vertical sides Sealed
- Stored under laboratory conditions

Opening Sealed

@ First value for specimens with mixed-in chloride, second value for specimens without mixed-in chlorides
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Table 4
Statistical data for the experiment in solution and in mortar (for symbols, cf. Table 1).
Cell resistance
n o Cv Pbulk
[kQ] [kQ] [kQ] [Qm]
Experiment in solution 311 0.32 0.10 65
(Anode vs. S, + S¢)*
A B C A B C A B C
PC wo/Cl 431 14.0 10.5 0.81 6.08 6.80 0.19 0.44 0.65 70
PCw/Cl Self-desiccated 2.66 4.03 345 0.18 0.59 0.47 0.07 0.15 0.13 56
FA wo/Cl 221 546 259 153 312 59 0.69 0.57 0.23 2701
FAw/Cl 53.7 116 59.0 3.24 953 13.2 0.06 0.82 0.22 1332
PC wo/Cl 1.23 0.51 0.57 0.13 0.03 0.06 0.10 0.06 0.11 16
PCw/Cl Saturated 0.81 0.48 0.46 0.11 0.00 0.04 0.14 0.01 0.10 14
FA wo/Cl 741 4.25 4.58 3.53 1.10 1.18 0.48 0.26 0.26 279
FA w/Cl 248 0.97 0.93 1.48 0.67 0.19 0.60 0.70 0.20 135

@ All three measurement series with grey background cf. Fig. 3.

Most of the cell resistance values presented and discussed in this
paper were measured for C/A = 370 (using cathode configuration
Sa + Sc) and thus beyond the identified threshold of 40 (Fig. 6).

3.3.1.2. Distance between anode and cathode. The influence of the
distance between anode and cathode was studied by measuring the
resistance between the simulated anode and a) the instrumented tube
in which it was mounted (S,), b) the centre tube (S., minimum distance
50 mm) and c) the remote tube (S4, minimum distance 100 mm). For all
three configurations C/A was around 200.

Under the conditions tested here (maximum distance 100 mm and
even moisture distribution in the mortar) the distance between anode
and cathode was not influencing the cell resistance (Fig. 7).

3.3.2. Cell resistance

The cell resistance of each individual anode during the testing period
can be seen in Fig. 8. It is clear that the cell resistance does not develop
in the same way for all anodes and that there is a high variation between
the results. Assuming that the data belongs to the same population, the
mean value, standard deviation and coefficient of variation for the cell re-
sistance measured in two different moisture conditions of the mortar
mixtures (saturated and self-desiccated) are given in Table 4. For the
statistics, the values for anode B2 in the FA specimen without chloride
(FA wo/Cl) and anode B1 in FA specimen with chloride (FA w/Cl) were
considered outliers (Fig. 8) and were therefore not taken into account.
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Fig. 4. Comparison between the bulk resistivity measured in the mortar cubes and the bulk
resistivity measured using the sensors embedded in the instrumented mortar specimens
(sealed conditions).

3.4. Local conditions around the anodes

120 days after water pressure saturation, the instrumented mortar
specimens were opened in three sections as described earlier (Fig. 1).
None of the mortar mixtures showed signs of segregation. No major
difference between the mortar specimens was found in the content and
distribution of air voids from the visual appearance of the specimens.
Major parts of the FA specimens were still wet when opened and large
voids were filled with water. This was not the case when the PC
specimens were opened: the mortar appeared dry and there were no
signs of water in the voids. Due to the varying orientation of the anodes
(Fig. 2), not all of their imprints in the mortar could be fully recovered.
Information about two of the anodes was lost completely (B2 of FA
wo/Cl and C1 of FA w/Cl), and from some of the anodes only half of the
imprint was available for analysis. Examples of imprints are shown in
Fig. 9 (the assessment criteria shown in the figure are explained in
Section 4.2.1).

In general, it was found that the mortar on the upward-facing side of
the tubes where the A-anodes were mounted, was dense and only a few
small voids (<1 mm) were observed. The mortar on the downward-
facing side (location of the B-anodes) was found to be porous with
several voids of up to a few mm (Fig. 10). The latter situation indicates
the presence of a bleeding zone. Bleeding zones are known to exhibit
a different (coarser) microstructure than the bulk material and the
material on the upper side of reinforcement [19-21]. The difference in
the porosity of the mortar around the embedded tubes was more
pronounced for the PC than for the FA specimens (Fig. 10). There was
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Fig. 5. Bulk mortar resistivity measured (using resistivity sensors) during the testing period
until pressure saturation. Areas with a grey background are times of special exposure
(cf. Table 3).
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Fig. 6. Dependency of the cell resistance on the area ratio between cathode and anode, values
measured 196 days after casting of the mortar specimens without mixed-in chlorides. The
examples shown are for anodes mounted on the upper and lower sides with regard to the
casting direction. Similar results were obtained for all other anodes.

also a difference between the PC and FA specimens in the imprints of the
C-anodes. In the FA specimens, the imprints of the C-anodes were sim-
ilar to the imprints of the A-anodes facing upwards, whereas in the PC
specimens they were similar to the imprints of the B-anodes facing
downwards, i.e. partly porous and with voids. This indicates more
extensive bleeding in the PC specimens.

The corrosion products found in the specimens with mixed-in
chlorides were brown-black-reddish in colour immediately after
opening. The amount of corrosion products was rather low, which
compares to expectations as only self-corrosion/ microcell corrosion
was ongoing on the simulated anodes. The possible presence of aggre-
gates in front of the anodes was not studied in detail, but large aggregates
were sometimes found right in front anodes.

4. Discussion
4.1. Theoretical cell constant
The resistance in a macro cell is defined as the resistivity of the

material divided by a geometrical constant, often referred to as the cell
constant

P
R= . 3
kgeom ®

Depending on the setup, this constant can be either estimated (cf.
Eq. (1)) or determined by calibration against known values (cf. Eq. (2)).
Eq. (1) was derived for estimating the resistance between a small circular
disc and an infinitely large electrode in the same plane [13]. In the setup
used here, the cathode can be considered as infinitely large for C/A > 40
(Fig. 6). The anode and cathode in the setup were never located in the
same plane, but the results presented in Fig. 7 indicate that the distance
between anode and cathode has no significant influence on cell resis-
tance. Provided that the cathode configurations approximate relatively
well the requirements of Eq. (1), a theoretical cell constant for the setup
can be derived as follows:

2.
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Fig. 7. Dependency of the cell resistance on the distance of the cathode from the anode,
values measured 196 days after casting of the mortar specimens without mixed-in chlo-
rides and in the solution experiment. The examples shown are for anodes mounted on
the upper and lower sides with regard to the casting direction. Similar results were obtain-
ed for all other anodes.

This value is confirmed by the experiment executed in homogenous
conditions (values from Table 4):

p_650m

Knomogen = & = 3170 )

=0.021m=+0.002. (5)

4.2. Material properties affecting the cell resistance

The statistical evaluation of the data (Table 4) shows that a much
higher coefficient of variation for cell resistance was obtained in the
mortar specimens than in the homogenous electrolyte. Neither differ-
ences in setup production nor inaccuracies of the measurement method
can explain the increase in scatter observed when using mortar instead
of solution.

Concrete/mortar is a composite material of non-conductive inclusions
(aggregates and empty voids) and conductive phases (cement paste and
voids varying in porosity and moisture content) and is thus not homoge-
nous. However, depending on the length scale, the material may appear
quasi-homogenous. This can be confirmed by the applicability of the
cell constant concept for bulk resistivity measurements where equally
sized electrodes cover a mortar volume several times larger than the
aggregate and void sizes (Fig. 4). This is not the case for cell resistance.
Fig. 11 shows the actual cell constants for selected anodes calculated in
accordance with Eq. (3) by dividing the bulk resistivity (determined
with the embedded sensors) by the measured cell resistance. The actual
cell constants for the anodes in the mortar specimens differ from the the-
oretical value derived from Eq. (1) and given in Eq. (4). It can be seen
that actual cell constants are anode-dependent and that they vary
during the period of testing and are especially affected by changes in
the moisture content of the specimens. Note also the differences
concerning the standard deviation and coefficient of variance between
the different anode positions (Table 4).

The dimensions of the anodes used were comparable to the maximum
aggregate and void sizes. It is therefore to be expected that aggregates and
voids located in close proximity to the anodes will have a strong influence
on the current flow between anode and cathode and thus on the cell
resistance. Fig. 12 a) shows the equipotential and current lines for a circu-
lar anode disc located in a cathodic plane and surrounded by homogenous
material. Interfacial inhomogeneities near the anode will disturb the
potential field and thus have a direct influence on the cell resistance
(Fig. 12 b)-d)). In contrast, the resistivity of the bulk material will have
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less influence. This can explain why the actual cell constants differ from
the theoretical cell constant and varies between anodes.

4.2.1. Interfacial inhomogeneities

The actual cell constants for the individual anodes were compared to
identify the impact of variations in material composition in front of the
anodes (Figs. 13 and 14).

4.2.1.1. PC specimens. In the PC specimens, a pronounced difference can
be observed between the anodes located on the upper side of the tube
and the others. The difference is most pronounced in the saturated
conditions (Fig. 14 a)). The cell constants of the anodes facing upwards
(A-anodes) were lower than the theoretical value, indicating a higher
resistivity in the material in front of the anode than the bulk resistivity.
This may be explained by an accumulation of aggregates in front of these
anodes. In contrast, the cell constants for the other anodes (B- and C-
anodes) were higher than the theoretical value (Fig. 14), which indicates
a lower resistivity in the material adjacent to the anode than in the
bulk material. In self-desiccated conditions (Fig. 13), the situation
(as a trend) is reversed, the cell constants of the A-anodes being
higher than those of the B-anodes. These observations are what

20
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should be expected if bleeding and accumulation of voids have
taken place. Note that specific anodes have very high cell resistance
(low cell constant) in self-desiccated condition and low cell resistance
(high cell constant) in saturated conditions (see e.g. PC wo/Cl anode
B1, B2, C3 in Figs. 13 and 14). This indicates that saturated pores act as
conductors, whereas as empty pores are insulators (cf. Fig. 12).

4.2.1.2. FA specimens. In the FA specimens, the variation in actual
cell constants between the anodes was greater, but there was no
pronounced difference between anodes in different locations, which
indicates less bleeding. In self-desiccated conditions (Fig. 13), the actual
cell constants of the anodes in the FA specimen with mixed-in chlorides
were quite similar or higher than the theoretical value, whereas the cell
constants from anodes in the specimen without chlorides were lower
than the theoretical value. For the saturated conditions (Fig. 14), all of
the anodes in the FA specimens had actual cell constants higher than
the theoretical values, suggesting that the resistivity of the local material
was lower than the bulk resistivity.

The actual cell constants in the saturated conditions are markedly
higher for the anodes in the FA specimens than for the anodes in
the PC specimens (Fig. 14). The same cannot be observed for the
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Fig. 8. Development of the cell resistance over the testing period in the mortar specimens. Anodes with the same orientation on the instrumented tube are illustrated with the same line
type. Areas with a grey background are times of special exposure (cf. Table 3). Note different y-axes.
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Air voids

many (1) some (2) none (3)

PC wo/Cl-B3 PC w/Cl - A4 PC wo/Cl A2
Porosity
porous (1) slightly porous (2) dense (3)

PC wo/Cl-Cl1 PC w/C1-B3 FA wo/Cl - A3

Fig. 9. Assessment of the imprints of the simulated anodes in the mortar with respect to voids and porosity. The number in brackets indicates their influence on the cell resistance in the
saturated state: (1) = very low, (2) = low cell resistance, compared to reference (3).

Upper side
Upper side

Lower side :
Lower side

a) PC wo/Cl

Upper side

Lower side

Lower si

¢) FA wo/Cl d) FA w/Cl

Fig. 10. Vertical cross section of the mortar specimens along the segmented tube (2nd Opening section, Fig. 1) [cm].
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Days after casting
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Fig. 11. Actual cell constants for selected anodes over the testing period. The examples
shown are for anodes mounted on the upper and lower sides with regard to the casting
direction. Similar results were obtained for other anodes. Areas with a grey background
are times of special exposure (cf. Table 3). The grey dashed line at 0.022 indicates the
theoretical cell constant derived from Eq. (1) and given in Eq. (4).

self-desiccated condition (Fig. 13) or during the rest of the testing
period (cf. Fig. 11). The actual cell constants for the FA and PC specimens
determined during these periods are in good agreement.

4.2.1.3. PC and FA specimens. No systematic difference was observed
between the specimens containing chlorides and the specimens without.
This indicates that the presence of corrosion products adjacent to the
anode (in the amount observed) has no significant effect on the cell resis-
tance, at least not in the conditions tested here.

The four instrumented mortar specimens were opened 502 days
after casting and the condition of the anodes and the surrounding
mortar was examined (Fig. 1, 3rd opening section), see Section 3.4. To
quantify the condition, assessment criteria were established for the
categories ‘voids’ and ‘porosity’ (Fig. 9). Each category was assigned a
value from one to three relating to its presumed influence on the cell
resistance in the pressure-saturated state. In this state, the voids/pores
were filled with water and therefore assumed to decrease the cell
resistance. The values determined for the two categories were added
and resulted in an assessment value which was compared with the cell
resistance measured in pressure-saturated conditions, 387/390 days
after casting (Fig. 15). A general trend between the assessment value
and the cell resistance can be observed. As expected, a void-free dense
material increases the cell resistance. It should be noted that the classifi-
cation carried out here is relatively coarse because it is a simple 2D visual
assessment.

The results presented in Figs. 11-15 indicate differences in the
material composition adjacent to the anodes. In the PC specimens,
it was observed that the interfacial zone between the anodes and
the bulk material has different electrical properties on the upper
and the lower sides of the tubes with regard to the casting direction.
The condition adjacent to the anodes located on the side seems similar to
that of the anodes on the lower side (Fig. 13). This is in agreement with

observations of porous zones in imprints of anodes, see Section 3.4. In
the FA specimens, no pronounced differences in measured cell resistance
pertaining to the orientation of the anodes were observed. The visual
assessment showed a correlation between local defects and the cell resis-
tance also for the FA specimens, indicating a more even distribution of
inhomogeneities around the tubes. No explanation could be found for
the large difference in the actual cell constants between FA and PC
specimens for the saturated state.

4.2.2. Exposure conditions

The variation of the cell constant for a particular anode during the
testing period (Fig. 11) may be explained by the influence of exposure
which can influence the bulk resistivity differently than local
inhomogeneities (especially pores/voids). A saturated void, containing a
highly conductive pore solution at the anode will permit the flow of
current and thus lead to a low voltage drop across it. However, if the
void is empty, it will act as an insulator against the flow of current from
the anode into the mortar (see for example PC wo/Cl anodes B1, B2 and
C3). In this case, the potential drop near the anode will be high (Fig. 12
b)). Of course, the bulk resistivity will also be influenced by moisture
changes in the material. However, since a much larger volume is
covered, the current flow will not be restricted to the same extent.
This is reflected very well by the development of the actual cell
constants for the anodes mounted on the lower side of the tube
(B-anodes, especially in the PC specimens) where several voids
were found (Fig. 10). The actual cell constants decrease during the
testing period, being lower than the theoretical k-facture (higher
local resistivity) until pressure saturation of the specimens. Thereaf-
ter, the trend reverses, indicating a much lower resistance against
current flow near the anodes than in the bulk material. On the
upper side this effect cannot be seen, which correlates well with
the dense material observed in the imprints.

4.3. Perspectives

4.3.1. Influence of anode size and position

The size and the location of the simulated anodes had to be decided
before casting the mortar specimens and thus also before corrosion
initiation. It is currently not known whether corrosion would spon-
taneously initiate on all of the presently defined locations. More-
over, pits will increase in area and depth over the corrosion
process, which would continuously change the geometrical condi-
tions for the cell. Testing just one constant anode size restricts the
amount of information that can be obtained from the measure-
ments. From Eq. (1), it is clear that the cell resistance will increase
exponentially with decreasing anode radius.

The ratio between the maximum aggregate/void size and the anode
size is approximately 1:1 in the setup and mortar mixtures tested here.
In practice, larger aggregates are used and, as a consequence, the anodes
will be smaller than the biggest aggregates in most cases. It is to be
expected that the larger the aggregates (and the air voids) are,
compared to the pits, the greater will be their influence on the cell resis-
tance. This means that in practice it can be expected that the variation in
cell resistance between anodes and the degree to which it differs from
the bulk resistivity will be higher than has been reported in this
investigation.

When it comes to the geometrical arrangement between anode and
cathode, it was found that it was not influencing the cell resistance as
long as the C/A ratio was higher than 40 (which it will be in most
practice related cases). This means that even when the anode is located
at a certain distance from the cathode (e.g. due to the lack of oxygen in
the near vicinity of the anode) the cell resistance is dominated by local
inhomogeneities. In the experiment this was tested for distances up to
approximately 100 mm and for limited moisture variation.
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(water filled voids)

high cell resistance
(empty voids)
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Potential difference

d) Sketch of the potential distribution dependent on the

moisture state of voids near the anode

Fig. 12. Schematic view of the electrical field and current flow around a small circular disc in a large cathode plane affected by material conditions around the disc. Also illustrated is the

change in potential created by the resistance of local inhomogeneities.

4.3.2. Impact of cell resistance on the relationship corrosion rate and
concrete resistivity

The fact that bulk resistivity is not directly correlated to the cell resis-
tance may explain the scatter in the relationship between bulk resistivity
and the corrosion rate [10]. To assess the difference in terms of absolute
numbers, the theoretical cell constant (Eq. (4)) was compared to the
actual cell constants of the anodes (the second y-axis in Figs. 13 and
14). In this work, the maximum deviation was ten, while on average a
deviation of around two can be expected. The variation reported in the
literature review exceeds two but seldom ten. It must be remembered
that the growth of the anode was not considered in this investigation,
so the variation can differ depending on anode size, and can be expected
to be higher for smaller anodes. Assuming that the ohmic resistance
between anode and cathode has a major impact on the corrosion process
for chloride-induced corrosion, the results of this investigation indicate
that measuring the bulk resistivity may not be sufficient to characterize
the corrosion rate for this corrosion morphology (macro-cell).
Nevertheless, it could be claimed that the growth of the pit is linked
not only to the ohmic resistance between anode and cathode, but
also to bulk material conditions, such as the diffusion of chloride
ions and the availability of oxygen and water. This means that it
may be an oversimplification to ascribe the scatter in the

relationship obtained between corrosion rate and concrete resistiv-
ity solely to the difference between bulk resistivity and cell
resistance.

5. Summary and conclusions

An experimental setup was designed to simulate conditions for
chloride-induced pitting corrosion (macro-cell corrosion), in which
small anodes are located in a large network of cathodes. The resistance
between the simulated anodes and the cathode network (‘cell resistance’)
was measured for different anode locations and compared with the bulk
resistivity. Measurements were carried out in mortar specimens differing
in bulk resistivity. A reference experiment was carried out in solution to
assess the influence of the setup and the measurement method. The
following conclusions were drawn:

- The cell resistance between small anodes and a large cathode network
was independent of the cathode size when the cathode to anode area
ratio exceeded 40. The distance between anode and cathode did not
affect the cell resistance.

- The cell resistance measured between the simulated anodes and
the cathode network showed considerable scatter. For the mortar



K. Hornbostel et al. / Cement and Concrete Research 76 (2015) 147-158 157

2.0
E ® PCwolCl L14 = 0.040
=003 o Peiwcl £ ® PCwo/Cl
Td % O  PCw/Cl .
& [12 < ° ° F1s
= o ° X 0.030 A ° ) d -
E 8 fo 8 3 °© S o g
g 00 5 © 5 =z & o ° =z
L ° o o8 g L 10 3
g . © g g oomo0q{ ° E
£ o © P06 & 2 o 2
5 ° o O e ° ) § o ® o 5
= ool L o4 = ° o o
© ) 8 0010 [os
< =
g A ° o e [02 2
upper side lower side side ® upper side lower side side
0.00 e 0.0 0.000 - 0.0
Al A2 A3 A4 Bl B2 B3 Cl C2 C3 Al A2 A3 A4 Bl B2 B3 Cl C2 C3
. Anode Anode
a) PC specimens a) PC specimens
10
=) L 14 g 02004 v FAwo/Cl v
= 0.030 4 v ’ = v FAwCI
& v v v v M2 & v
g o X 0.150 4 o
= v 10 @ = 51
o L ° v te =<
& 00204 = = v - v I~
: v F08 = L =
] v =8 § 0100 v E
2 v FAwolCl v 06 3 2 v M4 8
L o. R
8 v FAWCI v == 8 vy M
= 00101 v o =
8 v [ 04 S 0.050 v v v Ly
E] v v E v M
£ v ko2 g N v
= upper side lower side side upper side lower side side
0.000 —_— 0.0 0.000 T 0
Al A2 A3 A4 Bl B2 B3 Cl C2 C3 Al A2 A3 A4 BI B2 B3 Cl C2 C3
Anode Anode
b) FA specimens b) FA specimens
Fig. 13. Actual cell constants for self-desiccated conditions (310 days after casting) in the Fig. 14. Actual cell constants for pressure-saturated conditions (390 days after casting) in the
mortar specimens (theoretical cell constant, cf. Eq. (4), indicated as grey line in the figure). mortar specimens (theoretical cell constant, cf. Eq. (4), indicated as grey line in the figure) —
Note different y-scales.
specimens with a low bulk resistivity, the location of the anode in
relation to the casting direction influenced the cell resistance. This
was not the case for the high-quality mortar specimens. For all the
mortar specimens, it was shown that local inhomogeneities affected
the cell resistance.
- The actual cell constants (ratio between bulk resistivity and cell "
resistance) for the simulated anodes were not stable over time
and varied between anodes. This suggests that the cell resistance ® PCwo/Cl
cannot be directly derived from the bulk resistivity. gl o i i W/C/él v
.. . p— 0
- The variations observed for the cell constant over time and between o] ; FA 3/0
samples may explain the scatter observed in the literature for x: v
the relationship between bulk resistivity and the corrosion rate 8 6 = v
for chloride-induced corrosion (macro-cell corrosion). This suggests nf)
. . g e .. . o
that the common practice of comparing bulk resistivity with corrosion g ¥
rate may be inadequate for this corrosion morphology. Z 4 v v
<1
3
O 5l o v
Acknowledgements % : )
o ]
The paper is based on work carried out at the NTNU Trondheim and 2 3 4 5 6
COIN — the Concrete Innovation Centre (www.coinweb.no) - whichis a Assesment according material conditions
centre for research-based innovation, initiated by the Research Council (from 2 = lowest to 6 = highest)

of Norway (RCN) in 2006 - and supported by the Norwegian Public
Roads Administration (www.vegvesen.no). Special thanks to Kristine Fig. 15. Comparison between the assessment of the imprints (cf. criteria in Fig. 9, values of
Andersen and Kristian Satre for their help with the experimental work. both categories added) and the cell resistance (measured 387/390 days after casting).


http://www.coinweb.no
http://www.vegvesen.no

158

K. Hornbostel et al. / Cement and Concrete Research 76 (2015) 147-158

References

(1]

2

3

[4]

15]

[6

171

(8]

191

[10]

U. Angst, B. Elsener, A. Jamali, B. Adey, Concrete cover cracking owing to reinforcement
corrosion — theoretical considerations and practical experience, Mater. Corros. 63
(2012) 1069-1077.

B. Elsener, C. Andrade, J. Gulikers, R.B. Polder, M. Raupach, Half-cell potential
measurements — potential mapping on reinforced concrete structures, Mater.
Struct. 36 (2003) 461-471.

L. Bertolini, B. Elsener, P. Pedeferri, R.B. Polder, Corrosion of Steel in Concrete:
Prevention, Diagosis, Repair, Wiley-VCH Verlag GmbH & Co, 2004.

C. Andrade, C. Alonso, Corrosion rate monitoring in the laboratory and on-site,
Constr. Build. Mater. 10 (1996) 315-328.

U. Angst, M. Biichler, On the applicability of the Stern-Geary relationship to
determine instantaneous corrosion rates in macro-cell corrosion, Mater. Corros.
(2014) http://dx.doi.org/10.1002/maco.201407997.

P.V. Nygaard, M.R. Geiker, Measuring the corrosion rate of steel in concrete — effect
of measurement technique, polarisation time and current, Mater. Corros. 63 (2012)
200-214.

P.V. Nygaard, M.R. Geiker, B. Elsener, Corrosion rate of steel in concrete: evaluation
of confinement techniques for on-site corrosion rate measurements, Mater. Struct.
42 (2009) 1059-1076.

J. Broomfield, S. Millard, Measuring concrete resistivity to assess corrosion rates,
Concrete, Current Practice Sheet No.1282002. 37-39.

C. Andrade, R. d'Andrea, Electrical resistivity as microstructural parameter for the
calculation of reinforcement service life, in: W. Sun, K.V. Breugel, C. Miao, G. Ye, H.
Chen (Eds.), First International Conference on Microstructure Related Durability of
Cementitious Composites, RILEM Publications, Nanjing, China, 2008.

K. Hornbostel, C.K. Larsen, M.R. Geiker, Relationship between concrete resistivity
and corrosion rate — a literature review, Cem. Concr. Compos. 39 (2013) 60-72.

[11]
[12]
[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

M. Raupach, Zur chloridinduzierten Makroelementkorrosion von Stahl in Beton (in
German), Beuth Verlag GmbH, Berlin, 1992.

M.W. Denhoff, An accurate calculation of spreading resistance, J. Phys. D. Appl. Phys.
39 (2006) 1761-1765.

L. Nanis, W. Kesselman, Engineering applications of current and potential distributions
in disk electrode systems, J. Electrochem. Soc. 118 (1971) 454.

U. Angst, B. Elsener, CK. Larsen, @. Vennesland, Chloride induced reinforcement cor-
rosion: rate limiting step of early pitting corrosion, Electrochim. Acta 56 (2011)
5877-5889.

M. Nagi, D. Whiting, Electrical Resisitivity of Concrete — A Literatur Review, Portland
Cement Association PCA R&D Serial No. 2457, Illinois, 2003.

C.A. Apostolopoulos, S. Demis, V.G. Papadakis, Chloride-induced corrosion of steel
reinforcement — mechanical performance and pit depth analysis, Constr. Build.
Mater. 38 (2013) 139-146.

K. Hornbostel, Macro-cell corrosion of steel in concrete — role of concrete resistivity
(in preparation)(Doctoral thesis) Department of Structural Engineering, Norwegian
University of Science and Technology (NTNU), Trondheim, Norway, 2015.
(expected).

R.B. Polder, Test methods for on site measurement of resistivity of concrete — a
RILEM TC-154 technical recommendation, Constr. Build. Mater. 15 (2001) 125-131.
M.N. Al Khalaf, C.L. Page, Steel/mortar interfaces: microstructural features and mode
of failure, Cem. Concr. Res. 9 (1979) 197-207.

U. Angst, Chloride induced reinforcement corrosion in concrete — concept of critical
chloride content — methods and mechanisms(Doctoral thesis) Department of
Structural Engineering, Norwegian University of Science and Technology, Trondheim,
2011.

[21] J. Bensted, P. Barnes, Structure and Performance of Cements, 2 ed. Taylor & Francis,

Oxon, 2009.


http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0005
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0005
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0005
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0010
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0010
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0010
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0090
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0090
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0020
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0020
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0025
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0025
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0025
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0030
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0030
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0030
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0100
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0100
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0105
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0105
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0105
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0105
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0035
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0035
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0040
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0040
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0045
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0045
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0050
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0050
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0055
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0055
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0055
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0110
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0110
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0060
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0060
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0060
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0115
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0115
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0115
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0115
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0070
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0070
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0075
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0075
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0120
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0120
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0120
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0120
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0085
http://refhub.elsevier.com/S0008-8846(15)00160-X/rf0085

Paper IV

Influence of mortar resistivity on the rate-limiting step of chloride-induced macro-
cell corrosion of reinforcing steel

Submitted to Corrosion Science (2015)

Hornbostel, K.; Angst, U.M.; Elsener B.; Larsen C.K. and Geiker M.R.







Is not included due to copyright






Paper V

Limitations of the use of concrete resistivity as an indicator for the rate of chloride-
induced macro-cell corrosion

Submitted to Structural Concrete (2015)

Hornbostel, K.; Elsener, B.; Larsen, C. K.; Angst, U. M. and Geiker, M. R.







Is not included due to copyright






External Report







NTNU - Trondheim
Norwegian University of

Science and Technology

Volume analyses of corroded cylindrical steel pieces
using GOM inspect.

Trine-Lise Lorentsen, M.Sc.
Friday 8™ May, 2015






Contents

I Tntroduction]
[1.L1 Scopeofanalysis| . ... .. ... .. . ...

2  Method!

B"Resultsl

[

N N S )






NTNU - Trondheim
Norwegian University of

Science and Technology

1 Introduction

The following report was requested by Karla Hornbostel, PhD student at the Norwegian University
of Science and Technology. It contains volume analyses of corroded cylindrical steel pieces compris-
ing of the volumes after the extensive testing phase and estimations of the original volumes.

3D scanned models of the steel pieces were received as STL files describing their surface. A total of
17 models have been analysed where the steel pieces are labeled into two groups, seven are labeled
FA and ten PC. In Figure[T} a typical steel piece and the corresponding STL model is shown.

Four of the samples analysed are special cases where the steel pieces are still embedded in the in-
stallation they were attached to during the testing phase. Because of this, the only part available for
estimations are the top parts, see Figure 2} The special cases are part of the PC series, and the rest of
the series can be found in Figure[3} In Figure [ the FA series is presented. Steel pieces marked with a

star (*) were connected in the macro cell arrangement, see [Hornbostell (to be submitted in 2015).

Some of the samples contained unwanted masses such as mortar rests or remains of the soldered
wire connection. These masses were repaired or removed in the model meshes to get accurate values
for the volumes. Repairs, reconstructions and estimations were performed using GOM inspect, a 3D
inspection and mesh processing software.

1.1 Scope of analysis

The scope of this analysis is to determine the actual volume for each steel piece, and to give an
estimation of the original volume before the onset of corrosion. From the difference in these volumes
the loss in volume due to corrosion can be calculated. Thus, the estimations done in this report

includes the following three items:

o Exact volume of the STL model (after testing phase and removal of excessive masses).

/, b/

Figure 1: The left picture shows sample PC5D?2 steel piece 3 with a regular ruler, i.e. [cm]. The
corresponding STL model is shown in the right image.
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PC35D3 sample 1 PC35D3 sample 2 * PC35D3 sample 3 PC35D3 sample 4

Instrument tube.

Figure 2: Special cases from the PC series. Here only the top part of the steel piece samples are available for
calculations.

PC5D2 sample 3 * PC5D2 sample 4 PC20D1 sample 1 *

PC20D1 sample 4 PC35D2 sample 2 * PC35D2 sample 4

Figure 3: Full sized samples labeled PC. Samples labeled with a star (*) were connected in the macro cell
arrangement.
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FA5D3 sample 3 *
FA20D1 sample 1 FA20D1 sample 3 * FA20D1 sample 4
FA35D1 sample 1 * FA35D1 sample 2 FA35D3 sample 3 *

Figure 4: All steel pieces labeled FA. Again the samples connected to the macro cell arrangement have been
marked with a star (*).

o Diameter and height of the cylinder before corrosion.

o Original volume - i.e. calculated volume from estimated diameter and height.

2 Method

GOM inspect 3D inspection and mesh processing software offers a variety of built in functions. In this
section the methods used and examples of the preparations made to the steel pieces are presented.

2.1 Preparations

In order to estimate the volume of the STL bodies, some of the steel pieces needed adjustments.
Among GOM inspects built in tools, mesh repair is an option. The software will take a user marked
area and adapt it to resemble the surrounding surface. Another option is deleting the marked areas
of the mesh.

Many steel pieces had smaller masses attached to the STL body. These were left by the abrasion-
resistant mortar around the lateral surfaces, and were handled using mesh repair. The masses did
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not have a large impact on the volume of the STL model, but were removed for accuracy in the
calculations. Figure[p|shows an example of one such mass that was removed from FA35D1 sample 1.

In some cases, larger areas of the mesh needed to be entirely removed. A few of the steel piece
cylinders had a large mass attached to the STL model due to the soldered wire connection, and in
Figure |6 FA20D1 sample 4 is shown with this kind of problem. The excessive mass that is attached
to the model has been marked in red, see Figure @ and is then removed all together as is shown in
Figure[pb] After deleting this part of the mesh, the model is left with a hole in the surface. This was
sealed of using a fitted plane to the bottom of the cylinder.

2.2 Volume

The volume of the STL models are provided by the software. In this section the approach for esti-
mating the original volume of the cylindrical steel pieces is presented, i.e. estimation of the volume
before the onset of corrosion.

GOM inspect allows automatic selection of the mesh based on geometrical bodies such as cylinders.
The mesh points are then used to create a best fitted cylinder using built in algorithms. For the analy-
ses done in this report the steel pieces are fitted with cylinders using the Gaussian best-fit algorithm,
which is based on minimizing the sum of squares in the deviations. In Figure [/] the fitting of a Gaus-
sian cylinder is shown for PC5D2 sample 4. The cylindrical mesh selection is shown in Figure[7aland
the corresponding fitted cylinder in Figure [7b]

2.3 Special cases

The four samples of PC35D3, see Figure [} are all special cases where only the top of the steel pieces
are available for calculations. Preparations for these cases where slightly different than for the other
13, and fitting elements were done in a different manner. For sample 1, 3 and 4 the same procedures
were used, but for sample 2 several steps needed to be taken to gain estimations for the variables.

(@) (b)

Figure 5: Excessive mass on the surface of FA35D1 sample 1. Figure a) shows the markup of mortar rest, and
in b) the area has been repaired using GOM inspect.

Volume analyses of corroded cylindrical steel pieces using GOM inspect. Trine-Lise Lorentsen, Friday 8" May, 2015. 4



NTNU - Trondheim
Norwegian University of

Science and Technology

FA2001 Anode 406012015 _kemplett
® e e Check
eiE0T5 fompiar

i U isesiies sissoser 15506t B

Dev. | Check
£154.61163 | +0.00000

(a) (b)

Figure 6: Large excessive mass located at the bottom of FA20D1 sample 4. Figure a) shows the excessive mass
marked, and in b) the mass is removed and the hole sealed.
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Figure 7: Case PC5D2 sample 4, where a) shows the cylindrical mesh point selection and b) the corresponding
Gaussian best-fit cylinder. For this particular case a total of 162826 points were used in the fitting.
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(a) Starting point. (b) Mesh markup used to fit plane.

(c) The fitted- and parallel plane. (d) Markup for deleting mesh.

Figure 8: Fitting a plane to the top of the steel piece and creating a parallel plane. Here for FA35D3 sample 3.
Parallel planes are for this case 0.35 mm apart.

Samples 1, 3 and 4:

The STL models for these cases were initially open underneath, and thus needed to be sealed of.
First a plane was fitted to the top of the sample. This allowed the possibility of generating a parallel
plane beneath it, resulting in an exact height to a preconceived cylinder. The mesh below the second
parallel plane was then marked and removed. As an example, the described procedure is shown in
Figure [§ for sample 3.

After the excessive mesh beneath the parallel plane was removed in Figure[8} the STL model still had
a mass on one of the sides creating problems for sealing of the model. Removing this mass left a gap
between the two parallel planes which needs to be closed of. To close such holes, mesh bridges were
used and then the repair option was enabled. This was done to some extent to all three samples.
When the holes and gaps were mended, the bottom of the models were sealed of using the parallel
plane. GOM inspect then provided the volume of the STL bodies.

Finally a circle was fitted to the bottom of the STL body, this to estimate the diameter of the precon-
ceived cylinders. Then, using the exact height and the diameter of the circle, an original volume was
estimated.

Sample 2:

This particular case needed a special approach and it is by far the case with the highest uncertainty in
its calculations. As Figureshows, sample 2 has no geometrical body to work with, but on the inside
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(a) Cylindrical markup. (b) Final crater measurements.

Figure 9: Case FA35D3 sample 2. (a) Cylindrical markup. (b) Final crater which gave a negative volume for
the STL model.

of the crater a tendency of the original steel pieces cylindrical curves can be seen. Using a markup
of this area generated with the cylindrical mesh markup, a starting point was gained, see Figure
Using the cylinder and the highest point of the "top" of the crater, a circle is fitted. The initial height
of the cylinder is denoted and the area of the STL body above this circle is marked and deleted. This
also removed the upper part of this samples preconceived cylinder.

Some mending of holes in the crater was done, and the final variant of the steel piece is shown in
Figure The absolute value of the volume provided for the STL body, plus the volume of the
cylinder that was removed above the fitted circle, is taken as the estimated loss of volume to FA35D3
sample 2.

3 Results

All estimated variables of the 17 steel pieces can be found in Table[l} The table contains estimated
diameters and heights, providing calculations for the original volume of all received models. It also
includes the actual volume of the steel pieces as provided by the STL models, and then finally the
loss of volume.
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Estiamtions Original STL Model | Estimated
Volume Volume Volume
Height Diameter before corrosion | after corrosion loss
[mm)] [mm] [mm?] [mm?] [mm?]

FA5D3  Sample3* | 5.83 5.89 158.80 150.83 8.0
FA20D1 Sample 1 6.12 5.90 167.18 165.99 12
Sample3* | 6.23 5.89 169.94 163.97 6.0

Sample 4 6.21 5.90 169.77 169.31 0.5

FA35D1 Samplel* | 6.02 5.88 163.45 158.58 4.9
Sample 2 5.81 5.88 158.06 156.50 1.6

FA35D3 Sample3* | 6.08 5.88 165.21 158.76 6.5
PC5D2 Sample3* | 5.81 5.87 157.13 145.08 12.0
Sample 4 6.02 5.89 164.15 163.05 1.1

PC20D1 Sample1* | 5.87 5.82 156.22 136.16 20.1
Sample 4 6.20 5.89 168.92 167.68 1.2

PC35D2 Sample2* | 5.83 5.88 158.52 135.31 232
Sample 4 5.97 5.88 162.29 162.02 0.3

PC35D3 Sample 1 0.15 591 4.11 3.87 0.2
Sample2* | 271 5.97 75.78 40.6

Sample 3 0.35 5.93 9.66 9.27 0.4

Sample 4 0.25 592 6.88 5.26 1.6

Table 1: Estimations and resulting calculations for the cylindrical steel pieces. Samples that were connected
in the macro arrangement are labeled with a star (*).
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