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Behavior of reinforcing steel and reinforced concrete undergoing
stray current

By

Zhipei Chen
Delft, February 2021

1. Stray current induces both anodic polarization and cathodic polarization on steel rebar.
Therefore only testing anodic polarization is not sufficient to judge on stray current effects.
(This thesis)

2. Stray current induces back flow in steel rebar, after the stray current is just turned off. This
implies the interconversion between anode and cathode induced by stray current, i.e., post-

stray current effect. (This thesis)

3. No wind is favorable if you do not know which port you are sailing to.
4. Perfectionism is luxury, expedience is essence.

5. Everybody has things she/he is good in.

6. What does not kill me, makes me stronger. (Friedrich Wilhelm Nietzsche, German
philosopher)

7. No one is born to be lonely.
8. Everything we understand seems easy.

9. All grown-ups were once children, but only few of them remember it. (Antoine de Saint
Exupéry, French writer)

10. If you want to build a roof, you have to build a foundation first.

These propositions are regarded as opposable and defendable, and have been approved as such
by the promotor Prof. dr. ir. Klaas van Breugel and copromotor Dr. ir. Dessi Koleva.



Summary

Currents flowing along paths not being elements of a purpose-built electric circuit, are called
stray currents. Various types of reinforced concrete structures (such as viaducts, bridges and
tunnels) in the neighborhoods of railways may be subjected to stray current leaking from the
rails. In these cases the concrete pore solution acts as an electrolyte, and the reinforcing rebars
(or pre-stressed steel wires) embedded in concrete act as conductors, which can “pick up” the
stray current and can corrode.

The understanding of stray current-induced corrosion of steel rebar in concrete still remains
unclear, as it is challenging to inspect in detail the full scale of steel rebar, as embedded in
concrete. Most of previous understanding and preventive measures for stray current corrosion
refer to investigations or field tests on pipelines. Besides, it is difficult to rebuild or repair the
structures under or near rail transits. All above reasons reflect that stray current corrosion of
reinforced concrete structures is in need of more in-depth investigation and understanding.

As an expansion of the current body of knowledge of stray current corrosion of steel rebar
in cement-based materials, this research aims to be a step forward towards for a better
understanding of stray current corrosion mechanisms, a basis of feasible preventive measures
for stray current-induced corrosion of reinforced concrete structures.

The conditions for the steel rebar to pick up stray current are analyzed in Chapter 3. A
concrete culvert under railway line is referred to as a practical case to illustrate the issue. The
existing means for reducing stray current corrosion of concrete infrastructure are discussed. On
the basis of literature review and practical cases, remaining scientific challenges related with
stray current corrosion of steel in reinforced concrete structures are summarized.

For simulating stray current-induced corrosion of metals, most researchers just supplied
anodic polarization on samples. However, stray current induces both cathodic polarization and
anodic polarization. Chapter 4 deals with this issue by studying experimentally the performance
of reinforced concrete specimens under different types of currents. A comparison between stray
current and anodic polarization effects on the corrosion behavior of embedded steel is
performed, for both fresh (24 hour-cured/24h-cured) and hardened matrix (28 day-cured/28d-
cured), in chloride-free (Cl-free) and chloride-containing (Cl-containing) environments. It is
found that in all conditions anodic polarization leads to significantly different electrochemical
performance of the steel rebar, compared to stray current.

Very few investigations reported on the influence of stray current-induced corrosion on the
bond of steel-concrete or steel-mortar interface. Chapter 5 presents test results on the bond
strength of reinforced mortar undergoing stray current and anodic polarization, while
conditioned in either Cl-free or Cl-containing medium. The bond behavior of the steel-mortar
interface, derived by the pull-out tests, is correlated to the electrochemical response of the steel
rebar and the properties of bulk matrix. The effect of stray current on bond strength versus the
effect of anodic polarization is discussed. The effects of the curing regimes (in terms of duration
of curing) and starting point of stray current (e.g. stray current applied at 24h or 28d) are also
investigated. It is found that stray current (level of 0.3 mA/cm?) exerts bond strength
degradation in all cases, irrespective of the presence or absence of a corrodent (CIl") in the
external medium.



The reinforcement in reinforced concrete elements usually consists of a steel rebar cage.
Stray current flowing in reinforced concrete can then be parallel or orthogonal to the steel rebar.
Chapter 6 investigates the stray current corrosion on steel rebar in different orientations (relative
to the direction of the stray current). Based on the test results, it is clear that the geometrical
position of the steel bar undergoing stray current affects the electrochemical response of steel
rebar. A more significant corrosion state is observed when the steel bar is parallel to the
direction of the current, compared to the situation of a steel bar is orthogonal to the electrical
current. These outcomes are further clarified through the recorded level of stray current picked-
up by steel rebar. It is found that, although the supplying stray current is constant, the level of
current actually picked-up by the steel rebar is decreasing. At the instant when the stray current
supply is just turned off, an opposite current flow (back flow) is recorded. It is caused by the
stray current-induced potential difference between anode and cathode.

According to the test results of this research, some recommendations for the practice and
future research are summarized as below:

Only testing anodic polarization is not sufficient to judge stray current effects on steel-
concrete interface. The evaluation of both electrochemical phenomena of steel rebar and
properties of concrete bulk, will allow a more accurate appraisal of stray current effects on
steel-concrete interface. Stray current effects on reinforced concrete structures with different
mixtures/additives should be studied, because the different mixtures/additives lead to different
properties of bulk matrix surrounding steel, and influence the stray current effects on steel-
concrete interface.

Stray current effects on the fatigue, deflections and ductility of reinforced concrete
elements (for instance, beams) are worthy to be investigated. This is because stray current leads
to the degradation of steel-concrete interface, which determines the above properties of
reinforced concrete elements.

The back flow induced by stray current is of importance in stray current induced-corrosion
of rebar. For modeling or predicting the bond property of steel-concrete interface affected by
stray current, the back flow should be considered, as the back flow re-distributes the corrosion
product after the stray current interference. Sectionalization of reinforced concrete structures is
a possible solution for mitigating the stray current effect, as it is found that the longer length of
steel rebar leads to more severe corrosion damage.
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Chapter 1 General Introduction

Chapter 1
General Introduction

1.1 Research background

In modern industrial countries, infrastructure makes out at least 50% of the nation’s national
wealth. Construction materials continuously communicate with their environment and never
reach a condition of rest [1]. These ongoing communications make the ageing of infrastructure
inherent. Ageing of infrastructure assets threatens the reliability and proper functioning of
industrialized societies and is a financial burden on the society [1]. Corrosion of metal
accelerates the ageing of infrastructure.

Corrosion, from the Latin “corrodere”, means ‘‘to chew away’’, ‘‘to attack’’ a material as
a result of chemical and/or physical interaction between this material and its environment.
Corrosion of the reinforcing steel has been identified as one of the main reasons for reduced
service life of reinforced concrete structures [2].

Steel reinforced concrete is the most widely used construction material, and forms an
important part of infrastructure worldwide. The synergy of both materials, i.e., concrete and
steel, provides a combination of high compressive strength (of concrete) and high tensile
properties (of steel). Upon proper construction work and adequate maintenance, steel corrosion
of reinforced concrete structures will be limited during the overall designed service life.

However, penetration of aggressive substances and specific environmental factors can lead
to a premature degradation of reinforced concrete structures due to steel corrosion. The ultimate
consequence of reinforcement corrosion is failure of the whole structure. Embedded reinforcing
steel corrodes mainly because of: (1) Carbonation of the concrete cover and bulk matrix,
subsequently loss of alkalinity at the steel-concrete interface; (2) The presence of chloride ions
(CI') in sufficient amounts in the vicinity of the steel surface. The schematic illustration of the
corrosion cell formation on reinforcing steel in concrete is shown in Figure 1.1.

CI and/or CO, H,0and O,
Concrete
Corrosion
Products 5 M - =
Fe Fe12e
Reinforcing
Steel AnOde\f.,_, Flux of e

Concrete

Figure 1.1: Schematic illustration on corrosion of reinforcing steel in concrete.
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Stray current
entérspipeline

Figure 1.2: Example of stray current from a railway line picked-up by pipeline.

Besides Cl” and reduced pH of the pore solution due to carbonation, other factors can also
induce corrosion of reinforcing steel in concrete. Stray current arising from power sources and
circulating in metal structures may initiate corrosion or accelerate existing corrosion processes
[3-5]. Usually, this corrosion attack is localized and induces serious damage on the metallic
structure.

Electric currents flow along different paths, in the earth (e.g. through soil, rock) and
through conductive materials (e.g. metallic objects). Part of these currents, flowing along paths
not being elements of a purpose-built electric circuit, are called stray currents [3, 6-14]. Stray
current can originate from electrified traction systems, offshore structures, marine platforms,
cathodic protection systems, etc. In close proximity or remote locations of these power sources,
stray current can be picked-up by metallic parts of nearby infrastructure (reinforcement in
concrete, buried pipelines and tanks, for instance). One of the typical examples for stray current
scenario can be seen in Figure 1.2.

Stray current corrosion is one of the most severe damage forms for buried structures (such
as tunnels and underground pipelines), as the matrix surrounding the metal (soil surrounding
pipeline or concrete cover surrounding steel rebar) can offer a conductive path for the stray
current [15, 16]. At the end of the 19th and beginning of the 20th century, when the technical
revolution with emergence of electric traction was launched, the world was confronted with
accelerated corrosion due to stray currents [17]. Later, with the intensive development of the
petroleum and gas industry (about 8% of the world’s production of metals is used in oil and gas
production, storage, transport, and processing), corrosion of buried oil or gas pipelines induced
by stray current has been found more and more frequently all over the world [18-26].

Stray currents can also flow into and circulate in reinforced concrete structures near the
railways [27-34]. In 1906 and 1907, first attention was given to the damage of reinforced
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concrete structures caused by stray currents from electric railways (or other power sources) in
the USA [35]. Early laboratory experiments found that the passage of electric currents in
concrete structures gave rise to serious corrosion of the reinforcing steel, and subsequent
cracking and splitting of the surrounding concrete cover [36, 37].

Since then, further laboratory experiments and field investigations have been carried out,
all tending to understand the earlier observations regarding the corrosion induced by stray
current [38-41]. However, the range of unwanted interference of stray currents is much broader
than generally recognized [3, 6-8]. The more specific effects of stray current on reinforced
concrete are still unclear and less reported. Identical and reliable testing methods for evaluating
or monitoring stray current corrosion are missing. This research aims to be a step forward for
better understanding the stray current corrosion of reinforcing steel embedded in cement-based
materials, like concrete.

1.2 Scope of this research

Nowadays, the accelerating urbanization all over the world is still prosperous. To relieve the
traffic pressure, electrified traction systems (rail transit or subway) are becoming main
transportation means due to the faster speed and greater passenger travel capacity. Various types
of reinforced concrete structures (such as viaducts, bridges and tunnels) in the neighborhoods
of railways may be subjected to stray current leaking from the rails [42-46].

Compared with stray current-induced corrosion of pipelines, reinforced concrete has more
problems to deal with: difficult to inspect for the corrosion status of the embedded reinforcing
steel in full and complete scale; the volume of corrosion product gradually increases, hence the
normal stress (radial pressure) between the steel surface and the concrete is induced; the
subsequently induced stress can force the surrounding concrete to split, possibly result in
cracking, spalling or delamination, etc. Additionally, stray currents can also affect the
microstructural properties of the concrete matrix [47-53]. As it is difficult to rebuild or repair
the structures under or near rail transits, this kind of corrosion of reinforced concrete structures
1s in urgent need of more in-depth investigation.

In terms of inducing corrosion, stray direct currents (DC) are known to be much more
dangerous than stray alternating currents (AC) [54-57]. The DC traction powers for railway
electrification system are used in a variety of countries (for instance, 3kV DC in Belgium and
Spain, 1.5 kV DC in Netherlands, 0.75 kV DC in Southern England, etc). Therefore, in this
research the experimental investigations focus on stray DC.

1.3 Objectives of this research

Stray direct current (DC) is composed of both cathodic polarization and anodic polarization.
However, in terms of simulating stray direct current (DC) induced corrosion of metals, most
references just supplied anodic polarization on samples: Ref. [49, 50, 58-72] applied anodic
polarization for simulating stray current effects, Ref. [22, 27, 73, 74] applied stray current.
Although the stray current leads to corrosion by inducing anodic polarization, the effects of
cathodic polarization should also be judged. The different effects of stray current and anodic
polarization on the corrosion behavior of reinforcing steel are not investigated yet. The
distribution, morphology and microstructure of stray current-induced corrosion products at the
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steel-concrete interface are still unclear. Existing strategies for monitoring a stray current attack
are not optimized. All these issues lead to uncertainty, i.e., overestimation or underestimation
of service life predictions of reinforced concrete structures. Additionally, during the design
stage of reinforced concrete structures the possible degradation of bond induced by stray current
is generally not considered. Bond degradation induced by stray current corrosion leads to wider
crack width and enhances the penetration of corrosive substances, in turn accelerates the
corrosion of the embedded steel. This cycle significantly reduces the durability and service life
of reinforced concrete structures.

Considering the foregoing aspects, this research aims to establish a basis for further
understanding the mechanism of stray current-induced corrosion of reinforcing steel embedded
in cement-based materials. The main objectives of the present work are:

1. To create a suitable setup for optimum stray current application at laboratory scale.
To compare the effect of anodic polarization to that of stray current on the corrosion
behavior of reinforcing steel.

3. To illuminate the different effects of stray current and anodic polarization on bond strength
of the steel-concrete interface.

4. To correlate the bond strength to corrosion status of steel surface, in both stray current and
anodic polarization conditions.

5. To clarify the importance of the geometric orientation of reinforcing steel in view of stray
current-induced corrosion damage.

6. To find out the link between steel rebar orientation and amount/distribution of stray current
corrosion product on steel surface.

7. To elucidate the time-dependent behavior of steel rebar response, in the sense of potential
shift and current actually picked-up by steel, in condition of stray current.

1.4 Research strategy and outline of this thesis

The research strategy following in this thesis is summarized in Figure 1.3. The investigated
samples are reinforced mortar prisms and cubes; construction steel (rebar) FeEBSOOHKN (6 mm
diameter) is embedded in mortar prisms or cubes. The supplied levels of stray current in this
study are 0.3 mA/cm? (on reinforced mortar prisms, Chapter 4 and 5), and 3 mA/cm? (on
reinforced mortar cubes, Chapter 6). Different external environments are involved: the
specimens are immersed in water or 5% NaCl solution, after curing in fog room for 24 hours
(24h) or 28 days (28d).

As shown in Figure 1.3, this dissertation includes 7 chapters. This Chapter 1 is presenting
the background, scope, objectives, and outline of this dissertation.

Chapter 2 presents a literature review related to: sources of stray current, and characteristics
and mechanisms of stray current-induced corrosion. Methods and techniques for evaluation and
monitoring of stray current-induced corrosion are also presented and discussed.

The conditions for steel rebar (concrete culvert under railway line as a practical case) to
pick up stray current will be analyzed in Chapter 3. The means for reducing stray current
corrosion in practice are discussed. Subsequently the challenges to be dealt with in this thesis
are summarized.
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Chapter 4 Corrosion of reinforcing steel undergoing stray current and anodic
polarization

Chapter 5 Bond of steel-mortar interface interfered by stray current and anodic
polarization

Chapter 6 Stray current corrosion as determined by geometrical orientation of steel
rebar

Chapter 7 Retrospection, Conclusions and Prospects

Figure 1.3: Outline of this thesis.

In Chapter 4 the different effects of stray current and anodic polarization on reinforcing
steel in mortar specimens are presented. The corrosion state of steel, embedded in mortar and
in conditions of stray current is discussed from an electrochemical view point.

The aim of Chapter 5 is to correlate the electrochemical response/corrosion state of steel
undergoing stray current/anodic polarization with bond property at the steel-mortar interface.
The pull-out test (based on ASTM C234-91a) which relates the bond stress to the slip is adopted.

Chapter 6 elucidates the effect of steel rebar orientation (i.e., steel bar parallel or orthogonal
to the current direction) on stray current-induced corrosion. The distribution and morphology
of corrosion products due to stray current at the steel-mortar interface are investigated as well.
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The potential shift of steel rebar and the level of current picked-up by steel rebar are recorded.
The different time-dependent behavior of steel response in a series of tests is shown and
discussed.

Finally, the results and conclusions of this thesis are drawn in Chapter 7. Recommendations
for further research related with stray current corrosion are given as well.
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Chapter 2
Literature Review

2.1 Introduction

The objective of this chapter is to review stray current-induced corrosion of steel in
infrastructure, with regard to sources of stray current, characteristics of stray current, and
mechanism of stray current corrosion. Methods and techniques for evaluation and monitoring
of stray current corrosion are also presented and discussed.

2.2 Sources of stray current
2.2.1 Electrified traction system

In electrified traction systems the current drawn by the vehicles returns to the traction power
substation through the rails (see Figure 2.1). Owing to the longitudinal resistance of the rails
(about 40-80 mQ/km of rail [75], forming a voltage drop along the rail, @ —@,, see Figure 2.1)
and their imperfect insulation to ground (typically 2-100 Q/km [75-77]), part of the return
current leaks out from the running rails.

The leaked current flows along parallel circuits (either directly through the soil or through
buried conductors) before returning onto the rail (nearby the negative terminal of the substation),
forms the stray current [43, 78-80].
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Figure 2.1: Schematic of rail-to-earth voltage profile for rail system - modified from [81].




Chapter 2 Literature Review

—Rail Voltage - - Leakage Current

10 /-\

8
= N z
éﬂ , // \\\ -0.5 E
Z /- N\ 0 E

’ N3
LT% -2 vy \\‘ L?:O
= 4 ’/I/ \\\\ -0.5 -%:
E -6 «"/ \\ 3
</ N
-10 / \ -1.5
0 200 400 600 800 1000

Rail Length (m)
Figure 2.2: Simulated rail-to-earth voltage and leakage current [82].

Although measures are normally taken to avoid stray current from tracks, stray current
leaking from rails is inevitable. The distribution of rail potential and the leaked current level
along the rail length has been evaluated by Charalambous & Aylott [82]. The result of this
numerical simulation is presented in Figure 2.2, showing that the level of leakage current was
positively correlated with rail-to-earth voltage.

As any underground metallic structure has (in general) a lower electrical resistance than
soil, the stray current can flow through it. Similarly, stray current will flow through the
conductive portion of a reinforced concrete structure, which is the reinforcing steel. The
example of stray current from a DC railway line picked-up by reinforcement in concrete is
illustrated in Figure 2.3.
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Figure 2.3: Example of stray current (Is) from a DC railway line picked-up by steel reinforcement in
concrete - modified based on [81].
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Given that the current flow in a metallic conductor is an electron flow, while that through
electrolytes such as soil, concrete, etc., is ionic, there must be an electron to ion transfer when
the current leaves the rails and flows into the soil. Where a current leaves the rail oxidation
occurs (loss of electrons). Where the current returns onto the rail, there must be a reduction or
electron-consuming reaction [75, 83].

The schematic representation of the anodic area (Point A) and cathodic area (Point D) on
a rail is illustrated in Figure 2.3, in conditions when current leaks out and returns to the rail. A
corrosion characteristic produced by the contact of the tie plate with the rail in the presence of
stray current is shown in Figure 2.4. Where the current leaks out from the rail (point A, with
the area of .4, , anodic current density of i, ), anodic area forms. When the current returns
back onto the track at point D, a cathodic current is present, with the area of A;, , cathodic
current density of 7, .

The relationship between them can be expressed as follow:

' '

[.=i-4=i- -4

N c c a

2.1

In industrial sectors, current leakage from electric traction systems (rails) constitutes the
major and most frequent cause of the induction of strong stray currents [7, 84]. As a special
case for this situation, stray current issue in coal mining has attracted much attention [85, 86].
The underground mining haulage systems (electric traction networks), operating in much the
same manner as described for railway transit systems, can also induce stray current and then
lead to corrosion of the surrounding embedded metallic structures.

Besides the corrosion problem, the presence of stray currents in the mining industry,
particularly in underground excavations, may also produce the following risks:

1. Hazards during blasting, possible accidental firing of the detonator due to a stray current
of sufficient intensity entering the circuit;

2. Risk of explosion as result of stray voltages in intrinsically safe circuits, or as a result of
sparking, which can occur when two bodies under stray voltage are in contact;

3. Fire danger as a result of the long-lasting flow of stray current (In South Africa, coal seams
fire caused by stray currents was found [87]), resulting in the ignition of coal dust or
methane due to local heating up to the ignition temperature;

4. Hazards due to the disturbances caused by the interference of stray current (and stray
voltages) into the control, monitoring and warning circuits of mining equipment [85, 86].

Figure 2.4: View of a section of 115-Ib rail showing severe corrosion at the base of the rail [88].
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2.2.2 Cathodic protection (CP) system

Impressed current cathodic protection systems can cause stray current interference on adjacent
metallic structures, depending on the location of the ground beds, the exact location of the metal
structure, and the operating characteristics of the CP system [89-96]. Any metallic structure
buried in soil represents a low-resistance current path and is vulnerable to the effects of stray
currents.

One of the cases for this situation is illustrated in Figure 2.5: the current path originating
from the components of the CP system flows through the soil (from the anode to the cathode
e.g. a steel tank to be protected) and can be picked-up by a low-resistance metallic object, as a
pipeline. Depending on the soil resistivity, part of the current flown through the anode of this
impressed current CP system, will just flow into another conductor (the steel pipe nearby);
accordingly, in the neighborhood of the protected structure (the cathode or the steel tank in this
case), the picked-up current leaves the pipeline and returns to the closed circuit of protection
current. The existence of stray current can also reduce the efficiency of the cathodic protection
system, since the current supposed to protect the intended structure is attenuated.

—-+

Ground Level

Corrosion

Figure 2.5: Stray current resulting from cathodic protection.

2.2.3 High voltage power lines

Municipal and industrial developments require the transport of considerable amounts of energy
over long distances, which enhances the importance of the power lines as an essential link
between energy generators and final consumers.

Power lines, supported by power towers with foundations, can be found almost everywhere.
In these systems, high corrosion rate of the semi-underground foundations is usually detected.
It is believed that corrosion results from stray currents that flow through the ground to close the
loop between neighboring towers [97-101]. Stray currents here originate in the rod cables of
the power line towers, induced by the strong electromagnetic and electric fields of the energized
power lines [102-104].
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This kind of stray current does not only attack buried foundations, but also flows into the
ground accessory structures near the power supply system. For instance, it is well known that a
power supply system along a railway is necessary, and the electric wiring of this system in
general, is supported by wire poles.

This is also found along railways near Utrecht (The Netherlands) [105]. In this case the
wire poles are fixed by the steel wire connected to a reinforced concrete block (Figure 2.6). It
is found that the anchors in the block used to connect the steel wiring and the reinforcement in
the block suffer from corrosion at an extremely high rate. In some exceptional cases, the blocks
with the design service life of 80 years, were damaged totally only after 3 years, due to steel
corrosion and corrosion-induced cracks around the anchors (Figure 2.7). The rebars in the block
were also corroded. According to the investigation [105], the corrosion damage here was also
induced by stray current from the electric wiring.

ElectricWire I
N

Steel Wire

Wire Pole —

Block

N

Figure 2.6: Schematic of the setup of block, steel wiring, wire pole and electric wire.

Figure 2.7: Damaged block due to the corrosion of anchor induced by stray current [105].
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2.2.4 Disturbances of the earth’s magnetic field

Occasionally, varying potential and current distribution of buried structures will be encountered
in areas where there is no known source of “man-made” stray current. These variations are
usually associated with disturbances in the earth’s magnetic field: a voltage is generated on a
buried metallic structure (for instance, a pipeline) due to the variations in the earth’s magnetic
field along the pipeline route. Stray current induced by transient earth’s geomagnetic activity is
also termed telluric. Telluric effects may be identified with recording instruments, and are
classified into quiet, unsettled, and active conditions.

Such disturbances have been found most active during periods of severe sun activity [106-
109]. Fortunately, although occasionally intense, telluric current effects on buried metallic
structures are seldom of long duration and may not even be localized at specific pickup or
discharge areas. However, where the condition occurs frequently enough and is of serious
intensity, corrective measures should be adapted to counteract the telluric effects. For instance,
grounding or cathodic protection can be adapted. Cathodic protection has been used on the
Trans-Alaska pipeline in the form of a sacrificial zinc ribbon anode [107].

2.2.5 Stray current underwater

Although the occurrence of stray current in water is much less probable than in the ground,
stray current has also been found underwater [110-114]. Owing to the relatively low
conductivity of fresh water compared to sea water, stray currents from identical source are less
dangerous in the former case and with a potentially higher risk in the latter case [16, 55, 56].

Stray current in marine environment can come from welding operations, inadequate
electrical systems, and boats with different grounding polarities [110, 115-117]. For instance,
when the grounding current of a boat flows through water to the ground point, another nearby
boat could provide a path of lower resistance. Once part of grounding current flows through the
boat as stray current, corrosion of the boat’s hull will be induced. The anodic areas, where
oxidation occurs, will be the location where the current leaves the hull and flows into the
surrounding water; the cathodic areas will be the location where the stray current “enters” the
boat.

2.2.6 Electrolysers and bus ducts

Special standards exist for determining the stray current reduction measures in reinforced
concrete structures of electrochemical plants of the chemical and metallurgic industry.
Electrolyzers and bus ducts are the major stray current sources in these plants [118]. Overlaps,
platforms for the maintenance of electrolyzers, columns and beams for supporting bus ducts, as
well as underground structures of reinforced concrete, are the objects of the attack by stray
currents [16].

2.2.7 Other sources

Stray currents have also been found elsewhere, and in some situations these other causes may
also be of importance. They may include:

1. Communication networks, control and warning circuits [119];

12
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Means of communication using radio transmitters;

Local galvanic cells, which are formed by metallic masses in wet compartments;
Static electricity;

Atmospheric discharges;

Spontaneous polarization induced electric fields by ferroelectric materials [7];
Grounded photovoltaic (PV) systems [120];

Electrical submersible pump (ESP) motors [121].

e b

Irrespective of the source of stray current, stray current could be conducted through nearby
metallic structures, since the metal represents a low resistance path. Stray currents will enter
the metallic structure and then leave to surrounding soil or water (solution). Stray current-
induced corrosion or acceleration of existing corrosion on these metallic structures will occur.

2.3 Characteristics of stray current

Depending on the stray current source, a classification is made into stray direct current (DC)
and stray alternating current (AC), with different frequency (for AC), continuity, fluctuation
and current density [69, 122-142].

A railway electrification system may induce different kinds of stray current. As shown in
Figure 2.8, a variety of traction powers are used in European countries [143]. The main
electrification systems currently used are: 15 kV AC 16.7 Hz, used in Sweden and Germany
for example; 25 kV AC 50 Hz, used in France and part of Netherlands; 2x25 kV AC 50 Hz,
used in France on high speed lines; 3kV DC in Belgium and Spain for instance; 1.5 kV DC in
Netherlands; and 0.75 kV DC in Southern England [143-146]. The reasons for so many different
systems are mainly historical [147].
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Figure 2.8: Distribution of traction power for railways in Europe [143].




Chapter 2 Literature Review

20 +
w
'_
I
el -
20
=
&
R 0+
o=
Q@
r_
P8 o+ A,IM%EE':G}(; 4,{ AFTERNOON }<_
w
W Sn RUSH HOUR
o
+2.0 1@
1 ] 1
I ) 1
MIDNIGHT 6 AM TIME-HOURS 8 PM MIDNIGHT
NOON

Figure 2.9: Pipe-to-earth potential at traction system stray current discharge area [85].

Nowadays a lot of old systems are still used because it is very expensive to change an
electrification system and because each of them has its advantages. The DC has been, for many
years, simpler for railway traction purposes; the AC is better over long distances and cheaper
to install but, until recently, more complicated to control [144, 148, 149]. Consequently, the
stray current arising from these electrified traction systems may be stray direct current (DC) or
stray alternating current (AC), where both can induce corrosion of nearby metal structures.

Stray currents produced by industrial platforms have relatively stable intensity in time. In
contrast the stray currents leaked from electrical tractions are fluctuating in both intensity and
duration [17, 92, 150-159]. Stray currents derived from the electrical traction systems may
fluctuate over short or long intervals of time, parallel to the varying load of the power source.
This is also in contrast to galvanic or cathodic protection currents, which are relatively stable.

Figure 2.9 presents results from potential fluctuations in the discharge area of a pipeline,
subjected to stray current due to its proximity to a transit system. The chart shows that the
pipeline is affected by stray current activity when the transit system is in operation, especially
during the morning and afternoon rush hour periods [85]. In Chen et al. ’s study [15] it is also
found that stray currents produced by rail traction systems are non-stationary. The effect of
interruptions of stray current should be taken into account in some particular situations, e.g.
where the stray currents leaked from electrical tractions are intermittent.

2.4 Corrosion of steel caused by stray current

2.4.1 Steel corrosion caused by stray alternating current (AC)

Corrosion caused by stray alternating current (AC) was firstly reported back in the early 1900s
[160-169]. It is found that stray AC induced corrosion is moderate compared to stray DC
induced corrosion. In the experiments conducted by R. Radeka et al. on ship construction steel,
stray AC caused 4.35-17.57% corrosion damage of the equivalent DC [54]. Other researchers
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estimated that for metals like steel, lead, and copper, AC causes less than 1% of the damage
caused by an equivalent DC [55, 56, 170].

In practice, it is not easy to predict stray AC-induced corrosion rate by considering
parameters such as alternating induced voltage. It was reported that the most rapid corrosion
did not always occur at the points of the highest induced alternating voltage (AV) on the
pipeline [171-174]. The relationship between AC density, frequency of AC and corrosion rate
reported on literature will be summarized below.

In terms of stray AC induced corrosion, the higher the density of stray AC with the same
frequency, the more serious the corrosion damage will be. Based on experimental results on
carbon and low alloy steels [175-177], what can be summarized is: The higher the AC density,
the higher the corrosion rate. No significant corrosion state was observed at AC density lower
than 30 A/m?. Therefore, most authors suggest an AC critical current density of 30 A/m?, above
which corrosion will be significant [172, 175-181].

The influence of various AC current densities on stress corrosion cracking (SCC) behavior
of pipeline steel was also investigated by M. Zhu et al. [161, 162] and X. Wang et al. [21]. With
increasing level of AC current density, the susceptibility to SCC increases. The thermal
activation (the temperature rise within the test cells) created by AC current was also considered
to play an important role in AC corrosion [182].

Corrosion induced by stray AC was reported to be more detrimental at low frequency [54].
A set of experiments was conducted by Pagano et al. [163] at various frequencies (5-500 Hz).
It was found that with increasing frequency from 5 to 500 Hz (with the same AV of 1000 mV),
there was a sharp drop in corrosion rate.

Overall, stray AC induced corrosion increases with the increase of current density, but
decreases with increasing frequency. Stray AC corrosion was only a fraction of that induced by
an equivalent stray DC.

2.4.2 Mechanism of stray direct current (DC) induced corrosion

The concept of stray current related with reinforcement was already illustrated in Figure 2.3.
The stray current (/5) inducing reinforcement corrosion in a reinforced concrete element is
illustrated in Figure 2.10.
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Figure 2.10: Schematic of the stray current interference (Is) on reinforcement in concrete.
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In this case, stray current originates from the positive terminal of a foreign DC electrical
source, and flows to an alternative path (underground reinforced concrete element) through the
soil and concrete cover (position (O in Figure 2.10). Due to the low resistivity of the steel
rebar, if compared to the surrounding concrete, the stray current can easily be picked-up by the
embedded reinforcement [183]. At the point @ where the stray current enters the
reinforcement, a cathodic area is generated, where a cathodic reaction occurs and corresponds
to a relevant cathodic polarization (. in Figure 2.10). In an environment of neutral or high pH,
the cathodic reaction is predominantly oxygen reduction, as shown in Figure 2.10.

The stray current would flow along the reinforcement between cathodic and anodic areas
(® in Figure 2.10), where the ohmic drop (W« in Figure 2.10) would also be present. An anodic
reaction (metal dissolution) will occur where the stray current flows out (is discharged) from
the reinforcement (anodic area, point (4)/point C). At this location, anodic polarization induced

by the current outflow (/. in Figure 2.10) will be relevant. This means that the process of (stray
current-induced) steel corrosion is initiated and accelerated at this location. The current outflow
would return to the negative terminal of the foreign DC source, “passing” through the concrete
cover and soil (site ®), and closing the electrical circuit.

If stray current can be “picked-up” by the steel reinforcement, a driving voltage (4U, see
Figure 2.10) has to be present:

AU =y, +y, +y, 22

This voltage equals the sum of cathodic () and anodic (.) polarizations, in case the
ohmic drop () through the reinforcement is negligible because of the low resistivity of the
steel rebar:

AU =y +y, 2.3

The anodic and cathodic areas may not have the same area, as has been assumed so far.
The driving voltage 4U may decrease when the cathodic area is significantly larger than the
anodic area, such that the current density on the cathodic site is negligible compared to that of
the anodic site, and thus y—0, so that AU— .. Therefore, under particular circumstances, AU
may be relatively low, in other words, it will be easier for the stray current to be picked-up by
the reinforcement.

2.5 Monitoring and evaluation of stray current

Although the stray current leakage can be controlled by some measures, its existence is
sometimes inevitable [184-196]. In cases where a corrosion possibility due to stray DC
interference exists, analysis of the situation shall include electrical properties and the location
of the possible source of interference as well as recorded anomalies. Intuitively, monitoring of
stray current corrosion can be performed as qualitative assessments, for instance using
Faraday’s laws, in order to assess the cumulative mass loss of steel over the targeted operating
period. The application of Faraday’s law, however, requires the current outflow level/density
to be known. Measuring the stray current flowing through the metallic structures is problematic
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due to the impossibility of breaking off the metallic structures, which forms closed circuits of
metallic conductors. According to the related Ref. [11, 73, 196-261], it can be summarized that
there are four principal ways to identify stray current interference:

Structure-to-electrolyte potential fluctuations;
Deviations of structure-to-electrolyte potentials;
Voltage gradients in the electrolyte;

Line currents in coupons [196, 218, 242].

AW N —

Compared to pipelines, the assessment of stray current corrosion of reinforced concrete
structures is even more complicated. This is due to: ramification of bars inside the concrete,
impossibility of breaking off the reinforcement (which form closed circuits of metallic
conductors inside the concrete) to measure stray current values; dependence of current
distribution on the humidity of the concrete at different sites of the structure, etc. Additionally,
in the case of pre-stressed concrete structures, the expected cathodic areas should also be
monitored in order to investigate the risk of hydrogen embrittlement.

Monitoring of stray current in reinforced concrete may be carried out by embedding
permanent reference electrodes at positions identified as critical, in order to trace the presence
of stray currents, determine the direction of flow, locate anodic and cathodic areas, etc. For
example, a stray current sensor with cylindrical twisted fiber was proposed [262] to monitor the
presence of stray current. Other measures that can help in detecting the presence of stray current
in reinforced concrete are based on the potential difference present between different parts of
the structure, due to the ohmic drop (IR drop) produced by the stray current.

However, in some cases it is impossible to measure the stray current on site, so some other
methods for stray currents calculation have been proposed. Such as: Back Propagation (BP)
neural network predictive models, novel or numerical predictive models, software tools, etc [66,
100, 263-308]. Methods based on unequivocal and precise hazard criteria have also been
suggested in view of evaluation or prediction of the corrosion degree of metallic materials
caused by stray current [123].

Due to the generally limited number of reference electrodes, it is also necessary to predict
the corrosion status of the metal materials in an area without reference electrodes. In this regard,
Wang et al. [217] approximated the nonlinear mapping between characterization parameters
and influential parameters, using a Radial Basis Function (RBF) neural network.

Besides, mathematical models based on different concepts (FEM, boundary element
method, data mining technique, etc.) have been established to assess the stray current corrosion
[72, 309-316]. These models have been applied on: ductile iron pipe (DIP) located in the
vicinity of cathodically protected steel pipe [309]; unprotected structures undergoing stray
current arising from a nearby cathodic protection system [310]; underground steel structures
through traction power systems producing stray current [311, 312], etc.

2.6 Concluding remarks

This literature review outlines and brings together the main aspects with regard to stray current-
induced corrosion, namely, the sources of stray current, characteristics and mechanism of stray
current corrosion in view of electrochemical aspects. Methods and techniques for evaluation
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and monitoring of stray current corrosion of steel in infrastructure were summarized in Section
2.5. Based on the reviewed literature, some concluding remarks can be drawn as follows.

Stray current can easily and unexpectedly arise from electrified traction systems, making
stray current-induced corrosion one of the most severe forms of damage to buried structures,
such as tunnels and underground pipelines. Irrespective of the origin of stray current, it is easily
“picked-up” by metallic conductive paths and later-on discharged, causing stray current
corrosion.

Nevertheless, the understanding of stray current-induced corrosion still remains unclear.
The danger of stray current is still not sufficiently recognized in practice, despite the far-
reaching range and scale of dangerous or unwanted interactions of stray currents. More
scientific mechanisms and practical approaches are necessary in order to thoroughly understand
the process of stray current-induced corrosion.

Based on the information derived from the literature review, the conditions for embedded
steel rebar to pick up stray current will be analyzed and proposed in the next chapter. A situation
(reinforced concrete culvert under a railway line) suspected to be attacked by stray current
arising from rail will be demonstrated as a specific example. The aim of this contribution is to
further clarify the stray current-induced corrosion process in practice. The challenges to be dealt
with in this thesis will be proposed in Chapter 3.
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Chapter 3
Conditions for rebar to pick up
stray current and means for
reducing stray current effects

3.1 Introduction

The primary objective of understanding the mechanism of a hazard is to prevent and reduce the
damages induced by this hazard. Based on the introduction on the stray current mechanism in
theory in Chapter 2, this chapter further goes through the more practical aspects of stray current,
i.e., conditions for a steel rebar to pick up stray current and the potential means for reducing
stray current corrosion in practice.

The process of stray current corrosion is a function of electrical/electrochemical and
chemical/physical parameters [150]. The better the understanding of the parameters involved,
the better the possibilities for mitigating stray current corrosion. These parameters can be
classified into 3 categories [269, 280, 317-331]:

1. Sources of stray current;
2. Ambient conditions (soil, concrete, etc.);
3. Interfered structure itself (reinforcement in concrete structures, for instance).

Accordingly, the means for reducing stray current corrosion are also related to the above 3
categories. As for the order of importance of these factors, as mentioned by British Standard -
BS EN 50162:2004 [332] back in 2005: “measures taken to minimize the effects of stray current
interference should commence with the source of the stray current interference”. If measures
taken to mitigate the effect of stray current sources are impractical or ineffective, the attention
should be focused on the external environment and the interfered structure itself [333-335].

More details of these will be discussed in the next sections of this chapter. The reinforced
concrete culvert under a railway line, suspected to be attacked by stray current arising from rail,
will be demonstrated as a specific case.

3.2 Stray current corrosion in reinforced concrete culvert under railway

The most frequent stray current sources are rail transits, which are also main traffic tools with
accelerating urbanization all over the world. Stray currents from these systems may easily flow
into the nearby structures, making stray current corrosion one of the most severe forms of
damage of these structures.

Railway lines frequently cross cut and fill transitions [82]. In these locations culverts are
often used as vehicular or pedestrian crossings (sometimes also as wildlife corridors, water
distribution structures) in both conventional and high-speed railway lines. These solutions have




Chapter 3 Conditions for rebar to pick up stray current and means for reducing stray current effects

been used since the 1800s (a traditional stone arch culvert is shown in Figure 3.1a) [336-342].
Nowadays, culverts under railway lines are usually made with reinforced concrete rectangular
boxes, which are cast-in-situ (Figure 3.1b) or precast (Figure 3.1c¢) [343].

As transition zones in railway lines, the culverts may introduce localized stiffness
variations [343, 344]. The dynamic train loads over culverts lead to a number of interactions
between the track and the culvert, as well as between the sidewalls and the backfill (i.e. soil-
structure interactions) [345-351]. As concrete elements inside the railway track subgrade, the
culverts may promote differential settlements in the track [343, 352-354].

Similar to level crossings of railway lines, the concrete culverts are also highly susceptible
to stray current effects [355-357]. Because of safety concerns, it is inevitable that vehicles need
to brake and accelerate at these transition zones, which means that the servo current is higher
than in normal situations. Subsequently, the density of the return current in the rail and leaked-
out current (stray current) are higher [215]. Due to poor rail insulated boots attributed to
vibrations, the stray current can leak out more easily from the rail foot. As the concrete culverts
are usually embedded in soil, the stray current leaked from rail may flow into culverts through
the surrounding soil [285, 358].

The stray current corrosion of reinforcement in culverts represents a dangerous condition
for the culverts themselves, but also for the track integrity and, eventually for the safety of
transit systems. Because of the concurrences of stray current corrosion, combined road/railroad
loadings, inconvenience for repair, high cost and disturbance of traffic and railroad operations
at culverts, it is necessary to pay more attention to these locations.

00

Figure 3.1: a). A traditional railway culvert (stone arch), Miodowa street, Kazimierz, Krakow, Poland
[359]; b). Construction of a concrete box culvert under railway [360]; c¢). A precast reinforced concrete box
culvert [337]; d). Detailed reinforcement drawing of culvert in Figure 3.1c [337].
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3.3 Steel rebar in culvert under railway subjected to stray current

The scenario of stray current arising from rail and then flowing into a culvert under railway is
shown in Figure 3.2. The returning current (/ni1) leaks out from point A of the rail, then flows
directly through soil and buried reinforced concrete culvert, before returning into point D on
the rail.

The equivalent electrical circuit relevant to this scenario is shown in Figure 3.3, where: Ruil,
Rrcvar, Rsoil1, Rsoil2, Reoner,1, and Reoncr2 are the electrical resistances of the rail, reinforcement,
soil and concrete cover/matrix at different positions; /s is the stray current flowing into the
reinforcement. This equivalent electrical circuit is to describe the flowing paths of stray current
picked-up by steel. In other words, the other part of stray current flowing in concrete (but not
picked-up by steel) is not involved.

In this case, the supply voltage (4E) is raised by the potential difference between point A
and point D on the track, where stray current leaks out and returns back, respectively. Of course,
depending on the different types of stray current source, the supply voltage for stray current
varies.

The distance between point A and D is denoted Lnii (m). @, and @, are the potentials at
points A and D on the rail. For a resistance per unit length (71 /m) of rail, there will be a
resulting voltage drop (4E) caused by the returning current along the distance Lyai of rail:

AE :¢1 <D4 Lrall rail I rail 3.1

If i, and I, are the stray current densities where stray current flows into (at Point B,
cathodic area with the area of 4,) and flows out (at Point C, anodic area with the area of 4,)
the reinforcement, the relationship between the overall stray current /; and the anodic and
cathodic currents can be expressed as follows:

IS = ZC : AC = la : Aa 3'2
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Figure 3.2: Transverse section of reinforced concrete box culvert under railway line undergoing stray
current arising from the track.
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rebar

Figure 3.3: Equivalent electrical circuit to the scenario shown in Figure 3.2.

Considering ohmic drops due to resistance and polarization on both rail and reinforcement
(when stray current leaks out or flows into), the equivalent electrical circuit representing stray
current arising from rail is shown in Figure 3.4. This equivalent circuit can be simulated by
series of two electrolytic cells I and II (see Figure 3.5). The distance between point B and C is
denoted Lriebar (m). @, and @; are potentials at point B and C on the reinforcement,
respectively. For resistance per unit length Rrebar (€2/m) of rebar, there will be a potential drop

between point B and C:

D, — @, =] rebar - Rrebar - Is

Electrolytic cell 1

33

Electrolytic cell T1

oint D

concr,2

rebar

Point A ( @

concr. |

Figure 3.4: Schematic of stray current path considering the polarization and ohmic drop.
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Figure 3.5: Series of electrolytic cells.

Based on the mechanism of an electrolytic cell, the driving force for cell Il is ¢, =@, . To
force the anodic and cathodic reactions to occur, the minimum electric potential (driving force)
is the sum of the absolute potential value of the macro cell (£, —E,, ), the polarizations in
anodic and cathodic areas (', , ¥ ) and the ohmic drop (W soit1 >V eone )

¢1 - §02 = E corr Ecorr + l// a + ‘//c + l//soil,l + V/conc,l 34

For the electrolytic cell I, the same argument holds:

g03 - (04 = Ecorr - E corr + ‘//a + ‘// c + l//soil,Z + l//conc,2 35

From the Equations 3.1, 3.3, 3.4 and 3.5, the relationship of the factors can be given in
equations as follows, i.e. the condition required for stray current to be picked-up by the
reinforcement in concrete near electrified traction system is:

+Is- R +Is- R +Is R + s Lrebar - Frebar

3.6

Luail - rrail - Iail = W+, +y/, +y  + s R

soil,1 conc,l soil 2 conc,2

V., V., V¥, and ¥V, can be expressed as functions of stray current ( Is ) according to the

polarization definition:

v, =FG)=Fs/4,) 3.7
v, =F.G)=F(/A4) 3.8
v,=F,()=F /4, 3.9
v.=F,()=F.(/4,) 3.10
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Hence Equation 3.6 can be described as follows in Equation 3.11:

N

Is I o .
Lran.rraw1remm=5(A—‘)+E(Is)+Fa(A4)+FC(—)+13.R +I-R

conc,|

I
A, soil 1 +1s- Rmil,2 +Is-R + s - Lrebar - Frebar

a c a c

conc,2

3.11

Based on above analyses, it can be seen that when the electrochemical state of a system
(including rail, reinforced concrete and surrounding environment) satisfies the criterion
expressed by Equation 3.11, stray current will be picked-up by the reinforcement in concrete
near railways. Once this takes place, corrosion will occur at locations where the stray current
leaves the reinforcement. Any factors related to the subentries of Equation 3.11 can affect the
probability for the stray current to be picked-up by reinforcement. For reducing stray current
corrosion, impact factors of stray current corrosion should be modified accordingly.

3.4 Means for reducing stray current effects

3.4.1 Measures on stray current sources
34.1.1 Track

Means for reducing stray current corrosion should also be tailored according to which source
the stray current comes from. As the most frequent stray current source, the electric power
traction system will be taken as the example in this part. The essential elements of a transit
system are the rails, power supply and vehicles. The design and placement of all these dictate
the stray current effects in terms of the total stray current leaving the rails.

As aforementioned, owing to the longitudinal resistance of rails and their imperfect
insulation to ground, part of the return current leaks out from the running rails and flows along
parallel circuits, before returning onto the rail and the negative terminal of the substation,
forming the stray current. Apparently, the higher the contact resistance between the rails and
the ground (insulation) and the less the longitudinal resistance of the rail, the lower are the
leakage currents from the railway into the ground.

Reduction of the longitudinal resistance can be attained by the connection of adjacent joints
using flexible copper wire or other conductors [361, 362]. According to existing standards, in
the case of increasing the contact resistance between the rails and ground, rails should be bedded
in broken stone, gravel or other equivalent (regarding their insulating properties) ballast.
Wooden ties must be impregnated with non-conductive oil antiseptics, while at the time of
application of ties of reinforced concrete, it is necessary to insulate them from the rails [16, 363,
364].

Reducing the distances between traction substations is another measure that can be taken
for mitigating stray current. However, this solution increases the construction cost, so the
optimum placement of traction substations should be carried out on the basis of peak service
conditions [32].

3.4.1.2 Railway earthing systems

The railway earthing system has significant effect on the magnitude of stray currents. Schemes
adopted in the earthing of a railway system include solid (direct) earthed, floating (unearthed),
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and diode earthed [272, 279, 326]. Based on analysis of the grounding strategies, it was found
that various earthing schemes can change the stray current intensity to a different extent [32,
75, 365, 366].

Simulation results clearly indicate that stray currents and rail potentials are closely related
in both unearthed and earthed systems. Generally, the rail potential of the rail in the unearthed
system is higher, but it would decrease considerably when the substations are earthed. However,
it was shown that the stray current increases where direct earthing of rails is implemented [32].

Diode-earthed-schemes represent a compromise between earthed and direct-earthed-
schemes. They are often used to eliminate the problems of stray current corrosion from a direct-
earthed system. However, the practical and theoretical studies have shown that diode earth
strategies may result in high touch potentials and stray currents at the same time. As a result,
among the three available approaches, the unearthed scheme (floating) is the most effective in
view of levels of stray currents and rail potential.

3.4.2 Measures on ambient conditions

3.4.2.1 Stray current collection system

If the total stray current for a given system is high, considerable corrosion of the supporting
infrastructure may occur. In this situation, a stray current collection system (current collection
mat or cable) may be needed to control the path through which the stray current returns to the
substation. As shown in Figure 3.6, a stray current collection system can be constructed under
the rails in order to "capture" the stray. Such collection systems usually take the form of
reinforcement in the concrete track bed of a traction system.

The performance of a stray current collection system is highly dependent on the
conductivity of the system itself and of the neighboring soil. Extremely high efficiencies can
be achieved when the material, surrounding the stray current collection system, is highly
resistive [367]. The arrangement of a reinforcement mat, being bonded electrically back to the
substation through parallel conductors, has therefore a dual function: (1) To prevent corrosion
of the reinforcement bars themselves, and (2) To act as a secondary level of protection against
stray currents penetrating the surrounding earth and possibly into buried services [367].

Running rail with
insulated fastener Stray current
) collector cable
Stray current leaves rails Civil / stray current
and enters civil / stray control mat
current control mat

Figure 3.6: Stray current collection system under the rail [75].
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3.4.2.2 Electrical drainage bond

As mentioned before, corrosion only occurs when stray current leaves the metallic structure. It
does not occur at the section where current enters the structure or when it leaves the structure
to another metallic structure, other than to enter the soil or concrete (i.e., electrolyte). To
mitigate the corrosion effects of stray current, a so-called drainage bond can be used [368].
Therefore, by diverting most of the current into the drainage bond rather than into the soil, the
amount of corrosion of the metal structure will be reduced. A drainage bond (Figure 3.7) is a
metallic joint between the structure and rail that provides an alternative path for the stray current
to return to the rail [367].

For complex systems in practice, the design of bonds is not easy. The drainage bond
connection to the underground structure should be located where the railway and the structure
cross or where they are closest together.

In addition, the location should be convenient for checking the equipment and where it
does not interfere with traffic [367]. Stray currents sometimes tend to be dynamic in nature,
with the direction of current reversing from time to time. In such cases, simple bonding is
insufficient, and additional installation of diodes will be required to protect a critical structure
at all times [55, 106].

Until recent years it was considered sufficient to rely on the traditional tie-wires used to
assemble a reinforcement mesh to provide bonding. But as a result of some failures in practice,
this view no longer holds for structures of DC traction systems. Where weldable steelworks are
used, spot welding may provide the best solution, though the effect of this on the structural
properties of the systems needs careful evaluation [184].

Drainage
Bond

; Reference
Electrode

Figure 3.7: Schematic of drainage bond for mitigating the corrosion effects of stray current [367].

3.4.2.3 Electrical shield

Where a metallic structure is located nearby a stray current source, it is possible to reduce the
amount of picked-up stray current by using electrical shields. A metallic barrier (or “shield”)
that is polarized cathodically is positioned in the path of the stray current, as shown in Figure
3.8. In cathodic shielding, the aim is to minimize the amount of stray current reaching the
structure at risk (i.e., the steel pipeline as shown in Figure 3.8). The shield represents a low-
resistance preferred path for the stray current, thereby minimizing the flow of stray current onto
the interfered structure.
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Cathodic Shield

\ J

Figure 3.8: Schematic of a cathodic shield to minimize anodic interference.

The effects of location and the manner of installing a metallic shield for mitigating the
effects of stray current were studied experimentally by Du et al. [ 185]. The metallic shield was
connected with the cathode of the interference source and the picked-up stray current value was
monitored. If the shield is connected to the negative terminal of the power supply of the
interfering structure, its effects on the protection levels of the interfering structure have to be
considered; these will obviously be reduced for a given rectifier output [106].

Though the shields can reduce the stray current pickup, interference current can still be
expected to flow away from the pickup area to remote discharge points at which the interfered
metallic structure will be corroded. This current flow needs to be reversed. This may be done
with galvanic anodes or bonds, if the shields have reduced stray current pickup to a reasonably
small magnitude [85].

3.4.3 Measures on interfered structure itself

3.4.3.1 Insulating couplings

By installing one or more insulating couplings, the pipeline becomes a less favorable path for
stray currents. Such couplings are often useful for minimizing stray current damage. But they
are less useful if voltages are so large that current is induced to flow around the insulating joint,
causing corrosion near the couplings as shown in Figure 3.9 [55].

Insulating coupling /_\ Insulating coupling /_\
'/ / /
%

7

Corrosion . Corrosion
Soil

Figure 3.9: Effect of current flowing along a buried pipeline on corrosion near insulated couplings [55].
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3.4.3.2 Intentional anodes and cathodic protection

Sacrificial anodes can be installed at the current discharge areas of the interfered structures to
mitigate stray current corrosion. Stray currents then cause corrosion only on the intentional
anode, which can easily be replaced at low cost. This mitigation method is used frequently in
pipeline exposed to stray current, and is most applicable in cases of relatively low levels of
stray currents [106].

As shown in Figure 3.10, the current is discharged from these anodes rather than from the
structure at risk. The importance of placing the anodes close to the interfering structure is
obvious: to minimize the resistance to current flowing from the anodes. The less noble anodes
will generate a cathodic protection current, thereby compensating for small amounts of residual
stray currents that continue to be discharged from the interfered structure.

Cathodic protection is installed when the intentional anode is not sufficient to overcome all
corrosion caused by stray currents [55]. The materials applied for manufacturing grounding
anodes in cathodic protection (by impressed current) are various. Dissolution of steel anodes at
current outputs is close to 100%. Consequently, steel grounding anodes, designed for a long-
term service life, should have enough weight [16].

Sacrificial
Anode

Anode

Steel Pipeline

Figure 3.10: Schematic of sacrificial anodes to mitigate cathodic interference.

3.4.3.3 Application of coatings

The most important component of the protection system for underground structures is the
insulation coating. The higher the construction-ground resistance (the better the quality of the
insulating coating of the construction), the smaller the stray current magnitudes penetrating to
the construction.

Application of water proof coatings to buried reinforced concrete structures may reduce
the stray current flowing through the concrete [333]. To prevent stray current from flowing into
the reinforced concrete structures in plants using electrochemical methods, standards forbid the
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application of materials that are capable of absorbing moisture (concrete, non-glazed porcelain,
ceramics, etc.) in these plants, without special treatment by water-repellent and insulating
compositions [16].

The use of coatings to mitigate the influence of stray currents should only be considered at
the current pickup areas. It is not recommended to rely on additional coatings at current
discharge areas, because rapid penetration of substances and localized corrosion is to be
expected at any coating defects. In general, if a macroscopic anode and cathode exists on a
structure, coatings should never be applied to the anode alone in view of corrosion protection
[106].

3.4.3.4 Electrical discontinuity

In practical applications, it is impossible to completely exclude defects in coatings, applied on
large structures. Therefore, alongside the application of insulating coatings, the longitudinal
resistance of pipelines should be increased, to decrease the magnitude of stray currents, as well
as to minimize the effect of defects. For this purpose, electric sectionalization of pipelines can
be executed. This consists of the application of insulating flanges and the insertion of insulating
material into the pipelines. In this way, it is possible to significantly lower the magnitude of
stray current flowing into the pipeline.

However, along with a decrease of the stray current density, the number of anodic zones,
where the current is draining off from the pipeline into the ground, increases. This number is
equal to the number of sections, “breaking” the current flow along the pipeline. Therefore,
sectionalization is usually carried out together with the application of grounded current taps
[16].

Other than pipeline networks, reduction of stray currents for various structures can also be
achieved by sectionalization, e.g., for maintenance platforms of electrolyzers or underground
reinforced concrete structures. For instance, overlaps of the installation for electrolyzers should
be separated by insulation seams from adjoining walls, columns and other elements of the
building.

3.5 Challenges to be dealt with in this thesis

The literature review and introduction about the stray current mechanism have been presented
in Chapter 2. To further clarify the challenges that may be encountered in practice, the
reinforced concrete culvert under a railway line suspected to be attacked by stray current arising
from rail was demonstrated. The conditions for a steel rebar to pick up the stray current were
analyzed. Subsequently the means for reducing stray current corrosion of the practical
infrastructure were summarized.

On the basis of the literature review and practical cases, a number of scientific challenges
related to stray current corrosion of steel in reinforced concrete structures can be listed as below:

1. Itis found that a lot of previous studies actually supply anodic polarization to simulate stray
current. Thus in this work, the effect of anodic polarization and stray current will be studied
and compared in Chapter 4.

2. Bond of steel-concrete interface is an important structural property for reinforced concrete
elements. The bond between steel surface and surrounding concrete assures the concrete
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and the reinforcement can work together as composite material. However, the role which
stray current plays in bond degradation of steel-concrete interface has not been studied in
detail yet. Therefore, the effect of stray current corrosion on bond strength will be
investigated in Chapter 5 of this thesis.

In reinforced concrete structures the steel rebar orientation always varies corresponding to
location or function of a specific element (see Figure 3.1). Thus the direction of a rebar can
be parallel or orthogonal to the stray current. However, very rare investigations compare
the corrosion behavior of steel rebar undergoing stray current in different directions. This
aspect is of significance in view of the corrosion degree and the location of corrosion cells
formed on the steel rebar surface. Therefore, the importance of cell geometry, i.e. the effect
of steel orientation with respect to the electrical field (placed parallel or orthogonal to the
stray current direction) will be studied in Chapter 6. The effect of rebar length undergoing
stray current (related to the electrical discontinuity in practice, as introduced in Section
3.4.3.4) will be studied as well.

In view of picked-up stray current level and induced potential shift of rebar, Chapter 6 also
aims to simulate a stray current electrical field on a steel rebar embedded in mortar, and
monitor the time-dependent response (both potential shift and stray current flowing within
the steel rebar) of the steel rebar undergoing stray current at the laboratory scale.
Specifically, the effect of rebar positioning (steel bar placed parallel or orthogonal to the
stray current direction) on potential shift and picked-up stray current level, will be clarified.
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Chapter 4
Corrosion of reinforcing steel
undergoing stray current and
anodic polarization

4.1 Introduction

To study the effects of stray current on the corrosion behavior of steel in concrete, various
works report on different approaches [58-68, 183]. However, most of the investigations actually
reported the results on anodic polarization, rather than stray current-induced corrosion of steel
in reinforced concrete specimens [49, 50, 58-68]. The main objective of this chapter is to
experimentally justifies the different effects of stray current and anodic polarization, on
reinforcing steel embedded in “fresh” (24 hour-cured) and “matured” mortar (28 day-cured).

Polarization (imposed in this work) refers to a potential shift away from the former
corrosion potential (open circuit potential) of a corroding system. Corrosion potential is an
important parameter related to the corrosion state of metals. Corrosion potential is a mixed
potential at which the metal is in a state of dynamic equilibrium, where the rates of oxidation
and reduction reactions on the metal surface are equal, hence, the net current of the system is
zero. A change of this initial dynamic equilibrium (due to altered electrochemical state or
externally imposed) is reflected by a change in the corrosion potential. A potential shift in a
positive direction from the initial equilibrium (corrosion) potential is called anodic polarization,
while a negative potential shift is cathodic polarization.

Although stray current leads to the generation of anodic locations on a steel surface,
meaning that the degradation itself is linked to anodic currents and oxidation, the influence of
stray current is not just anodic polarization. As presented in Figure 2.10 (Chapter 2) the stray
current effect is composed of both anodic polarization and cathodic polarization on a metal
(steel) surface. Hence, stray current and its effects are more complex than only anodic
polarization. Except exerting effects on the metallic conductor (steel specifically), stray current
will also trigger ion migration in a cement-based matrix. Cations would migrate in the direction
of current, but anions (e.g. Cl) migrate in the opposite direction.

If anodic polarization is applied to steel in concrete (Figure 4.1a), anions (CI for instance,
as present in seawater, where CI™ ions ingress is common for reinforced concrete structures in
these environmental conditions) will be attracted to the steel surface (anode), while cations
(Ca**,Na*, K, etc.) will be repelled towards the cathode (or an external conductor, e.g. counter
electrode polarizing the anode). In conditions of stray current, a separation of charge will be
relevant (as previously introduced in Chapter 2, as well as here depicted in Figure 4.1b), where
anions would be similarly attracted to the anode and cations to the cathode. In such situations
the corrosion activity at the anode would be further accelerated by a combined mechanism of
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stray current-induced corrosion (in the sense of oxidation due to anodic polarization) and
localized corrosion attack induced by CI".

Nevertheless, as for the stray current flowing within a reinforced concrete structure, the
concentration of Cl™ nearby the steel surface is not expected to be as significant as the case of
anodic polarization, although this will very much depend on the level of stray current, as well
as the pore network (bulk matrix) characteristics of the concrete bulk.

Ion migration in electrolyte is an ion transport mechanism that can only occur in an
electrical field. Ion migration (or its co-existence with diffusion, capillary suction, etc.) in
cement-based materials is through the connected pores [51, 369-371]. Thus the transport
process is related to the porosity and pore network connectivity of the bulk, which is also
determined by the age/maturity of a concrete matrix. Fresh concrete at very early age is
considered as a viscoelastic material [372, 373]. From mixing until the initial setting time,
cement hydration takes place and makes the concrete harden. During this period, ion migration,
due to electrical field, would additionally influence the cement hydration process and product
layer formation on the steel surface. Specifically, current flow in the fresh (non-mature) cement
matrix with high porosity and permeability, can easily lead to enhanced water and ion transport
due to accelerated ion migration. Consequently, cement hydration will be enhanced, leading to
a faster development of the cementitious microstructure, assisting a more rapid stabilization of
the pore solution and hydration products at the steel-mortar interface.

In this chapter, stray current and anodic polarization are both applied and monitored in
identical reinforced mortar specimens. The specimens are cured in fog room (98% RH, 20 °C)
for only 24 hours (24h) to produce “fresh” bulk matrix, or standard 28 days (28d) for hardened
matrix. For a period of 243 days of conditioning, a comparison between stray current and anodic
polarization effects on the corrosion behavior of embedded steel is performed for both fresh
(24h-cured) and hardened matrix (28d-cured), in Cl-free and Cl-containing environment.
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Figure 4.1: Ion migration in reinforced concrete undergoing: a). Anodic polarization; b). Stray current.
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4.2 Experimental
4.2.1 Materials and specimen preparation

Stray current and anodic polarization were applied on reinforced mortar prisms (of 40x40x160
mm?®). The specimens were cast from Ordinary Portland Cement (OPC) - CEM 142.5 N, and
normed sand. The water-to-cement (W/C) ratio was 0.5; the cement-to-sand (C/S) ratio was 1:3.
Construction steel (rebar) FeBSOOHKN (d=6mm), with an exposed length of 40 mm (with an
exposed steel surface area of 7.54 cm?) was centrally embedded in the mortar prisms. The
schematic presentation of the specimens’ geometry is depicted in Figure 4.2.

Prior to casting, the steel rebars were cleaned electrochemically by cathodic current of 100
A/m?, where the steel rebar was the cathode, stainless steel was the anode. This process was
performed in a solution of 75 g NaOH, 25 g NaxSQOq4, 75 g Na,COs (reagent water to make 1000
mL), according to ASTM G-1 [374, 375]. After that the two ends of the rebar were covered
by a heat-shrinkable tube. This aimed to avoid or minimise crevice corrosion and confine the
effect of the experimental conditions to identical geometry and exposed steel surface. More
details on specimen preparation for pull-out test will be further introduced in Chapter 5.

The two cast-in Ti electrodes (MMO Ti mesh, 40x160 mm?) served as terminals for anodic
polarization and/or stray current application. When anodic polarization and/or stray current
supplies were interrupted (min 24h before electrochemical tests), the two Ti electrodes
(connected with each other) served as counter electrode in a general 3-electrode set-up, where
the rebar was the working electrode and an external Saturated Calomel Electrode (SCE) served
as a reference electrode.
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Figure 4.2: Experimental set-up for current supply and position of electrodes: a). Stray current; b).
Anodic polarization.
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The level of stray current and anodic polarization were both set at 0.3 mA/cm?, applied as
an external DC electrical field. The current density was calculated according to the exposed
steel surface area. This level of current density was chosen to account for a hypothetic 10%
weight loss of steel rebar, as analytically calculated via Faraday’s law, for a period of 28 days
in the relevant experimental conditions:

i=ZFrpn, |24t 4.1

Where ¢ is time of corrosion (28 days = 2419200 s), Z is the valence of the iron ions taking
part in the anodic reaction (Z=2), F'is Faraday’s constant (96500 As), r is the radius of corroded
bar (0.3 cm), p is the density of iron (p = 7.87 g/cm?), 7 is the mass loss ratio (10%), 4 is the
atomic mass of iron (4 = 56 g), and i is the impressed current density (A/cm?). Based on this
calculation the level of anodic polarization corresponding to 10% mass loss over 28d is 0.1744
mA/cm?. Considering the fact that the supplied anodic current may be partially limited if any
resistive components in the circuit would arise within the mortar bulk, the final chosen current
level was increased to 0.3 mA/cm?.

4.2.2 Curing and conditioning

Table 4.1 summarizes the relevant curing and conditioning regimes, and specimens designation.
After casting, all specimens were cured in a fog room (98% RH, 20 °C) for 24 hours (24h) or
28 days (28d) until demoulding. Next, the specimens were lab-conditioned (lab air). The
specimens were immersed in water (Cl-free) or 5% NaCl solution (Cl-containing), with 2/3™ of
height.

Table 4.1%: Summary of curing and conditioning regimes.

Immersion Environment (2/3™) Electrical Field

S Sl T I v W e
R-24h v

C-24h v

S-24h v v

CS-24h 24h v v

A-24h v v
CA-24h v v
R-28d v

C-28d v

S-28d 28d v v

CS-28d v v

A-28d v v
CA-28d v v

* R-24h: Reference; C-24h: Corroding (NaCl medium); S-24h: Stray Current; CS-24h: Corroding (NaCl) + Stray

Current; A-24h: Anodic Polarization; CA-24h: Corroding (NaCl) + Anodic Polarization — after 24h curing.
R-28d: Reference; C-28d: Corroding (NaCl medium); S-28d: Stray Current; CS-28d: Corroding (NaCl) + Stray

Current; A-28d: Anodic Polarization; CA-28d: Corroding (NaCl) + Anodic Polarization — after 28d curing.
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4.2.3 Experimental methods

Electrochemical measurements were performed at Open Circuit Potential (OCP), using a SCE
as reference electrode (as above specified, the counter electrode was the initially embedded
MMO Ti mesh). The OCP values were recorded at each time interval prior to electrochemical
measurements. The OCP evolution, in general, provides information for transitions from
passive to active state, and vice versa. For steel embedded in a cement-based material, a
threshold value of -200+70 mV (vs SCE) [375] has been accepted, i.e. more anodic OCP values
would reflect passive state, whereas more cathodic values are linked to an active (corroding)
state [376].

However, OCP only provides an indication of the corrosion state, rather than giving
quantitative information, e.g. corrosion rate. Hence, more cathodic OCP values would not
always be related to increased corrosion rates. The OCP response of the steel can be affected
by a number of factors, such as relative humidity, oxygen availability, the presence of highly
resistive layers. For instance, limited oxygen availability (as in submerged conditions) can be
reflected in a more cathodic OCP value. Hence, the interpretation of OCP values in such
conditions, would be more complex and cathodic OCP would not indicate enhanced corrosion
activity.

Linear Polarization Resistance (LPR) was performed in the range of £20 mV (vs OCP), at
a scan rate of 0.1 mV/s (= 6 mV/min). It is found that the sweep rates of 2.5-10 mV/min give
reliable results (suitability obtained by comparison to gravimetric losses, as reported in Ref.
[377]). This range of scan rate makes sure the Ry achieves a constant value (i.e., the stationary
value), because within this scan rate the recorded i (vs E) is already constant after the attenuation
of varying current (this process is controlled by the attenuation rate, which is governed by the
time constant of the working electrode) [377, 378].

This method allows determination of polarization resistance (R;). The R, values are used
for a quantitative assessment, through calculating corrosion current by employing the Stern-
Geary equation, i.e., icorr = B/Rp [379, 380]. The R, value was experimentally derived, whereas
for the constant B the reported values for passive (B = 52 mV/dec) or active (B =26 mV/dec)
were employed [381, 382]. Since R, is inversely proportional to the corrosion current,
quantification of corrosion resistance can be performed by a comparative analysis of R, values
only, as used and discussed in this work.

Electrochemical Impedance Spectroscopy (EIS) was employed in the frequency range of
50 kHz -10 mHz, by superimposing an AC perturbation voltage of 10 mV (rms). As a non-
destructive electrochemical technique, EIS provides qualitative and quantitative information of
both the steel reinforcement and the bulk matrix. The high frequency (HF) range (i.e., MHz to
approx. 10 kHz) offers information for the contribution of the bulk matrix (solid and pore
network). High to middle frequency ranges (10 kHz to 1 kHz), reflects the contribution of the
pore network and steel-cement paste interface, while middle (MF) to low frequency (LF) range
(< 1 kHz to 10 mHz) corresponds to the electrochemical response of the embedded steel [383-
387].

For the 24h-cured specimens, both LPR and EIS tests were performed at the age of 3, 7,
14, 28, 56, 141 and 215 days. For the 28d-cured cases, LPR and EIS tests were conducted at
the age of 28 (after 1d conditioning), 35 (after 7d conditioning), 42 (after 14d conditioning), 56
(after 28d conditioning), 169 (after 141d conditioning) and 243 (after 215d conditioning) days.
In other words, the time periods of testing and conditioning for both 24h-cured and 28d-cured
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specimens were identical, but the hydration age of the specimens at the specific time interval
varied, reflecting the 24h and 28d curing.

For specimens undergoing stray current or anodic polarization, a 24-hour de-polarization
(potential decay) was performed prior to any further testing. The experimental protocol and the
sequence of tests are meant to verify: (1) if stray current indeed flows into the steel; (2) if 24-
hour potential decay is sufficient to result in stability of the electrochemical state of steel (i.e.,
if a stable OCP was achieved), so that electrochemical tests can follow after the decay. During
the decay and within electrochemical tests, the specimens were immersed fully in the relevant
medium (in water or 5% NaCl). The used equipment for electrochemical tests in this work was
Metrohm Autolab (Potentiostat PGSTAT302N), combined with a FRA2 module.

4.3 Results and discussion

To experimentally justify the different effects of stray current and anodic polarization on
reinforcing steel embedded in “fresh” (24h-cured) and “matured” mortar (28d-cured), the
electrochemical performance of steel in different curing regimes and conditions will be shown
and discussed. The electrochemical state of the embedded steel in this work is firstly discussed
based on the OCP and LPR records. EIS results are discussed as a qualitative assessment in
view of bulk matrix properties and steel surface active/passive state. Finally, the recorded 24-
hour potential decay at the age of 95 days will be shown, supporting the results and discussion
in the preceding sections.

4.3.1 OCP and R evolution

The evolution of OCP and polarization resistance R, values (recorded via LPR measurements)
for the group of 24h-cured specimens are presented in Figure 4.3 and 4.4. Figure 4.5 and 4.6
depict the OCP and LPR records of the 28d-cured specimens. Besides the environment and the
conditioning regimes (stray current or anodic polarization), the following factors affect the
observed behavior: (1) the steel surface properties prior to conditioning; (2) the properties of
the mortar bulk matrix, such as maturity and pH of the pore solution; (3) the porosity and pore
network connectivity of the mortar bulk determining ion migration, as well as water transport
and oxygen penetration.

The steel surface property is a factor, relevant for both 24h and 28d-cured groups. This
aspect is of importance in the sense that clean steel surface would be relatively more active, if
compared to oxide layer-covered (“as received”) steel. This factor will dominate until a stable
passive layer is formed (as in the non-corroding specimens), in the high pH environment of the
mortar pore network.

The effects linked to changes in cement-based material properties, together with their
influence on passive film formation, would be more significant in the 24h-cured group. If the
stray current supply (or anodic polarization) starts at very early age (e.g. at age of 24h), water
transport and leaching-out effects, due to ion migration, will be more evident, because of the
high porosity and pore network connectivity of a fresh bulk. Hence, if the hydration process
and pore network characteristics are influenced by the foregoing factors, these will further affect
the stability of the passive and/or corrosion product layer.
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4.3.1.1 OCP and R, of 24 hours-cured specimens

As can be observed in Figure 4.3, until the 28 days of age, the majority of OCP values for
specimens R-24h (control case) and S-24h (stray current case) fall in the cathodic region and
are far beyond the passivity threshold, i.e., more cathodic than the generally accepted —200 +
70 mV (vs SCE) for reinforced mortar/concrete systems [375, 376]. These OCP values account
for active state of the steel reinforcement, for at least until 28 days of age.

This performance is due to the surface condition of the embedded steel (clean surface), the
fresh mortar matrix. Specifically, the electrochemical cleaning of the embedded steel performed
prior to casting, results in a “bare” steel surface, which will be active in alkaline environment
of pH > 13.5 at very early age, until a passive layer is formed and the pH of the environment
(pore solution) stabilizes at around 12.9.

As can be observed in Figure 4.4, relatively low R, values are initially recorded for the
control specimen R-24h, and increase to 60 kQ.cm? at the end of the test. This result was not as
expected, although in line with the OCP evolution for R-24 in Figure 4.4. Until 141 days, higher
R, values (in the range of 40-70 kQ.cm?) for S-24h (compared to R-24h) are recorded. For
specimen A-24h, very low R, values are recorded, below 10 kQ.cm?, with an increasing trend
towards 30-40 kQ.cm? between 14d and 141d. A significant reduction of R, values for A-24h,
below 5 kQ.cm?, is observed at the end of the test (at 215 days).

In the period of 3 days until 28 days for the 24h-cured groups, the OCP records reflect the
steel electrochemical response within a gradually refined pore network, a steel-cement pate
interface development, characteristic for a cement-based system at early hydration stage. These
are in terms of pore solution chemistry alterations as well as passive layer stabilization (for
control cases) or corrosion initiation (for corroding cases). The development of the passive layer
and further stabilization is illustrated by the initial fluctuations of OCP values for the control
group R-24h and stabilization further on, towards more anodic OCP values and higher R, values
after prolonged conditioning (see Figure 4.3, after age of 215 days).

A factor related to the above observations, which contributes to an impeded passive layer
formation, is the leaching-out effect. If a cement-based material is in a prolonged contact with
water, dissolution of cement hydrates will occur (due to alkali ions - Ca**, Na*, K* leaching)
[263, 388-398]. The transport of sodium and potassium is faster than that of calcium ions, and
more pronounced at early stages (a fresh bulk matrix, means a non-mature, more open pore
structure), whereas stable and/or negligible with longer treatment [399, 400]. Leaching of
calcium ions promotes coarsening of the pore structure, leads to increased transport properties
(permeability, diffusivity) and decrease in mechanical properties [400].

Generally, the leaching process starts with a total dissolution of portlandite (calcium
hydroxide, CH), ettringite, followed by a progressive decalcification of the calcium-silicate-
hydrate (C-S-H) phase [401-403]. From 1 day of age onwards (after 24h curing in moulds), the
24h-cured specimen (R-24h) was conditioned in water, which is likely to result in leaching-out
and altered transport properties of the bulk matrix. Hence, stabilization of the passive layer in
a fresh (24h only cured) cement-based system, as in specimen R-24h, takes a significantly
longer period - after 141 days of conditioning (see Figure 4.3), when OCPs tend towards more
anodic values.
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Figure 4.3: OCP evolution of samples with time: R-24h: Reference; S-24h: Stray Current; A-24h: Anodic
Polarization; C-24h: Corroding (NaCl medium); CS-24h: Corroding (NaCl) + Stray Current; CA-24h:
Corroding (NaCl) + Anodic Polarization — after 24h curing.
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Figure 4.4: R, evolution of samples with time: R-24h: Reference; C-24h: Corroding (NaCl medium); S-

24h: Stray Current; CS-24h: Corroding (NaCl) + Stray Current; A-24h: Anodic Polarization; CA-24h:
Corroding (NaCl) + Anodic Polarization — after 24h curing.
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It can be noted that the recorded R, values of C-24h are higher than that for the control
group R-24, especially in the first period of 3-28 days (Figure 4.4). This phenomenon is due to
the effect of NaCl as accelerator of cement hydration (especially at early age before 28 days)
[404-406]. In case of NaCl additions, Friedel’s salt is formed, accompanied by a release of
NaOH, which is attributed to the chemical action between NaCl and 3Ca0.Al,03.6H:0.
Consequently the pH in the pore solution will increase. The increased pH will further accelerate
the hydration process and modify the pore structure towards a finer one. This will lead to a
more stable product layer on the steel surface, which in turn will delay Cl-induced corrosion
damage. Therefore initially higher R, values are recorded for C-24h at early age. After 28 days,
the R, values of C-24h remain at stable and lower values towards the end of the test, indicating
the corroding state of C-24h after prolonged conditioning in 5% NaCl.

Until 141 days, the OCPs of specimens A-24h and S-24h are more noble than those for R-
24h (in the range of -300 to -400 mV for S-24h, and -300 to -100 mV for A-24h). A significant
cathodic drop in the OCP value i.e. increased corrosion activity, for specimen A-24h is observed
at the end of the test, establishing an OCP at around -600 mV. The OCP value for specimens
S-24h remain stable over most of the test duration, with a cathodic shift and stabilisation
(around -400 mV) at the end of the test.

The stray current in Cl-free condition (group S-24h, cured for only 24h) was expected to
have a negative effect on steel corrosion resistance at early age. This, however, is not observed.
On the contrary, the recorded OCP values (as shown in Figure 4.3) of specimen S-24h are more
anodic than those for specimen R-24h (before 141d) and maintain stability (corresponding to
higher R, values of S-24h than those of R-24h, before 141 days, see Figure 4.4), suggesting
intensified process of passive layer formation/stabilization of S-24h at early age. The more
anodic OCP of S-24h can also be due to microstructural changes (e.g., a denser bulk matrix) at
early age. This will lead to an improved steel-mortar interface and a more stable passive layer.

Again, this observation reflects the effect of a “fresh” matrix on the properties of the steel-
mortar interface. For group S-24h, stray current flow through the fresh (non-mature) cement
matrix, leads to enhanced water and ion transport due to a potential gradient. Consequently,
cement hydration will be enhanced, leading to a faster development of the pore network,
assisting a more rapid stabilization of the pore solution and hydration products at the steel-
mortar interface. Previously reported and known are the early stage beneficial effects of stray
current on cement-based matrix properties [47].

4.3.1.2 OCP and Ry of 28 days-cured specimens

The outflow of stray current from the steel “body” accelerates corrosion on the steel surface (as
shown in Figure 2.10 and 4.1b). This is relevant for all tested series related to stray current (i.e.,
“S” specimens), irrespective of the curing duration (in fog room) prior to conditioning.
However, the effect of stray current for the previously discussed S-24h specimen, is already
different for the S-28d specimen (cured for 28d). For S-28d, the stray current was applied when
the bulk matrix was already hardened. In this situation, ion and water transport cannot be as
significantly enhanced, as this would be in a fresh matrix (e.g. as in S-24h). Therefore, the effect
of stray current on cement hydration of S-28d is slight, and the stray current effect would be
mainly on the properties of the product layer on the steel surface of S-28d. As can be observed
in Figure 4.6, the R;, values of S-28d show a trend towards lower R, (110 kQ.cm?, at 243 days),
i.e., lower corrosion resistance, if compared to the control specimen R-28d (590 kQ.cm?, at 243
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days). In line with the R, records and compared to control conditions (R-28d), more cathodic
OCP values of ca. -290 mV are observed for group S-28d at the time interval of 243 days.
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Figure 4.5": OCP evolution of samples with time: R-28d: Reference; S-28d: Stray Current; A-28d: Anodic

Polarization; C-28d: Corroding (NaCl medium); CS-28d: Corroding (NaCl) + Stray Current; CA-28d:
Corroding (NaCl) + Anodic Polarization — after 28d curing.
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Figure 4.6": R, evolution of samples with time: R-28d: Reference; C-28d: Corroding (NaCl medium); S-
28d: Stray Current; CS-28d: Corroding (NaCl) + Stray Current; A-28d: Anodic Polarization; CA-28d:
Corroding (NaCl) + Anodic Polarization — after 28d curing.
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The R;, values of R-28d (Figure 4.6) are higher than that for R-24h (see Figure 4.4) over
the testing period. These, together with the more noble OCP values of R-28d, show the more
resistive steel surface of R-28d, and reflect that a sufficient curing leads to a stable product layer
formation on steel surface in Cl-free environment. The expected beneficial effect of sufficient
curing is also reflected by the higher R, values of A-28d specimen, compared to those of A-
24h.

The corroding specimens cured for 28d (C-28d, CS-28d and CA-28d), exhibit cathodic
OCP values at the end of conditioning. In accordance with these cathodic OCPs, the R, values
of C-28d and CS-28d are much lower than R-28d and S-28d. Lower R, is recorded for CS-28d
(25 kQ.cm? at 243 days), compared to C-28d (about 40 kQ.cm? at 243 days). The result
illustrates the effect of both Cl-induced corrosion and the additional stray current contribution
in the case of CS specimen. The most active steel surface is observed for CA-28d (the lowest
R, values are recorded for CA-28d after 28 days).

Based on the OCP and LPR results, it can be concluded that stray current and anodic
polarization exert significantly different effects on the corrosion behavior of steel embedded in
mortar, in both 24h-cured (samples cured in fog room for only 24 hours) and 28d-cured
(samples cured in fog room for the standard 28 days) conditions. This will be discussed in more
detail together with EIS response in the next sections.

4.3.2 Curing effect reflected by EIS response

If a prompt evaluation of the corrosion state of steel embedded in a cement-based material is
aimed at, together with a simplified assessment of the electrical properties of the bulk matrix,
qualification of the EIS response is a useful approach. This is especially the case if specimens
conditioned in different environments and hence, are expected to present significant variation
in properties and response. For instance, a reinforced mortar specimen conditioned in NaCl will
logically perform differently in time, if compared to a control specimen conditioned in water.
This is due to the expected Cl-induced steel corrosion in the former case, and stabilization of
the passive state of the steel reinforcement in the latter case.

Additionally, alterations in the electrical properties of the cement-based matrix, e.g.,
increased electrical resistivity over time would be expected in all conditions, due to the cement
hydration and matrix densification [407-409]. Similarly, factors such as chemical composition
of the external environment, ion and water penetration into the bulk matrix, pore
interconnectivity of bulk matrix, variation in bulk matrix diffusivity, etc., will determine
changes in the electrical properties of the bulk matrix over time [404, 410, 411]. These will be
reflected by the high to middle frequency of EIS response.

All these features in an experimental EIS response are well visible, and can be compared
qualitatively for systems as in this work - control and corroding reinforced mortar specimens.
The EIS responses at time intervals of most significant interests will be presented and discussed
in this chapter. The EIS responses (in both Nyquist and Bode formats) of all specimens at all
intervals are given in Appendix A.

The EIS responses overlay in Nyquist format of R-24h and R-28d are shown in Figure
4.7. The responses for 24h-cured groups (R-24h and S-24h) are presented in Figure 4.8. These
cases are chosen here to address the effect of curing (Figure 4.7), on one hand. On the other
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hand, the comparison of R-24h and S-24h cases (Figure 4.8) would specifically address the
aspect of the stray current effect.
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Figure 4.7: EIS responses overlay in Nyquist format of R-24h and R-28d (R-24h: Reference, 24h-cured
specimen treated in water; R-28d: Reference, 28d-cured specimen treated in water).
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Current, 24h-cured specimens treated in water).
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Figure 4.9: EIS responses overlay in Nyquist format of R-28d and S-28d (R-28d: Reference, S-28d: Stray
Current, 28d-cured specimens treated in water).

For group R-24h, the shape of the experimental curves reflects the typical response of steel
in a Cl-free cement-based environment (alkaline medium) [412, 413]. The response depicts
curves inclined to the imaginary y-axis, specifically in the LF EIS response range, reflecting a
capacitive-like behavior, or passive state of the steel reinforcement. This is relevant for both R-
24h and R-28d at the end of conditioning, denoting the stabilization of the passive layer over
time.

A stable passive state would be related to R-28d from the beginning of the test (28d
response), but stability of the passive layer for the R-24h group would develop over time of
conditioning, as can be observed in Figure 4.7 for the 215d response. Figure 4.7 also depicts
variation in bulk matrix properties for the 24h and 28d-cured groups, reflected by the HF EIS
response (Figure 4.7, inlet). As can be observed, the magnitude of real |Z| increases over time
(due to cement hydration in both cases), but ends-up higher for the 28d group at 215d of
conditioning. Besides, for the last time intervals (after 215d conditioning), an additional time
constant (in the range of 3.15 kHz-112.7 Hz, Figure 4.7 inlet) can be observed in the HF
response of R-28d, while not observed for R-24h. This time constant of R-28d reflects a more
developed bulk matrix, steel-mortar interface and product layer on the steel surface. Evidently
a more corrosion resistive product layer is formed in R-28d, as also reflected by the LF response
for this specimen (Figure 4.7). All these results show the importance of sufficient curing
duration for the development of both bulk matrix properties and passive layer formation at steel-
mortar interface.

Related to ion transport in the bulk matrix, the main difference between R-24h and S-24h
is the effect of ion and water migration (as in “S” cases), compared to diffusion controlled
processes only (as in “R” cases). Ion migration is logically expected to affect both pore network
properties and passive layer formation. As can be seen in Figure 4.8, the Z' values in the HF
EIS response (inlet in Figure 4.8) increase with time of conditioning for both R-24h and S-24h,
indicating the increase of bulk matrix resistance due to the on-going cement hydration. For
specimen S-24h, the magnitude of HF Z' is slightly higher than that for R-24h at the initial time
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intervals of 7-28 days. In the meanwhile the LF responses of S-24h (at 7 and 28 days) reflect a
more corrosion resistant steel surface, compared to R-24h. Both LF and HF responses before
28 days for specimens R-24h and S-24h are in line with the OCP and R,, values, where the more
noble potential and higher R, are recorded for S-24h. All these results suggest an intensified
process of cement hydration and passive layer formation/stabilization of S-24h at earlier ages,
if compared to the control condition (R-24h).

In contrast to the above performance, the responses of S-24h and R-24h change towards
the end of the test, namely: the LF response for S-24h depicts a reduction of |Z|, which is well
in line with the more cathodic OCP (Figure 4.3) and lower R, (Figure 4.4) for the same time
interval. Corrosion resistance of R-24 increases at the end of conditioning, reflected by the
increasing |Z| in the LF (Figure 4.7), the more noble OCP (Figure 4.3) and an increasing trend
of the R, (Figure 4.4). All these mean that the stray current (negative) effect is observed, but at
already later stages for the group of 24h-cured specimens.

The experimental impedance responses for the 28d-cured specimens R-28d and S-28d can
be seen in Figure 4.9. With regard to group R-28d, the curves reflect passivation of the steel
reinforcement [414-416]. It can be noted that, the time constant (in the range of 4.2k-78.9 Hz,
as marked in inlet of Figure 4.9) is relevant for both R-28d and S-28d. In this frequency window
the time constant reflects bulk matrix characteristics, showing a potentially higher portion of
disconnected pore-network, hence a more resistive bulk matrix in both R-28d and S-28d,
compared to the previously discussed 24h-cured groups (R-24h and S-24h).

Similar to the 24h-cured group, the EIS response for the 28d group depicts a negative effect
of the stray current, predominant at the later stages. Although an improvement of the bulk
matrix is also observed here (Figure 4.9), the magnitude of |Z| in the LF for specimen S-28d is
2-time lower than that of R-28 at the end of the test. In other words, the effect of curing (group
28d vs group 24h) only results in a delay of the negative effect of stray current, rather than
preventing it.

4.3.3 Competitive mechanisms of stray current and CI at early age

In contrast to groups R-24h and S-24h, the EIS responses of groups C-24h and CS-24h
(specimens cured for 24h, and then immersed in 5% NaCl solution) show clear evidence of
active corrosion (see Figure 4.10). As already mentioned, the recorded R, (derived from LPR)
for C-24h is higher than that of R-24 at early age (period of 3-28 days, see Figure 4.4). This is
also reflected by the EIS as shown in Figure 4.11: the LF |Z| of C-24 (at intervals of 3d and 7d)
is higher than R-24.

On the one hand the arrival of ClI" at the steel surface needs time, as the penetration of CI°
in mortar cover is hysteretic. In this penetration process of Cl, the acceleration of cement
hydration is triggered in the meanwhile, resulting in a denser bulk matrix (chloride additions in
ordinary Portland-cement materials increase the volume of finer pores, and decrease the fraction
of coarse pores [405, 406, 417-419]). This denser bulk matrix in turn hinders further penetration
of CI'. The denser bulk matrix of C-24h compared to R-24h can be verified by the HF response
in Figure 4.11: the |Z| values of C-24h of HF are higher than R-24 before 28 days, and an
additional time constant (a depressed semi-circle) in the range of 1.05k-49 Hz can be observed
in the EIS responses of C-24h-3d and C-24h-7d. This response is typical for a reinforced
cement-based system in the presence of CI, and signifies the effect of Cl~ on bulk matrix
properties (densification in this case).
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An additional effect related to specimen C-24h is the potentially lower [C1']/[OH] ratio at
steel surface. At very early age in a fresh cement matrix, the OH™ concentration is relatively
high, hence together with the low concentration of CI™ at initial time intervals, a more stable
product layer will form on the steel surface at early age. After 28 days, however, the passive
layer breakdown of C-24h is already evident. This is reflected by the low R, values derived
from LPR (see Figure 4.4), and by the EIS response for group C-24h, where a semi-circle
inclined to the real axis and a decreasing magnitude of |Z| towards 215 days are recorded. The
shape of this EIS response had been largely reported to be due to the presence of Cl on the steel
surface and increasingly active corrosion state [420].
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Figure 4.10: EIS responses overlay in Nyquist format of C-24h and CS-24h (C-24h: NaCl medium, CS-
24h: NaCl + Stray Current, 24h-cured specimens treated in 5% NaCl).
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Figure 4.12: EIS responses overlay in Nyquist format of C-28d and CS-28d (C-28d: NaCl medium, CS-
28d: NaCl + Stray Current, 28d-cured specimens treated in 5% NaCl).

Comparing the EIS response of C-24h and CS-24h (see Figure 4.10), and also in line with
the LPR results, a more active state is recorded for CS-24h, reflected by the LF of EIS response
at the end of conditioning. This is because of the synergetic effect of stray current and CI, i.e.,
after prolonged conditioning of stray current, the more anodic zones are produced where the
current leaves the steel surface. This, together with the CI°, leads to the lower corrosion
resistance of CS-24h at the end of conditioning.

The more active state in CS-24h is accompanied by lower |Z| values in the HF domain for
CS-24h, compared to C-24h at all time intervals (Figure 4.10), meaning a lower resistance of
the mortar bulk matrix for CS-24h. As already discussed, NaCl leads to acceleration of the
hydration process, results in matrix densification (higher resistance). Cl and Na" ion migration
1s also accelerated by the potential gradient induced by stray current (as in CS-24h), hence, ions
will migrate more easily, and the distribution of ions in the bulk matrix of CS-24h will be more
uniform than the case without stray current (C-24h). Consequently the CI” ions will more easily
reach the steel surface when stray current is involved, especially for the “fresh” bulk matrix
with high porosity and more connected pore networks at early age.

As for C-28d and CS-28d (see Figure 4.12), much higher corrosion resistance compared to
C-24h and CS-24h are observed. This reflects the curing effect: sufficient curing and hydration
of the bulk matrix lead to a more resistive steel surface. At the age of 35 days (after 7 days of
stray current supply), the EIS responses of C-28d and CS-28d are similar. In other words, the
stray current effect is not significant yet at this stage. Even after 28 days of current supply,
although the steel surface of CS-28d shows a slightly enhanced corrosion activity, the HF EIS
responses of C-28d and CS-28d are still similar and in the same range of |Z| values. This is in
contrast to the previously discussed CS-24h, where only after 3-7 days of stray current supply,
the stray current already played roles in both affecting the “fresh” bulk matrix and steel surface
(Figure 4.10). At the end of test duration, the EIS response of CS-28d-243(215)d shows lower
|Z| and a more inclined to real axis response, compared to that of C-28d-243(215)d. This
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indicates a higher corrosion activity in CS-28d after a prolonged supply of stray current, if
compared to C-28d specimen, where only Cl-induced corrosion plays a role.

According to above observations, a hypothesis about the stray current effect at early age
can be proposed: the competitive mechanisms act in specimens CS-24h, where on the one hand
the stray current has positive effects on bulk matrix properties, similar to specimen S-24h, at
early stages. On the other hand, stray current accelerates CI” ion migration towards the steel
surface, leading to Cl-induced corrosion and active state of steel. It is also reported that stray
current can accelerate the decomposition of the C-S-H gel, and a subsequent desorption of the
physically adsorbed CI by the C-S-H gel [49].

In the case of CS-24h, when the stray current was supplied at the age of 24h (1d) on the
specimen immerged in 5% NaCl, stray current would immediately flow through the bulk matrix
and polarize the steel (since steel is the low resistive path in the system). In contrast, Cl" need
to firstly penetrate into the mortar cover, before they reach the steel surface. This means that
the effects of stray current are immediate, influencing both the steel surface and the bulk matrix
(i.e., accelerating cement hydration). Both of these lead to product layer formation on the steel
surface (compounds as Fe3;04:FeO + Fe>O3, y-FeOOH or y-Fe;O3; would form). This would be
a positive effect of the stray current on steel-mortar interface at early age, which is in line with
the OCP and LPR (Rp) results as already discussed in Section 4.3.3.1. The product layer would
remain stable before CI ions arrive at the steel surface and exceed the threshold value of CI°
concentration towards de-passivation (a transformation from passive layer to 3Fe(OH),.FeCl,
due to CI).

For specimen CS-28d, the penetration of CI" into the bulk matrix will be delayed due to the
well cured mortar cover (higher resistance, lower porosity, and lower connectivity of pore
network of bulk matrix). The denser matrix in CS-28d is evident from the higher HF |Z| (Figure
4.12), compared to that of CS-24h (Figure 4.10) at all time intervals. After curing of 28 days, a
more resistive product layer (compared to CS-24h) has also been formed on steel surface of
CS-28d (seen by the LF response of EIS, where the LF |Z| values of CS-28d are higher than
CS-24h). In this situation (CS-28d) the stray current effect is less significant on both the bulk
matrix and the steel surface. Yet, after prolonged conditioning, the stray current still takes effect
on the well cured bulk matrix. As can be seen in Figure 4.12, the HF |Z| of CS-28d is lower
than C-28d at age of 243 days. Compared to C-28d, the steel surface of CS-28d is more active
at 243 days (see Figure 4.12, the LF response of EIS reflect this), indicating that stray current
accelerates steel corrosion after prolonged conditioning.

4.3.4 EIS response indicating difference between stray current and anodic polarization

The aim of this section is to clarify the different effects of stray current and anodic polarization,
on specimens after 24h curing (fresh bulk matrix) or 28d curing (already hardened bulk matrix),
in Cl-free or Cl-containing environment. To illustrate the different behavior of the rebar (by the
EIS LF response) and mortar cover (by the EIS HF range) induced by stray current and anodic
polarization, the overlays of relevant EIS response are shown in Figures 4.13-4.18.

The comparison of EIS responses of S-24h and A-24h is shown in Figure 4.13. For the
response of specimen A-24h, an actively corroding steel surface is already seen at 7 days of age.
This behavior is in line with the cathodic OCP values for group A-24h (Figure 4.3) at the initial
stage of the test (approx. -590 mV at 3 days, -320 mV at 7 days), as well as with the LPR-
derived R;, values (Figure 4.4) of A-24h.
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Figure 4.13: EIS responses overlay in Nyquist format of S-24h and A-24h (S-24h: Stray Current, A-24h:
Anodic Polarization, 24h-cured specimens treated in water) at age of 7d and 215d.
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Figure 4.14: Overlay of EIS responses of A-24h in Nyquist format, at age of 14, 28, 56 and 141 days.

The more noble OCP values (Figure 4.3) recorded for A-24h before 56 days of age, together
with the increased R, before 141 days (Figure 4.4), are probably due to the specific product
layer formation and compaction in conditions of anodic polarization [421, 422]. This is also
supported by the EIS response of A-24h (see Figure 4.14): after active state at 14 days, seen
from the LF response, an enhanced corrosion resistance is observed at the stages of 28 and 56
days (increasing of |Z| with prolonged conditioning). Well known is that with anodic
polarization, in the absence of corrodents (as CI") and in alkaline medium (pH of 12.5-12.9, for
concrete pore solution), a product layer will be forced to form (according to thermodynamical
principles as reflected by the Pourbaix diagram of Fe-H>O system [421]), i.e., with constant
anodic current the electrode potential will gradually rise towards a stable value [423-425]. A
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transformation to a more active state, together with a drop in bulk matrix resistance is recorded
later on after the stage of 141 days. This is ascribed to the anodic polarization-induced crack,
by expansion of corrosion product layer on steel surface of A-24h (see Figure B.5 in Appendix
B). The reduction of R, for A-24h (see Figure 4.4), together with a significant cathodic drop of
OCP (Figure 4.3), account for an active state of A-24h at the end of the test. In contrast, such a
significant corrosion activity is not observed for S-24h.

The above behavior is more significant for 24h curing situation, i.e., A-24h, compared to
A-28d (see Figure 4.15). As shown in Figure 4.15a, a clear difference in HF and LF of A-24h
and A-28d can be observed in all time intervals. This can be attributed to the sufficient and
timely OH™ supply of A-24h, because of hydration process of cement at early age. In the “fresh”
matrix, the migration of OH™ (towards steel surface) affected by the electrical field is enhanced.
In the meanwhile, the Fe?' is continuously produced by the supplied anodic current,
consequently more corrosion products are formed at the steel-mortar interface. The above
processes are not significant for the already hardened bulk matrix of A-28d at later age.
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Figure 4.15: Overlay of EIS response of A-24h and A-28d in: a). Nyquist format; and b). Bode format;
at age of 56 and 141 days.
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Figure 4.17: EIS responses overlay in Nyquist format of CS-24h and CA-24h (CS-24h: NaCl + Stray
Current, CA-24h: NaCl + Anodic Polarization, 24h-cured specimens treated in 5% NaCl) at age of 7d and
215d.

As for A-28d, the evident semi-circle of EIS plots (Figure 4.16) is already recorded at 35
days of age (after 7 days conditioning). The EIS response in the LF domain inclines to the x-
axis, indicates an active steel surface. This response again confirms that anodic polarization
induces corrosion for reinforcing steel. Comparing the EIS response of S-28d and A-28d
(standard curing for 28 days), a more significant corrosion behavior is recorded for A-28d. This
is supported by the OCP and R, (from LPR) values, as shown in Figure 4.5 and 4.6. A capacitive
ark (in MF range) is observed for A-28d at 215 days, meaning a potentially improved resistance
of the interface, which can also be reflected by the higher |Z| of A-28d at 215d. This may be
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attributed to the expansion of corrosion product at steel-mortar interface, and altered steel-
mortar interface of A-28d. More details will be further discussed together with potential decay
recording in Section 4.3.5.

For the response of the CA groups (NaCl + anodic polarization), CA-24h shows a more
significant corrosion activity than CS-24h (NaCl + stray current). At 215 days, a significant
drop of impedance and phase angle is recorded for CA-24h (Figure 4.17). This response
indicates the synergetic action of two degradation factors, i.e. anodic polarization and CI  in the
environment, resulting in significantly low corrosion resistance. For this CA-24h case, the EIS
response is well supported by the recorded cathodic OCP values and extremely low R, values
(Figure 4.3 and 4.4).

A more active behavior is recorded for group CA-24h, compared to CA-28d. At the end of
conditioning, the EIS response of CA-28d shows a more significant corrosion of steel than A-
28d and CS-28d. This again, implies the coupling effects of anodic polarization and CI" on
accelerating corrosion of steel.

For both 24h curing and 28d curing conditions, a more pronounced corrosion is observed
for the CA groups (NaCl + anodic polarization, specimens CA-24h and CA-28d), compared to
the stray current groups (NaCl + stray current, CS-24h and CS-28d). Visible/macro cracks
induced by corrosion are observed for both CA-24h and CA-28d (see Figure B.6, Appendix B).
Once cracks are induced, the bulk matrix resistance (in 5% NaCl solution) will decrease, as the
water and ions will penetrate into the bulk matrix via cracks. In Cl-containing alkaline
environment, a stable passive layer cannot form on the steel surface, although the anodic current
was applied continuously. In this situation, Cl-containing iron oxides and hydroxides form on
steel surface, because of CI” ingression [420]. In addition, the anodic current applied to the steel
rebar accelerates Cl” ion migration towards the steel-mortar interface (Figure 4.1a). This
synergy of anodic polarization and CI significantly accelerates the corrosion propagation.
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Figure 4.18: EIS responses overlay in Nyquist format of CS-28d and CA-28d (CS-28d: NaCl + Stray
Current, CA-28d: NaCl + Anodic Polarization, 28d-cured specimens treated in 5% NaCl) at age of 35(7)d
and 243(215)d.
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In contrast, the synergy of stray current and Cl” causes different effects (Figure 4.1b). Stray
current leads to the formation of anodic zones (corroding areas) where the current leaves the
steel surface. In other words only part of steel surface can be corroded by the stray current,
while in conditions of anodic polarization, the whole steel surface acts as an anode.

Overall, stray current and anodic polarization exert significantly different effects on the
corrosion behavior of steel and the surrounding mortar matrix, in both 24h-cured and 28d-cured
specimens. Regardless of whether there is Cl” in the external environments, anodic polarization
leads to more pronounced effects on corrosion behavior than stray current. Hence anodic
polarization cannot reflect the effects of stray current, and should not be adopted to simulate
stray current.

4.3.5 Potential decay monitoring over 24 hours

Stray current leads to both cathodic and anodic polarization on the steel surface. The shift of
the overall (mixed) potential, induced by stray current flow, can be adopted as an indicator of
the presence of stray current [16, 426].

As aforementioned, for the specimens undergoing stray current or anodic polarization, a
24-hour potential decay measurement was performed and recorded prior to any further
electrochemical tests. The reason for the decay tests is to verify:

(1) if the steel rebars were indeed affected by stray current (or anodic polarization,
respectively); in other words, a change of potential in “ON” and “OFF” conditions, compared
to rest conditions, will indicate polarization of the reinforcement due to current application;

(2) if an OCP stability would be achieved in rest conditions (when no external electrical
field was applied), in the required time for the polarized system. This waiting time reflects the
limitation of ion transport, diffusion, or limitation of electron transport along the steel surface,
which are also related to the amount/thickness, heterogeneity and composition of the product
layer on steel surface.

Figure 4.19 depicts the 24h potential decay results at the hydration age of 95 days. The
very first recorded values (at the start of the curves and in the range of first 100 seconds) are
the “ON-potentials”, as adopted due to anodic polarization or stray current, respectively (Figure
4.19¢). At the moment of switching off the current supply, the potential drop reflects the
contribution of the so-called “IR drop”. After a certain decay and towards the 24h time interval,
the potentials of all specimens are stable (see Figure 4.19a).

The IR drop is the product of current (I) passing through resistance (with value of R)
between the working electrode (the steel rebar) and the reference electrode (SCE). The “R”
value is governed by the resistivity of the mortar matrix and the electrolyte (water or 5% NaCl
in this case) surrounding the working electrode. The former is more significant and will depend
on bulk matrix properties, hence will be different for the 24h and 28d-cured specimens. The
latter (electrolyte resistance) is negligible in this set-up. After the IR drop, the potential decay
reflects the relaxation of the system, from the previous state of being under stray current or
anodic polarization (“ON” conditions) towards the stability in “rest” conditions (“OFF”
conditions).
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Figure 4.19: Potential decay monitoring over 24h de-polarization process.
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As can be seen in Figure 4.19c, the IR drop for the anodic polarization cases (A-24h and
A-28d) are the most pronounced. A higher IR drop is recorded for A-28d, if compared to A-
24h (the IR drops for A-24h and A-28d are about 800mV and 1000 mV, respectively). The
higher IR drop for A-28d reflects the higher resistance of the bulk matrix than A-24h. The
higher resistivity of cement-based matrix partly indicates the higher hydration degree (maturity
of concrete matrix) and denser bulk, which is as expected for specimen A-28d. This is in
accordance with the EIS response at HF domain of A-24h and A-28d. As shown in Figure 4.15,
the real component of impedance Z' in the HF range, reflecting the resistance of the bulk matrix,
is lower for A-24h compared to that of A-28d, at both 56 and 141 days.

For A-24h and A-28d, it is clear that longer time is needed for establishing an equilibrium
condition at the steel-mortar interface of A-24h and A-28d (Figure 4.19b). This reflects
limitations of ion transport at the steel-mortar interface. In other words, at age of 95 days a
stable steel surface in this environment (mortar pore solution without CI°, alkaline medium, pH
of 12.5-12.9) was formed, due to the anodic polarization. It can be seen that the “instant-off
potentials” of A-24h and A-28d are about 700 mV (vs SCE). These “instant-off potentials” are
the potential of steel after the disappearance of IR drop (i.e., instantaneously after the cutting-
off of the current). In an alkaline environment and at anodic potentials higher than +300 mV
(vs SCE), a passive film formed at the steel surface [422]. By anodic polarization of iron, Fe(III)
may be formed directly on the electrode surface as Fe>Os, as mixed iron oxide Fe3O4 or as
FeOOH [427-432].

A longer time is needed for establishing an equilibrium condition at the steel-mortar
interface of A-24h, compared to A-28d. This means that a thicker corrosion product layer was
formed in A-24h. As aforementioned, this is attributed to the enrichment of Fe?" produced by
anodic polarization at very early age (just at age of 1 day) at steel-mortar interface. In the
meanwhile, sufficient and timely OH" supply in a “fresh” matrix at early age, enhances the
migration of OH" to the steel surface in condition of the present electrical field. After this, the
continuous supply of anodic polarization leads to the higher Fe**/ Fe?* ratio in the passive film,
further enhances the stability of the product layer on the steel surface in A-24h [427-435], until
age of 95 days when the potential decay was performed. This is in line with the OCP values
and R, (derived from LPR) of A-24h: noble OCP values are recorded for A-24h before 56 days
of age, together with the increasing trend of R, before 141 days, showing the product layer
formation and stabilization process.

For S-24h and S-28d undergoing stray current interference, “instant-off potential” values
are much lower (-300 mV for S-24h, 0 mV for S-28d) than those of A-24h and A-28d. Only
around 100 mV of IR drop is monitored for S-24h and S-28d. Considering that the resistance
(R component of IR) between steel (working electrode) and reference electrode (SCE) is similar,
the IR drop difference is mainly attributed to the difference of “I” (current flowing from steel
surface to reference electrode). The much lower IR drop of S-24h and S-28d denotes the
significantly lower current level flowing into the steel, comparing to the anodic polarization
cases (A-24h and A-28d).

Higher than 400 mV of IR drop is recorded for CA-24h and CA-28d. However for CS-24h
and CA-28d, no evident IR drop can be identified. It can also be found that the IR drop in CI-
containing cases i1s much lower than that of Cl-free specimens. This is due to the reduced
resistance, in the external environment of 5% NaCl solution. All these results again denote the

54



Chapter 4 Corrosion of reinforcing steel undergoing stray current and anodic polarization

different effects of stray current and anodic polarization, in both Cl-free and Cl-containing
environments.

4.4 Conclusions

In this chapter, the effects of stray current on corrosion of reinforcing steel embedded in mortar
are studied, in view of electrochemical behavior, in both 24h-curing and 28d-curing regimes.
The comparison between stray current and anodic polarization is conducted in Cl-free and Cl-
containing conditions. From the experimental results, the following conclusions can be drawn:

1.

Stray current and anodic polarization exert significantly different effects on corrosion
behavior of steel embedded in mortar, in both 24h curing (the samples are cured in fog room
for only 24 hours) and 28d curing (samples are cured in fog room for 28 days) regimes.
Anodic polarization simulating stray current means the absence of cathodic polarization,
and different corrosion mechanisms. Consequently, anodic polarization cannot reflect the
effects of stray current, and therefore it has limited significance for simulating stray current.
The curing regimes and starting time of stray current (i.e., the stray current supply starts at
age of 24h or 28d) play significant roles in the formation of a corrosion product layer on the
steel surface. At very early age, water transport, leaching-out effects, ion migration
governed by electrical field are more evident, because of high porosity and pore network
connectivity of a fresh bulk. The hydration process and pore network characteristics are
influenced by the foregoing factors, and further affect the stability of the corrosion product
layer.

In Cl-free (conditioned in water) situation, stray current flowing through the fresh (non-
mature) bulk matrix, may lead to enhanced migration of water and ions. In this case the
cement hydration and steel surface passivation can be enhanced. However, this
phenomenon is not evident for the condition of sufficiently cured bulk matrix, as the bulk
matrix is already hardened when the stray current is supplied. This also means that the
properties of the cementitious material in reinforced cement-based system are of significant
importance, and largely determine the electrochemical state of the steel rebar.

At early age, competitive mechanisms act in specimen CS-24h (CI" + stray current, cured
in fog room for only 24 hours). On the one hand the stray current has positive effects: stray
current flow through a fresh (non-mature) cement matrix leads to enhanced water and ion
transport due to migration. The results are enhanced cement hydration, and consequently a
more rapid stabilization of pore solution and steel-mortar interface. On the other hand, stray
current enhances Cl” ion migration, and accelerates Cl-induced corrosion.
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Chapter 5
Bond of steel-mortar interface
interfered by stray current and
anodic polarization

5.1 Introduction

Corrosion of reinforcing steel does not only lead to poor appearance of reinforced concrete
(possible cracking, spalling or delamination), but also compromises structural integrity and
serviceability [436]. For buried metallic structures (pipelines, underground reinforced concrete
structures, etc.), stray current-induced corrosion is one of the most severe forms of damage
[437-441]. This is because the matrix (soil and concrete cover) surrounding the metal can offer
a conductive path for the stray current.

Once corrosion of reinforcement starts, corrosion products form, (re)precipitate and
gradually increase in volume, hence, occupy a larger volume than the parent metal. The volume
expansion of corrosion products may firstly induce higher radial pressure (normal stress)
between the steel surface and the concrete (mortar) cover. This leads to an initially higher bond
strength and induces splitting stress on the concrete (mortar) cover. Once the splitting stress
exceeds the concrete (mortar) tensile strength, the cracks appear gradually on the concrete
(mortar) cover. The ultimate consequence of corrosion is the loss of bond between the steel and
the surrounding concrete [442, 443].

The bond strength of the steel-concrete interface is an important structural property for
reinforced concrete structures. The stress transfer between the steel surface and the concrete
cover via this bond “combines” the concrete and the reinforcement [444, 445]. The bond
between ribbed bars and concrete is made up of three components: (1) chemical adhesion; (2)
friction; and (3) mechanical interlocking between ribs of bars [388, 389, 398, 445-459]. The
adhesion, friction and interlocking components of transferred forces for a deformed (ribbed)
rebar are illustrated in Figure 5.1.

T bearing and friction
forces on bar

adhesion and friction forces
along the surface of the bar

Figure 5.1: Bond force transfer mechanism [460].
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The bond determines the crack width and crack spacing of a reinforced concrete elements
bearing loads (beams burdening moments for instance). In other words, it determines the load
bearing capacity of these elements. Bond degradation induced by corrosion leads to wider crack
width and enhances the penetration of corrosive substances, in turn accelerates the corrosion of
the embedded steel. This cycle significantly reduces the durability and service life of reinforced
concrete structures.

The bond behavior of steel-concrete/mortar interface, affected by steel corrosion, has been
extensively studied in the past, where various studies report different aspects [28, 58-65, 183,
461]. Very few investigations, however, report on the influence of stray current on bond of
steel-concrete/mortar interface. Furthermore, the current state-of-the-art generally adopts
anodic polarization to simulate stray current [28, 58, 59], rather than stray current application.

As already discussed in Chapters 2 and 4, stray current induces both anodic polarization
and cathodic polarization on the steel surface, hence, the distribution and effect of stray current
are more complex than only anodic polarization. Moreover, Chapter 4 presented the variation
in both corrosion state of the steel rebar, as well as alterations in the electrical properties
(impedance) of the bulk matrix and interfaces, due to (separately evaluated) stray current and
anodic polarization, justifying that anodic polarization cannot be considered as stray current
and vice versa.

This chapter presents test results on the bond strength of reinforced mortar undergoing stray
current and anodic polarization, conditioned in Cl-free (in water) and Cl-containing (in 5%
NaCl solution) medium. The bond behavior of the steel-mortar interface, derived by pull-out
tests, is correlated to the electrochemical response of the reinforcing steel and the bulk matrix
properties evaluated by Electrochemical Impedance Spectroscopy (EIS). The effect of stray
current on bond strength is discussed versus the effect of anodic polarization. The effects of the
curing regimes (in terms of duration of curing) and starting point of stray currents (e.g. stray
current applied at 24h or 28d) are also considered, by testing both 24h and 28d-cured specimens
of identical geometry and environmental conditions. It was found that stray current (level of
0.3 mA/cm?) exerts bond strength degradation in all cases, irrespective of the presence or
absence of a corrodent (CI') in the external medium.

5.2 Experimental

5.2.1 Materials and specimen preparation

A presentation of the test specimens (reinforced mortar prisms of 40x40x160 mm?) and the
setup for current supply (stray current or anodic polarization) were previously presented and
can be seen in Figure 4.2. The mortar mixture and embedded steel rebar are identical to those
discussed in Chapter 4. The alignment of the bars was carefully fixed prior to the casting. The
fabrication procedure of moulds and specimens is illustrated in Figure 5.2. In order to produce
non-contact areas between the bar and the mortar at each end of the specimen, the two ends of
the bar were covered by a heat-shrinkable tube (blue parts in Figure 4.2) and 60-mm-long bond
breakers (i.e., PVC tubes, see Figure 5.2). These de-bonding zones were used to protect the
reinforcement from the confining pressure of mortar at the supports, and to reduce the arching
effects and end restraints [457, 462] during the pull-out tests. The specimens were prepared
with a relatively short embedded length (40 mm) of steel rebar, to achieve a relatively uniform
bond stress distribution during the pull-out test [456, 463].
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Insulated Steel Surfacel

PYC Tube "PYC Tube

Exposed S;eel Surface

TiMesh

Figure 5.2: Pictures of moulds and specimens fabrication.

5.2.2 Curing and conditioning

The curing (in a fog room with 98% RH, 20 °C) and conditioning regimes, and designations for
all specimens are summarized in Table 5.1 and Table 5.2. The treatment of the specimens (after
curing) and the set-ups for current supply in this chapter include 2 phases:

Table 5.1%: Summary of curing and conditioning regimes for 24h-cured specimens.

0-1d 1-215d 215-490d
Age Immersion (2/3%) Electrical Field Immersion (full)
Group Curing o Stray Current | Anodic Polarization N
Water | 5% NaCl (0.3 mA/em?) (0.3 mA/cm?) Water | 5% NaCl
R-24h v v
C-24h v v
S-24h v v v
—————— 24h
CS-24h v v v
A-24h v v v
CA-24h v v v

“ R-24h: Reference; C-24h: Corroding (NaCl medium); S-24h: Stray Current; CS-24h: Corroding (NaCl) + Stray
Current; A-24h: Anodic Polarization; CA-24h: Corroding (NaCl) + Anodic Polarization — after 24h curing in fog
room.
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Table 5.2": Summary of curing and conditioning regimes for 28d-cured specimens.

0-28d 28-243d 243-490d
Age Immersion (2/3) Electrical Field Immersion (full)
Group Curing Stray Current | Anodic Polarization
0, 0,
Water | 5% NaCl (0.3 mA/em?) (0.3 mA/em?) Water | 5% NaCl

R-28d v v

C-28d v v

S-28d

——— 28&d v v Y

CS-28d v v v
A-28d v v v

CA-28d v v v

“ R-28d: Reference; C-28d: Corroding (NaCl medium); S-28d: Stray Current; CS-28d: Corroding (NaCl) + Stray
Current; A-28d: Anodic Polarization; CA-28d: Corroding (NaCl) + Anodic Polarization — after 28d curing in fog
room.

Phase 1 - 2/3™ of the specimens’ height immersion in water or 5% NaCl for 215 days for
the 24h group (243 days for the 28d group). The details and schematic for the conditions in
Phase 1 can be seen in Chapter 4.

Phase 2 - Full immersion of the specimens in the same medium as Phase 1, but prolonged
after 215 days onwards and until the end of the test of 490 days.

5.2.3 Testing Methods
5.2.3.1 Electrochemical measurements

Electrochemical tests, including Linear Polarization Resistance (LPR), Electrochemical
Impedance Spectroscopy (EIS) and Potentio-Dynamic Polarization (PDP) were conducted at
Open Circuit Potential (OCP) for all specimens at 490 days of age. An external Saturated
Calomel Electrode (SCE) was used as reference electrode. The counter electrode was the
initially embedded MMO Ti mesh (Figure 5.2¢). Prior to and during the electrochemical tests
the specimens were immersed fully in the relevant aqueous medium for 24h. The procedures
for LPR tests are identical to those described in Chapter 4, whereas a different EIS protocol was
applied in this Chapter 5. In order to account for a more accurate assessment of the bulk matrix
characteristics, the EIS tests here were conducted in the maximum frequency range (i.e., IMHz-
10mHz) can be supported by the instrument, by superimposing an AC voltage of 10mV (rms).

The bond strength of steel-concrete interface depends on the: diameter of steel rebar,
reinforcement shape, geometry of ribbed bar and the position of the rebar during casting, etc
[444, 446, 447, 449-452]. These factors are the same for all specimens in this work. In addition
to the steel corrosion state, another variable related to bond behavior is the mortar cover
properties (modified porosity, pore interconnectivity, or micromechanics of the bulk matrix).
The mortar cover (as depth) was also identical for the tested specimens. Consequently, the
factor that could affect the bond strength differently per case and condition, would be the
variation in bulk matrix properties. In this chapter EIS was performed in the full (instrument-
determining) frequency range (as abovementioned - of 1 MHz to 10 mHz), to offer information
for both the property of the bulk matrix and the electrochemical response of the embedded steel.
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In order to collect additional information of the electrochemical state of the steel surface,
PDP was finally performed in the range of -0.15 V to +0.90 V (vs OCP) at a scan rate of 0.5
mV/s. The properties of both bulk matrix and steel surface obtained by electrochemical
measurements will be correlated to the bond behavior.

5.2.3.2  Pull-out test

After the electrochemical tests, pull-out tests were performed on all specimens. The pull-out
test set-up followed the specification of ASTM C-234-91a [464] and was performed with a stiff
test frame (647 Hydraulic Wedge Grip, MTS Systems Corporation) at loading rate of 0.01 mm/s
under displacement control. A steel frame connected to the testing machine was designed and
fabricated, to accommodate the specimens on the top of a bearing plate. The test machine and
setup for pull-out tests are illustrated in Figure 5.3.

The load-slip curve (relationship) was recorded. The applied load (F) was measured with
the help of a force sensor, whose signal was fed to an automatic data acquisition system. The
loaded-end slip was measured with the help of 2 LVDTs, output of which is an average value
of these 2 LVDTs. Bond stress (7 ) was obtained according to: 7 =F/zdl (d =6 mm of
diameter of rebar, /=40 mm of exposed length of rebar, F' = recorded pull-out force), i.e., the
pull-out force was divided by the corresponding embedded area of steel to obtain the bond stress.

Steel frame
C. r

Exposed
Steel Surface
=

Slip MeaSurement

Figure 5.3: Pull-out measurement setup.

5.3 Results and discussion

This chapter focuses on the steel-mortar interface in view of both bond strength and
electrochemical properties. The parameters derived from LPR will be presented first, followed
by the bond behavior of reinforced specimens. The main points, i.e., (1) the different effects of
stray current and anodic polarization in perspective of bond strength of steel-mortar interface,
and (2) the recorded bond strength to corrosion state relationship will be further clarified
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through the PDP response and qualitative/quantitative information obtained from the EIS
response.

5.3.1 OCP and Ry

The OCP and R, values recorded via LPR measurements at the conditioning stage of 490 days
are depicted in Figure 5.4 for Cl-free specimens, and in Figure 5.5 for Cl-containing cases.

The impact of curing on the electrochemical properties of steel embedded in the mortar
specimens, is evident from the recorded differences in OCP and R, values between specimens
designated 24h and those with 28d designation. For instance, as expected the R-28d specimens
show more noble OCP values (around -240 mV vs SCE) and higher R, (ca. 230 k/cm?) than
R-24h (Figure 5.4), reflecting the higher corrosion resistance of R-28d. This implies the
importance of sufficient curing on passive layer formation, for reinforcing steel embedded in
mortar (as also discussed in Chapter 4 for the period prior to 490 days). Anodic polarization,
also as expected, induces the formation of corrosion products on the steel surface (anodic
polarization leads to steel dissolution). Hence, an enhanced corrosion state of the steel surface
is relevant for specimens with designation “A”, compared to those in stray current conditions
for both 24h-cured and 28d-cured situations: the R, of A-24h/A-28d are lower than those of S-
24h/S-28d. This is especially the case for the 28d-cured group, where a significantly lower R,
is recorded for specimen A-28d if compared to specimens S-28d (Figure 5.4).

If a comparison is made between R-24h (control, cured for 24h) and S-24h (cured for 24h
+ stray current), a more active state is related to S-24h (a more cathodic OCP and a lower R,
than R-24h). However this is not observed for the 28d-cured cases, where similar R, values for
S-28d and R-28d are recorded at the age of 490d. This means that the stray current effect in
sufficiently cured specimens is not as obvious as this would be in a non-mature matrix, as for
instance in the case of the only 24h-cured cases (Figure 5.4).

At age of 490 days, the OCP and R, values of A-24h and A-28 are in the same range. This
means that the electrochemical state of the steel surface in A-24h and A-28d specimens is
similar at the end of conditioning. However, macro-cracks are observed on the mortar cover of
A-24h, but such are not found for A-28d.

The OCP values for the Cl-containing specimens remain at very negative (cathodic) levels
(see Figure 5.5, in the range between -620 mV and -760mV, vs SCE). This, together with the
recorded low R, values, reflect the accelerated corrosion state of the steel rebar affected by Cl".
For the C-24h and C-28d, higher OCP and R, are observed for C-28d, showing the more active
state of the former, C-24h case, and the highest corrosion resistance among all “C” cases in the
latter, C-28d case. This indicates again the significance of sufficient curing/hydration of bulk
matrix.

For cases CS-24h and CS-28d (stray current + CI7), CS-24h is more corrosion resistant
compared to CS-28d (more anodic OCP and higher R, of CS-24h, than CS-28d). This is related
to the application of stray current at very early age (24h) for the group of specimens CS-24h.
At this very early age the stray current played roles in affecting both “fresh” bulk matrix and
the steel surface. As discussed in Chapter 4, the stray current has positive effects on “fresh”
bulk matrix because of accelerated hydration, induced by ion migration and water transport at
early age. In contrast, ion and water transport due to migration are relatively impeded in CS-
28d specimens, where the stray current was supplied at the age of 28 days and, the mortar bulk
was already hardened. In this case the positive effect of stray current on the bulk matrix is not
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significant. This is because of the lower porosity and lower pore interconnectivity in CS-28d,
hence, impeded stray current flow.

CA-24h and CA-28d (NaCl + anodic polarization) show a much more severe corrosion
state than CS-24h and CS-28d (NaCl + stray current), which is well supported by the recorded
significantly lower R, values of CA-24h and CA-28d. In Cl-containing specimens, anodic
polarization does not only dissolve the steel, but also accelerates Cl™ ion migration towards the
steel-mortar interface (as already presented and discussed in Chapter 4).
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Figure 5.4: OCP and R,, values (derived from LPR) of specimens in water (as summarized in Table 5.1 and

5.2), at 490 days.
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Figure 5.5: OCP and R;, values (derived from LPR) of specimens in 5% NaCl (as summarized in Table 5.1
and 5.2), at 490 days.
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The OCP and R, values derived from LPR only provide global corrosion resistance, but
cannot reflect the charge transfer processes, product layer properties and transformations, which
are related to the steel surface characteristics and bond property. Hence, more detailed
information of steel surface properties under different conditions will be further discussed based
on the observations of PDP and EIS response in Sections 5.3.3 and 5.3.4, together with the
correlation of electrochemical response and bond behavior, as derived from pull-out test. The
pull-out test results will be shown and discussed in next Section 5.3.2.

5.3.2 Pull-out test results
5.3.2.1 Typical bond-slip relationship curves

As a fundamental property of reinforced concrete structures/elements, the bond stress-slip
relationship derived from pull-out tests is usually adopted to describe the bond behavior of
steel-concrete (mortar) interface. The typical bond-slip curves for steel-concrete (mortar)
interface are illustrated in Figure 5.6.

As can be observed, ascending and descending branches exist [446, 465]. Initially, the bond
between a bar and surrounding matrix depends on adhesion, as can be seen in Part A of the
curve. When the pull-out force increases with increasing slip, the adhesion will undergo damage
(Part B). In this stage mechanical interlocking between ribs of rebar and surrounding concrete
will be the major mechanism in bonding. On further loading (Point C) a longitudinal splitting
crack may occur. The propagation of a longitudinal splitting crack during the pull-out process
depends on the confinement state, which is determined by the concrete/mortar cover [446, 466].

Bond Stress
'y

Point E

Point C

N
Part B
N

Point D

Part A

\

» Slip

Figure 5.6: Curve of bond stress-slip for: a). well-confined concrete: pull-out failure; b). unconfined
concrete: splitting failure; ¢). confined concrete: splitting induced pull-out failure. Reproduced on the basis
of [467].
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Once the surrounding material is unable to balance the splitting stress (induced by bearing
stresses in front of the rib [468]), the bond stress will abruptly decline (at Point C of the dashed
curve (b), and Point D of the dashed curve (c) in Figure 5.6). When a sound confinement is
provided, the longitudinal splitting crack will be postponed (curve (a) in Figure 5.6). After the
peak, the concrete between two adjacent ribs is already sheared completely (part F), the stress
transfer is provided by friction between surrounding concrete (mortar) and reinforcement.
Taking this concept in account, the specific bond property of individual specimen will be
discussed below.

5.3.2.2 Bond behavior

Figures 5.7-5.10 depict the bond stress-slip relationships for all specimens. A comparison of
the bond strength (as reflected by the peak of the pull-out curves in Figures 5.7-5.10) for all
specimens can be seen in Figure 5.11. It can be noted that stray current leads to bond
degradation of the steel-mortar interface, regardless of the presence or absence of ClI in the
external environment. The actual specimens after pull-out are shown in Figures 5.12-5.16.

For the 24h-cured Cl-free cases (Figure 5.7), the maximum bond strength (19.6 MPa) is
observed for the control specimen (R-24h). The sharp drop of bond stress after the peak occurs
earlier for S-24h, corresponding to a 9.1% reduction of bond strength for S-24h, 17.8 MPa,
compared to R-24h. A remarkable decrease (60.6%) of bond strength (7.7 MPa) is found for A-
24h. The bond stress of A-24h is abruptly lost by the split of mortar along the crack (the
longitudinal cracks can be seen in Figure 5.13), which is because of the reduced confinement
of mortar cover.
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Figure 5.7: Bond stress-slip relationship of 24h-cured specimens (treated in water). R-24h: Reference;
S-24h: Stray Current; A-24h: Anodic Polarization — after 24h curing in fog room.
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Figure 5.8: Bond stress-slip relationship of 28d-cured specimens (treated in water). R-28d: Reference;
S-28d: Stray Current; A-28d: Anodic Polarization — after 28d curing in fog room.
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Figure 5.9: Bond stress-slip relationship of 24h-cured specimens (treated in 5% NaCl). C-24h:
Corroding (NaCl medium); CS-24h: Corroding (NaCl) + Stray Current; CA-24h: Corroding (NaCl) +
Anodic Polarization — after 24h curing in fog room.
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Figure 5.10: Bond stress-slip relationship of 28d-cured specimens (treated in 5% NaCl). C-28d:

Corroding (NaCl medium); CS-28d: Corroding (NaCl) + Stray Current; CA-28d: Corroding (NaCl) +
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Figure 5.11: Comparison of bond strength of all specimens.
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Figure 5.13: Specimen A-24h: a). before pull-out; b). after pull-out.
l b. |

Figure 5.14: Specimens after pull-out: a). R-28d; b). S-28d; c). A-28d.

C.
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Figure 5.16: Specimens after pull-out: a). C-28d; b). CS-28d; c). CA-28d.

As can be seen in Figure 5.8, the reduction of bond strength is observed for S-28d
compared to R-28d (12.7% decrease, from 19.9 to 17.3 MPa). Similar to the 24h-cured situation,
a premature drop of bond stress occurs for S-28d. For A-28d, although a pronounced reduction
in corrosion resistance is recorded (as shown in Figure 5.4, low R, and cathodic OCP value of
A-28d), a bond loss for A-28d specimen is not found. As shown in Figure 5.14c, the failure
mode of A-28d is yielding/rupture of the rebar. This means that the bond capacity of this steel-
mortar interface is higher than the tensile strength of the rebar (higher than 20.8 MPa). The high
bond strength is attributed to the increase in normal stress at steel-mortar interface, caused by
the formation and expansion of corrosion product at the steel-mortar interface. To be noted here
is also the fact, that for a relatively mature matrix, as the case of A-28d, the initial corrosion
products confinement would be more significant if compared to A-24h (presented in Figure
5.11). For the 24h-cured specimen A-24h, a more open and porous matrix would determine
formation, accumulation, dissolution and re-precipitation of corrosion products within the bulk
matrix overall, rather than confinement at the steel-mortar interface, as in A-28d. For A-28d a
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visible crack is not induced, although the expansion of corrosion product develops mechanical
pressure on the surrounding mortar [457, 469]. In contrast, for A-24h, macro-cracks are
observed, together with a reduced bond strength. More details related to this will be discussed
together with PDP and EIS, in the next sections.

For the effects of Cl” induced corrosion on bond: compare C-24h to R-24h (C-28d to R-
28d), a decreased bond strength is recorded for the Cl-containing specimens, as shown in Figure
5.11. For CS-24 and CS-28d (stray current + CI specimens), a decrease of bond strength
induced by stray current can again be observed in both 24h and 28d-cured situations, i.e.,
reduction of 15.5% (from 19.2 MPa to 16.2 MPa) for C-24h and CS-24h, 7.7% (from 18.6 MPa
to 17.1 MPa) for C-28d and CS-28d. The most remarkable bond loss is related to the “Cl” +
anodic polarization” cases. For CA-24h, a rupture of the steel bar is observed, as shown in
Figure 5.15. This is because of the reduced cross-section of steel for CA-24h. A significantly
low bond strength (only 12.7 MPa) is recorded for CA-28d. After pull-out, loss of cross-section
of the steel rebar is observed on specimen CA-28d, as shown in Figure 5.16c.

5.3.3 PDP
5.3.3.1 PDP response of Cl-free specimens

PDP curves are presented in Figure 5.17 for the specimens treated in water. For these Cl-free
cases, the most noble corrosion potential (approx. -220 mV) and lowest corrosion current are
recorded for the specimen R-28d (the control specimen cured for 28d) - as expected and in line
with the OCP and LPR results in Figure 5.4. In accordance with the much lower R, values
derived from LPR, high anodic current and cathodic corrosion potential (approx. -550 mV) are
recorded for A-24h and A-28d.

It can also be noted that limitations within the anodic polarization are observed for A-28d
(although the anodic currents remain high if compared to those of specimens R-28d and S-28d,
Figure 5.17). Additionally an anodic peak around -210 mV (vs SCE) is observed for the case
of A-28d (with current density peak of 11.43 pA/cm?). This is related to the dissolution of iron
oxide/hydroxide layer previously formed on the steel surface.

Both of above observations mean that a relatively stable and compact product layer exist
on the steel surface of A-28d, and cause limitations to the dissolution process within anodic
polarization. In an alkaline environment the main corrosion product of iron is Fe(OH), [422].
By anodic polarization of iron, Fe(III) may be formed directly on the electrode surface as Fe>Os,
as mixed iron oxide (including Fe3O4) or as FeOOH [427, 429]. These corrosion products have
higher volume than the original steel itself, and occupy a greater volume at the steel-mortar
interface. Since the bulk matrix of A-28d is sufficiently cured, hence a less porous matrix (with
less water) is present at steel-mortar interface. This means that the corrosion product cannot
easily penetrate into the surrounding bulk matrix, and a more confined product layer is at hand,
which is also reflected by the anodic limitation of PDP response. In this situation the corrosion
product growth, dissolution and (re)precipitation are restricted (the mortar cover is sufficiently
cured and hardened, cracks are not induced for A-28d at the end of conditioning). This further
leads to the compacted product layer and limitations to a steel dissolution process. This supports
the bond behavior derived from the pull-out test (Figure 5.8): the highest bond strength is
recorded for A-28d.

70



Chapter 5 Bond of steel-mortar interface interfered by stray current and anodic polarization

1E'3 T T T T T T T T T

1E-4 F

R-24h
| =-++ §-24h

= A-24h
1E-8 L R-28d [
— $-28d
— A-28d

1 | 1 | 1 | 1 | |
-1 08 206 -04 0.2 0 02 04 06 08 1
E (V vs SCE)

Figure 5.17: Overlay of PDP curves for specimens in water at 490 days.

For specimen A-24h (Figure 5.17), anodic currents limitation after ca. -210 mV are not
pronounced (for A-24h only 24h curing was relevant, after which anodic polarization was
applied). The anodic current of A-24h is almost one order higher than that of A-28d. The PDP
response of A-24h reflects a presumably unstable and porous corrosion product layer. This is
attributed to the crack induced by the continuous product layer growth starting at very early age
(as actually recorded and discussed based on the EIS response evolution, in Section 4.3.4,
Chapter 4). For A-24h, at early age the bulk matrix surrounding steel surface is porous (also
with a higher water content, compared to A-28d). In this situation the corrosion products
disperse into the matrix more easily. In other words, the corrosion product layer is more porous
and less homogeneous (i.e., compromised ITZ properties), compared to A-28d. Additionally,
the mortar cover was cured in fog room for only 24h (i.e., not cured sufficiently, not fully
hydrated), the strength of mortar is also lower than that of A-28d. The consequence of this is
crack propagation. Once macro-cracks are induced, the environmental condition in the vicinity
of steel surface will be changed (H>O and oxygen penetrate to the vicinity of the steel surface
via cracks). This will allow an ongoing process of corrosion product formation, (re)precipitation
and transport towards voids and cracks in the bulk matrix. The ultimate consequence is the loss
of steel-mortar bond (reduced bond strength of A-24h is recorded in Figure 5.7). These
properties and behavior can also be reflected by the EIS response, and will be further discussed
in the next section.

For the 24h-cured control specimen (R-24h), a more active state (compared to R-28d
specimen) is recorded (more cathodic potential and higher anodic current than R-28d). The
recorded corrosion current of S-24h (cured for 24h, followed by supply of stray current) is one
order higher than that of specimen R-24h, accompanied by a more cathodic potential (about -
520 mV). Different from R-24h, anodic limitation is observed after the OCP for S-24h. After
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this, the first current density peak of 5.16 pA/cm? is observed at around -210 mV (vs SCE), and
the second current density peak of 10 pA/cm? is observed at around 10 mV (vs SCE). These
peaks are related to the dissolution of Fe;O3.nH>O and/or a mixture of oxide and hydroxide
[470, 471].

These phenomena (the peaks and anodic limitation after corrosion potential) however are
not significant for S-28d, reflecting that in the case of S-24h specimen, a product layer of
different composition and/or distribution on the steel surface was formed. This is also in
accordance with the pull-out result: the bond strength of S-24h is higher than S-28d (Figure
5.11), although higher anodic current density is recorded for S-24h (see the PDP response in
Figure 5.17). This recorded difference between S-24h and S-28d is again related to the curing
regimes, and illustrates the importance of the starting time of stray current supply, as
aforementioned in Chapter 4: at very early age (24h in present work), the stray current induced
a more significant interference than the case of later age (after 28 days).

5.3.3.2 PDP response of Cl-containing specimens

Figure 5.18 depicts the PDP response of the specimens treated in 5% NaCl. As can be observed
in Figure 5.18, a cathodic corrosion potential is evident for the Cl-containing specimens (more
cathodic than -600 mV). Additionally, the corrosion current densities for these specimens are
significantly higher, compared to the cases treated in water. The most pronounced corroding
state is related to specimens, subjected to both anodic polarization and Cl-containing medium
(CA-24h and CA-28d). If a comparison is made between specimens C-24h and CS-24h, the
pronounced effect of the stray current in group CS-24h towards enhanced corrosion is not
observed: the corrosion current density of CS-24h is even lower than that of specimens C-24h.
This relatively higher corrosion resistance in specimen CS-24h reflects the potentially positive
effect of the stray current at very early age, because of enhanced cement hydration. This will
result in a faster development of pore network, and lead to a more rapid stabilization of the pore
solution and hydration products.

Based on this, competitive mechanisms would be relevant for specimen CS-24h. On one
hand, the stray current has positive effects on the bulk matrix properties at early age (in a fresh
matrix). On the other hand stray current accelerates Cl” ion migration, and enhances steel
corrosion, finally results in a corrosion products build-up on the steel surface. The recorded
lower bond strength of CS-24h (compared to C-24h, where only Cl-induced corrosion plays a
role) is in line with this. Again, the different electrochemical state of CS-24h, compared to C-
24h, can be reflected by the EIS, and will be discussed later on in Section 5.3.4.3.

In contrast to the above sketched different performance of C-24h and CS-24h, this
difference is not obvious in the 28d-cured specimens (C-28d and CS-28d). It can be observed
via PDP (Figure 5.18) that the steel surface of CS-28d shows more corrosion than C-28d. In
other words, the stray current effect for 28d-cured specimen leads to accelerated steel corrosion.
For CS-24h, at the age of 1-28 days, the stray current already played roles (positive and negative)
in both affecting the “fresh” bulk matrix and the steel surface. For the 28d-cured specimen CS-
28d, the stray current exerts mainly negative effects, predominantly affects the steel. Some of
these details were discussed in Chapter 4 for the relevant duration of treatment, and will be
clarified again for the full test duration relevant to this chapter, by the EIS response in Section
53.4.2.
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Figure 5.18: Overlay of PDP curves for specimens in 5% NacCl at 490 days.

According to the PDP responses, it is clear that anodic polarization (A or CA groups) leads
to a more active status of the steel surface than stray current (S or CS groups), in all conditions
investigated in the present work. The different effects of stray current and anodic polarization
on bond of steel-mortar interface will be further discussed, together with EIS response in the
next section.

5.3.4 EIS
5.3.4.1 General consideration for EIS fitting

The EIS experimental results for all investigated specimens are shown in Figures 5.19-5.22, in
Nyquist formats. All impedance plots present values in €2, since the geometries of the cells and
the steel surface are identical. The equivalent electrical circuit used for fitting the EIS response
can be seen in Figure 5.23: Ry represents the electrolyte resistance; R is the resistance of the
solid phase of mortar cover, the capacitance C; represents the dielectric capacitance of solid
phase of mortar cover; C> and R» are related to double layer effects and ionic motion in pore
network; R3 and Q; are related to the bulk matrix in the vicinity of steel-mortar interface; R4(R)
and Q4 correspond to the charge/mass transfer processes, linked to the electrochemical reaction
on the steel surface [472-474], i.e., the Ret and Rreqiox make up Rp. For deriving R, from EIS
measurements in reinforced concrete/mortar, the low frequency limit of the impedance spectra
is generally considered for calculations, as reported in Ref. [386, 475-478] and used in the
present study as well. The replacement of pure capacitance (C) with constant phase element
(CPE or Q) in the equivalent circuits is widely accepted for systems as in this study, denoted to
in-homogeneities at different levels, hereby being mainly relevant to the heterogeneity of
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hydration/corrosion products, that form on the steel surface in different conditions [415, 477,
479-481].

Quantification of the cases of interests is presented and discussed. The interests here are to
clarify the different effects of stray current and anodic polarization, in perspective of bond
strength of steel-mortar interface; and to correlate the bond behavior of steel-mortar interface
with the electrochemical response of reinforced mortar specimens, affected by stray current and
anodic polarization. Hence in order to intensively illustrate the above points, only the results
from EIS fitting for groups S-24h, A-24h, S-28d and A-28d (cases only related to stray current
and anodic polarization) are shown in Figure 5.24 and 5.25. An example (specimen S-28d, 28d-
cured in fog room, then treated by supplying stray current in water) of the EIS fitting process is

shown in Appendix C.
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Figure 5.20: EIS responses in Nyquist format of 28d-cured specimens (treated in water).
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Figure 5.23: Equivalent electrical circuit used for fitting EIS response.
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Figure 5.25: R;, values calculated from EIS of selected specimens, at 490 days.

As can be seen in Figures 5.19-5.22, the HF domain (higher than 1 kHz) of all specimens
depicts the semi-circle capacitive arcs, attributed to the properties of the mortar bulk matrix
[482]. The first time constant (R1C)) is related to the properties of the mortar bulk matrix. The
matrix resistance Rouk (R1) values of mortar cover are adopted as indicators for bulk matrix
properties. The higher resistance of cement-based matrix Rpuik (R1) partly reflects a denser
matrix, a lower permeability, and consequently higher strength. The Cpux of mortar/concrete
solid phase is in the order of nF [413], and is normally detected in the high frequency range
(i.e., approx. 50 kHz to MHz). The Ryuk (R1) values derived from EIS tests are included in
Figure 5.24. The derived values of R, are normalized and given in Figure 5.25.
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5.3.4.2 EIS response of Cl-free specimens

Evidently R-24h and R-28d have similar HF EIS response (Figure 5.19 and 5.20), which is well
in line with the almost identical bond strength of R-24h and R-28d (see Figure 5.11).
Additionally, the higher corrosion resistance of R-28d compared to R-24h is reflected by the
LF EIS response, and completely in line with the higher R, from LPR and lower anodic currents
from PDP of R-28d. The higher corrosion resistance of R-28d leads to a higher bond strength,
compared to R-24h, as illustrated in Figure 5.11.

The bond strength at the interface between a steel bar and concrete (mortar) is affected by
the corrosion of the steel bar. Corrosion products can alter the steel-mortar interface and
influence the development of bond stresses. Research on bond degradation due to reinforcement
corrosion has produced a variety of results. Although the results show remarkable scatter, they
indicate that the bond strength decreases with the increase of steel corrosion [443].

This, however, is not always a straightforward scenario. For the EIS response of S-24h and
S-28d, the lower corrosion resistance of S-24h can be reflected by LF EIS response (lower R,
of S-24h, as shown in Figure 5.25). This is in accordance with the lower anodic current density
of S-28d recorded by PDP. However, a higher bond strength is recorded for S-24h compared to
S-28d. This is attributed to the altered corrosion product layer (a product layer of different
composition and/or distribution) formed on steel surface of S-24h, together with an obviously
different microstructural property at the steel-mortar interface, where initially positive effects
of the stray current on cement hydration could have been relevant (as already discussed in
Chapter 4).

The stray current effect in S-24h obviously leads to alterations of both product layer (on
steel surface) and matrix. The significant accumulation of a product layer in the case of S-24h
is reflected by the PDP response (the plateau region after Ecor). Compared to S-28d, an
intermediate (MF to LF) additional time constant is recorded for S-24h (as marked in inlet of
Figure 5.19, in the frequency range of 9.62-1.08 Hz). This is linked to the anodic peaks in the
PDP of S-24h, indicating again the altered steel-mortar interface in the sense of a well adhering
product layer on the steel surface (evident from the several anodic current limitations in the
PDP response). A lower bulk matrix resistance at the stage of 490 days for S-24h is reflected
by the HF EIS, compared to S-28d. This implies a more porous bulk and steel-mortar interface
of S-24h, facilitating corrosion products penetration into the bulk matrix, and possibly a more
uniform distribution of corrosion products. The consequences of all above are alterations
towards a more uniform stress distribution in the system, including the steel-mortar interface
and higher bond strength of S-24h.

For A-24h and A-28d, as already shown in the above sections, a similar global corrosion
resistance is recorded by LPR and PDP. However, a bond increase is recorded for A-28d, while
abond reduction is recorded for A-24h (Figure 5.11). These different bond properties are related
to the properties of the mortar matrix, the steel-mortar interface and the product layer. It is clear
that the similar shape of the HF semicircle of EIS (a similar semi-circle capacitive arc for the
HF time constant) are recorded for both A-24h and A-28d (Figure 5.19 and 5.20), where 150 Q
higher Roui for A-28d is recorded (see Figure 5.24), which is normal in view of the more mature
A-28d mortar matrix, compared to A-24h. This again implies a less porous bulk matrix around
the steel surface of A-28d (compared to A-24h), and hence a good confinement of the interface
(because the corrosion product cannot penetrate into mortar bulk easily). This leads to a higher
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interaction force between steel surface and mortar cover. The consequence of this is the higher
normal stress at steel-mortar interface [457, 469].

This is in line with the anodic limitation of PDP response, as discussed in Section 5.3.3.1.
This can also be reflected by EIS response: an intermediate MF to LF response (in the range of
35.53-2.02 Hz) is recorded for A-28d. This, together with the two anodic peaks of PDP response
of A-28d, reflect the mixed charge transfer and diffusion processes, which is also indicated by
the depressed semi-circular EIS response in the LF (see Figure 5.20). Diffusion accounts for
mass transport within the product layer on the steel surface, i.e., it is a proof for a layer that
limits anodic dissolution with external polarization, as actually recorded by PDP of A-28d.

However for A-24h, the well expressed intermediate time constant is not recorded. On the
contrary, an overlap of two constants into a second semi-circular response is observed, which
is related to (although limited) charge transfer mainly, i.e., dissolution of corrosion product on
the steel surface. This is well supported by anodic dissolution in PDP response (Figure 5.17).
This is also in line with the lower R, derived from EIS (compare with A-28d), which implies
the pronounced corroding status and a thick, porous and non-homogeneous corrosion product
layer in A-24h [483, 484]. The consequence of the above property, is the corresponding
reduction of bond strength for A-24h. It can be summarized that a more porous and volume
expanding hydroxide layer will form in conditions of “more water present” in the system (as in
A-24). A more open bulk matrix would also result in conditions for corrosion products
dissolution and precipitation. In contrast, for A-28d, Fe oxides-based and/or Ca-substitutes are
formed on steel surface (a less porous and volume expanding layer). This together with the
mature matrix in A-28d leads to a confinement of the corrosion products, and maintains
structural property at the steel-mortar interface over the duration of these tests.

5.3.4.3 EIS response of Cl-containing specimens

For EIS of specimens C-24h and CS-24h (Figure 5.21), a higher corrosion status is relevant for
specimen C-24h (LF EIS response of C-24h denotes for a more active state of C-24h, compared
to CS-24h). This conforms to previous results from PDP. This is due to the more significant
formation of non-protective and non-adherent corrosion product layer on the steel surface of C-
24h. This again indicates the possible positive effect of stray current on steel surface properties,
at early age for CS-24h, as also discussed in Chapter 4. However, the bond strength of C-24h
is higher than that of CS-24h, irrespective of the lower bulk matrix resistance for C-24h,
compared to CS-24h (Figure 5.21).

Obviously, different properties of the bulk matrix at the steel-mortar interface are relevant
for C-24h, where an additional and very well pronounced time constant can be observed (in the
range of 1.04 kHz-2.02 Hz, as marked in Figure 5.21). This is in line with the PDP response of
C-24h, where a limitation after Ecor is recorded (Figure 5.18). For C-24h both EIS and PDP
results indicate a larger contribution of a mass transfer control process on the steel surface
(evident by the anodic current limitation immediately after Ecorr in the PDP response and the
LF EIS response) and at the steel-mortar interface (evident by the HF EIS response). The
limitations are linked to a thick and non-uniform, non-adhering product layer on the steel
surface of C-24h. In contrast, well pronounced additional time constant (HF in EIS response)
and anodic limitation after Ecorr (of PDP) are not observed for CS-24h. For CS-24h, though the
stray current at early age had positive effect on accelerating cement hydration, stray current
also induces mortar softening by substantially increasing the solubility of the C-S-H and CH
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[263, 388-398]. The result will be a coarser pore network structure at the steel-mortar interface,
which consequently leads to a decrease of bond strength.

Comparing C-28d and CS-28d (Figure 5.22), a lower bond strength is again recorded for
the stray current case (CS-28d). This is in line with the more corrosion resistance of C-28d,
compared to CS-28d, which is also evidenced by both PDP and EIS. In this situation, the stray
current adds-up to the “negative” effect of Cl" and enhances corrosion. It means that for
hardened mortar/concrete in aggressive medium, stray current can only enhance damage, rather
than exert possible positive effects. This again indicates the importance of the stray current start
time (the moment of stray current start), which is already discussed in detail in Section 4.3.3 of
Chapter 4.

For CA-24h and CA-28d specimens (Cl” + anodic polarization), a significant bond
reduction is recorded. This is in line with the extreme corrosion status confirmed by
electrochemical tests. Loss of steel cross-section because of severe corrosion is observed, which
subsequently destroys the steel-mortar interface. The pull-out failure modes of CA-24h and
CA-28d are different: yielding/rupture of steel for CA-24h, but a complete pull-out of the rebar
for CA-28d. On one hand, a more severe corroding state is observed for CA-28d. On the other
hand, the HF |Z| values of CA-24h are higher than CA-28d (see Figure 5.21 and 5.22), indicating
the denser mortar cover of CA-24h. The consequence is that the bond strength of steel-mortar
interface is higher than the tensile strength of the steel for CA-24h. Thus the steel rebar is broken
before the complete loss of bond. However, for CA-28d the significantly reduced steel cross-
section and lower strength of the mortar cover lead to the smooth process of rebar pull-out.

In summary, the correlation between the electrochemical response (corrosion state of the
reinforcing steel and the bulk matrix properties) obtained by the electrochemical measurements
(PDP and EIS), and bond properties of steel-mortar interface derived from pull-out tests, is
found and established. Although limited range of stray current level is investigated in this
research, both PDP and EIS provide valuable insights into the bond strength development
and/or degradation of the steel-mortar/concrete interface, as affected by stray current or anodic
polarization.

5.3.5 Summary of mechanisms for stray current inducing bond loss

Regardless of whether there is corrodent in the external environment (with or without CI” in the
present work), anodic polarization leads to more pronounced effects on steel-mortar interface
than stray current, in views of both bond behavior and electrochemical response. Though the
stray current effect is moderate compared to anodic polarization, the pull-out results show that
stray current (at level of 0.3 mA/cm?) still leads to bond degradation of the steel-mortar interface.
First of all, according to the electrochemical tests, it is clear that the stray current induces
steel corrosion (lower corrosion resistance) in all conditions investigated in the present work,
compared to the control cases. The stray current induced-steel corrosion is one of the reasons
for bond reduction of steel-mortar interface. The corrosion of steel is attributed to the anodic
polarization induced by stray current (where stray current flows out from steel surface).
Besides, as already discussed in Chapter 4, it is reported that hydration products previously
occupying the pore space, would dissolve due to electrical current flow. This will result in
vacancies, and coarsening of the pore network [400, 485]. The transport of sodium and
potassium is faster than that for calcium ions [399, 400]. In the stray current electrical field, the
sodium (Na") or potassium ions (K") accumulate more easily, and displace the calcium ion
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(Ca?"), i.e., reacts with the calcium-silicate-hydrate (C-S-H) phase and Ca(OH), (CH)
previously formed on steel surface. This initiates mortar dissolution by substantially increasing
the solubility of the C-S-H and CH [263, 388-398], and leads to bond loss of steel-mortar
interface.

5.4 Conclusions

The effects of stray current on the steel-mortar interface are clarified, in views of both
electrochemical properties of steel and bond strength of steel-mortar interface. Correlating the
electrochemical property and bond behavior, the following conclusions can be drawn:

1.

Stray current (at level of 0.3 mA/cm?) leads to bond degradation of the steel-mortar interface
in all cases (specimens cured in fog room for 24h or 28d, then conditioned by supplying
stray current in water or 5% NaCl) investigated in this work.

The correlation between the electrochemical response (corrosion state of the reinforcing
steel), the bulk matrix properties (derived by EIS), and bond properties of steel-mortar
interface (derived from pull-out tests), is established.

Regardless of whether there is Cl in the external environment, anodic polarization leads to
more pronounced effects on the steel-mortar interface, compared to stray current. The
anodic polarization produces more corrosion product, the subsequent corrosion product
expansion leads to two extremes: the evidently increased bond strength because of more
significant confinement at steel-mortar interface; and the significantly reduced bond
strength due to the cracking or spalling of the cover. The two effects are bulk matrix
properties-dependent. This again indicates the difference between stray current and anodic
polarization, in view of affecting bond property of steel-mortar interface.
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Chapter 6
Stray current corrosion as
determined by geometrical
orientation of steel rebar

6.1 Introduction

As is well-known in construction engineering, the layout of reinforcing steel embedded in
concrete elements is usually a steel rebar cage [486-490]. An example (a metro segment) for
this is shown in Figure 6.1 [491]. In this case, the stray current flowing in the tunnel segments
can be parallel or orthogonal to the steel rebar. To study the stray current-induced corrosion for
steel in concrete, although various works report different aspects [61, 81, 492-499], the effects
of the steel rebar orientation on the amount and distribution of stray current corrosion product
are still not investigated sufficiently. This aspect is of significance in view of the levels of
corrosion damage, and geometrical location of corrosion product accumulation on the steel
rebar surface.

This chapter presents the effects of different steel orientation, in identical specimens’
geometry, on the levels of stray current-induced corrosion on the steel surface. For this reason,
two geometrical positions of the reinforcement embedded in mortar are tested - the steel bar
placed parallel or orthogonal to the direction (or flow) of the stray current. The level of stray
current is set at 3 mA/cm? (through the application of external DC electrical field). The supplied
stray current level is increased (from 0.3 mA/cm? of previous tests to 3 mA/cm? in this chapter),
to investigate the multiple stray current levels and induce more significant corrosion on steel
surface. The stray current conditions are simulated in both Cl-free (in water) and Cl-containing
medium (in 5% NaCl solution).

d. e e e

6.1a: Reinforcing steel cage before casting. 6.1b: Metro segment after casting.

Figure 6.1: Metro segment: a). reinforcing steel cage before casting; b). after casting [491].
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A more corrosive state is observed when the steel bar is parallel to the current direction,
compared to the situation of a rebar orthogonal to the current. This phenomenon is further
clarified via additional series of tests, where the picked-up stray current level and potential shift
of the rebar undergoing stray current are monitored. Another aim of this series of tests is to
better understand the time-dependent process of stray current interference on the steel, in the
period of stray current supply as well as after stray current cut-off. The time-dependent response
of a steel rebar undergoing stray current is rarely studied before. It is found that, though the
supplying stray current is constant, the level of current picked-up by the steel rebar is decreasing.
At the instant when the stray current supply is just turned off, an opposite current flow (back
flow) is monitored.

6.2 Experimental

6.2.1 Materials and Specimens

Reinforced mortar cubes of 40x40x40 mm? were cast from Ordinary Portland cement CEM I
42.5 N and normed sand. The water-to-cement (W/C) ratio was 0.5; the cement-to-sand (C/S)
ratio was 1:3. Construction steel (rebar) FeEBSOOHKN (d=6mm), with a length of 20 mm, was
centrally and fully embedded in the mortar cubes in two different geometrical arrangements -
steel rebar placed parallel or orthogonal to the current direction (Figure 6.2).

d. I=3mA/cm? b.
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Current Direction Current Direction
6.2a: Steel bar orthogonal to stray current. 6.2b: Steel bar parallel to stray current.

Figure 6.2: Schematic and top-view of test specimen and setup for stray current supply and position of
electrodes: a). Steel bar orthogonal to the stray current direction; b). Steel bar parallel to stray current
direction.
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Table 6.1: Specimens’ designations and relevant conditions summary.

Groups Specimen designations Immersion (1/2") Rebar Layout
S(0) S(0)-1 Water Orthogonal
S(0)-2 Water Orthogonal
S(P) S(P)-1 Water Parallel
S(P)-2 Water Parallel
CS(0) CS(0)-1 5% NaCl Orthogonal
CS(0)-2 5% NaCl Orthogonal
Cs(p) CS(P)-1 5% NaCl Parallel
CS(P)-2 5% NaCl Parallel

After casting and prior to demoulding/conditioning, all specimens were cured in a fog room
(98% RH, 20 °C) for 24 hours. After demoulding at age of 24 hours (24h), the specimens were
lab-conditioned (lab air). All specimens were immersed with 1/2"¢ (50%) of their height in water
or 5% NaCl solution. The relevant conditions and specimen designations are summarized in
Table 6.1. Each group (with the same steel layout and conditioning) had 2 replicate specimens.

Supply of stray current (at the level of 3 mA/cm?) started at 24h of age in the relevant
conditions (the current density was calculated according to the exposed steel surface area). The
experimental set-up and the electrodes’ configuration for supplying stray current are also
presented in Figure 6.2: two cast-in Ti electrodes (MMO Ti mesh, 40x40 mm?) served as
terminals for stray current application. The conditioning of these specimens, specifically with
respect to the stray current application, was performed in two phases: Phase 1 - 24h (1 day) to
28 days; Phase 2 - 72 days to 123 days. Between 28 days to 72 days, the stray current supply
was cut off, the specimens were placed only in water or 5% NaCl solution. In this period, at 34
days of age, additional tests were performed, with the aim to monitor the potential changes of
steel rebar due to stray current application (and/or interruption).

6.2.2 Testing Methods
6.2.2.1 Electrochemical tests

Linear Polarization Resistance (LPR) was performed at intervals of 14, 102 and 123 days.
Electrochemical Impedance Spectroscopy (EIS) and Potentio-Dynamic Polarization (PDP)
tests were performed at the end of conditioning (123 days). The two Ti-mesh electrodes
(connected with each other) served as a counter electrode in a 3-electrode system, where the
rebar was the working electrode and an external Saturated Calomel Electrode (SCE) served as
a reference electrode. The details of electrochemical measurements can be seen in the previous
Chapters 4 and 5.

6.2.2.2 Potential change monitoring on individual specimens

At the age of 34 days (between Phase 1 and Phase 2, when the continuous stray current supply
was off), stray current was supplied on selected samples for about 1500 s, to monitor the
potential change of the embedded steel undergoing stray current. This monitoring test was
conducted on S(O)-1 and S(O)-2 specimens. The schematic and top-view of the specimens and
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the reference electrode arrangement for potential shift monitoring on individual specimens are
depicted in Figure 6.3.

As already discussed on a few foregoing occasions in this work, stray current leads to both
cathodic and anodic polarization on the steel surface. The shift of the overall (mixed) potential
induced by stray current flow reflects the intensity of stray current interference. The aim of this
test was to monitor the potential shifts (ON and OFF potentials) of the rebar undergoing stray
current, and the potential decay after stray current supply. The IR drop involved in the potential
shift of rebar was also recorded and will be discussed.

I=3mA/cm? Potential Shift

WE RE
E " *
— 4
-Steel Rebar
Ti Mesh SCE

Figure 6.3: Schematic and top-view of specimen and reference electrode arrangement for potential shift
monitoring on individual specimens.

6.2.2.3  Picked-up current levels in a stray current electrical field

In practice, only part of the stray current can flow into a reinforced concrete element. To
simulate the situation where part of the stray current flows in the external medium, while the
other part flows into the reinforced structure, the specific set-up was adopted and presented in
Figure 6.4. Two external electrodes (Ti meshes) were used as terminals for current supply, and
to produce a stray current electrical field. Two reinforced mortar cubes were placed in this stray
current electrical field. These tests were performed at the end of test period (after 123 days of
conditioning). This series of the testing procedures were conducted on specimens CS(P)-1 and
CS(P)-2 in 5% NaCl solution (fully immersed).

As shown in Figure 6.4, two pieces of steel rebars were coupled to each other, as anode
and cathode according to the direction of stray current supply. The aim of this arrangement is
to identify the behavior of anodic/cathodic polarization during stray current supply. The
electrode potential change of the rebar undergoing stray current electrical field was recorded.
The current level picked-up by steel (the stray current flowing into the two pieces of steel rebars)
was also obtained, by recording the potential difference via 100 Q resistor Ro. The potential
shifts were collected and recorded by a data collector - “Ultra low input current/Instrumentation
amplifier/Analog to digital convertor, Demo 2011 CvB”.
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Figure 6.4: Basic testing arrangement for simulation of practical stray current electric field: a). Cross-
section; b). Top-view; c). Actual testing setup.
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Figure 6.5: Advanced testing arrangement for simulation of practical stray current electric field: longer
length of steel undergoing stray current interference.

By these tests, the better understanding of the time-dependent process of stray current
interference on steel (in stray current supplying period and after stray current supply period)
can be obtained. These results will also be the supporting evidence of the corrosion product
distribution (e.g., the relevance of the recorded back flow to the corrosion product nearby the
cathode), observed by Environmental Scanning Electron Microscope (ESEM).

The measurement steps were as below:

Step 1 - Stray current supply stayed off, the OCPs of the specimens were recorded;
Step 2 - Turning on the external stray current supply for 250-300 s;

Step 3 - Cut-off of the stray current supply, then monitor the response after cut-off for 100-
150 s.

Moreover, to investigate the effect of steel length on the level of stray current-induced
corrosion, an additional layout was investigated as well: adding a third plain mortar cube
between two specimens, to simulate longer length reinforced element undergoing stray current
(i.e., a longer distance and additional resistance between anode and cathode). The schematics
for this additional testing arrangement are shown in Figure 6.5. In these tests the level of
external stray current supply was 6 mA.

6.2.2.4 Microstructural observation on corrosion product distribution

At the end of test period (after all above tests), the distribution and morphology of the corrosion
products formed at the steel-mortar interface were investigated using ESEM (the used
equipment is ESEM Philips XL30), in a backscattered electrons (BSE) mode. The image
analysis was performed at magnification 125x. The cross-sections of the steel-mortar interfaces
for ESEM analysis were taken from identical geometrical locations of the cubes. Figure 6.6
depicts the sampling strategy for ESEM analysis. For each specimen, 3 cross-sections were
chosen: the cross-section at middle (namely “Middle”) and 2 ends of the fully embedded steel
piece (namely “End 1”” and “End 2”, respectively).
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a. b.
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End 2

6.6a: Steel bar orthogonal to stray current. 6.6b: Steel bar parallel to stray current.

Figure 6.6: Schematic and top-view of cross-sections for ESEM: a). Steel bar orthogonal to the stray
current direction; b). Steel bar parallel to the stray current direction.

The cube was cut into 4 slices (Slices M@®@ @), as shown in Figure 6.6). Slice @ was
used for cross-section “End 17, Slice ® for “Middle”, and Slice @ for “End 2”. These series
of tests aimed to visually clarify the importance of steel orientation on the level of stray current-
induced corrosion, i.e., positioning and distribution of corrosion products on the steel surface,
as influenced by the two different manners of rebar embedment in the cubes (see Figure 6.2 and

6.6).

6.3 Results and discussion
6.3.1 OCP and Ry, evolution

The average OCP/R,, values of 2 replicates per group are shown in Figure 6.7. The OCP values
for all specimens at 14 days of age are cathodic and far beyond the passivity threshold. This is
due to the “fresh” mortar matrix (only 24h fog room curing). After 102 days a more passive
state is recorded for Cl-free cases. Additionally and with respect to positioning of the steel rebar
in control (Cl-free) conditions, the following can be noted: specimens S(O) exhibit more anodic
potentials (more noble). This is accompanied by higher R, values. In contrast, specimens S(P)
present the relatively active state, judged from both OCP and R,, values.
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Figure 6.7: Comparison of average OCP/ R, values of Cl-free groups: S(O) and S(P); and Cl-containing
groups: CS(O) and CS(P).

For the Cl-containing medium, as expected, the OCP values of Cl-containing specimens
always remained negative. This, together with the recorded low R, values (compared to the CI-
free situations), indicate an accelerated corrosion state of the steel rebar. In these cases, the
coupling effect of stray current and ClI  is relevant. At the end of conditioning (123 days), the
most corrosive state is recorded for CS (P) specimens, exhibiting lower R, values and more
cathodic OCP values than CS (O) specimens.

It can be noted that the geometrical position of the steel affects the electrochemical
response. The stray current interference is more significant for a steel bar parallel to the current
direction, compared to the case of steel bar orthogonal to the current direction. This is in the
sense of minimal polarization for the orthogonal cases - S(O) and CS(O), or significant
polarization for the parallel groups - S(P) and CS(P)) due to stray current flow. In the former
case, the effect of stray current is limited to the cross section of the bar only. Consequently,
specimens S(O) and CS(O) present higher corrosion resistance. In the latter case, the effect of
stray current is significant, since the full length of the bar is exposed to the field of stray current
flow. Therefore, specimens S(P) and CS(P) are in a more active state, irrespective of the
presence or not of CI” in the medium.

6.3.2 PDP and EIS

PDP and EIS were performed to further clarify the corrosion performance of the tested
specimens. PDP results (at 123 days) are presented in Figure 6.8 for the S-specimens (treated
in water), and in Figure 6.9 for the CS-specimens (treated in 5% NaCl). The experimental
impedance responses in Nyquist format for all samples at the end of conditioning (at 123 days)
are presented in Figure 6.10 and 6.11.
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Figure 6.8: Overlays of PDP response for Cl-free specimens at 123 days.
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Figure 6.9: Overlays of PDP response for Cl-containing specimens at 123 days.
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Figure 6.10: Overlays of EIS response for Cl-free specimens at 123 days.

According to the corrosion potential and anodic current density in Figure 6.8, the corrosion
resistance of the S(O) groups is higher than that for the S(P) groups. The highest anodic current
density is recorded for S(P)-1 specimen. At about +420 mV (vs SCE) a current maximum (ca.
15.92 pA/cm?) is observed for the S(P)-1 specimen, which is related to the dissolution of iron
oxide/hydroxide layer previously formed on the steel surface [500-502]. Similar behavior with
an anodic current peak at +400 mV (vs SCE) is found for S(P)-2 specimen. An indication for
dissolution of product layer (anodic current peak) is not observed for S(O)-1 and S(O)-2. This
implies the lack of or a minimum amount of product layer on the steel surface of the S(O) cases.

The PDP responses of S(P)-1 and S(P)-2 specimens are in line with the EIS. A time constant
at MF (middle frequency, between 120 Hz and 5 Hz) can be observed for S(P) cases - the |Z|
value in MF of S(P)-1 is 3.6 Q, which is higher than 2.2 Q of S(P)-2. While this time constant
is much less pronounced for the S(O) specimens and shifted in frequency - see Figure 6.10.
This, together with the anodic peaks of PDP, imply the more significant deposition and potential
variations in the product layer properties/performance for S(P) cases.
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Figure 6.11: Overlays of EIS response for Cl-containing specimens at 123 days.

Judging from thermodynamic principles, the E/pH region i.e. +420 mV (vs SCE)/pH~13
(conditions relevant to specimens S(P)-1 and S(P)-2), the layer is most likely Ca-substituted
Fe>O3.nH>0 and/or a mixture of oxide and hydroxide [471]. Ca-containing product layer
stabilizes the passive layer on the steel surface and further leads to a more uniform attraction
and adherence of Ca**, resulting in a product layer with higher stability of S(P) groups [471].
Based on the PDP and EIS, it can be hypothesized that in the case of S(P) specimens a product
layer of different amount, and/or distribution on the steel surface was formed. This is an
indication of the more significant effect of stray current in S(P) groups, if compared to the S(O)
groups (orthogonal direction of the steel).

The anodic current of PDP response for the Cl-containing CS specimens (Figure 6.9) is one
order higher than S groups (Cl-free), indicating the much more active status of CS specimens.
This can also be reflected by the EIS LF responses of groups CS(O) and CS(P) (specimens
immersed in 5% NaCl). The slope of the anodic curves (PDP) in the potential range after +30
mV (vs Ecor) in anodic direction, accounts for limitations of the anodic dissolution (although
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the anodic currents remain significantly higher if compared to those for specimens S). This
means that in CS groups a corrosion products layer exists on the steel surface and causes
limitations to the dissolution process within anodic polarization.

The CS(P) specimens show higher anodic current compared to CS(O) cases. It can be
judged from PDP, that the effect of stray current is more pronounced in the CS (P) group.
Additionally, the small peaks in the CS(P) cases are recorded after -0.6 V (vs SCE) in the PDP
(Figure 6.9). This points to a more significant accumulation of corrosion products on the steel
surface of the specimens CS(P), compared to other cases.

Besides, there is also another observable difference between the CS(O) and CS(P) groups,
judged from EIS tests. If the HF to MF response is compared in Figure 6.11, we observe an
additional time constant appears (between 5 and 0.2 Hz), especially pronounced for the CS(P)
specimens. This time constant is linked to the abovementioned more pronounced accumulation
of corrosion product over a larger surface of specimens CS(P). This time constant (between 5
and 0.2 Hz) is already in different frequency window compared to the control cases. These
outcomes, together with the indication of PDP of the CS(P), again illustrate the larger stray
current effects in the CS(P) groups, compared to CS(O) specimens. The above electrochemical
behavior is well supported and visualised by ESEM observations at the steel-mortar interface,
which will be discussed in Section 6.3.5.

6.3.3 Potential change monitoring on individual reinforced mortar specimens

At the age of 34 days, stray current was supplied on selected specimens, for about 1500 s, to
monitor the potential change of the embedded steel undergoing stray current. These tests, as
introduced in Section 6.2.2.2, were performed on orthogonal specimens S(O)-1 and S(O)-2.
The test results in this section aim to justify the importance of the bulk matrix properties, on
the level of current picked-up by the reinforcement. These specimens are meant to illustrate the
stray current flowing paths, since the most significantly different performance is observed for
S(O)-1 and S(0O)-2, in both PDP tests (Ecor values) and HF EIS (bulk matrix resistance),
irrespective of the fact that S(O)-1 and S(O)-2 are replicates.

As can be seen in Figure 6.12, an anodic potential shift of S(O)-1 is recorded at the instant
once the current supply is on - the potential increased immediately after the stray current
application, from Eof = -140mV, to the stable value of Eon = 178 mV. This Eon potential of 178
mV reflects the stray current-induced anodic polarization on the rebar. When the current is
interrupted, a potential decay is recorded, reaching the value of -150mV (Eor2). This value (Eofr2)
is similar to the initial Eor of -140 mV, however, with 10 mV more cathodic. The anodic
potential shift from Eofr1 to Eon, together with the adopted more cathodic value of Eorp,
compared to Eofi, imply a process of steel dissolution. Fundamentally, the driving force for
steel corrosion is anodic polarization (the potential change from Eofri to Eon 1s an anodic shift)
- this is the primary kinetic effect in steel corrosion.

Upon stray current interruption and prior to Eofr stabilization (Figure 6.12), the potential-
time curve includes the so-called ohmic drop (IR drop) component, equal to 271 mV for the
S(O)-1 case. From this point forward (i.e. after the so-called instant-off potential Eins.off = -93
mV) a decay of 57 mV is observed. The IR drop contribution disappears in a very short time,
normally in the order of 10 s [62, 503, 504]. The potential decay (57 mV) means that indeed,
the steel bar is polarized by the applied stray current, inducing an overall positive potential shift
under current conditions. This means that in this situation, anodic polarization induced by stray
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current is a predominant phenomenon i.e. the stray current causes positive polarization, hence,
enhances the driving force of steel corrosion following the principles of fundamental
electrochemical kinetics.

A similar trend can be found for S(O)-2 (Figure 6.13): the IR drop of 217 mV and a
potential decay of 125 mV can be observed after the shut-down of current supply. The lower
IR drop of S(O)-2 (compared to S(O)-1) reflects the lower resistance of mortar bulk matrix of
S(O)-2. The higher potential decay of S(O)-2 implies the more efficient polarization of this
rebar, undergoing the identical to S(O)-1 stray current supply. This again reflects the lower
resistance of the mortar bulk matrix of S(O)-2, because if the lower resistance of bulk matrix
(compared to S(O)-1) was at hand, the stray current can flow into the steel more easily. The
sequence of this is the more significant corrosion of S(O)-2.
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Figure 6.12: Monitoring of potential shift undergoing stray current: S(O)-1. (specimen and reference
electrode arrangement for potential shift monitoring in Figure 6.3).
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Figure 6.13: Monitoring of potential shift undergoing stray current: S(O)-2. (specimen and reference
electrode arrangement for potential shift monitoring in Figure 6.3).
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The lower bulk matrix resistance of S(O)-2 is in accordance with the lower |Z| of EIS HF
response (Figure 6.10), as already discussed is Section 6.3.2. The lower corrosion resistance of
S(O)-2 can also be verified by the PDP (Figure 6.8): the corrosion potential of S(O)-1 is 200
mV more noble than S(O)-2, corrosion current for S(O)-2 is higher. A gradual increase of
anodic current with PDP polarization after corrosion potential is recorded for S(O)-1, while
there is anodic limitation for S(O)-2. This means that a less significant corrosion product
accumulation is relevant for S(O)-1, compared to S(O)-2.

6.3.4 Mechanism of stray current-induced corrosion initiation with respect to
geometrical orientation of the bar

Based on the above results, it can be concluded firstly that, the stray current interference is more
pronounced for a steel bar parallel to the current direction than the case of steel bar orthogonal
to the current direction. The schematics of stray current parallel or orthogonal to steel rebar are
shown in Figure 6.14 and 6.15, respectively.

In the former case, parallel position, the effect of stray current is significant, since the full
length of the bar is exposed to the field of stray current flow, i.e., the portion of stray current
“picked-up” by the bar flows through the full length of rebar, since the bar is the least resistive
path. However, for the orthogonal case, the effect of stray current is limited to the cross section
of the bar only.

As already explained in Chapter 2 (Figure 2.10), once the stray current is picked-up by the
steel rebar of a reinforced concrete structure, the cathodic and anodic polarized regions (where
we and ya take place, respectively) are stimulated on the surface of steel. If stray current can be
“picked-up” by the steel reinforcement, a driving voltage (4 U=y, +y., see Figure 6.14 and 6.15)
has to be present.

This driving voltage (4U) is the potential difference (produced by supplied stray current
surrounding the steel rebar) between the cathodic and anodic polarized regions, equals to LeA-/:
AU = L+)sI, where, L is length of anodic and cathodic sites of steel undergoing stray current; A
is resistance of mortar matrix per unit length; / is stray current flowing in mortar matrix. If stray
current can be picked-up by steel, AU must be higher than the sum of the cathodic (y.) and
anodic () polarizations induced by inflow and outflow of stray current circulating in the steel,
1.e., LeAsl >y + wa. The higher L, the higher driving voltage (4U) is present and the easier stray
current can be picked-up by steel - and vice versa.

Besides inducing corrosion, stray current can also result in the different distribution of
corrosion products. Stray current produces the variation of distribution of anodic and cathodic
sites (with a distance of L) on steel surface. For the parallel situation (Figure 6.14), the L (length
of steel conducting the current) is longer than orthogonal situation (Figure 6.15), i.e., in the
parallel situation the distance of anodic and cathodic regions is longer than that in orthogonal
situation. In the parallel case, with long distance between the anode and cathode, stray current
induces a macrocell-like corrosion. Corrosion products do not accumulate at the exact anodes
where current flows out, but nearby the anodic sites. For the orthogonal case with shorter
distance between the anode and cathode, a microcell-like corrosion mechanism is relevant,
where many microcells will finally result in a corrosion damage at this particular cross section.
In both situations and as a next step, the accumulated corrosion products occupy the steel-bulk
matrix interface (as discussed in Chapter 5) and further can penetrate into the bulk matrix. The

94



Chapter 6 Stray current corrosion as determined by geometrical orientation of steel rebar

propagation of corrosion product into the mortar matrix is observed by ESEM, and will be

discussed in the next section.
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Figure 6.14: Schematic of stray current parallel to steel rebar: Macrocell-like, tends to induce localized
corrosion.

Cathode

Figure 6.15: Schematic of stray current orthogonal to steel rebar: Microcell-like, tends to induce
general/uniform corrosion.

95



Chapter 6 Stray current corrosion as determined by geometrical orientation of steel rebar

6.3.5 ESEM observation

The combination of ESEM observations and the obtained electrochemical parameters reflect
the distribution of corrosion product on the steel surface. Hence a better insight into the
mechanisms of stray current corrosion can be achieved. To this aim, the ESEM observations
were performed on only corroding cases, where the corrosion products are more pronounced
and visible than in the control cases.

The ESEM images taken at different locations of “End 1 and “Middle” cross-sections of
CS(0O)-1 are shown in Figures 6.16 and 6.17. The images of “End 1” and “End 2” cross-sections
of CS(P)-2 are shown in Figures 6.18 and 6.19. The location of each cross-section of specimen
is also illustrated in the inlet of according figures.

These series of images aim to visualise the effects of rebar orientation, on distribution of
corrosion product along radial direction: CS(O)-1 for steel rebar orthogonal to stray current,
and longitudinal direction: CS(P)-2 for steel rebar parallel to stray current. For instance, the
anode is expected to be mostly corroded (because of current outflow), the corrosion product
may be localized at the anodic site, which is determined by the direction of stray current.

As can be seen in Figures 6.16 and 6.17, the “anode” and “cathode” coexist in both cross-
sections of CS(O)-1 according to the direction of stray current flow. In this situation the anode
and cathode are close by (distance between them is just the rebar diameter 6 mm). For CS(P)-
2 as indicated in Figures 6.18 and 6.19, the “anode” is the whole “End 2 cross-section,
“cathode” is the whole “End 1” cross-section. The distance between anode and cathode is the
length of rebar (2 cm).

As can be seen in Figure 6.16, more corrosion product is accumulated on the “anode” side
(see Plot 4, 5, 6 in Figure 6.16) of the “End 1” cross-section of CS(O)-1. Similar trend is
observed in Figure 6.17 - the most severe corrosion is observed at the “anode” side (see Plot 5,
6, 7 in Figure 6.16) of the “Middle” cross-section of CS(O)-1. This is obviously attributed to
the stray current direction.

It can be noted that the corrosion product is also formed at the “cathode” location (Plot 2
in Figure 6.16 and 6.17) in both cross-sections of CS(O)-1. However, the corrosion damage at
the “cathode” side is visually much less than that at the “anode” side. The corrosion at “cathode”
here is attributed to Cl™ in the vicinity of steel surface. Another cause for the corrosion at
“cathode” is the back flow of current once the stray current is switched off. The back flow is
induced by the potential difference between anode and cathode when the stray current supply
is on. Once the stray current is cut off, a reversed current will flow from “anode” to “cathode”.
This back flow is actually recorded and will be discussed in the next Section 6.3.6.

As for the cross-sections of CS(P)-2, much more corrosion product is observed at the
“anode” location (Figure 6.18), i.e., “End 2” cross-section (compare to “cathode” - “End 17
cross-section in Figure 6.17). It is obvious that the corrosion accumulation at the “anode” of
CS(P)-2 is more intensive than the “anode” of CS(O)-1. As can be observed in Figure 6.18 in
some locations of “anode” of CS(P)-2 (“End 2 cross-section), the corrosion product even
penetrates into the surrounding mortar matrix (Plots 1, 3, 6, 7 in Figure 6.18). This verifies the
hypothesis proposed in section 6.3.4: stray current parallel to steel rebar leads to localized
corrosion more easily.
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Figure 6.16: ESEM images (BSE mode) at different locations of the steel-mortar interface, the “End 1”
cross-section of CS(O)-1.
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Figure 6.17: ESEM images (BSE mode) at different locations of the steel-mortar interface, the “Middle”
cross-section of CS(0O)-1.
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Clzlfent Direction

Figure 6.18: ESEM images (BSE mode) at different locations of the steel-mortar interface, the “End
2/Anode” cross-section of CS(P)-2.
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Figure 6.19: ESEM images (BSE mode) at different locations of the steel-mortar interface, the “End
1/Cathode” cross-section of CS(P)-2.
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For the “cathode” of CS(P)-2 (“End 1” cross-section), the corrosion product is only
observed at Plots 1, 2, 5, 6 (see Figure 6.19). The substantial penetration of corrosion product
into the mortar matrix is not observed in “cathode” cross-section. This may be because the
cathode is far away from the anode. Hence there is more resistance to the back flow towards
the cathode in this situation. All these observations again indicate the effect of steel rebar
orientation on distribution of corrosion product induced by stray current: the rebar parallel to
stray current leads to more significant corrosion than rebar orthogonal to stray current.

6.3.6 Picked-up current monitoring

As aforementioned, the aim of these tests (as introduced in Section 6.2.2.3) was to monitor the
picked-up stray current level. The stray current electrical field was simulated in 5% NaCl
medium (as external environment). The obtained test results are the supporting evidence of the
corrosion product distribution (for example, due to the recorded back flow), observed by ESEM.

As shown in Figure 6.20, the current level picked-up by steel is around 0.01 mA of the
peak value. In this simulated stray current electrical field, it is clear that only small part of the
supplied stray current can flow into the steel rebar. The IR drops are clearly recorded
instantaneously after application and cutting off of the current. At the instant the stray current
is applied, it is clear that CS(P)-1 is the cathode and CS(P)-2 the anode, according to the
negative potential shift for steel piece CS(P)-1 and positive for CS(P)-2. This trend can also be
judged by the constant direction of current flowing within the steel pieces (i.e., the negative
sign of current): the current flows into CS(P)-1 firstly (cathodic current), flows through the
shunt resistor Ro, and finally flows out (anodic current) at the steel piece of CS(P)-2. In the
present work, the sign of the current is defined as the current direction: the negative sign means
the current flowing from CS(P)-1 to CS(P)-2, while the positive values of current show the
opposite direction of current flow.

What can clearly be observed is that the stray current flowing into the steel rebar is
decreasing. As can be seen in Figure 6.20, after the current is just supplied (i.e., after the “ON”
point), the measured current level sharply changes from zero to around -0.01 mA, thereafter
decreases. This observation can be attributed to the coexistence of polarization resistance and
double layer capacitance on the steel-mortar interface (i.e., a typical Randles circuit). The
transient response of steel surface induced by a given electrical interference is governed by the
property of this Randles circuit [504].

Upon applying the stray current electrical field, part of current is picked-up by the steel.
The picked-up current flowing in steel contains two components in parallel: part of it is “Non-
faradic current”, which can only play role on charging the double layer capacitance (for CS(P)-
1 is charging, while for CS(P)-2 is discharging when current is just “ON” as shown in Figure
6.20); simultaneously the other part of current takes part in the redox reactions (CS(P)-1 is
reduction due to cathodic current, while CS(P)-2 is oxidation because of anodic current), which
is the so-called “Faradic current” [505-512]. Once the double layer capacitor is fully charged,
only the “Faradic current” can circulate within the steel. This is the reason why the picked-up
current is decreasing.

At the instant of t = 300 s (see Figure 6.20), when the stray current supply is turned off, a
sudden positive increase of current flowing within steel pieces is monitored (i.e., back flow),
again followed by the decrease of current level. This abrupt alternation of negative to positive
sign of the picked-up current, implies a direction change of the current flowing within the steel
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pieces. This is attributed to the potential difference between cathode and anode, previously
induced by inflow and outflow of stray current. This recorded back flow is the supporting
evidence of the corrosion product distribution, i.e., the relevance of back flow to corrosion
product nearby the cathode.
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Figure 6.20: Response of CS(P)-1/CS(P)-2 (basic arrangement) undergoing simulated practical stray
current electric field (6 mA) in Cl- containing environment. (test arrangement in Figure 6.4, performed after
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Figure 6.21: Response of CS(P)-1/CS(P)-2 (advanced arrangement, longer length of steel undergoing
stray current) undergoing simulated practical stray current electric field (6 mA) in Cl containing
environment. (test arrangement in Figure 6.5, performed after 123d).
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As already introduced, the longer distance between 2 pieces of steel bars (i.e., anode and
cathode) was produced (another non-reinforced cube was placed between CS(P)-1 and CS(P)-
2, see Figure 6.5). It can be observed in Figure 6.21 that similar trends/shapes of time-dependent
response are recorded. However, this “3 cubes case” shows the higher values for the level of
picked-up current and higher potential shift. In other words, the response of “3 cubes case” is
more intensive than the “basic arrangement”. In the “3 cubes case”, the resistance of the bulk
matrix between anode and cathode is higher. This case shows more significant “Macrocell-like”
behavior, and undergoes more intensive polarization (resistance polarization). The consequence
of the above is the higher stray current interference on steel surface. This implies that, for
practical reinforced concrete structure, once the contacts of steel bars (between main
reinforcement and stirrup) are loose, the stray current corrosion will be more severe at the
anodic locations. In this situation the resistance between steel bars is higher, and the macrocell
is more easily to be produced by stray current, hence the polarization effects induced by stray
current are more significant.

As can be observed in Figure 6.21, a potential difference between the 2 steel bars has been
established at the time interval of 50-340 s, which is due to the stray current interference: CS(P)-
1 is cathode, and cathodically polarized because of current inflow; however CS(P)-2 is anode,
anodically polarized due to the current outflow. At the instant when the stray current is just
absent, the induced potential difference between anode and cathode still exists (at 340s). This
induced potential difference leads to an opposite current flow from the previous anode to the
previous cathode.

In other words, the spontaneous interconversion between anode and cathode occurs just
after the instant as the stray current is cut off. This means that in case of stray current-induced
corrosion, corrosion (anodic reaction, i.e., the steel dissolution) can not only occur at the
location (the anode) where picked-up current flows out when stray current is present, but also
on the position where stray current flows into the steel (previous cathode, but transformed to
anode) when stray current is just off. This is actually observed by ESEM. If insulation on
reinforced elements is adopted (a coating for example) to mitigate the stray current corrosion,
not only the area of the anode portion induced by stray current should be insulated, but also the
location nearby the anode, to prevent the back flow around the anode portion after the stray
current attack. In fact, a best case scenario would be to insulate the full length of the conductive
path (both anode and cathode). This aims to absolutely cut off the stray current picking-up and
leaving paths.

6.3.7 Summary of effects of steel rebar orientation on stray current-induced corrosion

In summary, compared to the situation of a steel bar orthogonal to the current direction, the
more significant corrosion states are recorded when the steel bar is parallel to current direction.
Stray current parallel to steel rebar tends to induce localized corrosion, in contrast the
orthogonal situation leads to relatively uniform corrosion on the affected area. At the instant
that the stray current supply is turned off, an opposite current flow (back flow) from the previous
anode to the previous cathode is recorded. According to these results, some recommendations
for the related challenges in civil engineering practice are as below:

To evaluate the stray current corrosion possibility, the reinforced concrete element parallel
to stray current should be firstly inspected. Sectionalization of reinforced concrete structures
(similar to the principle of general expansion joint in civil engineering) is a possible solution
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for reducing the stray current effect, as it is found that the longer length of steel rebar leads to
more severe corrosion damage. The sectionalized structure means shorter length of reinforced
elements undergoing stray current.

For modeling or predicting the bond properties of steel-concrete interface undergoing stray
current, the corrosion product distribution should be considered as well. In this aspect the post-
stray current effect, for instance the back flow, should be involved, as the back flow re-
distributes the corrosion product after the stray current interference.

6.4 Conclusions

The main objective of this chapter is to investigate the role of the rebar orientation in conditions
when stray current induces corrosion damage. The rebar orientation was hypothesized to
significantly affect the stray current corrosion damage degree and distribution of stray current
corrosion product. The orthogonal and parallel directions (to stray current) of the cast-in steel
are investigated in different conditions. Additionally, for clarifying the time-dependent
response of steel rebar undergoing stray current, the potential shift and current level of stray
current picked-up by steel are studied in a variety of layouts. The recorded time-dependent
response can be the foundation for interpreting the data obtained from practical stray current
monitoring. Besides an expansion of the database for monitoring stray current interference on
reinforced concrete structures, the recorded results can be the basis for better understanding the
process of stray current interference.
Based on the experimental results, the following conclusions can be drawn:

1. The geometrical position of the steel bar undergoing stray current affects the
electrochemical response and polarization intensity of steel rebar induced by stray current.
Compared to the situation of a steel bar orthogonal to the current direction, a more
significant corrosion state is recorded when the steel bar is parallel to current direction.

2. The “anode” and “cathode” areas are distinguished in each cross-section of the steel-mortar
interface underwent stray current. Stray current parallel to the steel rebar tends to induce
localized corrosion, in contrast the orthogonal situation, where a relatively uniform
corrosion of the relevant section is at hand. A more significant corrosion product
accumulation and deeper corrosion penetration are observed on a steel rebar parallel to stray
current, nearby the locations where the current leaves the steel rebar.

3. Though the supplying stray current is constant, the level of current picked-up by the steel
rebar is decreasing. This observation can be attributed to the coexistence of polarization
resistance and double layer capacitance on the steel-mortar interface.

4. At the instant when the stray current supply is turned off, an opposite current flow (back
flow) from the previous anode to the previous cathode is monitored. It is attributed to the
stray current-induced potential difference between the anode and cathode. This implies the
spontaneous interconversion between anode and cathode induced by stray current, i.e., post-
stray current effect. Thus not only the anodic part of steel, but also the temporary cathodic
portion should be carefully considered and treated.
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Chapter 7
Retrospection, Conclusions and
Prospects

7.1 Retrospection

Various types of reinforced concrete structures (such as viaducts, bridges and tunnels) in the
neighborhoods of railways may be subjected to stray current leaking from the rails. In these
cases the concrete pore solution acts as an electrolyte, and the reinforcing rebar (or any other
metallic parts, e.g. pre-stressed steel wires) embedded in concrete can “pick up” the stray
current.

Compared with stray current-induced corrosion of pipelines, reinforced concrete has some
typical problems to deal with: the volume of corrosion product gradually increases, the induced
normal stress around the embedded steel can lead to cracking, spalling or delamination of the
concrete cover. This may finally lead to the failure of the whole structure. Stray current can also
affect the microstructural properties of the concrete matrix. As it is difficult to rebuild or repair
structures under or near rail transits, this kind of corrosion of reinforced concrete structures is
urgently in need of more in-depth investigation and understanding.

For understanding, evaluating, and eliminating stray current corrosion of reinforcing steel
in concrete structures, factors that should be considered/investigated are recommended and
summarized in Table 7.1. Table 7.1 includes previously studied and reported factors, as well as
factors investigated in this thesis.

The clarified main points with regard to the stray current-induced corrosion of steel rebar,
are listed as follows:

1. Different effects of stray current and anodic polarization on corrosion performance
(corrosion resistance) of embedded steel rebar.

2. Bond behavior of steel-mortar interface affected by stray current.

3. The importance of the geometric orientation (with respect to the electrical field) of steel
rebar in view of stray current-induced corrosion damage.

4. The time-dependent behavior of steel rebar response, in the sense of potential shift and
current actually picked-up by steel rebar, in condition of stray current.

The conditions for steel rebar (concrete culvert under railway line as a practical case) to
pick up stray current were analyzed in Chapter 3. The existing means for reducing stray current-
induced corrosion of infrastructure in practice were discussed. On the basis of literature review
and practical cases, the remaining scientific challenges related with stray current-induced
corrosion of steel in reinforced concrete structures were summarized.

In Chapter 4, the effects of stray current on the corrosion behavior of reinforcing steel,
embedded in fresh (24h-cured) and hardened (28d-cured) mortar specimens, conditioned in CI-
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free and Cl-containing environment, were investigated. The electrochemical responses of the
reinforcing steel in stray current conditions were compared to that of steel rebar in conditions
of anodic polarization.

Chapter 5 correlates the corrosion state and bond strength of steel-mortar interface affected
by stray current and anodic polarization, conditioned in Cl-free and Cl-containing medium.
Additionally, the effect of stray current starting time was considered, by testing 24h and 28d-
cured specimens of otherwise identical geometry and conditions.

Chapter 6 aimed to investigate the stray current corrosion of the steel rebar positions in
different orientations, in relation to the direction of the imposed current. For this reason, two
geometrical positions of the reinforcement embedded in mortar were tested: steel bars placed
parallel or orthogonal to the stray current direction. The response (potential shift and stray
current level picked-up by steel) of steel embedded in mortar undergoing stray current was
studied. The time-dependent behavior of steel response undergoing stray current was recorded
and discussed.

Table 7.1: Summary of factors about stray current corrosion of reinforcing steel in concrete.

. Studied Studied in | Summarized conclusions of this
Categories Factors . .
before this work | thesis
AC Level/Density v
AC AC Frequency v
Sources of Continuity or not
stray current DC level/Density v
DC Fluctuation/Dynamic v
Continuity or not
Measures for reducing stray current on stray current v Summarized in Section 3.4.1.
source
Resistivity of surrounding media v
) (soil, groundwater, sea water)
Ambient Distance between power source and
conditions interfered structure
Potential gradient in soil v
Meagqres for reducing stray current on ambient v Summarized in Section 3.4.2.
conditions
Different mixtures/additives
Effects on fatigue/deflection/ductility
Anode/Cathode ratio
. Bulk matrix v v The curing regim and starting point
Starting LS
oint of | of stray current play the significant
Interfered 5 trav current Stee -concrete Vv role in the formation of a corrosion
. Y interface product layer on the steel surface.
reinforced —
At early age, competitive
concrete . L. . :
. . mechanisms act in situation of CI- +
Couple with other erosive substance v v .
stray current, cured in fog room for
only 24 hours.
Steel fibre N4
Reinforce- Pre-stressed wire/bar
ment type
Steel rebar v v
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Time-dependent

behavior of steel v ~
chavior ot stee Though the supplying stray current
Post-stray current v is constant, the level of current
effect picked-up by the steel rebar is
Monitoring  Stray current level v decreasing; At the instant when the
flowing in steel rebar stray current supply is just turned
Potential distribution v v off, an opposite current flow (back
in steel flow) was monitored.
IR drop v v
Stray current (at level of 0.3
2 .
Bond degradation of steel- mA/cm?) leads to b.ond degradation
mortar/concrete interface v of the steel-mortar interface,
regardless of whether there are CI-
in external environment.
Corrosion product Stray current direction and back
composition/distribution flow determine corrosion location.
Rebar direction to stray current v Rebar parallel to stray current is
more dangerous than orthogonal.
Longer rebar length undergoing
Rebar length undergoing stray current v stray current leads to higher picked-
up current level.
Judge stray current effects on steel- Itis pos§1b1§ to use cither PDI.)’ EIS
. . . or combination of them, to gain
mortar interface via electrochemical v o .
insights into the bond of steel-
response .
mortar/concrete interface.
Stray current and anodic
polarization exert significantly
Stray current effects V.S. Anodic polarization v different effects on both corrosion
behavior and bond property of
steel-mortar interface.
Measures for reducing stray current on reinforced v Summarized in Section 3.4.3, and
concrete structures (Very few) recommended in Section 7.3.
Model.lmg/Predlctm_g methods for stray current v Summarized in Section 2.5.
corrosion risk on reinforced concrete structures (Few)

7.2 Conclusions

This thesis highlights a few aspects about stray current-induced corrosion of steel rebar. With
this research a better insight is gained into the behavior of steel rebar (embedded in cement-
based materials) affected by stray current. On the basis of experimental studies, the main

conclusions of this research are:

1. As introduced, some investigations actually applied anodic polarization on samples to
simulate stray current corrosion on steel in reinforced specimens. However, the stray current
induces both anodic polarization and cathodic polarization. In this study it is found that
stray current and anodic polarization exert significantly different effects on the corrosion
behavior of steel embedded in mortar. Hence, anodic polarization cannot reflect all the
effects of stray current, and therefore it has limited significance for simulating stray current.

2. The curing regime and starting time of stray current play significant roles in the formation
of a corrosion product layer on the steel surface. At very early age, water transport, leaching-
out effects and ion migration governed by electrical field are more evident, because of high
porosity and pore network connectivity of a fresh bulk. However, this phenomenon is not
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evident for the condition of sufficiently cured bulk matrix, as the bulk matrix is already
hardened when the stray current is supplied.

3. Significantly different states of corrosion were recorded in Cl-free and Cl-rich external
medium, as expected. However, in conditions of both stray current and anodic polarization,
competitive mechanisms were recorded, i.e., positive in view of enhanced cement hydration
and negative in terms of accelerating Cl-induced corrosion. On the one hand the current has
positive effects: current flow through a fresh (non-mature) cement matrix led to enhanced
water and ion transport due to migration. The result was enhanced cement hydration,
consequently environment, assisting a more rapid stabilization of pore solution and steel-
cement paste interface. On the other hand, stray current enhances Cl” ion migration, leading
to Cl-induced corrosion.

4. Though corrosion induced by stray current was considered and studied previously, the effect
of stray current on bond property of steel-concrete/mortar interface is not generally
investigated yet. This research clarified the bond degradation of steel-mortar interface due
to stray current. It was found that stray current (at level of 0.3 mA/cm?) exerts bond strength
degradation, irrespective of the presence or absence of a corrodent (Cl” as an example).
Anodic polarization leads to more pronounced effects on bond of the steel-mortar interface
than stray current.

5. This work clarified the effects of rebar orientation on the stray current-induced corrosion of
reinforcement. Compared to the situation of a steel bar orthogonal to the current direction,
a more significant corrosion state was recorded when the steel bar is parallel to current
direction. The “anode” and “cathode” areas were distinguished in cross-section of the steel-
mortar interface underwent stray current. Stray current parallel to the steel rebar tends to
induce localized corrosion, in contrast the orthogonal situation, a relatively uniform
corrosion of the relevant section is at hand. A more significant corrosion product
accumulation and deeper corrosion penetration are observed on a steel rebar parallel to stray
current.

6. In this study the time-dependent response (potential shift and current level picked-up by
steel) of steel interfered by stray current was recorded and interpreted. At the moment that
the stray current supply is just turned off, an opposite current flow (back flow) from the
previous anode to the previous cathode was monitored. It is caused by the stray current-
induced potential difference between anode and cathode. This implies the spontaneous
interconversion between anode and cathode induced by stray current. It implies that stray
current-induced corrosion (anodic reaction, i.e., the steel dissolution) occurs not only on
positions where the current flows out, but also on points where stray current previously
flows into steel (previous cathode, but transformed to an anode when stray current is absent).
In other words, the cathodic locations, or the entry points of stray current, do not always
remain cathodes only.

7.3 Contributions to science and recommendations to engineering

The understanding of stray current-induced corrosion of reinforcing steel in concrete still
remains unclear, as it is difficult to inspect the steel rebar embedded in the concrete. Most of
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previous understanding and prevention measures for stray current corrosion rely on the
investigations or field tests on pipelines. This thesis aims to expand the current body of
knowledge of stray current corrosion for reinforcing steel embedded in cement-based materials.

Based on the experimental studies in this thesis, deeper insights are gained into the behavior
of reinforcing steel embedded in cement-based materials undergoing stray current, in views of
both electrochemical (fundamental) and civil (practical) engineering. The test results can be the
basis of the further understanding of stray current corrosion mechanism and process, more
reliable methods for monitoring stray current interference, and feasible prevention measures for
reducing stray current-induced corrosion risk of reinforced concrete structures.

According to the test results, the recommendations to test, predict and model stray current
effects, to monitor stray current interference, to design of reinforced concrete structures for
reducing stray current corrosion risk, are proposed as a finalization of this thesis:

1. Stray current induces both anodic polarization and cathodic polarization on reinforcing steel
embedded in cement-based materials. Only testing anodic polarization is not sufficient to
judge stray current effects on steel-concrete interface.

2. The correlation between the electrochemical response and bond properties of steel-mortar
interface affected by stray current was established. It is possible to use either PDP, EIS or
combination of them, to gain insights into the bond of the steel-concrete interface. For
judging the effect of stray current corrosion on the bond properties of the steel-concrete
interface by electrochemical tests, not only the steel corrosion, but also the properties of
mortar cover (e.g., porosity, pore structures, strength, confinement effect, etc.) affected by
current flow should be evaluated.

3. The above Item 2 also holds for the prediction and modeling of stray current corrosion of
the steel rebar. The more comprehensive approaches are still necessary to thoroughly
evaluate the process of stray current corrosion. The evaluation of both electrochemical
phenomena (of steel rebar) and micromechanical properties (of concrete matrix in the
vicinity of steel-concrete interface) will allow a more accurate appraisal of stray current
corrosion probability. The starting time of stray current should be considered, as it is found
that at early age the stray current even has positive effect on steel-concrete interface.

4. For modelling or simulating the stray current effects on bond of steel-concrete interface, not
only the corrosion of steel induced by anodic polarization (stimulated by stray current), but
also the cathodic polarization at steel-concrete interface, should be considered. The ion
migration governed by a stray current electrical field is another factor that should be
involved in modeling, because the concentrated Na* and K™ lead to softening of CH and C-
S-H at steel-concrete interface. For modeling or predicting the bond properties of steel-
concrete interface undergoing stray current, the corrosion product distribution should be
considered as well. In this aspect the post-stray current effect, for instance the back flow,
should be involved, as the back flow re-distributes the corrosion product after the stray
current interference.

5. Assessments of stray current corrosion impacts can be made as qualitative assessments
using a mix of engineering judgment and applications of Faraday’s law. However, the
application of Faraday’s law requires density of current flows. The most common indicators
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for monitoring stray current are potential shifts of metallic structures. The discovered time-
dependent behavior of monitored potential shift and picked-up current level of steel rebar,
can be further used as basis for analysing the monitoring data about stray current
interference. The ohmic drop (IR component) can always be involved during potential shift
measurement in practice, especially in reinforcing concrete due to the relatively higher
resistivity of the concrete matrix surrounding the steel rebar. In this case the IR drop should
be considered carefully. Besides, the back flow induced by stray current is of importance in
stray current corrosion monitoring and evaluation. Not only the anodic part of steel, but also
the temporary cathodic portion should be carefully considered and treated.

Measures for diminishing stray current disturbance to nearby constructions or infrastructure
should be provided at the initial stage of design. Infrastructures should be located as far as
possible from stray currents sources. Once the location of structure is fixed and stray current
is expected to be a problem, the removal of the stray current source or reduction in its output
current should be considered. If measures taken on the stray current sources are impractical
or ineffective, the attention should be focused on the interfered structure itself and
surrounding external environment. Sectionalization of reinforced concrete structures
(similar to the principle of general expansion joint in civil engineering) is a possible solution
for reducing the stray current effect, as it is found that the longer length of steel rebar leads
to more severe corrosion damage. The sectionalized structure means shorter length of
reinforced elements undergoing stray current.

7.4 Prospects for further investigations

Following this study, several aspects are further proposed for further investigations related to
stray current:

1.

Although stray AC is much “safer” than stray DC flow, AC can also affect the corrosion
behavior of steel. The relationship between AC density, frequency, and corrosion rate has
been studied and reported. However, the case when both stray AC and DC are present has
not been studied sufficiently so far. Attention should be further paid to the possible
synergistic effects of stray AC and DC. The possible thermal activation (the temperature
rise within the test cells) created by currents should also be considered in this situation.

Stray current effects on reinforced concrete structures with different mixtures/additives
should be studied, because the different mixtures/additives lead to different properties of
bulk matrix surrounding steel, and influence the stray current effects on steel-concrete
interface.

Stray current effects on the fatigue, deflections and ductility of reinforced concrete elements
(for instance, beams) are worthy to be investigated. This is because stray current leads to
the degradation of steel-concrete interface, which determines the above properties of
reinforced concrete elements.

Steel fibre reinforced segmental (or steel fibre reinforced shotcrete) tunnels may encounter
stray current corrosion risk. Stray current-induced corrosion of steel fibre reinforced
concrete structures is another issue to be studied.
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In engineering the environments or conditions surrounding reinforced concrete structures
are more complex. The wet-dry cycles, temperature or humidity variations, carbonization
of concrete cover, other erosion factors, etc, may coexist with stray current. The possible
coupled effects of these factors and stray current should also be considered and investigated
in further studies.

The A/C ratio (i.e., the ratio of surface area of anode and cathode) is vital in view of the
corrosion process. The ratio of anode part/cathode part of steel surface undergoing stray
current should be further investigated.

The stray current effect on pre-stressed concrete structures need to be studied, as cathodic
polarization induced by stray current may leads to hydrogen evolution, which is dangerous
for pre-stressed wires (due to hydrogen embrittlement).

The post-stray current effect addressed in this research should be further considered. This
is related to the interruptions of stray current, which should be taken into account in some
particular situations. In this case the back flow following stray current will be more frequent,
as the stray current turn-off occurs frequently.
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Appendix

A EIS response evolution of specimens in various conditions as involved

in Chapter 4

A.1 EIS response of 24h-cured groups

The experimental impedance responses, in Nyquist and Bode format, for all 24h-cured groups

are presented in Figures A.1-A.6.
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Figure A.1: EIS responses in a). Nyquist and b). Bode format, for specimen R-24h at different intervals.
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Figure A.2: EIS responses in a). Nyquist and b). Bode format, for specimen S-24h at different intervals.
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Figure A.3: EIS responses in a). Nyquist and b). Bode format, for specimen A-24h at different intervals.
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Figure A.4: EIS responses in a). Nyquist and b). Bode format, for specimen C-24h at different intervals.
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Figure A.5: EIS responses in a). Nyquist and b). Bode format, for specimen CS-24h at different intervals.
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Figure A.6: EIS responses in a). Nyquist and b). Bode format, for specimen CA-24h at different intervals.
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A.2 EIS response of 28-cured groups

The experimental impedance responses, in Nyquist and Bode format, for all 28d-cured groups
are presented in Figures A.7-A.12.
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Figure A.7: EIS responses in a). Nyquist and b). Bode format, for specimen R-28d at different intervals.
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Figure A.8: EIS responses in a). Nyquist and b). Bode format, for specimen S-28d at different intervals.
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Figure A.9: EIS responses in a). Nyquist and b). Bode format, for specimen A-28d at different intervals.
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Figure A.10: EIS responses in a). Nyquist and b). Bode format, for specimen C-28d at different intervals.
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Figure A.11: EIS responses in a). Nyquist and b). Bode format, for specimen CS-28d at different intervals.
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Figure A.12: EIS responses in a). Nyquist and b). Bode format, for specimen CA-28d at different intervals.
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B Schematics of different effects of stray current and anodic polarization
at early and later age
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Figure B.1: Schematic of stray current effect in Cl-free matrix: a). Stray current supply started at early
age (24h, when bulk matrix was still young); b). Stray current supply started at later age (28d, bulk matrix
was already hardened).
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d. Stray current flow (in 5% NaCl) at early age
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Figure B.2: Schematic of stray current effect in Cl-containing matrix: a). Stray current supply started
at early age (24h, when bulk matrix was still young); b). Stray current supply started at later age (28d, bulk
matrix was already hardened).
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d. Current outﬂow (in tap water) at early age
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Figure B.3: Schematic of anodic polarization effect in Cl-free matrix: a). Anodic polarization started
at early age (24h, when bulk matrix was still young); b). Anodic polarization started at later age (28d, bulk
matrix was already hardened).
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d. Current outflow (in %5 NaCl) at early age
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Figure B.4: Schematic of anodic polarization effect in Cl-containing matrix: a). Anodic polarization
started at early age (24h, when bulk matrix was still young); b). Anodic polarization started at later age
(28d, bulk matrix was already hardened).
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Figure B.5: Cross section of A-24h at the end of conditioning.

B.6a: Cross section of: CA-24h. B.6b: Cross section of: CA-28d.
Figure B.6: Cross section of: a). CA-24h; b). CA-28d at the end of conditioning.
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C An example of EIS fitting procedure involved in Chapter 5

Electrochemical impedance spectroscopy (EIS) in Chapter 5 was conducted in the wider
frequency range of IMHz-10mHz, by superimposing an AC voltage of 10mV (rms). One of the
main points of this chapter is to clarify the different effects of stray current and anodic
polarization, in perspective of bond strength of steel-mortar interface; another point is to
correlate the bond behavior of steel-mortar interface with the electrochemical response of
reinforced mortar specimens underwent stray current and anodic polarization.

The bond strength can be affected by the diameter of steel, reinforcement shape, geometry
of ribbed bar and the position of the reinforcement during casting, etc. These factors are the
same for all specimens in this work. In addition to the corrosion state of the steel surface,
another variable related to bond behavior is the mortar cover. The mortar cover (as depth) was
also identical for the tested specimens.

Consequently, the factor that could affect the bond strength would be a variation in bulk
matrix properties. This variation would be expected due to the corrosion process itself on one
hand, but also modified porosity, pore interconnectivity or micromechanics of the bulk matrix,
on the other hand. Hence the aim of the widened frequency range of 1 MHz to 10 mHz is to
offer a more detailed information for both the contribution of the bulk matrix and the
electrochemical response of the embedded steel.

The used equipment for electrochemical tests in this work was Metrohm Autolab
(Potentiostat PGSTAT302N), combined with a FRA2 module and NOVA software package
(Version 1.11). The EIS fitting process was performed by NOVA software package (Version
1.11). An example (EIS response of S-28d at age of 490 days; S-28d: 28d-cured in fog room,
then treated by supplying stray current in water) for experimental response and fit for the
studied specimens in this thesis is presented in Figure C.1 in both Nyquist and Bode format. It
can be seen that the proposed circuit - [R(CR[CR])(Q[R(QR)])] gives generally good fitting
results. The best-fit parameters for S-28d are presented in Figure C.2. The errors per element
for S-28d and R-24h are summarized in Table C.1 and C.2, respectively.

10000 T T T T T T T T T T T 80
© $-28d Nyquist Exper. < $§-28d Bode modulus Exper.
9000 - — $-28d Nyquist Fit 7 e — $-28d Bode modulus Fit {70
X % $S-28d Bode phase Exper.
--- §-28d Bode phase Fit 460

1000 |-

-le (Q)
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-Phase (°)

800 800 1000 | 100 |
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4000 6000 8000 10000 0.1 1 10 100 1000 10000 1E+5
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Figure C.1: EIS experimental response (symbols) and fit (lines) of S-28d at age of 490 days, in Nyquist and
Bode format. (S-28d: 28d-cured in fog room, then treated by supplying stray current in water).
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R,=20.5 0

Figure C.2: The best-fit parameters, derived on basis of the experimental EIS response of S-28d at age of

| | 1>
1
C,=5.24 nF Q,=43.6 uMho
n,=0.63
R,=380.6 0

v

C,=3.25nF R,=186.8 0
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490 days.

Table C.1: Summary of errors per element for S-28d.

Element Parameter Value Estimated Error (%)
Ro Ro 20.483 21.067
C Ci 5.24E-09 14.154
R, Ry 380.61 2.369
C; C 3.25E-09 17.266
R2 R» 186.76 29.835

Yo 4.36E-05 30.416
R ns 0.63209 14.524
R3 R3 84.198 14.299
Yo 0.0013192 2.091
Qs ny 0.90397 1.024
R4 R4 52666 15.687
1 0.012188

Table C.2: Summary of errors per element for R-24h.

Element Parameter Value Estimated Error (%)
Ro Ro 16.863 21.878
C Ci 5.23E-09 16.117
Ry Ry 342.52 6.802
C C 5.59E-09 16.379
R» R» 114.8 22.262

Yo 3.08E-05 26.758
Q ns 0.55043 17.218
R3 Rs 83.025 35.933
Yo 0.0033458 0.838
Q ny 0.79762 0.685
R4 R4 28843 16.170
1 0.0064078
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