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subject to railway stray alternating current
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Abstract

Alternating current (AC) traction power systems account for 64% of the UK electrified railway
network. However, the investigation of stray AC induced corrosion in reinforced segmental lining
tunnels is still very limited. Electrochemical modelling and numerical simulation, validated by the
experimental data, indicate that the severity of stray AC induced steel reinforcement corrosion
mainly depends on the AC current density, frequency and the chloride content in concrete. Concrete
containing discontinuous steel fibres has an inherent corrosion resistance to stray AC attacks due to
the electrical double layer developed on the steel surface; the presence of chloride ions in the
concrete pore solution however reduces the corrosion resistance. Special attention is therefore
needed for steel fibre reinforced concrete (SFRC) subjected to AC current in the presence of high

concentration chloride.
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List of notations

A Exposed anode area of a working electrode (cm?)
BarBb Anodic and cathodic Tafel constants/gradients

Cr Steel passive layer capacitance CPE (S:s™-cm™2)
Cua Double layer capacitance CPE (S's™-cm™2)

C Capacitance (uF)

E corr Corrosion potential (V)

E pass Steel passivation potential (mV)

E pit Steel pitting potential (mV)

Iy Amplitude of the AC current (A)



Ig, 1, Anodic and cathodic currents (A)

1 corr Corrosion current (A)

i corr Corrosion current density (A/cmz)

i Stray current (A)

ir Railway traction current (A)

L Distance between adjacent railway substations (m)
R Resistance of the solution (Q-cm2 or Q)

Ry Membrane resistance (Q-cm? or Q)

R Charge transfer resistance of the steel (kQ-cm2 or kQ)
FR Running track resistance (Q)

rr track-earth resistance (Q)

6 Phase shift (rad)

w Angular velocity (w = 2zf , rad/sec)

1 Introduction

The use of discontinuous steel reinforcement such as steel fibres in railway engineering can be traced back to
the 1970s when steel fibre reinforced shotcrete (spay concrete) was used in railway tunnel construction [1].
The application of steel fibres in precast segmental linings was much later: the first steel fibre reinforced
segmental lining tunnel was the London Heathrow Airport baggage tunnel built in 1995 [2]; the first large-
scale application of steel fibre reinforced concrete (SFRC) segments was the Channel Tunnel Rail Link project
in 2003 [3].

Previous investigations indicate that discontinuous steel reinforcement in concrete can pick up and transfer
stray direct current (DC) [4]. The chloride threshold level for corrosion of steel fibres in concrete is however
much higher than that of conventional steel reinforcement, indicating enhanced corrosion resistance of SFRC.
For an electrified railway system, the transmission of power is normally provided by an overhead wire or a
conductor rail. Stray current refers to the electric current which disperses from the current return path, i.e. the
running track, to surrounding buildings and infrastructures. The presence of chloride ions in surrounding soil

leads to the breakdown of steel passivation in conjunction with a reduced corrosion potential, £ Its

active, corr*

voltage difference in comparison to passive steel (£ ) is the primary driving force of the macrocell

assive, corr
which allows electrons to travel from the anode to cithode through the steel reinforcement cage. Stray direct
current (DC) can further enhance the electrochemical reactions by shifting the electrode potential in a positive
direction. It is a legal requirement for electrified railway and tramway promoters to demonstrate, mitigate and
manage the stray current risk to a level that can be accepted by all parties who have concerns about their
underground apparatus. BS EN 50122-2 [5], provisions against the effects of stray currents caused by DC
traction systems, provides comprehensive advice on the design and management of electrified railway. The
fundamental principles to limit the risk of stray DC current include: 1) increase the rail-to-earth resistance and

2) reduce the resistance of the return current path.



In comparison to the stray DC induced corrosion, stray AC induced corrosion has only been reported more
reeentlysince the 1980s, alongside the development of high-speed rail. For instance, serious corrosion was
identified on the surface of buried pipelines in parallel with a 15 kV AC powered railway in Germany in 1986
[6]. Thereafter, more cases of stray AC attacks to pipelines were reported in France and North America [7,8].
Bertolini et al. [9] reported that an AC density of 5 mA/cm? gave rise to a noticeable increase in the macrocell
current between the excited steel reinforcement and passive steel embedded in concrete containing 0.4%
chloride (% mass of cement). Kuang and Cheng [10] suggested a similar AC threshold current density of
3 mA/cm? for steel corrosion in concrete. It should be noted that AC current densities might not be the only
parameter governing the severity of AC-induced steel corrosion. Previous investigations on pipelines reported
that serious corrosion did not always occur in places where the highest AC current density leakage was
expected [11]. Other factors such as pH and chloride levels need to be taken into account when determining

the AC threshold current density.

A critical chloride level or chloride threshold value, which is usually expressed as a percentage (by mass of
cement) or a molar ratio between chloride and hydroxide ions in the concrete pore solution, is used to define
the chloride content required for depassivation of steel reinforcement. The depassivation of steel can be
assessed through visual observation, e.g. visible deterioration occurs on the steel surface [12]. As the
depassivation of steel is always associated with the decrease in corrosion potential (£ ,,,.), measurements of
E
reinforcement in concrete. For instance, Brenna [13] determined the critical chloride content when a decrease
In addition to £

corr €an be taken as a quantitative approach to determine the chloride threshold level for corrosion of steel

of 0.50 V was observed in the measured £ Bertolini [14] directly measured pitting

corr: corr»

potential (E ;) of steel exposed to different chloride levels, upon which the critical chloride level of each £ ;,
was determined. A great variability was however observed in measured E ;, and this was attributed to the
stochastic nature of steel pitting corrosion [14]. Steel corrosion is primarily a result of the anodic current (/)
according to Faraday's laws of electrolysis: the amount of substance which reacts or literates is directly
proportional to the quantity of electric charge passing through it. A chloride content required for a corrosion

current density (7 /A) equal or greater than 0.2 wA/cm?, which is equivalent to a corrosion rate

=1
corr corr
(CR) of 0.0023 mm/year, has been used for the determination of the critical chloride content or the chloride

threshold [14]. Corrosion current (/,,,,.) can be evaluated by conducting a Tafel polarization test [15]. A

corr

nonlinear regression analysis can be conducted to determine / ., based on E-/ curves obtained using Butler-

orr

Volmer equation:

I=1 [exp<E_Ecorr)_eXp <_E_Ecorr> ]
corr ﬂa ﬁc

(1

In summary, visual observation and the measurement of £ or E ;, can be taken as a fast-track approach to

corr
qualitatively assess the severity of chloride attacks but they cannot provide information about the steel
passivation behaviour or the corrosion speed. In this work, i, of steel fibres, under different working

conditions, was determined through a regression analysis. This is discussed in Section 3.1.



The corrosion of steel reinforcement in concrete under a stray current environment is of an electrochemical
nature as discussed. Instrumental methods for electrochemistry are widely used for the determination of the
corrosion behaviour of steel fibres based on the use of either aqueous electrolytes such as simulated concrete
pore solutions or a solid electrolyte such as mortar or concrete. Mortar (or cement paste) is a cementitious
composite between cement, water and sand and it can represent the structure of concrete which also contains
coarse aggregate such as limestone and gravel. In comparison to mortar, a simulated concrete pore solution is
cost effective and easier to prepare and manipulate [4,16]. The application of a simulated concrete pore
solution for the study of reinforcement corrosion in concrete can be traced back to 1949 when Pourbaix [17]
measured polarization curves of steel immersed in a saturated Ca(OH), solution. The measurement of
electrical properties of steel reinforcement in concrete such as polarization resistance (R ,) was conducted
much later in the 1970s [18]. In addition to the polarization test, the use of more advanced electrochemical
techniques including electrochemical impedance spectroscopy (EIS) have been popularly used nowadays due
to the additional information it can provide, e.g. dialect properties of concrete and characteristics of the steel
passivation layer [18]. EIS was conducted in this project based on the use of both aqueous and solid

electrolytes. This is discussed in Section 2.4 and 2.5.

In addition to electrochemical analyses, numerical simulation based on finite element modelling (FEM) has
been increasingly used to study corrosion in reinforced concrete structures. For instance, Brenna et al. [19]
modelled the electric current field developed in a segmental lining tunnel under a stray DC current
environment and a high stray current density was identified at the interface between adjacent segmental rings.
Hong et al. [20] investigated the electric current field developed in a railway viaduct subjected to a stray DC
current through FEM and a high stray current density was noted at the pier-deck interface. These studies
provide useful information about the stray current distribution inside a structure, upon which an effective
corrosion monitoring system can be implemented. In addition to the modelling of the electric field, Laurens et
al. [21] investigated macrocell corrosion in a steel reinforced concrete specimen through FEM. The
polarization behaviour of steel reinforcement (or the £-i curves) was defined by the Butler-Volmer equation
(Eq. (1)). This approach was based on constant polarization parameters (e.g. 8, and ) and both anodic and
cathodic reactions are kinetically controlled. This steady-state analytical approach however may lead to biased

results for the predicted corrosion current (i ,,,.) due to the constant 8, and 8. values assumed. It cannot

corr
consider the possible diffusion limited reactions such as the reduction of oxygen at the cathode either. Due to
these limitations, FEM was conducted in this project, as detailed in Section 2.6, to study the electric field

developed in an electrolytic cell (i.e. test 4.1), upon which an electrochemical model was developed.

2 Experimental and analytical procedures

The primary objective of this work was to justify whether discrete and discontinuous steel fibres can pick up
stray AC currents and lead to similar corrosion attacks as occur under a stray DC environment. This was
achieved through stray AC polarization using both aqueous (Section 2.2) and solid electrolytes (Section 2.3).
The corrosion behaviour of steel fibres without the presence of stray currents was investigated through Tafel

polarization and this is discussed in Section 2.1.



In terms of the modelling of a stray AC environment, both potentiostatic and galvanostatic polarization
techniques had been previously used based on a review of the literature [22-25]. Potentiostatic polarization
can simulate a stray current by controlling electric voltage (V); galvanostatic polarization is through
controlling electric current (A). It should be noted that a constant AC voltage cannot ensure a constant driving
voltage applied to steel reinforcement due to the fluctuation of electrode potential with time. Previous studies
also indicate that the magnitude of stray current (i g) is a function of railway traction current (i ), resistance of
the running tracks (7 ), track-earth resistance (» ) and the distance between substations (L), as seen in Eq. (2)
[26]. Or alternatively, a constant value of i is expected if a standard track-and-earth insulation (7 ;) is

provided and the distance between adjacent substations (L) is maintained.

. 1.7,
i¢ = —ip—L
ST 12T,

2

This has been followed in this work and controlled-current (galvanostatic) polarization was adopted to

simulate stray AC interference.
2.1 Study 1: Corrosion behaviour of steel fibres without the presence of stray current

The steel fibres used in this work are 62 mm long, 0.75 mm in diameter cold drawn steel fibres with hooked
ends, as seen in Fig. 2. Steel fibres were ground by 2000 grit emery paper prior to testing. To prevent
galvanostatic corrosion, steel fibres were prewired and the connection was coated with a hot melt polymer

adhesive. The exposed area of the wired steel fibre was approximately 1.4 cm?.
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Test 1: 3-electrode Tafel polarization test (all units in mm).

A 3-electrode electrochemical cell, as seen in Fig. 2, was developed for the Tafel polarization test. The
prewired steel fibre was used as the working electrode (WE) and its electrode potential against a silver/silver
chloride (Ag/AgCl, with filling solution 3% KCI) reference electrode (RE) was measured by placing the RE on
the top surface of a high density upholstery foam beam which approximates the porous structure of a concrete
specimen. The upholstery foam beam soaked up the simulated pore solution, i.e. saturated Ca(OH) ,; the
effect of chloride on the corrosion of steel fibres was investigated by adding reagent grade NaCl into the
electrolyte at different concentrations, i.e. 0, 0.3, 0.6 and 0.8 mol/L 0.6 mol/L NaCl represents the salinity of
seawater [27]. It should be noted that chloride contents near the steel surface may increase with time due to the
diffusion of chloride ions alongside the anodic reaction (Fe — Fe?* +2¢) [14]. For a railway tunnel, it might
be essential to consider a higher chloride level due to an extended service life of 100 years or more. In
comparison, an ordinary building which has a 50 year design life only. As an example, both HS2 and Crossrail
tunnels in the UK have a design life of 120 years. To address the long design life of a railway tunnel and
associated transport mechanism of chlorides, a chloride level up to 0.8 mol/L was considered in this project.
The pH of the concrete pore solutions was assessed using a Phidget pH sensor and results are shown in Fig. 1
pH was found to range between 11.2 and 12.6. The latter is similar to that reported for ordinary steel reinforced

concrete, i.e. about 12.5 [4].

Tafel polarization was conducted by scanning a DC voltage, 1 mV/s, between the WE and a 40 X 50 X 3 mm
graphite plate which performs as a counter electrode (CE) using a Gamry Interface 1000E potenitostat. Such a
slow potential scanning rate allows the nonlinear correlation between externally applied potential (£) and the

resulting current density 7 (i = 1/4) response to be measured.

« Test 1: Tafel polarization test of steel fibres using simulated concrete pore solutions containing
different chloride levels (0, 0.3, 0.6 and 0.8 mol/L).

Three parallel samples were prepared and tested in each group. Freshly prepared electrodes and electrolytes
were used in each test. Tafel polarization results were analysed through a nonlinear regression to determine the
corrosion current density (7 ,,,.) and corrosion potential (£ ,,,.). Test results are discussed in Section 3.1. As

steel corrosion is a thermally activated process and affected by the ambient temperature variations, all



experiments discussed in this paper were conducted inside an environmental chamber which was set at a
constant temperature (20 °C) and humidity (90%).

2.2 Study 2: Effects of chloride on the corrosion of steel fibres under stray AC environments

In order to study the effect of AC currents and chloride ions on the corrosion behaviour of steel fibres, test 2
was conducted by applying a constant AC current, i.e. /, = 60 mA, to a prewired steel fibre embedded in an

electrolytic cell as shown in Fig. 3.

» Test 2: Study of the effect of electrolyte chloride levels (0, 0.3, 0.6 and 0.8 mol/L) on the
corrosion behaviours of steel fibres subjected to a constant AC current (/=1 -sin wt;

Iy = 60 mA and w = 50 Hz).
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Test 2 and 3: 1-hr AC interference study (all units in mm).

This was achieved using the Gamry Interface 1000E potentiostat with a Gamry's Virtual Front Panel (VFP600)
software package which allows the potentiostat to perform as a galvanostat and drives a constant alternating
current (AC) between the working and auxiliary graphite electrode. The magnitude of the AC current, i.e.
60 mA, was adopted based on a review of the literature [13]. The AC frequency was the same as the UK
National Grid AC frequency, i.e. 50 Hz. After 1-hr AC polarization, the tested steel fibre was ringed using
deionized water before the Tafel polarization test was conducted to determine E-i curves, upon which 7,

and E ., were determined; simulated concrete pore solution, i.e. saturated Ca(OH) ,, was used as the

electrolyte. Results are discussed in Section 3.2.
2.3 Study 3: Effects of stray AC current values on the corrosion of steel fibres

In order to study the effect of AC current densities on the corrosion behaviour of steel fibres, test 3 was
conducted by applying different AC currents (1), i.e. 30, 60 and 90 mA, to the same electrochemical cell as
seen in Fig. 3, using freshly prepared steel fibres and electrolytes. After test 3, the tested steel fibre was ringed
using deionized water before the Tafel polarization test was conducted to determine E-i curves, upon which

i .or and E .. were determined. Results are discussed in Section 3.2.



Test 3: Study of the effect of AC currents (I = I - sin wt, I, = 30, 60 and 90 mA, w = 50 Hz) on

the corrosion behaviours of steel fibres in simulated concrete pore solution containing
0.3 mol/L NaCl.

A constant chloride level, 0.3 mol/L, was used and it represents the salinity of underground soil measured
during the construction of the service tunnel in Copenhagen where steel fibres were used as the primary

reinforcement material [28].

2.4 Study 4: Ability of discrete steel fibres to pick up and transfer AC currents (use of

simulated concrete pore solutions)

In order to justify whether discrete and discontinuous steel fibres can pick up and transfer AC currents, test
4.1 was conducted using an electrochemical cell as seen in Fig. 4. Test 4.1 also allowed the investigation of

AC frequencies and their effect on the ability of discrete steel fibres to pick up and transfer AC currents.

» Test 4.1: Study of AC frequencies (I = I - sin wt, Iy =60mA, o =20, 50 and 100Hz) and their
influence on the ability that discrete steel fibre picks up AC currents. A simulated concrete

solution containing 0.3 mol/L NaCl was used.
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Test 4.1: Measurement of stray AC current picked up by the discrete steel fibre (all units in mm).

The Gamry Interface 1000E potentiostat with the Gamry's Virtual Front Panel (VFP600) software package
allows the potentiostat to perform as a galvanostat which drives constant AC currents between the two
auxiliary graphite electrodes, simultaneously measuring voltage drop between the steel fibre and the graphite
auxiliary graphite electrode. Such an experimental setup allows for the determination of stray AC currents

picked up and transferred by the discrete steel fibre. This discussed in Section 3.3.

After test 4.1, the tested steel fibres were ringed using deionized water before the electrochemical impedance
spectroscopy (EIS) test, or test 4.2, was conducted using the electrochemical cell shown in Fig. 5. As steel
corrosion due to AC positive cycles may occur on both sides of a steel fibre, two counter electrodes (CE) were

used, allowing for the measurement of the corrosion state on both sides of the steel fibre. In comparison to a



standard Tafel polarization test, a smaller potential perturbation (£ ), =25 mV (vs OCP), was adopted by EIS.
A sinusoidal AC potential E, - sin (o), at frequencies varying between 10° and 10! Hz, was swept between
the WE and RE. The impedance of the electrochemical cell was determined as the correlation between the
applied potential (£) and the measured current density (7). The interpretation of EIS data was based on the

best-fit results obtained through equivalent electrical circuit modelling. The results are discussed in Section
3.3.

alt-text: Fig. 5

Potentiostat

€ I—‘ €
(-:‘ —
P
)
en
<%
. Steel fibre (WE) ~
= — [ | « 2
: =
S e 5

Saturated C, (OH), solution

Test 4.2: 3-electrode EIS test — use of aqueous electrolyte (all units in mm).

2.5 Study 5: Ability of discrete steel fibre to pick up and transfer AC currents (use of solid
electrolytes)

The use of simulated concrete pore solutions allows for a quick assessment of the electrical resistivity,
conductivity and corrosion resistance of steel fibres. On the other hand, simulated concrete pore solutions
might not be able to fully represent the real working conditions of reinforcing steel such as the oxygen content,
pH and steel-concrete interface conditions. The resistivity of concrete also affects the anodic behaviour (8 ) of
steel which in turn affects its corrosion rate. The hydrolysis of anodic products due to the anodic reaction may
lead to the acidity near the steel surface: F2* +2H,0 — F,(OH), + 2H*. The acidity effect alongside the chloride
ions diffused to the steel surface enhances the corrosion of steel reinforcement. Neither of above effects can be
sufficiently considered by using simulated concrete pore solutions. In order to verify that results obtained
using simulated concrete pore solutions (i.e. test 4.1) can be applicable for SFRC, test 5.1 was conducted and

mortar was used as the electrolyte.

o Test 5.1: 24-hr study of the effect of solid electrolytes (mortar) on the age of 3 days after
casting, with and without the presence of chlorides (e.g. 0 and 2% NaCl by mass of cement),

subject to a constant AC current (I = I - sin wt; Iy = 10md; @ = 50 Hz)

A steel fibre, pre-connected to a copper cable and coated with a hot melt polymer adhesive, was embedded
into freshly mixed mortar as the WE. The mix proportions are shown in Table 1. The effect of chloride ions on

the corrosion behaviour of SFRC was investigated by adding 0 and 2% NaCl (by mass of cement) into the



mortar mixes. Two graphite plates, 40 X 50 X 3 mm, were placed on both sides of the WE as the auxiliary

electrode.
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Mortar mix proportions.
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Mortar mixes CEM I 52,5 (kg/m3) Free W/C an (3 mm) NaCl (kg/m3)
(kg/m~)

0%NaCl 480 0.35 1814 0

29%NaCl 480 0.35 1814 9.6

The Gamry galvanostat used in this project has an AC voltage limit of 10 V. A reduced AC current (/ ), i.e.
10 mA, was used in test 5.1 to avoid overloading the galvanostat. On the other hand, the use of mortar as the
solid electrolyte enabled a long-term stray AC current simulation with less concerns about the evaporation
effect and associated salinity variations as occurs in aqueous electrolytes. After test 5.1, the electrochemical
impedance spectroscopy (EIS) test, i.e. test 5.2, was conducted using the same electrochemical cell (Fig. 6)
but with an Ag/AgCl reference electrode (RE) placed on the top of the mortar. A potential perturbation (£ ),
+25 mV (vs OCP), was adopted and a sinusoidal AC potential E, - sin (wr), at frequencies varying between 10°
and 107! Hz, was swept between the WE and two graphite electrodes (CE). The impedance of the
electrochemical cell was determined as the correlation between the applied potential (£) and the measured
current density (7). The interpretation of EIS data was based on the best-fit results obtained through equivalent

electrical circuit modelling and this is discussed in Section 3.3 (see Fig. 7).
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Test 5.1: Measurement of stray AC current picked up by the discrete steel fibre (all units in mm).
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Test 5.2 3-electrode EIS test — use of solid electrolyte (mortar) (all units in mm).

2.6 Study 6: Finite element modelling (FEM)

The purpose of FEM was to have a better understanding of the electric field developed in a SFRC specimen
subjected to stray AC currents. The electrolytic cell adopted in test 4.1 (Fig. 4) was modelled using ANSYS, a
multi-physics finite-element software package. Both electrolyte and graphite electrodes were meshed into
1 X 1 mm PLANE230 elements which is a 2D, 8-node and current-based electric element. The embedded steel
fibre was also meshed into 2D PLANE230 elements in a 7t shape, with a total length of 62 mm and 1 mm in
the thickness, approximating the profiled shape of the steel fibre used. The electrical resistivity of steel,
graphite and electrolyte (i.e. 0.3 mol/L NaCl) was taken as 4.6 x 1077, 2.5 x 107® and 0.2 Q m based on a
review of the literature [29]. A constant AC current ({y = 60m4; @ = 50 Hz), as used in test 4.1, was applied
between the graphite electrodes. A transient electric analysis was conducted and FEM results are discussed in
Section 3.3 (see Fig. 8).

3 Results and discussion
3.1 Corrosion behaviour of steel fibres without the presence of stray current

Test 1, i.e. Tafel polarization, provided useful information about the electrochemical performance of steel
fibres under a variety of chloride levels, simulating different working conditions of concrete. Tafel polarization
results were presented as curves between the electrode potential £ (vs Ag/AgCl RE) and the current density i (
i =1/4) on a logarithmic scale, as seen in Fig. 9. A4 represents the exposed surface area of the steel fibre to the
electrolyte, i.e. 1.4 cm?. A nonlinear regression analysis based on Butler-Volmeter equation (Eq. (1)) was
conducted to determine i and corrosion potential (£
and £

negatively due to the presence of chloride ions. Alongside a reduction in £

) using the Gamry Echem Analyst software

corr

package [30]. The best-fit results for i

corr

as seen in Fig. 10, indicate that £ shifts more

corr corr? corr

corr» L cor I0CTEASEs steadily from

0.2 uA/cm? under a chloride-free condition to 1.2 wA/cm? with 0.8 mol/L in the electrolyte, showing high



susceptibility of steel pitting. In summary, the intensity of steel fibre corrosion, without the presence of an

external electric potential, is governed by the salinity of the electrolyte: the higher salinity in the electrolyte,

the higher susceptibility of pitting corrosion.
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Test 4.1 Finite element modelling (all units in mm).
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Test 1 results: effects of electrolyte chloride contents on Tafel polarization curves.
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3.2 Stray AC-induced corrosion of discrete steel fibres

Test 2 and 3 investigated the corrosion behaviour of steel fibres due to the presence of stray AC currents.
Similar to test 1, different chloride contents, e.g. 0, 0.3, 0.6 and 0.8 mol/L, were added into the electrolyte to
consider different working conditions. An external AC voltage allows charged anions and cations in the
electrolyte to flow through the bulk solution. The potential difference between the electrode and the bulk
solution leads to the exchange of electrons and as such, an electric current is pushed through the entire

electrolytic cell. The possible anodic reactions include:

F,— Fe2+ +2e”

3)
2CI" = Cly +2e”

“
40H™ > O, +2H,0 + 4e”

&)
2H,0 > O, +4H™ +4e”

(6)

The possible cathodic reactions include:

2H20 + 26_ = H2 + ZOH_

(7)

0, +2H,0 + 4¢™ — 40H™

®)



Fig. 11 shows the Tafel polarization curves after 1-hr AC polarization. A nonlinear regression analysis based
on Butler-Volmeter equation (Eq. (1)) was conducted to determine i ., and £ ,,; results are shown in Fig.
12. The exposure to an AC current did not further reduce £ ., in comparison to those shown in Fig. 9. On
the other hand, i, is over 30 pA/cm? under a high chloride content (i.e. 0.8 mol/L), indicating serious
pitting corrosion. In summary, a combined effect of high chloride content (>0.6 mol/L) and an AC
environment significantly enhanced steel corrosion. In addition, Fig. 13 shows that AC current density is a
governing parameter of steel fibre corrosion: an increase of AC current densities leads to a reduction in £ .,

and an increase of i ., and this finding agrees with Wang et al. [31].
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Test 3 results: effect of 50 Hz AC current (/ () on Tafel polarization curves after 1-hr AC interference.

3.3 Effect of discontinuity of steel reinforcement on AC-induced steel fibre corrosion in
SFRC

The main objective of test 4.1 and 5.1 was to justify whether stray AC currents can be picked up and
transferred by discontinuous steel fibres. The voltage drop between the steel fibre and auxiliary graphite
electrode during test 4.1 was shown in Fig. 14. It indicates that: 1) there is a constant voltage drop £ between
the steel fibre and auxiliary electrode which drives electric current through and 2) a lower E is required to
drive a higher frequency AC current in comparison to that subjected to a lower frequency AC current. The
latter shows that the magnitude of stray AC currents picked by the discrete steel fibre is affected by AC

frequencies (w).
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Test 4.1 results: AC voltage drop between steel fibre and auxiliary electrode (I, = 60mA, w = 20, 50 and 100Hz).



The electrolytic process undertaken during test 4.1 was investigated through FEM and the conduction field is
displayed in Fig. 15. The arrows represent the current field developed in each element and their lengths are
proportional to the induced current density. Fig. 15 shows that a large percentage of AC current flows through
the embedded steel fibre which has a smaller resistivity in comparison to the electrolyte. The peak current
density occurs in close proximity to its hooked end and this can be attributed to the greater voltage drop
between steel and concrete due to the contact resistance [19]. Due to the skin effect [32], the stray AC current
is distributed near the surface of steel, leading to more serious corrosion near the hooked end when electrons
leave it. This agrees with the visual observation of the steel fibre specimens after test 4.1 and the growth of
corrosion products mainly focused on the hooked ends. Based on above findings, an electrical circuit model (
Fig. 16) was developed to simulate AC induced corrosion processes in test 4.1 when both anodic and cathodic
reactions were under charge-transfer control. It consists of a resistor (R ) in parallel with a capacitor (C)
which represents the admittance of the steel-electrolyte interface consisting of a combination of the admittance
of the electrical double layer and the polarization resistance. Solution resistance of the electrolyte is
represented as a resistor (R ;). In such a parallel circuit (Fig. 16), the non-Faradaic current /;, or capacitive
current, represents the charged ions (e.g. oxygen molecules) in the electrolyte to compensate for the excess of
electrons on the electrodes surface. In contrast to / ;, the Faradaic current, / ,, is a direct measure of the rate of
the redox reactions. An integration of / , (positive parts only) with respect to time gives a total electric charge,
upon which the corrosion rate (CR) can be estimated. According to the parallel circuit theory, a larger
percentage of the current always flows through the path of less impedance (Z), just as the FEM results indicate
(Fig. 15). For a capacitor, its absolute value (|Z]) is inversely proportional to both angular frequency (w) and

capacitance (C).

7= ——
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FEM results (test 4.1) — transient electric current density vector plot.
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Equivalent electrical circuit modelling of the steel-electrolyte interface under AC interference.

Eq. (9) shows that an increase of the AC angular frequency (w) and capacitance (C) leads to a reduction in
impedance, allowing more AC currents to flow through the capacitor (C) and thus a higher non-Faradaic
current (/ ;). Similarly, a reduction in w allows more Faradaic currents to flow through R , and thus a higher

voltage drop as monitored during test 4.1 (Fig. 14).

Based on the electrical circuit model discussed above, the Faradaic current, 7 ,, was solved and shown as Eq.

(10). The calculation and validation processes are presented in the Appendix of this paper.

b . b-w _
L) = ———=sin(0t - 0)+ —— e 22
A /0)2 + (12 W+ a
(10)
. RytRHR, _ Ry-ly _ @
where: a = C-R.Ry+R-C-R,,’ b= C-R.Ry+R;-C-R.; > ¢ = o7 a’

Eq. (10) indicates that a reduction in either AC frequencies (w), charge transfer resistance (R ) or double
layer capacitance (C) will lead to an increase in / ,, or more serious corrosion in the embedded steel. Fig. 14
also shows that a reduced AC voltage drop is required to drive a higher frequency AC current, in comparison
to that for a lower frequency AC current. This can be explained according to Ohm's law: an increase in AC
frequencies (w) reduces the Faradaic current (/,) through the embedded steel and thus the voltage drop. In
addition, Fig. 14 shows a major reduction in £, i.e. the voltage drop between steel and auxiliary electrode, in
the first 5 min. This indicates the breakdown of steel passivation layer alongside a reduction in charge transfer
resistance (R ;) of steel. The detrimental effect of 20 Hz AC, as seen as the reduction in E, is greater than
those obtained at 50 and 100 Hz and this also agrees with Eq. (10). It should be noted that the—vaties—ofa
constant £ were-maintainedvalue was achieved after approximately 10 min as seen in Fig. 14, indicating a
stabilized corrosion state-er-a-eonstant-R _,-valte-has-beenachteved.




The long-term study (e.g. > 1hr) of AC polarization based on the use of an aqueous electrolyte might lead to
biased results due to the potential evaporation effect and associated salinity variations in the electrolyte. As
discussed previously, the steel corrosion rate, with and without the presence of an external voltage, is governed
by the anodic current density (i ,) which is related to the potential difference between the anode and cathode
(IR ;). In comparison to concrete, the solution resistance (R ) of an aqueous electrolyte is much smaller. This
has been addressed in test 5.1 by using the solid electrolyte (i.e. mortar). The voltage drop (£) between the
steel fibre and auxiliary graphite plate is presented in Fig. 17. It shows that £ increases with time without the
presence of NaCl, showing increased impedance and corrosion resistance which can be attributed to the
maturity of mortar alongside the cement hydration reactions [33]. A combined effect of AC currents and 2%

NaCl (% by mass of cement) however leads to a constant reduction in £, indicating enhanced corrosion.
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Test 5.1 results: effect of chloride contents on the ability that discrete steel fibre to pick up stray AC currents (
Iy = 10m4; o = 50 Hz).

After test 4.1, steel fibre specimens were rinsed with deionized water and EIS (test 4.2) was conducted to
determine their corrosion states after AC polarization. EIS results were presented as the Bode phase plot (Fig.
18 (a)), Bode |Z| plot (Fig. 18 (b)) and Nyquist plot (Fig. 18 (¢)). The Bode phase plot allows the phase shift
angle () to be plotted in comparison to the excitation frequency (Hz) on a logarithmic scale. Fig. 18 (a) shows
that the phase angle (6) drops constantly at low EIS frequencies until the lowest value (valley) is reached at an
excitation frequency of between 1 and 10 Hz, indicating the rate of charge transfer increases and the mass
transfer has become a key parameter governing the corrosion rate. A rust layer might have formed on the steel
fibre surface and the speed of the corrosion reactions is governed by the diffusion speed through the rust layer

in such circumstances [34].
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Test 4.2 results: effect of AC interference on EIS results (aqueous electrolyte).

Fig. 18 (b), the Bode |z| plot, shows that |z| at the low excitation frequency drops significantly from
approximate 40,000 Q cm? before AC polarization to less than 5000 Q cm? after 1-hr 20 Hz AC polarization.
The detrimental effect of 50 and 100 Hz AC on |Z| was however smaller: |Z| obtained at the low excitation
frequency was about 10,000 Q cm?. In the Bode |z| plot, |z| obtained at the high EIS frequency (10° Hz)

represents the bulk resistance of the solution (R ;) which is less than 50 Q cm?. This finding agrees with the



Nyquist plot (Fig. 18 (c)): the real impedance (z’) within the high frequency region (10> Hz) is less than
50 © cm? which can be attributed to the low solution resistance (R ) aqueous electrolyte used. On the other
hand, only one arc is shown in the Nyquist plot. Saremi and Mahallati [35] also observed a second arc in the
Nyquist plot at high frequencies, attributing to the absorption of OH ™ ions on the steel surface process. The
second arc is not observed in Fig. 18 (c¢) and this can be attributed to the dislodgement effect that OH ~ ions
absorbed on the steel surface were gradually displaced by C/ ™ ions in the electrolyte (i.e. 0.3 mol/L NaCl). At
low frequency regions, an independent arch representing the oxide layer residing on the steel fibre surface, as
reported by Torrents et al. [36] and Ozyurt et al. [37], is not identified either and this can be attributed to the
small resistance of steel passivation layer. During EIS, the absorption effect (OH ™ ions) at high frequencies
and transfer resistance govern the impedance while diffusion normally determines impedance at low
frequencies. As these processes are coupled, it is difficult to distinguish them based on the frequency ranges.
In this work, EIS data were interpreted by fitting them to an equivalent electrical circuit model (Fig. 19). In
this equivalent circuit, the bulk resistance of the electrolyte was represented by a resistor (R ) and it is in
series to a parallel connection of charge transfer resistance (R ) and double layer capacitance (C ;). R
represents the Faradaic reactions which occur on the electrode (steel) surface. C ; represents all non-Faradaic
charge storage processes and is modelled as a constant phase element (CPE), considering the surface
roughness and heterogencousness of a double layer better [16]. Best-fit curves based on the equivalent
electronic circuit modelling are shown in Fig. 18 and they match very well with the measured EIS data. EIS
best-fit results are also presented in Table 2. A reduction in AC frequencies (w) leads to a reduction in R ., and
thus reduces corrosion resistance and this finding agrees with Eq. (10). Table 2 also shows that C , exceeds
100 x 107% S:s™cm™2 after low frequency AC interference, i.e. 20 and 50 Hz. This indicates general

corrosion has occurred on the steel surface [35].
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Test 4.2 results: effect of AC interference on EIS best-fit results (aqueous electrolyte).



OCP R R Cr ng R Cal n gy

(mV) (@em2)  (@em?)  107%SsMem™2) (kQ-em?)  (1070S:sM-cm~2)
Before AC  —268 14.0 35.8 25.5 041 129.6 34.0 0.89
After 20 Hz

—426 1.0 47.1 499.7 024 29.6 371.6 0.84
AC
After 50 Hz

—418 332 97.4 998.7 0.60 35.7 140.8 0.89
AC
After 100 Hz

—484 25.8 14.9 85.6 0.87 125.0 51.9 0.75

AC

After test 5.1, EIS (i.e. test 5.2) was conducted to the SFRC specimens. EIS results are presented as the Bode
phase plot (Fig. 20 (a)), Bode |z| plot (Fig. 20 (b)) and Nyquist plot (Fig. 20 (c)). Fig. 20 (a) shows that the
phase angle (6) drops gradually at low frequencies, especially under a combined effect of NaCl and AC
interference which shifts & downwards drastically. This indicates that the steel passive layer has been locally
destroyed and the diffusion process might become a governing factor which controls the overall corrosion
speed [34]. Fig. 20 (a) also shows that the Bode Phase plots are very similar to those obtained using aqueous
electrolytes (Fig. 18 (a)). As a result, the same equivalent circuit (Fig. 19) was used to model the corrosion
processes experienced by the steel fibres embedded in mortar. In the Bode |Z| plot (Fig. 20 (b)), steel
membrane resistance (R ;) and charge transfer resistance (R.) govern the total impedance (|Z]) at low
frequencies while R ; is primarily related to the impedance obtained at high frequencies. |Z| observed at a high
excitation frequency of 10° Hz shows greater solution resistance (R ;) in comparison to that of the simulated
concrete pore solutions. This has been confirmed by the best-fit results as seen in Table 3: R ; is much bigger
than those shown in Table 2. Table 3 also shows that membrane resistance (R ) is much bigger than those
obtained using aqueous electrolytes (Table 2), indicating that the formation of corrosion products is more rapid
in the solid electrolyte [38]. R, obtained under a chloride-free condition (0% NacCl) is over 2000 kQ cm?,
which is more than one order of magnitude higher than those obtained using aqueous electrolytes. As R ; is
inversely proportional to the CR, an enhanced corrosion resistance is expected due to the use of mortar as the
electrolyte. The combined effect of 2% NaCl (by mass of cement) and AC interference however has a
significant detrimental effect on the corrosion resistance of steel fibres: R . reduces by two orders of
magnitude, indicating high corrosion susceptibility. It should be noted that R ; alone might not be sufficient to
define the corrosion resistance under an AC environment due to the electrical double layer developed on the
steel surface and its electrical performance, as defined as C 4, also significantly affects the amount of electric
charge transferred. Table 3 shows that C ;; is 183.8 x 107® S-s™-cm~2 after 24-hr AC interference, indicating
that general corrosion has occurred on the steel surface [35]. As the charge transfer resistance (R ;) is much

bigger than R ,, only one time constant is obvious in the Bode Phase plot (Fig. 20 (a)).
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Test 5.2 results: effect of AC interference on EIS results (solid electrolyte).
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Test 5.2 results: effect of AC interference on EIS best-fit results (solid electrolyte).

oCP R Ry Cr R Cual
2 2 —6q.Nemn=2y S 2 —6Q.N.on—2y dl

(mV) (Q:cm*) (Qem“)  (A07°SsTem™ ) (kQ:cm*) (107 °Ss"em™ )
0% NaCl (before

—274 250 2746 2671 0.19 2157.0 58.0 0.91
AC)
0% NaCl (after

—336 377 2143 837 0.36  3015.0 457 0.89
AC)
2% NaCl (before

—269 151 66 34 0.58 142.0 82.6 0.27
AC)
2% NaCl (after
AC) —594 75 213 6.7 035 6.9 183.8 0.72

In summary, SFRC develops good corrosion resistance to AC interference under a chloride-free environment.
Special attention is still needed for SFRC subject to high concentration chloride, e.g. > 2% NaCl (by mass of
cement). This work also shows that the 50 Hz AC, which is same as the National Grid AC frequency as used

in electrified railway, has a detrimental effect on the corrosion resistance of SFRC.
3.4 Future work - durability design of SFRC under stray current environments

A conventional stray-current corrosion monitoring system normally involves the measurement of rail-to-earth
resistance and/or the corrosion potential (£ ,,,.) of the railway infrastructures including station platforms,
retaining walls and tunnels [39]. These measurements however cannot provide sufficient information about the
real-life steel reinforcement corrosion state as discussed in this paper. As a result, it is not unusual that serious
stray-current induced corrosion is only identified through visual inspection and even by changes in train ride
quality which can lead to a serious train delay and even cancellation for emergency maintenance work. There
is scope to put this research into a wider context: to develop durability design guideline for SFRC under stray
current environments and a real-time transit structure health monitoring system. An example of a probabilistic

design approach for the service life design of a railway tunnel is shown below:

Previous Version

p{} = pdep. =p {Ccrit - C(a’tSL) <0or icrit _ia<0}

Updated Version

P{ } =P {Ccrit - C(a’tSL) <0or icrit _ia<0}

Eq. (11)



p{ }: Probability that steel depassivation occurs:;

C.;: Critical chloride content (% by mass of cement or mol/L of chloride ions in the concrete pore

solution):;

C (a,tg): Chloride content at depth @ at time ¢ (% by mass of cement or mol/L of chloride ions in the

concrete pore solution):;
i.;: Critical stray current density (mA/cmz):;

i, Anodic current density (mA/cm?).

4 Conclusion

Analytical and experimental results discussed in this work show that stray AC currents can be picked up and
transferred by discontinuous steel reinforcement. The severity of corrosion depends on the AC current density,
angular frequencies (w), the electrochemical properties of the electrodes (e.g. polarization resistance) and
chloride contents. The mathematical solution (Eq. (10)) obtained through electrochemical modelling and
numerical simulation allows a quantitative assessment of steel corrosion severity by determining the Faradaic

current (/ ,) which is directly related to the steel dissolution speed.

The use of discontinuous reinforcement such as steel fibres has a mitigation effect on stray AC induced
corrosion in comparison to conventional steel reinforcement. This is due to the electrical double layer
developed on the surface which reduces the Faradaic current (/ ,) transferred by the discrete steel fibre. On the
other hand, a reduced AC potential gradient is required to push electrons through discontinuous reinforcement
under a higher chloride condition (>2% NaCl by mass of cement). Special attention is therefore required for

SFRC used under a high chloride level in the presence of stray AC currents.
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Appendix

Fig. 16 represents the steel-concrete interfacial electrochemical reactions under an stray AC environment. The
AC current (I =1, -sin wt) causes an identical voltage drop across R ., and C in a parallel circuit. The circuit

containing R ., C and R is in a parallel arrangement with mortar bulk resistance (R ), leading to the same

ct»
voltage drop. The sum of the currents through each path, i.e. /,;, I, and I3, is equal to the total current (/).

The above processes are represented as:

RCt.IZ (t) = %/I]dt
(AT



A

Ry- L0 =R, - [[L(O+L O] + Ry - L)

(A2)
L +LO+L@)=1=1,-sin wt
(A3)
Taking differentiation with respect to ¢, Eq. (A1) becomes:
1
Rct . Ié (t) = E]
(A4)
Eq. (A4) can be written as:
L)=C Ry L0
(AS5)
In conjunction with Eq. (A2) and (A3), L (9 can be presented as:
4 RS RC[ .
C-R, LO+L O+ [[1 (t)+[2(t)] +— L () =1, sin wt
R, R,
(A6)
Eq. (A6) can be written as:
, R, +R, +R, B R, -1, ,
L0t R R+r - C R, VT CR, Ry¥R C R,
(A7)
Eq. (A7) is shown below as a nonhomogeneous ordinary differential equation (ODE):
Y +a-y=0>b sin wt
(A8)

Rp+R+R,,
C-R.;R,+R;-C-R,,

Ry-1y

where y=5L(), a C-R; Ry+R,-CR, "

I, and b =



Eq. (A9) represents a special case of Eq. (AS8), in a homogeneous ODE format:

Y +a-y=0
(A9)
Eq. (A9) can be written as:
@ =—q-dt
y
(A10)
By integration:
Iny = —at + Inc
(A11)
where c¢ is the constant of integration. Taking exponents on both sides
y = ce™a!
(A12)
Let ¢ = u () and Eq. (A12) becomes
y=u)-e®
(A13)
Taking differentiation on both sides
V=u@)-e"—a-ul) e
(A14)

Substitution of Eq. (A13) and (A14) into (AS):

W =b-e" - sin wt

(A15)



By integration:

u=b/e‘”-sincutdt+c

where ¢ is the constant of integration. Taking integration by parts, Eq. (A16) can be solved as

b-e" .
u=———(a-sin wt—w-cos wt)+c
w? + a?

By substituting Eq. (A17) into (A13), the general solution of Eq. (A8) is:

at

y (a-sin ot —w-cos wt)+c-e”

@? + a2

Applying the initial condition, y|,-o = 0, ¢ can be solved as:

_ b
? + a?

Eq. (A18) therefore becomes:

. b-w
= ————(a-sin ot — w-cos wt) +
4 w? + a2

Eq. (A20) can be further simplified as

sin (wt — 0) + 0@ e
®? +a?

y:
@? + a2

where 6 = arctan? , the phase drift (rads).

As y =1, (1), the solution of the initial problem is:

—-e
? + a?

—at

(A16)

(A17)

(A18)

(A19)

(A20)

(A21)



b . b-w _
I, () = ———sin(wt — 0) + —— € at
CO2 AL a2 w- +a
(A22)
. R,+RHR, _ Ry-Iy _ ©
where: a = CRyRR-CRy* 0 = CRyRpsrCRy> 0 = arctany.

The validity of Eq. (A22) was assessed using standard resistors (R ; and R ) and capacitors (C). AC current
Iy - sinwt (Ip = 10md; f=50Hz; o=2xf) was swept through this circuit using the Gamry galvanostat. The
potential drop through R was captured by the galvanostat to calculate /, according to Ohm's law. The
predicted 7, according to Eq. (A22) was in good agreement with the experimental measurements as seen in
Fig. 21. Fig. 21 (a) and (b) also depicts that a reduction in AC frequencies (w), R, or C will lead to an

increase in / ,, or more serious corrosion in embedded steel.
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