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Abstract
Stray current induced corrosion is a major technical challenge for modern electric railway systems. The leakage of stray current to surrounding reinforced concrete structures can lead to steel reinforcement corrosion
and the subsequent disintegration of concrete. Steel fibre reinforced concrete has been increasingly used as the railway tunnel lining material but it is not clear if discrete steel fibres can still pick up and transfer stray
current in the same way as conventional steel reinforcement and lead to similar corrosion reactions. The Ccorrosion behaviour of steel fibres was investigated through voltammetry tests and electrochemical impedance
spectroscopy. The presence of high concentration chloride ions was found to increase the pitting corrosion tendency of steel fibres in simulated concrete pore solutions and mortar specimens. The chloride threshold level for
corrosion of steel fibres in concrete is approximately 4% NaCl (by mass of cement) which is significantly higher than that of conventional steel reinforcement.
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List of notations
αa, αc Constant values (V)

A Exposed anode area (cm2)
βa, βb Anodic and cathodic Tafel constants/gradients

Cf Capacitance of mortar (S∙·sn∙·cm‐− 2)
Cdl Capacitance represents the layer between the solution and the steel surface. Faradaic charge transfer reaction on the steel surface (S∙·sn∙·cm‐− 2)
CR Corrosion rate (mm/year)
EW Mass of metal that will be oxidized by the passage of one Faraday of electric charge (27.925 for steel)
Ee,a, Ee,c Anodic and cathodic equilibrium potentials (V)
Ecorr Corrosion potential (V)
I Measured current from the circuit or the net electron flow (A)
Ia, Ic Anodic and cathodic currents (A)
I0,a, I0,c Anodic and cathodic exchange currents (A)
Icorr Corrosion current (A)
icorr Corrosion current density (A/cm2)
K Constant value: 3.27 × 10‐− 3 (mm∙ g/μA∙ cm∙ year)
L Distance between substations (km)

ηe,a, ηe,c Anodic and cathodic overpotentials (V) from the equilibrium potential Ee,a and Ee,c
ρ Density (7.8 g/cm3 for steel)

rR Resistance of the running tracks (Ω/km)
rT Track-earth resistance (Ω∙·km)
RS Resistance of the solution (kΩ∙·cm2)
Rf Resistance of mortar layer (kΩ∙·cm2)
Rct Charge transfer resistance of the steel (kΩ∙·cm2)
θ Phase shift (radian)

W Warburg diffusion element (S∙·s1/2∙·cm‐− 2)

1.1 Introduction
Railway electrification represents an important carbon strategy in the UK. It is estimated that an electric train consumes at least 20% less power (per passenger per mile) compared to a diesel-powered train [1]. In the UK, only
39% of the national rail network is electrified and it comprises 600 V/750 V direct current (DC) and 25 kV (50 Hz) alternating current (AC) traction power systems [2]. The UK government is committed to promote railway electrification
and thus provide more sustainable and comfortable services for the public. Major work has been carried out for the Crossrail project which is expected to be delivered in 2018 and the construction of High Speed 2 (HS2) is expected to
begin in 2017. In addition, the planning stages for HS3 and Crossrail 2 projects are both underway. For a modern electric train traction system, the transmission of power is normally provided by an overhead wire or a conductor rail.
The return circuit is usually through the running tracks which are connected to nearby substations. Stray current refers to the current which disperses directly to the ground through the return path. Niasati and Gholami [3] proposed a
simplified electronic circuit of the electric railway system, as shown in Fig. 1 (a), to model the stray current leakage. In this circuit, stray current (iS) can be determined according to railway traction current (iT), resistance of the
running tracks (RR) and the track-earth resistance (RT) based on Eq. (1). The resistance of the overhead catenary wire (RC), in comparison to that of the running tracks (RR), is negligible and it has not been taken into account in Eq. (1).
(1)

Fig. 1.Fig. 1 Equivalent electronic circuits of stray current formation.
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Considering a more general condition that more than one leakage of stray current occurs along the running tracks, as shown in Fig. 1 (b), Eq. (2) can be used to quantify stray current (iS). rR represents the resistance of the
running tracks and rT represents the track-earth resistance [4].
(2)

Both Eqs. (1) and (2) indicate that reduced track-earth resistance (RT or rT) will encourage traction current leakage or stray current (is). The leakage of stray current to surrounding structures, e.g. reinforced concrete sleepers
and tunnel linings (Fig. 2), can lead to steel reinforcement corrosion and the subsequent disintegration of concrete which eventually reduces the service life of the entire railway system [5–7]. Stray current also accelerates the
corrosion of underground service cables, water mains and gas pipes. Approximately £550 million is required per annum for the rehabilitation and repair of the stray-current induced corrosion damage to the UK infrastructures [8]. It is
engineering practice to mitigate against stray current by providing sufficient insulation between the running tracks and earth, i.e. to increase RT or rT. The use of a separate rail (or the fourth rail) as the return circuit as used by some
London underground subway lines can also effectively reduce the magnitude of stray current, but the cost of installing and maintaining the fourth rail over the entire design life of a railway system is significant. It should be noted that
increased resistance of running tracks (RR or rR) can also lead to an increased stray current according to Eqs. (1) and (2). The rail track joints are therefore required to be either welded or using low resistance joint bonds, complying
with BS EN 50122-2 [9]. Reducing the distance between adjacent substations (L) can effectively reduce stray current although this has a cost consequence too. A stray current collection system, complying with BS EN 50122-2:2010
[9], can capture the stray current and return it back to substations through a return earth wire [10]. This can also be taken as an effective stray current mitigation method.

Fig. 2.Fig. 2 Schematic of the railway tunnel section.
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The corrosion of conventional steel reinforcement in concrete is often of an electrochemical nature. The corrosion process consists of at least two half-cell reactions, i.e. an oxidation reaction at the anode (loss of electron) and a
reduction reaction at the cathode (gain of electron) [11]. The anodic reaction is normally iron dissolution:
(3)

The cathodic reaction can be oxygen reduction:
(4)

The cathodic reaction can also be water reduction, in the absence of oxygen:
(5)

Negatively charged electrons released from the anode travel to the cathode through the steel reinforcement. The formation of electrochemical cells also requires a continuous path for ions between the anode and the cathode
which normally occurs through the concrete pore solution. Steel corrosion or oxidization is primarily a result of the anodic current (Ia) according to Faraday’'s laws of electrolysis, i.e. the amount of substance which reacts or literates is
directly proportional to the quantity of electric charge passing through it. Corrosion normally occurs at an equilibrium state between the two half-cell reactions, upon which anodic and cathodic currents are both present and equal to
each other, namely the corrosion current (Icorr) [12]. The steel corrosion rate (CR) can be determined according to Eq. (6) [13]:
(6)

The corrosion rate (CR) can also be determined based on a weight loss measurement, i.e. the loss of weight as a function of time. This gravimetric method is however more appropriate for uniform corrosion damage rather than
pitting corrosion (or pitting) which is a common form of steel reinforcement corrosion but without inducing significant mass change [14].

The corrosion current (Icorr) can be determined by conducting a linear sweep voltammetry test where the current (I) at a working electrode (WE) is measured while an externally applied potential (E) is swept between the WE
and a reference electrode (RE). This is due to the linear correlation between the overpotential (η) and the logarithm of the measured current (I) when the electrochemical reaction speed is controlled by the kinetics of electron transfer
[15]. This correlation is also called Tafel behaviour which can be described as Eq. (7):
(7)

Analogously, Tafel behaviour for the cathodic reaction can be described as:
(8)

Eqs. (7) and (8) can be written in an exponential format [16]:
(9)

(10)

The corrosion current (Icorr) refers to the anodic or the cathodic current at the equilibrium state or Ia = Ic. There is therefore no net electron flow from the corrosion system as anodic and cathodic reactions are at the same
speed. Eq. (11) or Butler-Volmer equation can be used to calculate the net electron flow ( I) of an electrochemical cell [17]:
(11)

Butler-Volmeter equation allows the determination of Icorr based on a regression analysis between the externally applied potential (E) and the measured current (I) [12]. The corrosion current (Icorr) can also be determined
according to Stern-Geary equation (Eq. (12)) which is a mathematically reduced form of Butler-Volmeter equation [18].
(12)

where Rp is the linear polarization resistance (LPR) which can be taken as the slope of an E-I plot when conducting a linear potential sweep near the Ecorr (e.g. ± 10 mV). Eq. (12) can be further reduced to Eq. (13) and a
constant B value can be used to quickly determine the corrosion current (Icorr) [11].
(13)

Eq. (13) has been widely used in civil engineering projects to give a rapid corrosion evaluation of steel reinforcement as it does not require measurements of the other electrokinetic parameters such as Tafel constants [19–21].
It should be noted that the validity of Stern-Geary equation or its reduced form (Eq. (13)) still depends on the Tafel behaviour of the anodic and cathodic reactions. They may lead to an inaccurate prediction of the corrosion current
(Icorr) for a diffusion-controlled (or diffusion-limited) corrosion reaction. In this work, a regression analysis based on Butler-Volmer equation (Eq. (11)) was conducted to determine Icorr.
In addition to the voltammetry test, electrochemical impedance spectroscopy (EIS) has been widely used to determine the corrosion susceptibility of steel reinforcement in concrete by measuring its electrochemical impedance
(Z) [22–26]. This is achieved by applying a small sinusoidal potential, E0 · sin(ωt), to an electrochemical cell. The cell’'s current response, I0 · sin(ωt + θ), is also sinusoidal but with a phase shift (θ). Z can be calculated and presented in
following form [27]:
(14)

EIS results can be presented in a Nyquist or a Bode plot. In the Nyquist plot, the imaginary impedance (Z″) is plotted against the real impedance (Z′) at each excitation frequency. In the Bode plot, θ is plotted on the Y-axis with
the frequency on the X-axis. It is engineering practice to interpret EIS data through equivalent electronic circuit modelling [28]. An equivalent electronic circuit model may consist of resistors, capacitors and inductors which have
different physical meanings. John et al. [19] developed an equivalent circuit model consisting of resistors and capacitors to represent electrochemical interfaces in a reinforced concrete specimen. The capacitor represents the double
layer at the electrode (i.e. steel reinforcement) surface and the resistor represents the electrode and solution resistance. Reinforcement corrosion in concrete can however be complicated due to the change of the steel-concrete
interface conditions as a result of the formation and breakdown of the steel passive layer. The interpretation of EIS data using a single equivalent circuit over a long period of time may therefore be inaccurate. Wei et al. [26] proposed

four different electronic circuits to represent different steel-concrete interface conditions, e.g. from steel in a passive state to an accelerated corrosion process controlled by mass transfer. EIS results can provide in-depth information
on charge transfer kinetics such as charge transfer resistance (Rct) which is directly relevant to the susceptibility of steel pitting corrosion in concrete.
Steel reinforcement corrosion is mainly a result of the anodic current (Ia) as discussed. An externally applied potential (E) can further push the anodic potential away from the equilibrium state and accelerate the anodic
reaction (or corrosion) rate. Anodic overpotential (ηa) is therefore the major driving force for steel corrosion in concrete. It should be noted that high overpotential (ηa) does not always lead to a high anodic current (Ia). Steel, under
alkaline conditions, can exhibit a passive behaviour (or passivation). Passivation leads to a decreased Ia even when E is increased. In concrete, the alkaline conditions (pH values between 12.5 and 13.5) are primarily provided by the
calcium hydroxide as a result of cement hydration reactions. Chloride ions in the electrolyte help to break down the passive layer and lead to localized corrosion or pitting [29]. The influence of chloride ions on the passive layer was
described by Saremi et al. [30] as a competing process between hydroxide and chloride ions which coexist in the concrete pore solution. Pitting only occurs when the disruptive effect of chloride ions overcomes the effect of hydroxide
ions which stabilize the surface lattice of steel.
The presence of chloride in concrete can be a result of contaminated aggregate and water used during concrete mixing. The ingress of chloride from the external environment, e.g. de-icing agents, can also reach steel
reinforcement through the concrete cover. The chloride threshold for the corrosion of conventional steel reinforcement in concrete is reported to be between 0.15 and 0.6% by mass of cement [31]. It should be noted that chloride
exists in two different forms in concrete, i.e. free and bound chloride. Aguirre-Guerrero et al. [20] reported that bound chloride is chemically or physically attached to the cement hydration products and only free chloride ions in the
concrete pore solution are responsible for the depassivation of steel reinforcement. Free chloride ions in the concrete pore solution can be measured by squeezing concrete samples at a high pressure [32]. Wan et al. [33] reported that
0.12 mol/L (or 7332 mg/L) free chloride was measured in the concrete pore solution obtained from a concrete specimen containing 0.5% of NaCl (by mass of cement). Shi et al. [34] reported that 0.3 mol/L NaCl solution could represent
the free chloride concentration in the concrete pore solution under normal working conditions. 1 mol/L NaCl solution represents the chloride concentration in the concrete pore solution under severe marine environments. These
studies also generate data that allow the use of simulated concrete pore solutions as the electrolyte to investigate the corrosion behaviour of steel reinforcement in concrete. As an example, Moser et al. [35] studied chloride induced
corrosion resistance of stainless steel in simulated concrete pore solutions. NaCl was added into the simulated solutions at different concentrations. 0.5 mol/L NaCl was used to represent a concrete specimen in direct contact with
seawater. Shi et al. [34] investigated the influence of chloride on the pitting corrosion resistance of steel reinforcement using simulated concrete pore solutions. Cyclic polarization tests were conducted to steel exposed to the simulated
pore solutions using various NaCl concentrations, i.e. 0.1, 0.3 and 1 mol/L. 1 mol/L represents severe marine environments for characterization of pitting corrosion resistance.
Positively charged steel ions, as a result of the anodic reaction (Eq. (3)), can be hydrated and then oxidized to form hydrated ferric oxide (or rust). Rust developed on the steel surface will occupy a larger volume and lead to
cracking and spalling of concrete cover due to internal pressure [29]. Unlike conventional steel reinforcement in concrete, there might not be a continuous conductive path for an electric current to be picked up by discrete steel fibres
randomly dispersed within concrete. Sadeghi-Pouya et al. [36] conducted an accelerated corrosion test by applying a constant DC current (3A) to steel fibre reinforced concrete (SFRC) specimens, with a steel fibre content of 40 kg/m3
and NaCl content of 3% (by mass of cement). The specimens were submerged in the NaCl solution and a titanium wire and a steel bar were respectively embedded into the specimen as the anode and cathode. There was no cracking or
spalling observed on the surface of the concrete specimens after a month which represents a 60-year service life as required for ordinary building structures. The compressive strength and tensile splitting strength of the specimens
were not jeopardized by the externally applied DC current either. Nemegeer et al. [37] cast concrete cubes comprising of different types of steel fibres and exposed them to the chloride solution for 18 months. Rusty stains were only
identified on the surface of concrete containing steel fibres although no detrimental effect on the compressive strength of the concrete was observed.
Based on above information, SFRC appears to be an ideal substitute for conventional steel reinforcement in electric railway projects, with less concern about stray current induced corrosion. The use of SFRC also facilitates the
concrete fabrication process by eliminating the need for constructing steel reinforcement cages. The structural function of railway tunnel segments is primarily to support the downward action from soil and buildings above the tunnel
crown. From a structural perspective, the compressive strength of tunnel segments is of the upmost importance to ensure the overall stability of the tunnel. Velayutham et al. [38] reported that a steel fibre content equivalent to
40 kg/m3 contributed to a significant increase in the 28-day compressive strength from 45.2 to 61.7 MPa. This finding agrees with Caratelli et al. [39] who reported an average compressive strength of 61.2 MPa achieved in concrete
lining segments containing 40 kg/m3 steel fibres. Randomly dispersed steel fibres in concrete also effectively restrain crack growth and reduce the permeability of concrete. Fire in a railway tunnel may lead to significant loss of life and
long-time transport interruption. The presence of steel fibres was found to effectively enhance the fire resistance of concrete [40] and this further defines its advantage in the application in railway projects. The first large-scale
application of SFRC segments in railway projects, without using any conventional steel reinforcement, was the 20 km twin-tube sections of the Channel Tunnel Rail Link project [41].
Solgaard et al. [42] however believed that corrosion of steel fibres may not be solely an aesthetical problem for SFRC. This was based on the electrochemical studies of mortar specimens (40 × 40 × 160 mm) containing two
steel fibres (35 mm long and 0.55 mm in diameter) with a gap of 10 mm along their length. A linear polarization resistance (LPR) test was conducted to determine the corrosion rate (CR) of steel fibres according to Eq. (13). With up to
6% CaCl2 (by mass of cement) added to the mix, steel fibres demonstrate a good resistance to chloride attack as no detrimental effect on the corrosion rate (CR) was observed. These specimens were then exposed to a constant DC
current (1.2 mA) for 60 hoursh to simulate the stray current effect. The DC current, in conjunction with the presence of chloride, significantly increased the corrosion rate of steel fibres by two orders of magnitude. A reduced cross-

section area in steel fibres, as a result of corrosion reactions, may lead to reduced tensile strength of concrete which is essential to ensure the integrity of precast lining segments for future maintenance (e.g. when topsoil and subsoil is
excavated) or other applications where it is beneficial to consider the tensile capacity of SFRC. The ‘Guangzhou Metro Line 3’ project in China aimed to use SFRC as the primary lining material but this plan was eventually rejected
because of the perceived uncertainties caused by stray current induced corrosion [43]. The primary objective of this work is to achieve a better understanding of the corrosion susceptibility of SFRC under stray current environments.
This will enable the uncertainties concerning the pitting corrosion initiation and the corrosion rate (CR) measurement in SFRC to be clarified which will pave the way for the application of SFRC in electric railway projects.

2.2 Experimental procedures
Previous research on stray current induced corrosion of reinforced concrete has focused on investigations concerning the reduced mechanical and durability performance. Circulation of stray current through conventional steel
reinforcement is known to cause accelerated corrosive damage to steel. The discontinuous and discrete nature of steel fibres is believed to be able mitigate against such corrosive damage; however certain knowledge gaps relating to
SFRC have become apparent since the construction and operation of the Channel Tunnel when it was first used as the primary railway tunnel lining material.
Electrochemical techniques were used in this work to investigate the pitting corrosion initiation in SFRC under simulated stray current conditions. Voltammetry tests including Tafel and Cyclic Potentiodynamic (CP) polarization
tests were conducted on steel fibres embedded in a sponge beam soaking up the simulated concrete pore solution. The simulated concrete pore solution was made from a saturated solution of Ca(OH)2 which has a similar level of
chemical concentrations to that of a normal concrete pore solution [19]. NaCl was added into the simulated concrete pore solution to obtain kinetic information about chloride induced corrosion reactions on the electrode (i.e. steel
fibre) surface during the Tafel polarization test. The CP polarization test provided additional information on the formation and breakdown of the passive layer on the steel surface subjected to an externally applied potential, such as
that induced by stray current. In addition, Eelectrochemical impedance spectroscopy (EIS) was conducted on steel fibres embedded in mortar specimens to investigate the effect of the gap between discrete steel fibres on the electrical
conductivity of SFRC. EIS tests also enabled a quantitative study of the electrical conductivity of mortar (or cement paste), which acts as a solid electrolyte during electrochemical reactions. The interpretation of EIS results based on
equivalent electronic circuit modelling provides valuable information on charge transfer kinetics such as charge transfer resistance (Rct) which is associated with the local corrosion/pitting of steel. In addition to the electrochemical
tests, standard concrete cylinder specimens, with and without steel fibres, were cast in the laboratory to determine the effect of steel fibre contents on the compressive strength of concrete. The mix proportions of mortar and concrete
specimens used in this work match those previously used in the Channel Tunnel project as the tunnel lining material [39].

2.1.2.1 Steel fibre corrosion tests in simulated concrete pore solution
Steel naturally develops an inert passive layer when exposed to an alkaline solution. The alkaline solution in wet concrete is provided by Ca(OH)2, the major cement hydration reaction product. The simulated concrete pore
solution was made from a saturated solution of Ca(OH)2 at a room temperature (i.e. approximately 20 °C) using deionized water. A three electrode electrochemical cell (Fig. 3 (a)), was used in the Tafel and Cyclic Potentiodynamic (CP)
polarization tests. The permeation properties and pore structure of concrete were simulated using a sponge beam, soaking up the simulated pore solution. A commercially available cold drawn low carbon steel fibre (Fig. 4), 62 mm in
length and 0.75 mm in diameter, was used as the working electrode (WE). The embedded length of the WE into the sponge beam was maintained as 50 mm which gives an exposed surface area of approximately 1.18 cm2. All steel fibres
were tested with their as-received surface conditions and were only flushed with deionized water prior to testing; thus ensuring that the real-life conditions of steel fibres are simulated in the laboratory. A HB pencil graphite electrode,
60 mm in length and 1.2 mm in diameter, was used as the counter electrode (CE) which completes the electrochemical cell circuit. A gap of 10 mm was maintained between the WE and CE during the test. During both CP and Tafel
polarization tests, the potential was applied against a silver/silver chloride (Ag/AgCl) reference electrode (RE, with filling solution 3% NaCl) placed on the top surface of the sponge beam. The standard electrode potential of RE is
250 ± 5 mV against a Standard Hydrogen Electrode (SHE).

Fig. 3.Fig. 3 Electrochemical cell.
alt-text: Fig. 3

Fig. 4.Fig. 4 Steel fibre used in this work (DRAMIX 4D 80/60BG).
alt-text: Fig. 4

A Faraday cage is essential for electrochemical analysis conducted at either a low current (e.g. the Tafel polarization test) or a high frequency (e.g. EIS) as they are particularly susceptible to interference from an external
electrical field. The electrochemical cell (Fig. 3 (a)) was placed inside an environmental chamber (Fig. 3 (b)) which was set at a constant temperature (20 °C) and humidity (90%). The exterior and interior parts of the environmental
chamber were made from stainless steel and connected to earth; the environmental chamber therefore performs as a Faraday cage and protects the interior from electromagnetic interference from the outside. Cell cables run through
a hole in the chamber wall.
The presence of chloride is often associated with the breakdown of the passive layer of steel reinforcement in concrete. To study chloride attack of steel fibres, NaCl was added into the simulated pore solution at different
concentrations, i.e. 0, 0.3, 0.6 and 0.8 mol/L, which represent different working conditions from a chloride free condition to a marine environment [34]. Sponge beams were immersed into the simulated solution for 5 minutesmin before
an open circuit potential (OCP) was measured. The Tafel polarization test was then conducted using a Gamry Interface 1000E potentiostat. A small overpotential, ± 250 mV from the OCP, was applied to WE and the current flow
between the WE and CE was measured by the potentiostat. A slow potential scanning rate of 1 mV/secs was used and this allowed the nonlinear correlation between externally applied potential (E) and the current density i (i = I/A). A
Tafel slope analysis was then conducted to determine the corrosion current density (icorr) which is discussed in Section 3.2. To investigate the effect of stray current on the corrosion rate (CR) of steel fibres, a constant DC voltage (10 V)
was applied to the cell using freshly prepared electrodes and electrolytes. The Tafel polarization test was then conducted and results are discussed in Section 3.2 as well.
The presence of chloride ions in the concrete pore solution can break down the passive layer of steel reinforcement and lead to a localized pitting corrosion. Pitting corrosion, in comparison to uniform corrosion, is more
difficult to measure using conventional civil engineering methods such as a weight loss measurement as there is no significant mass change [14]. The pitting tendency of steel fibre was studied in this work through the CP polarization
test using the same electrochemical cell (Fig. 3 (a)). The CP polarization test was based on the potential sweep mainly along the positive or anodic direction, e.g. ‐− 0.5 V to 1.5 V from the OCP. This enabled the investigation of
the passivation behaviour of steel fibres and the breakdown of the passive layer which occurs within the positive or anodic region. The potential sweep was applied to the WE at a scanning rate of 5 mV/secs. A reverse scan was then

conducted until a hysteresis loop closed or the corrosion potential was reached. The enclosed area by the hysteresis loop was used to qualitatively define the corrosion susceptibility of steel fibre and this is discussed in Section 3.2. Both
Tafel and CP polarization tests may change the surface properties of the electrode. Fresh steel fibres, sponge beams and electrolytes were prepared and used in each test. Three parallel samples were prepared and tested to ensure the
repeatability of the results.

2.2.2.2 SFRC mixes
The SFRC mix proportions are shown in Table 1. The coarse aggregate used was 4‐–25 mm graded crushed gravel with a water absorption value of 1.49%. The fine aggregate was well-graded medium sand with a water
absorption value of 0.78%. CEM I 52,5 N cement, complying with BS EN 197-1 [44], was used. The same type of steel fibre used in the voltammetry tests was used in concrete mixing. Three mixes with different steel fibre contents, i.e.
0, 20 and 40 kg/m3, were used to assess the effect of steel fibre contents on the compressive strength of concrete. A 40Fibre mix represents the SFRC mix previously used in the Channel Tunnel project as the lining material [39].

Table 1 SFRC mix proportions.
alt-text: Table 1

Concrete mixes

CEM I 52,5
(kg/m3)

Sand (0‐–4 mm)
(kg/m3)

Free W/C

Gravel (4‐–25 mm)
(kg/m3)

Steel fibre
(kg/m3)

Superplasticizer
(kg/m3)

0Fibre

480

0.35

845

869

0

4.8

20Fibre

480

0.35

845

869

20

4.8

40Fibre

480

0.35

845

869

40

4.8

Both coarse and fine aggregates were oven-dried before mixing and this enabled a good control of the free water content of the mixture. All aggregates were premixed with half the mixing water for about 1 minutemin. Cement,
steel fibre and the remaining mixing water with a poly carboxylate based superplasticizer (Fosroc Auracast 200) were added and mixing was carried out for another 1 minutemin. The content of superplasticizer, 4.8 kg/m3, was same as
that used in the Channel Tunnel project [39]. Three standard concrete cylinder specimens, 150 mm diameter and 300 mm length, were cast in each mix at an ambient temperature of approximately 20 °C. Within 24 hoursh of casting,
the cylinder specimens were demoulded and placed into a water curing tank set at 20 °C until the compressive strength test was conducted at the age of 28 days. Exposed steel fibres in the concrete specimens, once in direct contact
with the welded mesh panel inside the curing tank, may give rise to galvanic corrosion. To prevent such direct contact a plastic sheet was placed between the SFRC specimens and the mesh panel.

2.3.2.3 Steel corrosion tests in mortar specimens
In comparison to the CP and Tafel polarization tests, only a small perturbation of the current is required by electrochemical impedance spectroscopy (EIS). This makes EIS a non-destructive testing method as the
electrochemical properties of the electrolyte (i.e. mortar) and steel do not change significantly during the test. EIS is also an ideal testing method for determination of electrochemical processes occurring in a low conductive electrolyte
such as mortar and concrete [11].
In addition to the study of individual fibres, a major focus of this work is the complication of the discrete nature of steel fibres in SFRC and the electrical conductivity of concrete. This was achieved through the EIS tests to
mortar (or cement paste) instead of concrete specimens. Mortar (or cement paste) is a cementitious composite between cement, water and sand whereas concrete also contains coarse aggregate such as limestone, gravel or granite.
The EIS results obtained from mortar, which performs as a low conductive electrolyte in concrete, can be representative of those obtained from concrete directly. The effect of coarse aggregate on the possible inhomogeneities of
concrete subjected to an electrical field is an on-going area of research.
The electrochemical cell is shown in Fig. 5. A steel fibre was embedded into the mortar and used as the WE. Two graphite plates, 40 × 50 × 3 mm, were placed on both sides of the WE as the CE. The exposed area of CE was
much bigger than that of the WE and this ensured a uniform transmission of electrical signals [26]. The gap between the WE and CE was maintained as 1 cm which simulated the discontinuity of steel fibres inside concrete. An Ag/AgCl
reference electrode (RE) was placed on a wet sponge to achieve a good electrical connection and located approximately 5 mm from the WE to reduce the current resistance drop between the WE and the RE. The mortar specimens
were placed in the environmental chamber (Fig. 3 (b)) immediately after casting. The environmental chamber was set at 20 °C and 90% humidity. EIS was conducted inside the environmental chamber at an age of 28 days after casting
using the Gamry Interface 1000E potentiostat.

Fig. 5.Fig. 5 Schematic of the electrochemical cell used in EIS.
alt-text: Fig. 5

(Can this paragraph (only 1 sentence) be combined to the the previous paragraph at the end? Thanks!)EIS was conducted by sweeping an amplitude sinusoidal AC signal (25 mV) with frequencies varying between 105 Hz and 10‐− 2 Hz.
Table 2 shows the mortar mix proportions used in EIS. The cement content and water cement ratio (W/C) were same as the SFRC mixes (Table 1); this allows the mortar specimens to be representative of the cement paste in

SFRC specimens. NaCl was added into the mortar mixes to assess the effect of chloride on the electrical conductivity of mortar (or cement paste). Different NaCl contents, i.e. 0%, 2%, 4% and 6% by mass of cement, were added into
the mix to study the electrical conductivity of mortar and the corrosion behaviour of the steel fibre. The impedance of the electrochemical cell was determined as the correlation between the applied potential (E) and the measured
current (I). The best fit results based on equivalent electronic circuit modelling are discussed in Section 3.3.

Table 2 Mortar mix proportions.
alt-text: Table 2
Mortar mixes

CEM I 52,5
(kg/m3)

Sand (0‐–4 mm)
(kg/m3)

Free W/C

NaCl
(kg/m3)

0%NaCl

480

0.35

1814

0

2%NaCl

480

0.35

1814

9.6

4%NaCl

480

0.35

1814

19.2

6%NaCl

480

0.35

1814

28.8

3.3 Results and discussion
3.1.3.1 Compressive strength
The average compressive strength of SFRC was determined at the age of 28 days and results are shown in Fig. 6. The presence of steel fibres contributed to an increase of the 28-day compressive strength. The average
compressive strength of 40Fibre mix (i.e. 40 kg/m3 steel fibre) was 58.6 MPa which is 10% higher than the unreinforced concrete cylinders, 52.4 MPa.

Fig. 6 SFRC compressive strength at the age of 28 days.
alt-text: Fig. 6

3.2.3.2 Steel fibre corrosion in simulated concrete pore solution
The Tafel polarization test results are presented as Tafel plots, as seen in Fig. 7, where an externally applied potential (E) is plotted against the logarithm of the current density (icorr = Icorr/A). A is the area of the exposed surface

of the embedded fibre in the sponge beam. In the anodic polarization region (E > Ecorr), the oxidation of steel led to an exponential increase of I and this agrees with the Tafel behaviour as discussed previously. It should be noted that
corrosion current (Icorr) and the corrosion current density (icorr) can also be obtained by extrapolating the linear portions of the anodic and cathodic Tafel polarization plots to their intersection. This graphical method however may lead
to significant observational error and has not been used in this work. A nonlinear regression analysis or Tafel slope analysis, based on Butler-Volmeter equation (Eq. (11)), was conducted using Gamry Echem Analyst software [45]. The
best fit curves are also shown in Fig. 7 and the best fit parameters, including Ecorr, icorr, βa and βc, are presented in Table 3. The corrosion rate (CR) was calculated according to Eq. (6) and presented in Table 3 too. The effect of chloride on
the icorr and thus the CR was less significant when the chloride concentration was less than < 0.6 mol/L, although a decrease in the corrosion potential (Ecorr) was observed in the presence of chloride. At a higher chloride centration (i.e.
0.8 mol/L), both the icorr and CR increased by one order of magnitude in comparison to those obtained from the chloride free solution and this indicates a high risk of pitting corrosion.

Fig. 7 Tafel polarization results.
alt-text: Fig. 7

Table 3 Tafel polarization results (0 hour h DC).
alt-text: Table 3
Electrolyte

Ecorr

βa

βc

icorr

(mV)

(V/dec)

(V/dec)

(μA/cm )

CR
(mm/year)

2

Ca(OH)2

‐− 331

0.221

0.134

0.096

0.001

Ca(OH)2 + 0.3 mol/L NaCl

‐− 406

0.232

0.187

0.246

0.003

Ca(OH)2 + 0.6 mol/L NaCl

‐− 503

0.193

0.229

0.266

0.003

Ca(OH)2 + 0.8 mol/L NaCl

‐− 415

0.132

0.200

0.981

0.011

To investigate the effect of stray current on the corrosion behaviour of steel fibres, a constant DC voltage (10 V) was applied through the steel fibre (anode) and the graphite rod (cathode) using freshly prepared

electrochemical cells. Tafel polarization tests were then conducted and results are shown in Fig. 7. Corrosion potential (Ecorr) was found to shift more negatively due to the exposure to the DC voltage. The application of the DC voltage
however did not affect the icorr and CR in the simulated solutions containing up to 0.6 mol/L NaCl. This indicates that steel fibres had developed the passivation layer under alkaline conditions. This finding is also justified by the Tafel
slope analysis and the best fit parameters as presented in Table 4; icorr and the CR were not significantly affected with up to 0.6 mol/L NaCl added into the solution. The chloride induced corrosion was higher when the chloride
concentration was 0.8 mol/L; icorr increased by almost 3 orders of magnitude in comparison to that obtained for the chloride free simulated solution. This indicates that serious pitting corrosion, associated with the breakdown of the
passivation layer, had developed on the electrode surface at such a high chloride concentration. 0.6 mol/L can therefore be taken as the chloride threshold level for corrosion of steel fibres in the simulated concrete pore solution. This
chloride threshold value is higher than that assessed for conventional steel reinforcement in the simulated concrete solution, i.e. 0.17‐–0.34 mol/L [46], which indicates the steel fibre has a higher resistance to chloride attack.

Table 4 Tafel polarization results (1 hour h DC).
alt-text: Table 4
Electrolyte

Ecorr

βa

βc

icorr

(mV)

(V/dec)

(V/dec)

(μA/cm )

CR
(mm/year)

2

Ca(OH)2

‐− 446

0.620

0.159

0.034

0.0004

Ca(OH)2 + 0.3 mol/L NaCl

‐− 588

0.398

0.447

0.354

0.004

Ca(OH)2 + 0.6 mol/L NaCl

‐− 662

0.419

0.525

16.86

0.197

Ca(OH)2 + 0.8 mol/L NaCl

‐− 666

0.283

0.301

81.44

0.953

The corrosion current densities (icorr) presented in Table 3 and Table 4 are based on the Tafel kinetics of individual redox reactions (i.e. Eqs. (3), (4) and (5)). To study the formation of the passivation layer and the corrosion
behaviour of steel fibres under stray current environments, CP polarization tests were conducted on the same corrosion cells (Fig. 3) using freshly prepared electrodes and electrolytes. CP polarization test results (Fig. 8) show a sudden
decrease of the current density (i) with an increase of the potential (E) which can be defined as a passivation potential (i.e. Epass). Epass represents the potential value at which the passive layer is developed on the surface of the
electrode. With a further increase of E, i increased further and this can be attributed to the breakdown of the passive layer. The current value increased sharply from the pitting potential (Epit) where the disruptive effect of chloride ions
overcame the stabilizing effect of hydroxide ions [30]. A reverse scan was then conducted until the hysteresis loop closed or the corrosion potential was reached. The area enclosed by the hysteresis loop was used to qualitatively define
the corrosion susceptibility, i.e. a bigger enclosed area indicates a lower corrosion susceptibility [35]. From visual observation, the enclosed area does not change significantly with up to 0.6 mol/L NaCl added into the simulated
solution. In addition to Epit, ΔE, the passive potential range or the difference between Epit and Epass (i.e. Epit - Epass), also represents the pitting tendency of the electrode according to Popov [11]. There is no obvious decrease in ΔE with up
to 0.6 mol/L NaCl added to the simulated solution and a constant ΔE value of 1.0 V (vs the Ag/AgCl reference electrode) was achieved. At a high chloride concentration, 0.8 mol/L, ΔE reduced to 0.6 V and this shows a high risk of pitting
corrosion. This finding agrees with the chloride threshold level estimated through the Tafel polarization test. This can be attributed to the chloride induced depassivation of the passive layer on the electrode surface, despite being
under alkaline conditions [30]. The cyclic polarization curves also experience a sharp decrease in the measured current before the hysteresis loop is closed during the reverse scan. This is called a protection potential (Epro) [11] which is
close in value to Ecorr.

Fig. 8.Fig. 8 CP curves.
alt-text: Fig. 8

Tafel polarization tests determine the corrosion current density (icorr) and thus the corrosion rate (CR) at an equilibrium state between the anodic and cathodic reactions which are both kinetically controlled and obey Eqs. (9)
and (10). This is generally applicable for steel reinforcement in a passive corrosion state. During CP polarization tests, the externally applied potential (E) further pushes the anodic potential away from the equilibrium potential which

accelerates the anodic reaction or the corrosion rate. CP polarization tests enabled the study of depassivation of steel fibres due to the combined effect of chloride and externally applied DC current. The latter can be taken as an
estimation of the stray current effect. A high chloride concentration, 0.8 mol/L, decreased the resistance of steel fibre to stray-current induced corrosion by reducing the ΔE value.
Wet sponge beams were used to represent concrete in both Tafel and CP polarization tests. As the electrical conductivity of a wet sponge beam differs from cement paste in concrete, it is necessary to justify if the cement paste
may become a barrier for a continuous path (circuit) of discrete steel fibres in SFRC. Glass and Buenfeld [47] reported that part of the bound chloride also presents a corrosion risk to the embedded steel due to a ‘chloride reservoir’
effect at the steel-concrete interface. The chloride threshold level determined using the equivalent concrete pore solution may therefore need further justification in order to predict the chloride threshold level. This was achieved in
this work through the EIS investigation on steel fibres embedded in mortar specimens.

3.3.3.3 Electrical conductivity of mortar (cement paste)
Electrochemical impedance spectroscopy (EIS) was used to assess the electronic conductivity of mortar (or cement paste) which performs as a solid electrolyte in reinforced concrete. EIS data were presented as a Bode phase
plot (Fig. 9 (a)), a Bode | Z | plot (Fig. 9 (b)) and a Nyquist plot (Fig. 9 (c)). The Bode phase plot allows the phase shift angle (θ) to be plotted with regards to the excitation frequency (Hz) in a logarithmic scale. The Bode | Z | plot allows
the absolute values of the impedance (| Z |) to be plotted against the logarithm of frequency (Hz). The Nyquist plot (Fig. 9 (c)) allows the imaginary resistance (Z″) to be plotted against the real resistance (Z′). Each dot in the Nyquist plot
represents the impedance measured at an excitation frequency. The correlations between | Z |, Z′, Z″ and θ are defined by Eqs. (15) and (16) [48].
(15)
(16)

Fig. 9.Fig. 9 28-day mortar EIS results.
alt-text: Fig. 9

With up to 2% NaCl added to the mix, the Bode phase plot (Fig. 9 (a)) shows that the phase angle (θ) drops constantly at low frequencies until the lowest value (valley) was reached at an excitation frequency of 0.8 Hz. This
indicates that the steel fibre was in a local or pitting corrosion state [26]. With 4% and 6% NaCl added to the mix, two valleys were identified at 0.05 and 1.8 Hz respectively. This shows an accelerated corrosion extent where the
corrosion was controlled by the mass transfer through the steel/concrete interface [26]. With up to 2% NaCl (by mass of cement) added to the mix, the Bode | Z | plot (Fig. 9 (b)) also shows that there is no significant difference in total
impedance, | Z |, especially at low frequencies. There is however a major decrease of | Z | from above 15,000 ohm∙Ω·cm2 to 8,000 ohm∙Ω·cm2 at a higher NaCl content of 4%.
Two equivalent electronic circuits (Fig. 10) were proposed to represent the above two different corrosion extents, i.e. from local or pitting corrosion to constant corrosion reactions controlled by the mass transfer. A Warburg
diffusion element was created in the second circuit (Fig. 10 (b)) to represent the constant corrosion controlled by the mass transfer. In the Nyquist plot (Fig. 9 (c)), the real impedance (Z′) within the high frequency region is primarily
due to the cell’'s solution resistance (or the bulk resistance of concrete) and this is represented as a resistor Rs in the electronic circuit (Fig. 10). The membrane resistance (Rf) and charge transfer resistance (Rct) represent the
resistance of the passive layer and the charge transfer resistance of the electrode and surrounding electrolyte (i.e. mortar or cement paste) [49]. Rct and Rf define the difficulty of a kinetically controlled electrochemical reaction. The
capacitance of the passive layer developed on the steel surface was represented by a capacitor (Cf). The electrical double layer between the electrode and electrolyte was modelled as a capacitor (Cdl) as well. A constant phase element
(CPE), rather than a standard capacitor, was used in the equivalent circuits to model Cf and Cdl, as it can better consider the surface roughness and heterogeneousness of a double layer [49]. When the positively charged ferrous ions are
diffused into the solution as a result of the electrolysis reactions, they may affect the conductivity of the whole system by creating a diffusion barrier [50].

Fig. 10.Fig. 10 Equivalent circuit models.
alt-text: Fig. 10

Best fit curves based on the equivalent electronic circuit modelling were obtained using Gamry Echem Analyst software [45]. The equivalent circuit simulation results match very well with the original EIS data as shown in Fig.
9. EIS best fitting results (Table 5) indicate that the presence of NaCl did not further increase the solution resistance (Rs) or the electrical conductivity of the mortar (or cement paste). With 2% NaCl added into the mix, the changes in

the best fit parameters, i.e. Rf, Cdl and Rct, were insignificant. With 4% NaCl added into the mix, Rct reduced from above 10 kΩ∙·cm2 to 1.7 kΩ∙·cm2. This indicates a high susceptibility for steel pitting corrosion; an increase in the
corrosion rate (CR) is very much expected according to Eq. (13). Table 5 indicates that Rf is much smaller than Rct and this can be attributed to the chloride induced depassivation effect [49]. In addition to Rct and Rf, a significant
increase in Cdl was identified, especially at high NaCl contents of 4% and 6%. This indicates that constant corrosion had occurred on the steel surface [49] and this finding agrees with the interpretation of the Bode plot (Fig. 9 (a)) as
discussed previously. In summary, 4% NaCl (by mass of cement) can be taken as the chloride threshold level for corrosion of steel fibres in mortar which is much higher than that of conventional steel reinforcement, i.e. between 0.15%
and 0.6% [31]. Mortar, as a solid electrolyte, also led to a better corrosion resistance to chloride in comparison to the results obtained using the simulated concrete pore solution, as discussed in Section 3.2.

Table 5 EIS best fitting results (28-days).
alt-text: Table 5

Rs

Rf

Cf

(kΩ∙·cm2)

(kΩ∙·cm2)

(10‐− 6S∙·sn∙·cm‐− 2)

Mortar sample

nf

Rct

Cdl

(kΩ∙·cm2)

(10‐− 6S∙·sn∙·cm‐− 2)

ndl

W

(10‐− 3SE∙·s1/2∙·cm‐− 2)

0%NaCl

1.5

1.0

6.4

0.29

13.0

57.5

0.84

‐–

2%NaCl

0.99

1.6

1.4

0.34

15.0

38.1

0.83

‐–

4%NaCl

1.7

2.4

65.6

0.99

6.0

331.8

0.45

20.4

6%NaCl

1.4

0.9

120.1

1.00

5.0

312.0

0.41

40.7

4.4 Conclusion
The corrosive damage due to stray current will become more prominent as the UK government is committed to developing more electric rail networks to provide sustainable and cleaner services for the public. Steel fibre
reinforced concrete (SFRC) represents a potential solution to this problem. This paper investigates the corrosion behaviour of steel fibres in simulated concrete pore solutions through Tafel and Cyclic Potentiodynamic (CP) polarization
tests. The presence of high concentration chloride ions (i.e. ≥ 0.6 mol/L) was found to increase the pitting tendency of steel fibres and 0.6 mol/L may be taken as the chloride threshold level for corrosion of steel fibres in the simulated
concrete pore solution. The Ccorrosion behaviour of steel fibres in concrete was investigated through electrochemical impedance spectroscopy (EIS). Correlation of the EIS data and the best fit results with the equivalent electronic
circuits indicate that SFRC demonstrates a higher corrosion resistance in comparison to conventional steel reinforcement and 4% NaCl (by mass of cement) can be taken as the chloride threshold level for corrosion of steel fibres in
concrete.
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