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High-speed electrified rail transit (HSERT) has been developed intensely worldwide. However, the reinforced
concrete infrastructure (RCI), especially for the deck of viaducts, has the risk of stray current (SC) induced
corrosion. The present research is dedicated to revealing the mechanism of low-frequency SC (LSC) induced
corrosion and providing a scientific basis to ensure serviceability, sustainability and cycle-life performance
design of RCI. Considering the spatial distribution and time consumption of oxygen as well as pore saturation of
RCI, the mathematical model of LSC induced corrosion is established. Based on the fluctuations of oxygen

concentration, the quasi-steady state is proposed. And the corrosion behaviors of RCI with different pore satu-
ration subjected to LSC are compared systematically. The results of mathematical model are verified by the
measurement of half-cell potential.

1. Introduction

The rapid development of the high-speed electrified rail transit
(HSERT) meets the strategic requirements of energy conservation,
environmental protection and sustainable development, which has
gradually become one of the most vital modes of transportation for in-
dividuals. The reinforced concrete infrastructures (RCI), especially for
the viaducts, play a significant role in the safety of HSERT. However,
corrosion induced by stray current (SC) from HSERT seriously affecting
the durability of RCI[2].

The SC is prescribed for the current which is not returned to the
substation through designed path (running rail) in electric traction
system. The path of SC composed of the concrete and the reinforced steel
which act as the electrolyte and electrode in the electrochemical
corrosion system. It has been conclusively demonstrated that the elec-
trochemical behavior of adjacent RCI will be disturbed obviously by SC
[3-7]. The electrified rail network of HSERT, in the UK, comprises 600

V/750 V direct current (DC) and 25 kV (50 Hz) alternating current (AC)
power|[5]. Nevertheless, even in a DC power supply system, the actually
monitored SC is not in DC form. Peabody[8] monitored the fluctuations
of pipe potential (vs. CSE) versus time among one day, and low fre-
quency and bipolarity potential characteristic of pipe subjected to SC
can be inferred from his report. Similar results have been obtained by
Charalambous[9] and Xu[10]. Thus, low-frequency stray current (LSC)
is an important part of SC. However, the DC induced corrosion has been
widely studied[1,11-16], but AC still has been a largely under explored
domain.

Periodic or non-periodic transient electrochemical processes are
more complex relative to DC induced corrosion due to the multifactorial
traits of AC, e. g. frequency, amplitude and bias voltage. Bertolini[17]
evaluates that AC-current induced corrosion is less dangerous than DC.
But obvious macrocell corrosion can be observed in chloride-
contaminated concrete under AC-current (50 Hz). Reinforced concrete
structure contaminated by chloride salts are common in civil engineer-
ing, such as the roads which is sprayed with deicing salt in winter and
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Nomenclature

Eap Applied potential between positive and negative electrode
W

E, The amplitude of AC voltage (V)

f The frequency of AC voltage (Hz)

i Concentration of i ion (mol/m3)

J; The flux of species i (mol/(m>s))

D; The diffusion parameter of oxygen, 8 x 1071% m?/s for

saturated mortar and 8 x 10~° m?/s for 40% pore
saturated mortar[1]

2 The number of electrons

Uy i Mobility of species i (s-mol/kg)

F The Faraday constant, 96,485 (C/mol)

& The electrolyte potential (V)

s The electrode potential (V)

v The velocity vector (m/s)

R Gas constant, 8.314 J/(mol-K)

T Temperature, 293.15 (K)

p Electric charge density (C/m®)

i The electrolyte current density vector (A/m?)
is The electrode current density vector (A/m?)

ols or: The electrolytic conductivity (S/m), 0.01 S/m for
saturated mortar and 0.003 S/m for 40% pore saturated
mortar/og: The electrode conductivity (S/m), 4.032 x 108
(S/m)

ESE Standard electrode potential of iron (V vs. SHE)

02 Standard electrode potential of oxygen (V. vs. SHE)

AG Gibbs free energy (kJ/mol)

Eeqa/c  Equilibrium potential (V), the subscripts ‘a’ for anode and
‘¢’ for cathode

Am Corrosion weight loss (g)

iq The anode corrosion current density (A/m?)

io, a The anode exchange current density (A/m?)

i The cathode corrosion current density (A/m?)

io, ¢ The cathode exchange current density (A/m?)

Agsc The anode/cathode Tafel slope (V/dec)

K Reaction rate constant

Chulk The concentration of bulk solution, 0.28 (mol/m?)

Cinterface ~ The concentration of interface solution (mol/m®)

E.o/icor The self-corrosion potential (V)/The self-corrosion density
(A/cm?)

Enay The half-cell potential (V. vs. ref)

n Overpotential (V. vs. ref)

the building structure adjacent to coastal areas. Lalvani[18,19]
demonstrated that the AC-induced corrosion is related to the peak
voltage of the applied signal as well as the ratio of the anode and cathode
Tafel slope. And time average and root-mean-square current are pro-
posed as indicators to describe the faraday and non-faraday process.
Tang[20] presented the AC-induced corrosion degree under 30 mA (50
Hz) anode polarization for a certain time, and then several electro-
chemical methods (Tafel polarization test, cyclic potentiodynamic po-
larization (CP) test and electrochemical impedance spectroscopy (EIS))
are employed to demonstrate the corrosion degree. And corrosion
related equations under AC disturb are proposed and solved based on the
equivalent electrical circuit model. Besides, it is acknowledged that the
real-time monitoring of corrosion subjected to the SC is also critical for
the performance-based design of RCI and the optimization of corrosion
protection systems. But from the perspective of cost and technology,
there are still certain challenges in achieving accurate real-time corro-
sion monitoring. The transient numerical simulation method, currently,
seem to be an alternative implementation method. Hong[2] developed a
finite element method (FEM) to present the corrosion characteristics of
viaduct subjected to SC which is regarded as a form of DC. Meanwhile,
intensive, dynamic and local corrosion characteristics were summa-
rized. Nevertheless, the LSC, obviously, is more consistent with engi-
neering. Furthermore, considering the multiple issues such as
depolarizers can make the model more universal. Ouadah[6] diagnosed
that electromagnetic induction significantly affects the electrochemical
behavior and accelerates the corrosion rate of steel. Zhu[21] indicated
that the corrosion susceptibility increases with decreasing AC frequency
(30-1000 Hz). In summary, the existing research mainly focuses on the
corrosion evaluation of high-frequency AC or DC[22-25], and the
research on the low-frequency AC considering multifactorial processes
which satisfy the characteristic of SC is still insufficient. And the related
transient numerical simulation methods still should be further
improved.

A host of issues affect LSC induced corrosion need to be considered.
Firstly, the passivation film, formed around the surface of reinforced due
to alkaline environment provided by the hydration of the clinker, can be
destroyed by the existed or introduced chloride (from aggressive envi-
ronment) ions in RC[26,27]. Mundra[28] developed a constant value of
[Cl1/[OH]3, which can be employed to predict of the onset of pitting,
interlinking chloride concentration and the solubility of the passive film

in simulated pore solution of low-Ca alkali-activated concrete via a
range of electrochemical techniques. Besides, in Mundra’ s recent
research[29], a model of chloride ingress into alkali-activated slags was
proposed based on thermodynamic calculations (chloride binding ca-
pacity and porosity of the binder). All the above studies have proved the
potential threat of chloride induced corrosion, especially the damage of
the passive film. Secondly, the electrochemical corrosion process is fully
affected by the distribution and the species of depolarization agent
which mainly composed of oxygen[1,30]. Thirdly, the path of SC
determined by the resistivity of RCI (pore saturation) is also a crucial
condition[31].

In summary, the research on corrosion failure caused by the LSC is
still insufficient to provide enough scientific basis for engineering. The
contents of this paper are conducted as follows: Section two starts by
laying out the corrosion-related partial differential equations (PDE) and
boundary conditions. The third section concerns with the electrode
process kinetics parameters via electrochemical methods (Tafel). The
fourth section presents and interprets the results of the numerical
simulation, focusing on several factors affect the LSC-induced corrosion.
The proposed numerical results are consistent with experimental data.
We conclude the investigation in Section 5.

2. Mathematical model of LAC SC-induced corrosion
2.1. Geometry model of the RCS

The current of rail transit, generally, comes from the rail transit
power system and back to substation via the running rail as designed.
However, possible defects and inevitable aging of the insulating material
between rails and ground lead to the formation of SC. RCI is the major
materials subjected to SC, and reinforcement cage, as the crucial return
path of SC, is disturbed significantly. Indeed, the spatial distribution of
reinforcement is a common condition which has considerable impact on
electrochemical characteristics. Nevertheless, on the one hand, the ki-
netics parameters of the electrode processes at the steel-concrete
interface, in general, are the primary cause of the above difference. On
the other hand, for reinforced concrete structures or members, compare
with that of the natural corrosion, the significant features of the SC-
induced corrosion are local, dynamic and intensive. The anode and
cathode regions, which seriously threaten the durability of the structure,
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Fig. 1. Simplified 2D geometry model of RCS.

are distributed near the injection and extraction points of SC. Thus, a
simplified geometry model (see Fig. 1), in present research, is employed
instead of structures or members, focusing on the corrosion behavior of
anode and cathode regions. Besides, the use of small specimens has the
following merits: saving computing resources, higher model conver-
gence, more accurate verification tests and strong repeatability. The
established model is also able to extended to structures or members.

Fig. 1 lays out the simplified RCI composed of a mortar
(100*100*505 mm), a reinforced steel (¢20 mm) and two electrodes
(graphite, 10*5*100 mm). Voltage signal is applied between positive
and negative electrode to simulate the orbital voltage drop. Also, the
positions of the electrode are assumed to be the region of weak insu-
lation which observed frequently and commonly adjacent to the welding
points and substation area.
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2.2. Numerical model of LAC-SC-induced corrosion

As mentioned in section 1, low frequency and bipolarity electrode
potential characteristic subjected to SC have been monitored. Further-
more, X. L. Zhang[32] reported that the influence of the char-
ge—discharge process of electric double layer on the electrochemical test
system can be gradually ignored as the rate of the potential change (scan
rate) decreases. In present research, the frequency of 0.001 Hz of AC
signal was adopted to explore the LSC-induced corrosion in several
electrode process, which meets the characteristic of SC[8-10], and the
influence of charge-discharge process on faraday process is neglected
due to the extremely low frequency.

In order to make the electrode potential fluctuate sinusoidally at
above frequency, AC signal, which governed by Eq. (1), was applied
between positive and negative electrode as shown in Fig. 2. Obviously,
the potential fluctuation of the electrode (reinforcement) subjected to SC
is frequently non-periodic, the hypothesis of periodic fluctuation, how-
ever, is acceptable to initially reveals the corrosion mechanism of LAC-
SC in present research.

E,,p = E,sin(2xft) (@)

Electrochemical corrosion occurs at the electrolyte—electrode inter-
face. Thus, partial/ordinary differential equations and boundary con-
ditions should be defined at electrolyte, electrode and
electrolyte—electrode interface based on the physics and chemical pro-
cess, respectively. The chloride ion acts as the catalysts during the
process of steel corrosion. It can be inferred that the migration phe-
nomenon of chloride caused by SC will not be obvious due to the period
electric signals. Adversely, oxygen, which is the primary depolarization
agent, is consumed rapidly due to the LAC-SC, thereby, the diffusion of
oxygen in concrete should be taken into consideration. The influences of
the concentration of chloride are presented via the parameters of the
electrode kinetics process.

The diffusion of oxygen is governed by the Fick’ s second law as listed
below:

f, =iy J0 i =i 1075 n=¢ — ¢, —E
inOi:+(ia+ic); i=—oVg; Vei=0; V’¢=0; neJ

HE, = f(t); V¢=0:

eq

=0

=-0Vg; Vei, =0; V’¢ =0:

]

QU
)

i 2.
Y =DVic; c=cyy

Fig. 2. The schematic diagram of the position where equations and boundary conditions are applied.



P. Han et al.

Initial —-» Polarization Curve
/4%E\

International Journal of Electrical Power and Energy Systems 134 (2022) 107436

|

Service period |
sensor TN

Y
Anode process:
Fe —Fe*"+2e°

Thermodynamic and
kinetic parameters

Y

kinetic equatio/

A

y

The electrode\‘ Thermodynamic and
n kinetic parameters

A 4
Cathode process:
0,+2H,0+4e" ~40H"

Fick’ s second law:
oc/ét = D, Ve

Y

<The electrode\‘

kinetic equatioy

i, = inialoA ((ps - EEu,a)/Aa

Eeq_Fe: |0_Fe

Eeq 02, 10 02

i, = ioiclOA ((Ps 2 Eetu)/A

A

electrode-eletrolyte

interface 1
electrolyte =---==--- >
electrode ---=----- »
L

Fig. 3. The flow chart of the detailed modeling process.

dc;

5= V-J; 2

Ji = —D:NVc¢; — iy Fe; NV +ve; 3
Dm‘i

Upi = ﬁ (4)

The above equations take account the individual transport of
charged and uncharged species in concrete via diffusion, migration and
convection. As mentioned above, the only species considered in present
research is the oxygen, thus, the Egs. (2)-(4) can be simplified as Eq. (5):
dc;

= D,»Vzc,»
ot

%)
where i corresponds to the oxygen. D; is the oxygen diffusion parameter
which is closely related to the pore saturation of the mortar. The con-
centration of dissolved oxygen is determined by the thermodynamic
calculations (Henry’s law), which is mainly influenced by the temper-
ature and partial pressure. As shown in Eq. (6), ‘SI’ stands for saturation
index, " refers to the fugacity depend on partial pressure of oxygen, ‘a’
represents the activity of dissolved oxygen in electrolyte solution and ‘K’
denotes the equilibrium constant (Henry constant) which is determined
by temperature and obtained from thermodynamic database (CEM-
DATA18.dat[35]). The calculated dissolved oxygen concentration
(approximately equal to dissolved oxygen activity due to the relatively
low ionic strength in present research), at 1 atm (0.21 partial pressure)
and 20 °C, is 0.286 mol/m>, which is employed as the initial value in
present research.

S = Ig(f) = g ®)

2
P Ve =0

ot @

The described electrochemical cell obeys the current conservation
Eq. (7). The divergence of current density vector demonstrates that the

amount of charge flowing out of the unit volume in an infinitely small
unit. For presented electrochemical cell, the partial derivative of the
charge density in arbitrary points equal to zero. Thus, the divergence of
current density vector equal to zero. Ohm’ s law (see Eq. (8)) is used in
combination with the current conservation to interprets the flow of
currents. Finally, Laplace’ s equation was obtained (see Eq. (9)).

i = — 05V, ®

V2¢x/l =0 ©)

In the alkaline environment of concrete, the semi-reaction of the
anode process is mainly the oxidation of iron (see Eq. (10)). Meanwhile,
the majority of cathode process is reduction of oxygen (see Eq. (11)).

Fe—Fe*" +2¢” Ef* = —0.44 V (vs. SHE) (10)

0, +2H,0 + 4e"—40H™ E®* =040 V (vs. SHE) (11)

From the view of thermodynamics, the imperative conditions for
judging whether the electrode reaction can occur spontaneously is that
the Gibbs free energy required is less than zero (see Eq. (12)), meanwhile
reaching the activation free energy barrier. Eqs. (10) and (11) are the
spontaneous electrode reaction. The standard hydrogen potential is a
crucial indicator for judging the occurrence of a reaction.

AG = nFE, (12)

From the perspective of electrode kinetics process, overpotential (see
Eq. (13)), defined by the difference among electrode, electrolyte and
equilibrium potential, is one of the criteria for evaluating electrode re-
action rate. Derived from the Faraday’ s laws, the current density is
proportional to the electrode reaction rate as described in Eq. (14). The
Tafel equations are adopted to estimate the anode and cathode electrode
reaction current density (see Eq. (15)).

n= 4)3 - ‘/’1 - Efq.a/tr 13)
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Mi,t
Am == 1
m=-—r 14)

iq = i 1004 . = — o 100/A) @s)
where iy /. corresponds to the anode and cathode exchange current
density. The anode process is assumed to be controlled by the charge
transfer, and the cathode is diffusion control. However, the oxygen
concentration is defined as constant in the expression of iy, . as shown in
Eq. (16). Modification, thus, should be introduced to accurately calcu-
late the cathodic reaction. Based on the phenomenon of the oxygen
diffusion phenomenon described by Fick’ s second law, the bulk con-
centration adopted in Eq. (16) should be replaced by interface concen-
tration as shown in Eq. (17).

ine = nFKY Cpup (16)

ill,c = nFKSCinterface (17)

The current density of steel-concrete interface can be expressed as
Egs. (18) and (19). The boundary of concrete is governed by the con-
dition of insulation and no flux as shown in Egs. (20) and (21). In
addition, the concentration boundary is defined on every outer surface
of the concrete (see Eq. (22)).

neip =i, + 1. (18)
neiy = — (i, +1ic) 19)
nei; =0; nei; =0 (20)
nJ;=0 @1
¢ = Chun (22)

The applied positions of all above equations and boundary condi-
tions in electrochemical cell are shown in Fig. 2. The flow chart of the
detailed modeling process is illustrated in Fig. 3. The polarization curve
describing the reaction kinetics process, in present research, is obtained
via the pre-test depicted in Section 3.2. As the service time of the
structure increases, the embedded corrosion sensors, which have been
reported in our previous works[33,34], can be used to monitor the re-
action kinetics characteristics and revised the kinetics parameters ob-
tained by pre-test in present research.

The finite element method (FEM) is adopted to solve the equations
via COMSOL MULTIPHYSICS. The ‘Tertiary current Distribution,
Nernst-Planck’ physics in COMSOL has been adopted to describe the
electrode, electrolyte and the electrode-electrolyte interface. For elec-
trode and electrolyte, the current conservation and Ohm’s law are
defined; Besides, the Fick’s second law is employed to describe the
transport of oxygen in electrolyte. For electrode-electrolyte interface,
the reaction kinetics processes are proposed via Tafel empirical equa-
tions. The cathode kinetics process is coupled with the transport of ox-
ygen. The relationship among the electrode, -electrolyte and
electrode-electrolyte interface current density are realized through the
definition of current density as shown in Egs. (18) and (19). The “Time
Dependent” study in COMSOL has been employed due to the description
of the oxygen transport process. The time step is set to 20 s. The mesh of
the model includes 40,273 domain elements, 4084 boundary elements
and 768 edge elements. Also, the interface of electrode and electrolyte is
encrypted for more accurate analysis of variables.

3. Materials and experiments
3.1. The materials of experiments

The cement-based material adopted in present research is mortar
specimen which composed of cementitious materials, fine aggregates,

International Journal of Electrical Power and Energy Systems 134 (2022) 107436

Table 1
The proportion of mortar specimen (kg/m®).

Cement Sand Water Water-cement ratio
585 1758 293 0.5
Plastic Sink with saturated calcium hydroxide &
3.5% NaCl Solution (300*300*80 mm)
— A
/ Mortar Specimen (100*50 mm)
(The upper and lower surfaces
i are covered with epoxy resin)
PARSTAT 4000A <
: ! %

v Annular titanium mesh

. A
Reference Electrode Reinforcement Steel (¢10)
Hg|HgO|1 M KOH

Fig. 4. The schematic diagram of electrochemical test device based on the
three-electrode system.

water and corrosive ions introduced. The proportion of mortar specimen
is shown in Table 1. Ordinary Portland Cement of 42.5 MPa and medium
sand of region II are adopted. The content of corrosive ions (Cl ) in the
mass fraction of cementitious materials are set as 3.0%.

The hot rolled plain steel of Q235 are employed in present research.
The surface of steel is polished via 100#, 360+#, 500#, 800#, 1500# and
2000+# sandpaper, respectively. Graphite is employed as the positive and
negative electrodes.

3.2. Electrochemical test

The Tafel polarization test (TPT), with IR compensation, on the one
hand, is employed to demonstrate the corrosion characteristic of RCI
within two pore saturation (40% and 100%) mortar, on the other hand,
to come up with kinetics parameters for FEM as boundary conditions.

TPT is to polarize + 250 mV, with 0.1667 mV/s scan rate, in both
positive and negative directions relative to the open circuit potential
(OCP) of the working electrode. And the kinetics parameters are ob-
tained via linear extrapolation from Tafel region. Furthermore, the TPT
is conducted via three electrode system with PARSTAT 4000A ELEC-
TROCHEMICAL WORKSTATION. Considering the exposed surface of the
working electrode and counter electrode, the test device as shown in
Fig. 4 has been employed, the upper and lower surfaces of mortar are
sealed with epoxy resin. The work electrode (WE) is reinforced steel
mentioned in Section 3.1, which has a diameter of 10 mm and a height of
50 mm. Mercuric oxide electrode (Hg|HgO|1 M KOH) with double
electrolytic bridge is adopted as reference electrode (RE). The standard
electrode potential is 0.098 V at 25 °C (All potentials involved in present
research are versus Hg|HgO|1 M KOH). Titanium mesh plate was
employed as auxiliary electrode (counter electrode (CE)).

3.3. Half-cell potential test

Half-cell potential method can rapidly, preliminary and qualitatively
monitor the degree of corrosion induced by SC via observing the po-
tential variation which is widely adopted in engineering. The saturated
copper sulfate electrode (Cu|CuSO4 (saturated)) is adopted as RE. The
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Potential acquisition device

515 mm

Fig. 5. The schematic diagram of half-cell potential monitor device.

Fig. 6. Polarization plot; 3% NaCl under 40% and 100% moisture content
of mortar.

standard electrode potential is 0.316 V at 25 °C. The positive and
negative electrodes of the potential acquisition device is connected to
the reinforced and reference electrode respectively. The schematic dia-
gram of the experimental device is shown in Fig. 5.

4. Results and discussion
4.1. Tafel test results

Fig. 6 presents the Tafel plot under the 100% and 40% pore saturated
mortar. The mortar, with low moisture content, is located at the upper
right of plot, corresponding to a higher corrosion rate. It can be inferred
that the moisture content seems to be a crucial condition to determine
the corrosivity. Besides, the concentration of the depolarizer (oxygen)
dissolved in pore solution and the diffusion parameters in the mortar are
the general issues affecting corrosion. As the pore saturation of mortar is
low, the diffusion resistance of oxygen is narrow, and the oxygen
consumed by the cathode process can be rapidly replenished. However,
the necessary condition for the electrochemical reaction is the presence
of electrolyte solution. Therefore, it is not that the lower the pore
saturation, the greater the corrosiveness of the mortar.

The kinetics parameters (Ecor, icor, Ba and B.) obtained by the linear
extrapolation method based on the electrochemical theory are illus-
trated in Table 2. The self-corrosion potential (E¢,.), with low pore
saturation, is higher, but the corresponding self-corrosion current den-
sity (icor) is greater. It seems that the obtained current and potential are
contradictory as corrosion evaluation indicators. The self-corrosion

Table 2
The fitting parameters of Tafel polarization curve.
% Ecor|V icor|A/cm? B,|mV B./mV
100% —0.367 7.56 x 1077 717.22 —441.53
40% -0.312 6.23 x 10°° 861.06 —373.98
mol/m®

(b)

@

Fig. 7. The distribution of the peaks and troughs of the oxygen concentration
within the 30th and 300th AC period in 40% moisture content mortar; (a) the
peak of 30th period; (b) the trough of 30th period; (c) the peak of 300th period;
(d) the trough of 300th period.

current density (icor), as a kinetics parameter, is proportional to the
corrosion rate, which is the most direct and accurate index for evalu-
ating corrosion behavior in non-polarization state of the electrode.
However, the self-corrosion potential (E.,), as a thermodynamic indi-
cator, can only make a preliminary and rough judgment of the corrosion
trend.

4.2. Numerical implementation

4.2.1. The variation of corrosion-related physical characteristics in time
domain

Fig. 7 exhibits the distribution of the oxygen concentration at a
specific time (30th and 300th periods) in mortar with 40% pore satu-
ration. The distribution of saturated mortar is similar and therefore not
presented here. Obviously, the oxygen, as the main depolarizer of the
cathode, is consumed along the radial direction of the reinforced and
replenished at the mortar boundary. The oxygen concentration around
the reinforced in 300th period is significantly lower than that in 30th.
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Non-steady state period

;

Quasi-steady state period

Non-steady state period Quasi-steady state period

N

Fig. 8. The fluctuation of oxygen concentration versus time at the point
(—202.5 mm, 0 mm, 10 mm); (a) 100% moisture content; (b) 40% mois-
ture content.

Initial period .

A
Quasi-steady state period

A AE=189.49 mV

A E=266.81 mV '

N . Initial period
A

Quasi-steady state period

Fig. 9. The half-cell potential in initial period and quasi-steady state period; (a)
100% moisture content; (b) 40% moisture content.

The remarkably changes can be observed within the time domain which
not only affects the cathode process, but also induces corresponding
disturbances to the entire electrochemical process. Thus, to explore the
corrosion mechanism, it is necessary to understand the fluctuation of
oxygen in the time domain.

In order to acquire the variation of oxygen versus time at the rein-
forced interface, a characteristic point (—202.5 mm, 0 mm, 10 mm) is
employed, which is located in the area where the concentration fluc-
tuates the most as manifested in Fig. 8. The curve presents a rapid
decline and then gradually stabilizes. In the initial stage of AC-SC
intervention, the oxygen required for the reaction is still sufficient.
The process that oxygen consumption is greater than supplementation.
And then, with the gradual consumption of oxygen, the cathode reaction
is weakened. Finally, the dynamic equilibrium of two processes are
established which may correspond to the solution in the frequency
domain. However, on the one hand, the solution of the frequency-based
equations are still not perfect, on the other hand, the solution of
frequency-based cannot obtain the deviation degree of physical quantity
which is pivotal for evaluating the corrosion. Thus, a quasi-steady state,
based on oxygen fluctuation characteristics, is defined in time domain as
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Fig. 10. The corrosion current density plot in quasi-steady period; (a) 100%
moisture content; (b) 40% moisture content.

marked in Fig. 8. Compare to the steady-state with infinite time, the
differences in physical quantities can be approximately ignored within
adjacent periods in quasi-steady state.

It can be acknowledged that the emergence of the quasi-steady state
takes longer in saturated mortar. Besides, the concentration and
amplitude are lower than that of 40% pore saturated mortar. Obviously,
the above phenomenon is probably due to the low diffusion resistance of
oxygen in mortar at lower pore saturation, and the new thermodynamic
balance is established faster.

4.2.2. The variation of corrosion indexes in quasi-steady state

The half-cell potential is the most commonly used method in engi-
neering to quickly evaluate corrosion. Fig. 9 compares the half-cell po-
tential at initial period (non-steady state) and quasi-steady period with
40% pore saturated and saturated mortar respectively. Obvious poten-
tial drop (189.49 mV and 266.81 mV) can be observed from initial to
quasi-steady period which also increases the probability of hydrogen
embrittlement of reinforced.

The reason for the potential drop is due to the insufficient oxygen
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Firstly, corrosion occurs at the end of the reinforced, which is actually

the region where SC flows out. Correspondingly, the strong cathodic

40% moisture content

AN

100% moisture content

AN

Fig. 11. The corrosion current density within a period in quasi-steady state at

the point (—202.5 mm, 0 mm, 10 mm).

content, which leads to the accumulation of electrons in cathode region.
On the one hand, greater driving force for the reduction of oxygen is
provided, on the other hand, with the continuous decrease of the po-
tential, the Gibbs free energy for the reduction of water is satisfied, and
water (pore solution) participates in the cathode process as another
depolarizer.

Nevertheless, potential is a thermodynamic parameter which cannot
evaluate the electrochemical behavior of different systems quantita-
tively. According to the faraday law, corrosion current density is pro-
portional to the corrosion rate. Therefore, the distribution and value of
corrosion current density are crucial indicators for evaluating the cor-
rosivity of mortar subjected to AC-SC under vary service life.

Fig. 10 demonstrates the distribution of corrosion current density on
the surface of reinforced and the direction of electrolyte current in 40%
pore saturated and saturated mortars. The characteristic of AC-SC-

induced corrosion can be summarized as the following two points:

reaction probably happens in the injection region of SC. Secondly, the

anodic region varies with the fluctuation of AC-SC. It can be inferred that

anode and cathode processes alternate in same region. Furthermore, for
RC infrastructure, the path of the SC composed of concrete and rein-
forced. It can be seen from the stream line in Fig. 10 that the SC is more
likely to flow back from the reinforced to negative electrode at low pore
saturated mortar, which causes significant interference to the electro-
chemical behavior of reinforced.

In saturated mortar, the maximum corrosion current density is 0.03
A/m?. Correspondingly, 0.13 A/m? in 40% pore saturated mortar which
is more corrosive. In order to more clearly compare the corrosivity of
mortars subjected to AC-SC under two conditions, the corrosion current
density of a selected point (-202.5 mm, 0 mm, 10 mm) in quasi-steady
state for one period is compared as illustrated in Fig. 11. In saturated
mortar, the average corrosion current density in one quasi-steady period

is 6.67 mA/m?, and it is 44.64 mA/m? in 40% pore saturated mortar.
Besides, the fluctuations, in the saturated mortar, in the first half of
period are relatively gentle, while the latter half has a large increase.
However, the corrosion current density in unsaturated mortar also has a
larger drop in first half period. On the one hand, the resistivity of
saturated mortar is low, and the half-cell potential is more negative (as
discussed in Section 4.2.2); on the other hand, the obtained kinetics
parameters (self-corrosion current density) is smaller. Thus, the above
reasons lead to the fluctuations characteristics as manifested in Fig. 11.

4.3. Experimental verification

Half-cell potential method is employed to verify the accuracy of
mathematical model in present research. In this section, the mortar with
40% pore saturation is adopted as the experimental object to monitor
the half-cell potential in the quasi-steady state. And the collected po-
tential relative to copper sulfate electrode has been converted to the
mercury oxide electrode. Furthermore, the mortar suffered AC-SC has a
potential drop not only in the length but also in the radial direction.
Since the reference electrode can only be placed on the surface of the

i I N1 Y EV) ; i
E t(s) t(5)}
E Quasi-steady state period E
v v
=1.73V 9. =-226V

Fig. 12. Distribution of electrolyte potential (¢) obtained from numerical simulation on cross section of RC (x = —200 mm, the coordinates of the geometric model

are shown in Fig. 2).
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Fig. 13. The half-cell potential of numerical and experimental results at the
point (—200 mm, 0 mm, 50 mm) in quasi-steady period.

mortar, the measured half-cell potential actually contains the IR po-
tential from the mortar protective layer and the potential from interface.
However, the half-cell potential obtained from numerical simulation is
the interface potential. Therefore, the electrolyte potential distribution
in the radial direction obtained from numerical simulation is illustrated
in Fig. 12. Thereby, IR compensation is performed on the calculated
half-cell potential, so as to be consistent with the actual measurement. It
can be observed from Fig. 13 that the numerical result (including IR
potential) presents good agreement with experiment data.

5. Conclusion

The SC has become a potential hazard deteriorates the durability of
RCI due to the rapid development of HSERT. The present research is
dedicated to revealing the corrosion mechanism of SC and providing
basis for subsequent researches (including the evaluation of service-
ability, sustainability and cycle-life performance design of RCI as well as
the optimization of corrosion protection system). On the one hand, the
LSC which is closer to the actual project is adopted; on the other hand,
the spatial distribution and time consumption of oxygen concentration
(as the crucial depolarizer for cathode process) as well as the pore
saturation of the mortar are considered in FEM. The main conclusions
are as follows:

(1) The quasi-steady state of the electrochemical-cell based on the

fluctuation characteristics of oxygen in time domain is proposed.

The mortar with 40% pore saturated reaches the quasi-steady

state faster than the saturated mortar.

The development of electrochemical-cell from a non-steady to a

quasi-steady state leads to a decline in the half-cell potential,

which increases the probability of hydrogen embrittlement.

(3) The corrosiveness of mortar suffered LSC with 40% pore satu-
rated is much greater than that of saturated mortar. The average
corrosion current density in the quasi-steady state is 44.64 mA/
m? and 6.67 mA/m?, respectively.

(2
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