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A B S T R A C T

Impressed current cathodic protection (ICCP) is an effective and direct method for controlling the corrosion of re-
inforced concrete (RC) structures. However, few investigations related to ICCP in cracked RC structures have
been reported. In this study, the effect of cracks in concrete cover on ICCP of chloride-contaminated RC struc-
tures was investigated through a numerical model including steel polarisation, electrode reactions, and ionic mi-
gration. In the developed numerical model, cracked concrete cover is assumed to consist of sound concrete and
cracks, and cracks have their own ionic diffusion coefficients. The results indicate that the ICCP can maintain its
ability to remove Cl− if concrete cover does not completely crack. Once the complete cracking in concrete cover
occurs, the Cl− removal ability of ICCP would decrease or even disappear. Cracking does not cause any adverse
effect on the pH improvement of ICCP. In this case, a stronger cathodic polarisation is recommended.

1. Introduction

The corrosion of reinforcing steel induced by chloride attack or car-
bonation is a primary cause of the degradation in the durability of rein-
forced concrete (RC) structures [1–3]. Thus, some techniques have been
developed to repair these corrosion-damaged RC structures, such as
patch repair, coatings and surface treatments, use of corrosion in-
hibitor, cathodic protection (CP), electrochemical chloride removal
(ECR), electrochemical realkalization (ERA), etc. [4]. Among them, CP,
including impressed current cathodic protection (ICCP) and sacrificial
anode cathodic protection (SACP), has been demonstrated to be an ef-
fective and direct electrochemical method for preventing the corrosion
of RC structures [5]. In this method, an electric field is applied to the RC
structure, and the reinforcing steel works as a cathode and is polarized
[6]. An inert anode and an external power to provide the protection
current are required in ICCP [7], while a metal anode that is more ac-
tive than iron is used in SACP, and the protection current originates
from the difference in electrochemical potentials between anode and
iron [8]. In general, ICCP is suitable for large RC structures with severe

corrosion and long life expectancy while SACP is suitable for RC struc-
tures with targeted repairs and short life expectancy [9].

In a practical engineering, cracking of RC structures is inevitable
due to external loading, internal shrinkage, freezing-thawing cycles or
alkali-aggregate reactions [10]. From the macro level, cracking of con-
crete lowers its resistivity, which affects the protection current that re-
inforcing steel receives. Dugarte et al. [11] studied impressed current
cathodic prevention for cracked RC structures with different crack
widths (ranging from 0.01 to 0.04 in) by measuring the instant-off po-
tentials. They found that cracks had a significant influence on the ca-
thodic polarisation of reinforcing steel in concrete. Note that this is the
only investigation concerning the CP for cracked RC structures that has
currently been reported, and thus, more related investigations are re-
quired.

Cathodic protection (CP) originated in pipelines, steel structures in
offshore platforms, and ship hull. Later, it was developed to RC struc-
tures. The numerical model of CP based on Laplace equation for the for-
mer have also been widely used to investigate RC structures [7,12,13].
In this numerical model, the spatial distribution of electric potential (φ)
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Table 1
Parameter values in electrode kinetics reactions at the steel surface.

Parameter EFe EO2 EH2 i0_Fe i0_O2 i0_H2 bFe bO2 bH2

Value −0.76 V 0.189 V −1.03 V 7.1 × 10−5 A/m2 7.7 × 10−5 A/m2 1.1 × 10−2 A/m2 4.1 V/a 1.8 V/a 1.5 V/a

All the values are from Muehlenkamp et al. [28].

Fig. 1. Initial Cl− and Na+ concentrations in concrete pore solution.

in RC structures is related to the resistivity of concrete (ρ) as shown in
Eq. (1).

(1)

Simultaneously, the nonlinear boundary caused by the steel polari-
sation is considered to solve the numerical model.

By testing the Cl− and OH− concentrations in the concrete pore solu-
tion, Hassanein et al. [14] found that CP could cause a significant de-
crease in the Cl−/OH− ratio around the protected steel bar. The study of
Polder et al. [15] also indicated that CP could increase the pH. The de-
crease in the Cl−/OH− ratio help the corroded reinforcing steel to return
to be passive. The field experimental investigations by Christodoulou et
al. [16] indicated that the reinforcing steel could remain passive over
two years after the ICCP operation for 5 years. Hence, in addition to the
steel polarisation, ICCP has other beneficial effects, such as removing
Cl− and improving the pH at the steel surface in RC structures. How-
ever, these great beneficial effects have not been considered in the
above numerical model based on Laplace equation. Therefore, to more
accurately simulate CP, it is very necessary to develop a numerical
model that includes the ionic migration in concrete and the electrode
kinetics reactions at the steel surface.

From the micro level, cracks provide additional transport paths for
free ions in the concrete, affecting the ionic migration under external
electric field. Hence, cracking of concrete cover must affect the Cl− re-
moval and pH improvement of ICCP. However, no study can be found
considering these effects on ICCP for cracked RC structures. In this pa-
per, therefore, a numerical model considering the steel polarisation,
electrode reactions and ionic migration is developed to investigate the
Cl− removal and pH improvement of ICCP for cracked RC structures. In
the developed numerical model, cracked concrete cover is assumed to
consist of sound concrete and cracks, and cracks have their own ionic
diffusion coefficients. The remainder of this paper is organised as fol-
lows. Section 2 introduces the numerical theory of ICCP related to ionic
migration and electrochemical reactions. Section 3 presents a numeri-
cal benchmark example of ICCP for sound RC structures. Based on the
results in Section 3, a well-designed ICCP system is considered as an ex-

ample to discuss the effect of cracks in a concrete cover on ICCP in Sec-
tion 4. Conclusions are presented in Section 5.

2. Numerical theory

When a normal ICCP is applied to RC structures, the potential of the
reinforcing steel will have a negative shift, and reduction reaction of
oxygen will occur at the steel surface, producing OH−. Additionally, the
free ions in the pore solution of concrete, i.e., Na+, K+, Cl−, OH−, Ca2+,
SO42−, etc., are forced to move due to the action of the external electric
field. Hence, the numerical model in this study focuses on both of the
ionic transport in concrete and the electrochemical reactions at the
steel−concrete interface. Ca2+ and SO42− were not considered because
their concentrations in the concrete pore solution were very low
[17,18].

2.1. Transport model in cracked concrete

When ICCP is applied to a saturated RC structure, the ionic transport
in concrete will be governed by electromigration and diffusion, which
can be described using the Nernst-Planck and continuity equations
[19,20]:

(2)

(3)

where ci, Ni, Di, and zi are the concentration (mol/m3), flux
(mol/(m2⋅s)), diffusion coefficient (m2/s), and electric charge number
(dimensionless) of the free ion i in the concrete pore solution, respec-
tively; φ is the electric potential (V); F is the Faraday constant
(9.6485 × 104 C/mol); R is the gas constant (8.314 J/(mol⋅K)); T is ab-
solute temperature (K). The chloride diffusion coefficient (DCl) can be
easily measured through electrically accelerated test methods [21]. The
diffusion coefficients of other ions, such as Na+, K+, and OH−, can be
obtained via the following equation:

(4)

where Di_free is the diffusion coefficient of the ion i in free water, and
their values can be seen in Ref. [22].

In this study, cracked concrete is assumed to consist of sound con-
crete and cracks. Cracks have their own ionic diffusion coefficients.
Several studies [23–25] have indicated that the ionic diffusion coeffi-
cient in a crack is closely related to its width. Sahmaran et al. [25] in-
vestigated the effect of crack width (from 29.4 μm to 392.0 μm) on the
chloride diffusion coefficient, and obtained the following relationship
between DCl_cr (m2/s) and wcr (μm):

(5)

Djerbi et al. [23] obtained the chloride diffusion coefficients of
cracks in concrete with the width ranging from 48.18 μm to 241.20 μm.
Based on their experimental data, the following relationship was fitted
by Du et al. [24]:
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Fig. 2. (a) Geometric model; (b) finite element mesh.

Fig. 3. Current density in RC structure with 0.9-V ICCP (unit: mA/m2): (a), (b), (c), and (d) show the numerical results at 30 d, 60 d, 90 d and 120 d, respectively.

(6)

In the study of Sahmaran et al. [25], cracks were induced by 4-point
bending and the cracks were V-shaped. The averaged crack width was
adopted. In the study of Djerbi et al. [23], cracks were induced by con-
trolled splitting test and the tortuosity of cracks was neglected. Their
methods to obtain the chloride diffusion coefficient in crack were of
limited accuracy. Thus, there is a large discrepancy between the chlo-
ride diffusion coefficients calculated from these two equations. For in-
stance, when the crack width is 300 μm, DCl_cr1 calculated via Eq. (5) is
2.15 × 10−9 m2/s, which is even more than that in free water

(2.03 × 10−9 m2/s), and DCl_cr2 in Eq. (6) is 1.28 × 10−9 m2/s. To re-
duce the uncertainty regarding the chloride diffusion coefficient of a
crack, the average value of Eqs. (6) and (7) was used in this study [24]:

(7)

Theoretically, DCl_cr should have lower and upper limits, which are
closely related to crack width. According to experimental results in Ref.
[25], when crack width is less than 50 μm, cracking of concrete hardly
affects the diffusion coefficient of chloride in concrete. Hence, in this
situation, DCl_cr was assumed to be equal to the diffusion coefficient of
chloride in sound concrete, and the effect of crack on the chloride diffu-
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Fig. 4. Ionic concentrations and pH in RC structure when the 0.9-V ICCP runs for 90 d: (a) the K+ concentration; (b) Na+ concentration; (c) the Cl− concentration; (d)
the pH.

sivity was neglected in this study. When the diffusion coefficient of
chloride in cracks calculated via Eq. (7) was more than that in free wa-
ter (2.03 × 10−9 m2/s), the effect of crack wall on the chloride diffu-
sion in pore solution was assumed be neglected, and DCl_cr was defined
to be 2.03 × 10−9 m2/s.

The quantitative relationship between chloride diffusion coefficient
and crack width used in the study is a kind of rough approximation. The
assumption about the limits of DCl_cr may be unreasonable. When the
crack width is 348 μm, the average value of Eqs. (5) and (6) will be
2.03 × 10−9 m2/s, which is equal to the chloride diffusion coefficient
in free water. However, according to the relationship (i.e., Eq. (5)) ob-
tained by Sahmaran et al. [25], DCl_cr is 2.77 × 10−9 m2/s with the
crack width of 348 μm, which is far more than the chloride diffusion co-
efficient in free water. In addition, according to the obtained relation-
ship (i.e., Eq. (6)) based on crack width ranging from 48.18 μm to
241.20 μm [23,24], the maximum DCl_cr is 1.281 × 10−9 m2/s, which is
far less than the chloride diffusion coefficient in free water, and this re-
lationship does not suitable for crack with a larger width. Therefore, it
is necessary to carry out a series of experimental research to obtain the
whole and accurate relationship between the chloride diffusion coeffi-
cient in concrete crack and its width in the further work.

The directed movement of free ions in the concrete pore solution
produces an electric current. Thus,

(8)

where I is the current density (A/m2). Based on the continuity equation,
the current density should satisfy the following equation:

(9)

When chloride enters concrete from the external environment, it can
be physically and chemically bound by cement hydrates. The chloride
binding behaviour significantly affects the ionic transport in concrete,
which can be described by four types of chloride binding isotherms, i.e.,
linear, Langmuir, Freundlich, and BET binding isotherm [26]. The
Langmuir isotherm which is commonly applied in numerical models
due to the easiness to get analytical solution was used in this study [27].

(10)

where sCl is the concentration of bound chloride; α and β are constants
that can be obtained from experiments.

2.2. Electrode kinetics reactions

When ICCP is applied to RC structures, electrode kinetics reactions
will occur at the steel-concrete interface to transform ionic conduction
in concrete into electronic conduction in reinforcing steel [28]. Gener-
ally, the reduction of oxygen should be dominant:

(11)

But if the applied external electric field of ICCP is too small, the rein-
forcing steel will be not completely protected so that oxidation of iron
may occur, and even dominate:

(12)
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Fig. 5. Maximum local current densities at steel surface in the sound RC struc-
ture under different ICCP electric fields: (a) the iron oxidation; (b) the oxygen
reduction; (c) the hydrogen evolution.

If the applied electric field is very large, it will be possible that hy-
drogen evolution occurs:

(13)

The reduction of oxygen and the evolution of hydrogen contribute
to improvement in the pH around the reinforcing steel. However, the
evolution of hydrogen can cause hydrogen embrittlement in steel. Thus,
the oxidation of iron and the evolution of hydrogen should be avoided
when designing ICCP.

In this study, the Tafel equation was used to calculate the local cur-
rent densities at the steel−concrete interface caused by the electrode re-
actions [28]:

Fig. 6. Maximum Cl− concentration and pH at the steel surface in the sound RC
structure under different ICCP electric fields: (a) the Cl− concentration; (b) the
pH.

(14)

(15)

(16)

Here, iO2, i0_O2, Eeq_O2 and bO2 represent the current density, ex-
change current density, equilibrium potential, and Tafel slope, respec-
tively, in the oxygen reduction reaction; iFe, i0_Fe, Eeq_Fe and bFe represent
the current density, exchange current density, equilibrium potential,
and Tafel slope, respectively, in the iron oxidation reaction; iH2, i0_H2,
Eeq_H2 and bH2 are the current density, exchange current density, equi-
librium potential, and Tafel slope, respectively, in the hydrogen evolu-
tion reaction. The parameter values are listed in Table 1.

The oxygen concentration at the steel−concrete interface plays a vi-
tal role in the electrode reactions, especially for underwater RC struc-
tures. In this study, we primarily focus on the effect of cracks on ICCP,
and the oxygen is assumed to be sufficient.

In addition, the sum of the above mentioned three local currents
should be equal to the current from the concrete at the steel−concrete
interface:

(17)
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Fig. 7. (a) Geometric model of cracked RC structures; (b) the corresponding finite element mesh.

where s denotes the surface area of reinforcing steel.
At the anode−concrete interface, the evolution reactions of oxygen

( ) and chlorine ( ) may occur.
Generally, the evolution reaction of oxygen is dominant. The nonlinear
polarisation at the anode-concrete interface can be neglected [28]. The
anodic reactions can decrease the pH of concrete pore solution around
the anode, which may produce an acidification damage [29]. This may
affect the chloride binding behaviors, which is not considered.

3. ICCP for sound RC structures

3.1. Computational model

A chloride-contaminated RC pillar was used as a benchmark exam-
ple in this study. The cross-section was square with dimensions of
600 × 600 mm2. The diameter of the longitudinal steel bar was
25 mm, and 12 steel bars were embedded in the concrete. The thickness
of concrete cover for the longitudinal bars was 60 mm. The RC pillar
was exposed to a 300−mol/m3 chloride environment. The depth of
chloride penetration was 72.5 mm, indicating that Cl− had already pen-
etrated to the steel surface. The Cl− concentration in concrete pore solu-
tion had a linear relationship with the penetration depth, as shown in
Fig. 1. The ICCP was adopted to prevent the corrosion of this RC pillar.
Actually, the steel bars in the RC pillar consist of longitudinal bars and
stirrups. Stirrups are easier to be corroded than longitudinal bars. But
when applying ICCP, stirrups are closer to anode and can receive more
protection current [12], and thus stirrups are easier to be protected. In
addition, considering that pillar is a compressive member, longitudinal
bars in a RC pillar are stressed while the arrangement of stirrups only
meets the constructional requirement. From the perspective of struc-
tural safety, longitudinal bars are more important. Therefore, to shorten
the calculation time of the numerical model, the cross section without
the stirrups in RC pillar were chosen.

The numerical model based on the above theoretical equations was
used to design ICCP for this chloride-contaminated RC pillar. A cement-
based conductive anode was used in the ICCP. The K+ concentration
and pH value in the concrete pore solution were 71.79 mol/m3 and
13.19, respectively. The Cl− and Na+ concentrations in the central area
of this pillar where the external chloride could not penetrate were
2.04 mol/m3 and 83.51 mol/m3, respectively. The chloride diffusion
coefficient was 8.9 × 10−12 m2/s. The values of α and β in Eq. (10)
were 0.98 and 0.29, respectively. These values were determined by re-
ferring to Elakneswaran et al. [30], Zibara [31] and Guo [32].

The effect of the variation in environmental conditions on a current-
controlled ICCP (such as temperature and humidity) is smaller than a
voltage-controlled ICCP, and thus, the current-controlled ICCP is more
common in practical engineering. The variation in the resistivity of con-

crete cover directly affects the output current of power supply in a volt-
age-controlled ICCP while it affects the output voltage in a current-
controlled ICCP. Cracking of concrete affects its resistivity, and it can be
inferred that the effect of cracks in a voltage-controlled ICCP is more
significant and complicated than a current-controlled ICCP. Therefore,
a two-dimensional numerical model of the voltage-controlled ICCP was
built, as illustrated in Fig. 2(a). A free triangle was used to mesh the
geometrical model. The mesh at the steel surface was more refined, as
shown in Fig. 2(b). Considering that the cement-based conductive an-
ode was directly paved at the outer surface of the RC pillar, the outer
surface was defined as the anode−concrete boundary. At the steel−con-
crete interface, the electrode reactions, including iron oxidation, oxy-
gen reduction, and hydrogen evolution were considered. The voltage
was applied between the anode and the reinforcing steel. Thus, all the
boundaries in Fig. 2(a) were assumed to be insulated. COMSOL Multi-
physics was used to solve the numerical model. The numerical results,
including the temporal and spatial distributions of the ionic concentra-
tion, current density and electric potential in concrete, and the local
current densities at the steel surface, can be obtained. The numerical re-
sults related to the steel−concrete interface will be discussed in detail
because they directly reflect the corrosion control effect while some
other numerical results will be simply introduced.

3.2. Results and discussion

The corrosion control effects of ICCP, i.e., the cathodic polarisation,
the Cl− concentration and pH value in the vicinity of the reinforcing
steel, are determined by the current density that ICCP delivers to RC
structures. From the macro level, the current density depends on the
output voltage and the concrete resistivity, and the resistivity is mater-
ial attribute. Thus, the corrosion control effects of ICCP in given RC
structures are determined by the size of the output voltage, which will
be predicted via the numerical model.

The distributions of the current density in RC structures for the 0.9-
V ICCP at different times is shown in Fig. 3. The reason for selecting the
0.9-V voltage will be presented later. It can be seen that the current
flows to reinforcing steel from anode. The current density delivered by
ICCP to reinforcing steel decreases as the ICCP runs. Generally, the out-
side surface of the reinforcing steel toward the concrete cover surfers
from more serious corrosion than the opposite surface because it is
closer to the external environment. Thus, the outside surface requires to
receive more protection current [12]. This is also observed in Fig. 3.
Fig. 4 presents the distributions of the ionic concentrations at different
times. It can be observed that the ICCP application causes the migration
of cations toward the reinforcing steel and the acidification at the an-
ode-concrete interface. These adverse effects have been confirmed by
some published experimental results [33,34]. In addition, it is found in
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Fig. 8. Maximum local current densities at steel surface with different crack
widths: (a) the iron oxidation; (b) the oxygen reduction; (c) the hydrogen evolu-
tion.

Figs. 3 and 4 that the maximum values of current density, Cl− concen-
tration and pH representing the corrosion control effect, are located on
the outside surface. We primarily discuss these maximum values.

Fig. 5 illustrates the maximum local current densities of each type
of electrode reactions under different externally applied electric fields.
When the external electric field is relatively small, the local current
density of iron oxidation is larger (Fig. 5(a)), indicating that it is possi-
ble that the reinforcing steel cannot be completely protected. Gener-
ally, when the corrosion current density is greater than 2 mA/m2, the
reinforcing steel is assumed to be active [35]. Thus, it can be inferred
from the numerical results in Fig. 5(a) that an applied electric field that
is greater than 0.3 V can overcome the potential difference between the
anode and the steel, and the steel corrosion is then arrested. Moreover,
with an increase in the applied electric field, oxygen reduction is domi-

Fig. 9. Maximum pH and Cl− concentration at the steel surface with different
crack widths: (a) the pH; (b) the Cl− concentration.

nant, and iron oxidation is completely suppressed. Simultaneously, hy-
drogen evolution gradually emerges. When the applied electric field is
greater than 1.0 V, hydrogen evolution becomes more obvious, which
may cause hydrogen embrittlement of the reinforcing steel, especially
in the early stage of the ICCP operation. Thus, according to the local
current densities, the applied electric field in ICCP for the chloride-
contaminated pillar is recommended to be between 0.3 V and 1.0 V.

The local current densities, particularly those produced by oxygen
reduction and hydrogen evolution, vary significantly when ICCP begins
to operate. However, when the operation time is over 90 d, the local
current densities tend to be stable. The application of ICCP can cause
the ionic migration and the electrode reactions. Directed ionic migra-
tion produces the current, which is also the protection current that ICCP
delivers into RC structures. The current density at the steel−concrete in-
terface determines the electrode reaction. The electrode reactions can
produce or consume part of free ions, such as OH−, in turn affecting the
ionic transport. Therefore, a balance between the ionic transport and
the electrode reactions is reached after 90 d of the ICCP operation.

Fig. 6 shows the maximum Cl− concentration and pH in the vicinity
of the reinforcing steel. It is observed that the control effect of ICCP on
these kinetic factors is increasingly significant with an increase in the
applied voltage. The effect of the concentration gradient on the Cl−

transport in concrete is greater than that of the potential gradient when
the external electric field is smaller. Thus, when the applied voltage in
this benchmark example is less than 0.7 V, some chloride ions can still
penetrate to the steel surface, but the penetration rate significantly de-
creases. The OH− concentration gradient is small when ICCP begins to
run, and OH− moves toward the anode. The amount of OH− produced
at the steel−concrete interface is less than the amount of OH− migrated
when a smaller external electric field is applied. Hence, it can be seen
that when the applied voltage is less than 0.4 V, the pH value in the
vicinity of the steel bar decreases slightly (Fig. 6), operating against the
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Fig. 10. Maximum local current density at steel surface with different crack
depths: (a) the iron oxidation; (b) the oxygen reduction; (c) the hydrogen evolu-
tion.

ICCP. However, this adverse effect can be ignored. Although ICCP with
a smaller electric field can provide sufficient cathodic polarisation, it
cannot prevent Cl− penetration and improve the pH at the steel surface.
Thus, there is still a risk that the corrosion of reinforcing steel is re-
aroused. For chloride-contaminated RC structures, the applied electric
field of the ICCP should be enough large to ensure that it can lower the
Cl− concentration in the vicinity of the reinforcing steel. In this bench-
mark example, when the applied voltage is greater than 0.6 V, ICCP
can significantly improve the pH value in the vicinity of the reinforcing
steel. When the applied voltage is greater than 0.8 V, ICCP can signifi-

Fig. 11. Maximum pH and Cl− concentration at steel surface with different
crack depths: (a) the pH; (b) the Cl− concentration.

Fig. 12. Current density in cracked RC structure when the 0.9-V ICCP runs for
90 d (unit: mol/m3) (the width and depth of crack are 0.5 mm and 60 mm).
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Fig. 13. Ionic concentrations in cracked RC structure when the 0.9-V ICCP runs for 90d (the width and depth of crack are 0.5 mm and 60 mm, respectively): (a) the
K+ concentration; (b) Na+ concentration; (c) the Cl− concentration; (d) the pH.

cantly reduce the Cl− concentration. Therefore, a 0.9-V electric field is
suggested in this benchmark example.

Fig. 6 shows that ICCP with an electric field greater than 1.0 V has a
strong ability to lower the Cl− concentration in the vicinity of the steel
bar and to improve the pH. After a period of the ICCP operation, the Cl−

concentration and pH values are nearly constant. Continuing to run
ICCP at this moment does not further decrease the Cl− concentration or
increase the pH. Thus, we conclude that increasing the applied electric
field or prolonging the running time does not work on controlling the
kinetics factors when ICCP operates over a long period of time. Con-
versely, long-term ICCP operation may cause some adverse effects,
such as a decrease in the steel−concrete interfacial bond strength [34],
and acidification damage in the vicinity of the anode [33]. The experi-
mental results of Christodoulou et al. [16] also indicated that the rein-
forcing steel can remain in a passive state for a long time after inter-
rupting the ICCP. Therefore, it is suggested to interrupt ICCP when it
runs for a long time, and ICCP can rerun when the reinforcing steel is
re-active, which is similar to an intermittent CP [14,36]. The numerical
model including the ionic transport and electrochemical reactions can
be used to design and investigate the intermittent CP for RC structures.

4. ICCP for cracked RC structures

4.1. Computational model

Introducing artificial cracks has been proven a simple and control-
lable method to investigate the effect of cracks on the durability of RC
structures [37]. Thus, seven artificial cracks were introduced evenly on

each side in this study, as illustrated in the geometric model (Fig. 7(a)).
The initial parameters, boundary conditions, and finite element mesh
are the same as in Section 3.1. The mesh in crack domain is refined, as
shown in Fig. 7(b).

The width and depth of crack are two key parameters affecting ionic
transport in concrete. The results in Section 3 indicate that ICCP with a
0.9-V electric field applied for 90 d can achieve a good corrosion con-
trol. Therefore, we mainly discuss the effect of these parameters on this
well-designed ICCP.

4.2. Effect of crack width on ICCP of RC structures

In this section, we discuss the effect of crack width on the ICCP of
cracked RC structures. It is assumed that the concrete cover completely
cracks, which means that the depths of cracks are equal to the thickness
of the concrete cover. The numerical model predicts the local current
densities at the steel−concrete interface under different crack widths;
the maximum values are shown in Fig. 8. With an increase in the crack
width, the local current density of iron oxidation exhibits a decreasing
trend (Fig. 8(a)); the local current densities of oxygen reduction and hy-
drogen evolution exhibit an increasing trend (Fig. 8(b) and (c)). The
width of the crack directly affects the protection current that the rein-
forcing steel receives. When the crack width in concrete cover is larger,
the reinforcing steel receives more protection current, and then will
have a stronger cathodic polarisation. Fig. 9 illustrates the maximum
pH and Cl− concentration at the steel−concrete interface. Cracking of
the concrete cover facilitates the reduction reaction of oxygen at the
steel surface, improving the pH value at the steel−concrete interface
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with increasing the crack width (Fig. 9(a)). The 0.9-V ICCP for the
sound RC pillar has a strong ability to lower the Cl− concentration in the
vicinity of the reinforcing steel. However, for cracked RC pillar, this
ability significantly decreases until to disappear. When the crack width
is greater than 0.3 mm, ICCP cannot lower the Cl− concentration (Fig. 9
(b)); conversely, the Cl− concentration increases, gradually, reaching a
stable state as the ICCP runs. Thus, a well-designed ICCP may lose its
ability to remove Cl− when concrete cover completely cracks.

4.3. Effect of crack depth on ICCP of RC structures

Artificial cracks with a width of 500 μm were introduced to investi-
gate the effect of crack depth on the ICCP. The maximum local current
densities at the steel surface under different crack depths are shown in
Fig. 10. It is observed that an increase in crack depth causes a reduction
in the local current density of iron oxidation, and a rise in the local cur-
rent densities of oxygen reduction and hydrogen evolution. In particu-
lar, the local current densities of oxygen reduction and hydrogen evolu-
tion increase significantly when concrete cover completely cracks.
Thus, the crack depth affects the protection current that ICCP delivers
to the reinforcing steel, and the reinforcing steel receives stronger ca-
thodic polarisation as the crack depth in the concrete cover increases.

Fig. 11 illustrates the maximum pH and Cl− concentration at the
steel−concrete interface. In Fig. 11(a), the pH value increases as the
ICCP operates, regardless of the crack depth. With a greater the crack
depth, the increasing trend in the pH value is stronger. When the con-
crete cover does not completely crack, the gradient of electric potential
in concrete cover, especially in cracks, becomes larger, and the driving
force of ionic electromigration has an increase. This means that the
ability of ICCP to remove Cl− in the vicinity of the reinforcing steel is
improved with increasing crack depth (Fig. 11(a)). However, it is
available for external Cl− to take these thorough pathways when the
concrete cover completely cracks, and the Cl− concentration at the
steel−concrete interface increases significantly although the gradient
of the electric potential becomes stronger. This point will be further
discussed in Section 4.4.

4.4. Current density and ionic concentration in cracked RC structure with
ICCP

The current density and ionic concentrations in the cracked RC
structure when the 0.9-V ICCP runs for 90 d are presented in Figs. 12
and 13. It is observed in Fig. 12 that the current density in the cracks is
much higher than that in other areas; the highest current density is lo-
cated into the cracks facing the reinforcing steel. In Fig. 13, it is seen
that cracks provide additional paths for ionic transport. The maximum
Cl− concentration and pH value in the vicinity of the reinforcing steel
were also located into the cracks. In addition, the pH value at the an-
ode−concrete interface is less than 11.8 due to the evolution reaction of
oxygen.

4.4. Discussion

Cracking of concrete cover provides more transport pathways for
free ions and external aggressive species (such as Cl−, oxygen, water,
carbon dioxide, etc.). Note that the effect of carbonation on the pH has
not been taken into account in this study. Since external aggressive
species penetrate into concrete cover more easily, it means that rein-
forcing steel needs to receive a stronger cathodic polarisation to avoid
the corrosion initiation or being further corroded. In this view, cracking
of the concrete cover is harmful for ICCP of RC structures. However,
from the insight of the macro level, cracking of concrete cover de-
creases the resistivity of concrete. It not only increases the driving force
of ionic electromigration, but also helps the reinforcing steel to receive
more protection current in a voltage-controlled ICCP system or to lower

the output voltage in a current-controlled ICCP, which benefits ICCP. In
the experimental investigations by Dugarte et al. [11], a total of 30
cracked RC prisms (in which concrete cover completely cracked) were
exposed to a 5% NaCl environment to study the effect of cracks on
ICCP. The results indicated that the steel bars needed to be more
strongly polarized to prevent the corrosion initiation regardless of the
crack width. Combining this with the numerical results in Figs. 9(b) and
Fig. 11(b), it can be attributed to that the well-designed ICCP of sound
RC structures may not prevent the penetration of external Cl− when the
concrete cover completely cracks, and then, the reinforcing steel needs
to receive larger protection current density. However, when concrete
cover does not completely crack, cracks have little influence on the abil-
ity of the well-designed ICCP to remove Cl− and improve pH (Fig. 11),
and in fact, they benefit the ICCP to some extent.

In this study, the amount of the oxygen at the steel surface is as-
sumed to be sufficient, which may be unreasonable particularly for
these RC structures located in underwater region. The oxygen concen-
tration at the steel−concrete interface directly affects the electrode ki-
netics reactions [28], which determines the nonlinear polarisation
boundary. However, this study primarily focuses on the effect of cracks
in concrete cover on ICCP, and the oxygen transport may need to be
considered in future study. When the oxygen concentration is very low,
oxygen reduction will be limited. Herein, the numerical model may
overestimate the local current density of oxygen reduction. In addition,
when the oxygen concentration affects the electrode kinetics reactions,
it increases the Ohmic drop at the steel−concrete interface and then de-
creases the protection current density that ICCP delivers to RC struc-
tures. Thus, the numerical model in this study may overestimate the
ability of ICCP to remove Cl− and to increase the pH.

5. Conclusions

A numerical model including steel polarisation, electrode reactions
and ionic migration was developed to investigate the ICCP of sound and
cracked RC structures. Based on the designed ICCP for sound RC pillar,
the effects of crack width and depth in the concrete cover on the ICCP
were discussed. The following conclusions are drawn.

The applied electric field in ICCP should be large enough to reduce
the Cl− concentration in the vicinity of the reinforcing steel for chlo-
ride-contaminated RC structures. After a long-term operation of ICCP,
elevating the applied electric field or prolonging the running time does
not remove Cl− or improve the pH effectively.

In the well-designed ICCP of RC structures, cracking of the concrete
cover does not cause any adverse effect on the cathodic polarisation
and the pH improvement. However, this Cl− removal ability of the ICCP
decreases and even disappears once the concrete cover completely
cracks and the decreasing trend becomes stronger with increasing crack
width. In this case, the reinforcing steel needs to have a stronger ca-
thodic polarisation. When the concrete cover does not completely
crack, the ability of the ICCP to remove Cl− is not reduced, and con-
versely, it is improved to some extent.
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