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Abstract 

The application of external electrical field on concrete structures is widely used to 

protect it from chloride attack or to evaluate its resistance to chloride penetration in a 

short period. During these electrochemical processes, the polarization of electrodes 

placed inside and/or outside of concrete cannot be ignored. This study proposes a 

numerical model dealing with the mass transport and electrode polarizing process under 

an externally applied voltage, in which multi-species electromigration, time-varying 

overpotential and non-equilibrium binding are involved. The Tafel Equation is adopted 

to express the overpotential at electrode-electrolyte interfaces. The electro-potential 

boundary changing with overpotential is reset at each time step to obtain the accurate 

concentration distributions of ionic species. Additionally, benchmarks against third-

party experiments are conducted to verify the reliability of the present model. The 

effects of externally applied voltage, Tafel parameters and initial ionic species 

concentration on the interaction of overpotential and chloride penetration are also 

quantitatively examined. The obtained results show that the potential difference 

between two concrete surfaces is always lower than that applied on electrodes due to 

the influence of polarization, which has a further impact on the temporal and spatial 

concentration distributions of ionic species in the pore solution of concrete.  

Keywords: Chloride, Electrochemical Process, Polarization, Multi-species Electro-

migration, Overpotential.  



1. Introduction 

The durability and safety of reinforced concrete structures in the salt environment can 

be significantly influenced by the ingress of chloride ions [1]. The impressed current 

cathodic protection (ICCP) and electrochemical chloride removal (ECR) techniques are 

widely used to protect the structures from chloride attack by applying an external 

electrical field [2-4]. Moreover, the accelerated chloride migration test (ACMT) and 

rapid chloride migration test (RCM) have been developed to evaluate concrete 

resistance to chloride penetration in a short period for the durability design and service 

life prediction of concrete structures [5, 6]. Despite the differences in duration, external 

electrical field, and objectives, these testing techniques are all built on the same 

electrochemical principle of accelerating the movement of ionic species in concrete by 

means of an externally applied electrical field. As shown in Figure 1, under the action 

of external driving force, chloride ions are transported from the cathode to anode; 

whereas hydroxyl ions are produced at the cathode and transferred to the anode where 

they are consumed. Conversely, the cations, such as sodium and potassium ions, move 

from anode towards to cathode. More importantly, whether or not the electrodes are 

placed inside the concrete specimen, the overpotential (OP) at electrode-electrolyte 

interfaces caused by polarization may affect the ionic transport in the pore solution of 

concrete [7, 8].  

 

In electrochemistry, the overpotential is the potential difference (voltage) between a 

half-reaction's thermodynamically determined reduction potential and the potential at 

which the redox event is experimentally observed [9]. The overpotential at the cathode 

is more negative for the reducing process, and at the anode it is more positive for the 

oxidizing process. Thus, the externally applied voltage between two electrodes is higher 

than the actual potential across the concrete specimen.  

 



  

(a) (b) 
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Figure 1 The schematic of different electrochemical processes: (a) Impressed current 

cathodic protection, (b) Electrochemical chloride removal, (c) Accelerated chloride 

migration test, (d) Rapid chloride migration test. 

 

For the RCM tests, NT Build 492 reported a fixed overpotential to reflect the impact of 

polarization on the non-steady-state migration coefficient, which is expressed as: 

Dnssm=
0.0239TL

(U-2)t
* [xd-0.0238√

TLxd

U-2
] 

(1) 

where Dnssm (x10-12 m2/s) is the non-steady-state migration coefficient, T (oK) is the 

average value of the initial and final temperatures in the electrolyte solution, L (mm) is 

the thickness of the specimen, t (hr) is the test duration, xd (mm) is the average value of 

the penetration depth, and (U-2) (Voltage) represents the potential difference between 

the two surfaces of the specimen. Thus the voltage of “-2” was used to compensate the 

overpotential effect. Some studies showed that the value of overpotential changes with 

the voltage and time applied and the electrode materials used in the test. McGrath and 



Hooton [8] proposed a new conduction setup with two reference electrodes and found 

that the overpotential tends to increase with applied voltage. Spiesz and Brouwers [10] 

measured the polarized potential on the stainless steel (SS) and MMO-TiO2 electrodes 

under the 30V applied voltage. It was found that the magnitude of the overpotential 

change with the current was in the range from 1.8V to 2.2V for SS electrodes and 

1.5V~1.8V for MMO-TiO2 electrodes. These experimental results indicate that the 

potentials at concrete surfaces vary with time due to the gradual decrease of current 

during the RCM test [10-12].  

 

In the ICCP system, an impressed current or voltage is applied between the rebar in 

concrete and the auxiliary anode placed at concrete surface. At the rebar cathode, the 

potential would be more negative when low current density is applied [13]. The 100-

mV potential shift, reflecting the change of overpotential, at cathode given by British 

Standard 7361-1 is widely used to evaluate the protective effect of ICCP system [2, 13-

16]. Oleiwi et al. [2] found that the cathodic potential shift changes with the time, degree 

of chloride contamination, and applied current through the experiments. Hassanein et 

al. [17] and Muehlenkamp et al. [15] proposed a series of 2-D models to simulate the 

ICCP system, in which the cathodic boundary conditions are time-dependent. They 

found that cathodic Tafel slope, external voltage and pore saturation have a significant 

impact on the value of potential shift at cathode. It should be noted that the electro-

potential conditions at anodic boundaries were not time varying, implying that the 

polarization of anode was not taken into account in these models. However, Helm et al. 

[18] reported that the maximum difference in cathodic overpotential calculated between 

using the constant and time-dependent anodic boundaries is about 50 mV. This indicates 

that, although the anode is placed outside of concrete, the polarization of that cannot be 

ignored in the modelling of ICCP.  

 

Meanwhile, apart from the externally applied potential, the different mobilities of 

different ionic species also lead to an internal electric field, which in turn affects the 

ingress process of chloride ions [11, 19, 20]. To examine the multi-species interactions 



in ionic transport process, finite element models have been developed based on Poisson-

Nernst-Plank (PNP) equations. Samson et al. [21, 22], Truc et al. [23], Krabbenhoft et 

al. [24], Marriaga et al. [19], Johannesson et al. [25, 26], Paz-Garcia et al. [27], and 

Guo et al. [12] considered the cement/concrete as a homogenous medium and described 

the concentration profiles of each species and the distribution of electric field by using 

multi-species transport models. A series of multi-phases and multi-species models have 

been also implemented to reflect the heterogenous nature of concrete. Liu et al. [28-30] 

established 2-D multi-species and multi-phase models to investigate the effects of both 

aggregate shape and volume fraction on the penetration of chloride ions. Abyaneh et al. 

[31] conducted a series of 3-D models to study the effect of aggregate size and volume 

fraction and claimed that the penetration profiles slightly increase with the size 

distribution of aggregates. Li et al. [32] proposed a double-porosity RCM model to 

calculate the concentration profiles of chloride, in which the ionic diffusivity in the big 

pores is different from that in the small pores. Similarly, in Yang’s numerical model, 

the heterogenous of concrete is also considered by alternating the pore structure 

parameters, including the pore size, tortuosity and constrictivity [33]. Unfortunately, 

the boundary conditions employed in these models, especially for the electric potential 

boundaries, are generally assumed not time dependent.  

 

The above literature review shows that the time-varying overpotential caused by the 

polarization of electrodes has not been discussed in existing multi-species transport 

models. This paper presents a series of 2-D numerical models to describe the 

combination process of the mass transport in concrete and the polarization at electrode-

electrolyte interfaces. Both the multi-species coupling and non-equilibrium binding of 

ionic species are involved in the mass transport process. The time-varying overpotential 

is calculated by using Tafel equations, which is used to reset the electric boundaries at 

each time increment step. The temporal and spatial distributions of the concentrations 

of chloride, hydroxyl, potassium, and sodium ions are presented. The effects of 

externally applied voltage, Tafel slope, exchange current density and initial conditions 

of concrete are also examined in this study. Findings from presented overpotential 



models shed fresh light on the interaction between the chloride penetration and 

polarization during the RCM test.  

 

2. Basic theory of modelling  

2.1 Multi-species transport in saturated concrete 

Under the action of an external electric field, the ions in a saturated concrete can 

transport through the diffusion caused due to concentration gradient and the migration 

caused due to electro-potential gradient. Therefore, the flux of each ionic species, Ji, 

during a migration test can be expressed as Nernst-Plank equation: 

Ji=−Di∇Ci−DiCi

ziF

RT
∇∅          i=1,2,…n (2) 

where Di, Ci, and zi are the diffusion coefficient in pore solution, concentration, and 

charge number of i-th ionic species, respectively, F is the Faraday constant (96500 

C/mol), R is the gas constant (8.314 J/(mol·K)), T is the absolute temperature (K), and 

∅ is the electrostatic potential (V). 

 

The mass conservation equation for each ionic species is expressed as: 

∂Ci

∂t
+ ∇∙Ji=Ri 

(3) 

where t is the time and Ri represents the adsorption/desorption between pore solution 

and the hydration products. Substituting Eq. (2) into (3) leads to: 

∂Ci

∂t
=Di∇

2Ci+Di

ziF

RT
∇(Ci∇∅)+Ri          i=1,2,3,…n (4) 

Eq. (4) must be solved simultaneously with the governing equation of electrostatic 

potential gradient ∇∅. The electrostatic potential gradient is comprised of two parts: 

the externally applied voltage and the internal electric field caused by the different 

mobility of different ionic species in the pore solution. To describe the coupling effects 

of the two electric fields, the following Poisson equation is normally adopted for 

modelling multi-species transport in concrete: 

∇2∅= −
F

ε0εr

∑ ziCi

n

i=1

 (5) 

where 𝜀0 88.854110-12 C/(V·m) is the permittivity of a vacuum and 𝜀𝑟 878.3 is the 



relative permittivity of water at temperature 298K.  

 

2.2 Time-varying overpotential at the electrode-electrolyte interfaces 

During the electrochemical process, the oxygen reduction and hydrogen evolution 

reactions (ORR and HER) at cathode and oxygen evolution reaction (OER) and iron 

corrosion at anode can be described as [33, 34]: 

At Cathode: 2H2O + O2 + 4e- = 4OH- (6) 

 2H2O + 2e- = 2OH- + H2 (7) 

At Anode: 4OH- - 4e-= 2H2O + O2  (8) 

 2H2O - 4e- = 4H+ + O2  (9) 

 Fe - 2e- = Fe2+  (10) 

The polarization of electrodes includes three parts: activation polarization caused by 

the accumulation of non-reagent products from electrochemical reactions, 

concentration polarization induced by the depletion of reagents near the electrodes, and 

ohmic polarization [35]. Hence, the potential difference between the electrode and 

concrete surface can be presented as: 

ƞ= ƞ
act

+ ƞ
ohm

+ ƞ
conc

 (11) 

where ƞ , ƞ
act

 , ƞ
ohm

  and ƞ
conc

  are the overall, activation, ohmic and concentration 

overpotential at the electrode-electrolyte interfaces, respectively.  

The activation overpotential, ƞ
act

, can be determined by using Tafel equation as follows 

[36]: 

ƞ
act

= β log
I

i0
 (12) 

where β is the Tafel slope, i0 is the exchange current density, and I is the current 

density at electrode. β and i0 are dependent on the type of chemical reactions, the 

concentration of electrolyte, the material of electrode, temperature, etc. The value range 

of Tafel parameters for three main reactions during RCM, HER and OER, is 

summarized in Table 1.  

 



Table 1 Summation of Tafel parameters for three main reactions. 

Tafel parameters Notation ORR HER OER 

Tafel Slope (mV/decade) β 100~490 [36-41] 30~208 [37, 42, 43] 24~199 [44] 

Exchange current density (×10-7A/m2) i0 62.5~2000 [36-41] 1400~10000 [43] 6~1000 [45] 

 

The ohmic overpotential at the electrode-electrolyte interfaces is due to the resistance 

of electrode’s line segment, which is very small and thus can be ignored [35]. The value 

of concentration overpotential is described as [35]: 

ƞ
conc

=
𝑅𝑇

𝑛𝐹
 ln(1 −

I

iL
) (13) 

where iL is the limiting current density and n is the number of transferred electrons in 

reactions.  

Therefore, the overall overpotentials at electrode-electrolyte interfaces can be 

calculated by the following equations: 

ƞ
a
=β

a
 log

Ia

ia,0

+
𝑅𝑇

𝑛𝐹
 ln(1 −

Ia

iL
) (14) 

ƞ
c
=β

c
 log

Ic

ic,0

+
𝑅𝑇

𝑛𝐹
 ln(1 −

Ic

iL
) (15) 

where, ƞ
a
 , ƞ

c
 , β

a
 , β

c
 , ia,0  and ic,0  represent the overpotential, Tafel slope and 

exchange current density at anode and cathode, respectively, Ia and Ic are the current 

density flow into/out from the concrete sample, which, with the assumption of current 

conservation, can be determined as follows: 

Ic= F ∑ ziJi

n

i=1

 |
x=0

 (16) 

Ia= F ∑ ziJi 
n

i=1

|
x=L

 (17) 

 

Due to the polarization of electrodes, the anode becomes more positive, whereas the 

cathode tends to be more negative. Hence, the electric potential at the cathodic (Фsc) 

and anodic (Фsa) surface of concrete can be reset as: 

Фsc=Фc+ƞ
c
 (18) 

Фsa=Фa-ƞ
a
 (19) 



Thus, the potential across the concrete specimen can be expressed as: 

∆Фs=Фsa-Ф
sc

=Фa-Ф
c
-ƞ

a
-ƞ

c
=∆Ф-(ƞ

a
+ƞ

c
) (20) 

where Фa and Фc represent the electric potential at anode and cathode, respectively. 

∆Ф is the externally applied voltage. From Eqs. (14)-(20), it can be noticed that the 

polarization will influence the actual potential throughout the concrete specimen and 

thus affect the ionic transport process in the specimen. In turn, the ions transport in 

concrete can also influence the overpotential value. 

 

2.3 Non-equilibrium chloride binding involved in ionic transport  

There is a liquid-solid interface between pore solution and hydration products in 

concrete [46]. The chloride adsorption can be divided into two processes: firstly, 

chloride ions transfer from pore solution towards the liquid-solid interface, and then 

part of them are adsorbed into the hardened cement surface [47]. Similarly, for the 

desorption process, chloride ions are first released from the solid phase into the 

interface, and then transported into the liquid phase driven by the concentration gradient 

between two phases. This means that a certain period is needed to overcome the 

resistance of the liquid-solid interface and achieve the equilibrium between the free 

chloride concentration in liquid phase and bound chloride concentration in solid phase. 

Tang and Theissing found that it requires 7~14 days to bring the absorption into 

equilibrium in hardened concrete [48, 49]. Due to the duration of chloride migration 

tests that is usually less than two days, the equilibrium between free and bound 

chlorides cannot be reached in such a short period. The previous studies reported that 

the ingress depth of chlorides will be underestimated with considering the equilibrium 

binding in RCM tests [50, 51]. Hence, Spiesz et al. [47] and Li et al. [32] introduced a 

mass transfer item to calculate the non-equilibrium binding of chlorides in the single 

species transport models. However, the previous studies reported that the existence of 

other ions, OH-, K+, Na+, can also influence the binding balance by the multi-species 

interactions and the adsorption of themselves in CSH [12, 52]. In the present work, it 

is assumed that the binding of sodium, potassium, and hydroxyl ions is in proportion to 



the bound chloride ions. Therefore, the non-equilibrium binding between the liquid and 

solid phases can be expressed as: 

Ri=p
i
 ks (Ccl− − Cs)         i=1,2,…n (21) 

where, Ri and p
i
 are the mass transfer rate and the binding proportion coefficient of 

i-th ionic species, respectively. To keep the charge balance in the liquid-solid interface, 

the binding proportion coefficient of Cl-, OH-, K+, Na+ can be simplified as 1, 1/3, 2/3, 

2/3, respectively. ks  is the adsorption/desorption rate of chloride, Ccl−   is the free 

chloride concentration in pore solution, Cs is the chloride concentration in the liquid-

solid interphase. Assuming the absorption and desorption of chloride take place 

instantaneously, Cs can be determined by the Langmuir isotherm: 

Scl−=
αCs

1+βCs
 (22) 

where, α and β are the binding constants, which can be determined by a series of 

experiments, Scl−  is the bound chloride in hardened cement. Submitting Eq. (22) into 

(21), it yields: 

Ri=p
i
 ks  (Ccl− −

Scl−

α-βScl−
)          i=1,2,…n (23) 

 

Hence, this non-equilibrium binding process can be described as: when the chloride 

concentration in the interface is lower than it in pore solution, chloride ions continually 

transfer into the interphase, and the concentration of bound chloride in cement will 

increase. When the concentration of chloride ions in the interface is higher than in pore 

solution, they are transported from interface to liquid phase. Then, bound chloride will 

be released to keep the equilibrium between liquid-solid interface and solid phase. And 

the bound concentrations of sodium, potassium, and hydroxyl ions decrease or increase 

accordingly. Hence, the multi-species mass transportation for liquid and solid phase can 

be evaluated by the following equations:  

∂Ci

∂t
=Di∇

2Ci + Di

ziF

RT
∇(Ci∇∅) − p

i
 ks (Ccl− −

Scl−

α-βScl−
)          i=1,2,…n (24) 

∂Si

∂t
=p

i
ks  (Ccl− −

Scl−

α-βScl−
)               i=1,2,…n (25) 

where Si is the bound concentration of i-th ionic species.  



 

3. Numerical modelling 

3.1 Geometric model and input parameters 

A series of multi-phases models are developed to obtain the temporal and spatial 

distributions of ionic species in the concrete and the overpotential at electrodes for the 

simulation of RCM tests. As shown in Figure 2, a two-dimensional geometry of 50 mm 

× 50 mm representing an axially symmetrical concrete specimen is built, in which the 

randomly distributed circles represent the impermeable aggregates and the dark areas 

stand for the cement pastes. Aggregate is the key component to concrete. Both the 

volume fraction and size distribution of aggregates can affect the chloride resistance of 

the mixed concrete. In existing multi-phase models, the size distribution of aggregates 

is usually in the range of 2~20 mm [29, 53, 54]. Nevertheless, Abyaneh et al. [31] found 

that the aggregates with a diameter of 0.15~2 mm have a significant impact on the 

chloride resistance of concrete. Therefore, the diameters of aggregates used in this study 

are chosen from 0.15 mm to 20 mm. The particle size distribution of aggregates follows 

Fuller’s grading curve, and the volume fraction of aggregates (Va) is 0.5. Additionally, 

to equilibrate the relationship among the accuracy, computational time and convergence 

of numerical solutions, the size of free triangular meshes are adaptively adjusted [55]. 

Due to the extremely fine aggregates that are used in the geometrical model, the 

minimum size of meshed elements has been adjusted to be 3.75×10-6 m, for which a 

total of 202500 elements are used in the domain.  

 

As shown in Figure 1, the cathodic and anodic surfaces of the cement-based material 

are exposed to the electrolyte solutions of 520 mol/m3 NaCl and 300 mol/m3 NaOH, 

respectively. As the volume of the electrolyte solutions is much larger than that of the 

pore solution in the specimen, the concentrations of the NaCl and NaOH solutions on 

the two sides of the specimen are assumed as constants. Four ionic species (potassium, 

sodium, chloride, and hydroxyl ions) are considered, and an external stable voltage is 

applied between the two surfaces. Because of their low concentrations in the concrete 



pore solution, the calcium and sulphate ions are not considered in the simulation. The 

diffusion coefficients, initial and boundary conditions of ionic species, Tafel parameters, 

and binding constants used in the study are given in Table 2. 

 

Table 2 Input parameters used in numerical simulations.  

Parameter Notation Value in base case Values in parametric studies  

Water/cement ratio w/c 0.35 0.35  

Porosity (%) φ 11.3 11.3  

Aggregate volume fraction Va 0.5 0.5  

Diffusion coefficient  

(×10-11 m2/s) 

K+ 1.96 [11] 1.96 [11]  

Na+ 1.33 [11] 1.33 [11]  

Cl- 2.03 [11] 2.03 [11]  

OH- 5.26 [11] 5.26 [11]  

Initial concentration 

(mol/m3) 

K+ 200 50 and 400  

Na+ 100 25 and 200  

Cl- 0 0  

OH- 300 75 and 600  

Binding constants α 1.40 [32] 1.40 [32]  

β 0.0008 (m3/mol) [32] 0.0008 (m3/mol) [32]  

Adsorption/desorption rate  ks 5.0×10-5 (1/s) 5.0×10-5 (1/s)  

Tafel parameters βc 180 (mV/decade) 100 and 280  

ic,0 10 (×10-6A/m2) 6 and 100  

βa 120 (mV/decade) 60 and 200  

ia,0 10 (×10-7A/m2) 6 and 50  

Voltage applied (V) ∆Ф 24 8 and 16  

Limiting current density iL 100 (A/m2) [56] 100 (A/m2) [56]  

 



 

Figure 2 The geometric model and corresponding mesh used in numerical simulations 

(Cathode and anode are assumed to attach to the left and right sides of the concrete 

domain, whereas the top and bottom lines of the domain are assumed to be sealed)   

 

3.2 Solution procedure 

In the present numerical simulation models, both the mass transport and polarizing 

processes are considered. The former is applied to express the multi-species transport 

in the pore solution with adsorption/desorption of ions between liquid and solid phases. 

The latter is adopted to obtain the real time-varying electric boundaries at cathodic and 

anodic interfaces. Herein, these two processes are jointly solved by using a sequential 

non-iterative algorithm (SNIA), which is implemented in COMSOL. In the SNIA the 

potential boundaries are updated at each time increment step so that an accurate and 

unique solution can be reached. As shown in Figure 3, firstly, the concentration of each 

species in concrete, overpotentials and potential boundaries at anodic and cathodic 

interfaces are initialized as Ci
0, ƞ

a
0, ƞ

c
0, 0, U, respectively. Using the values of Ci

n, 

ƞ
a

 n, ƞ
c

 n obtained from previous step, the uncorrected concentrations Ci
n+1’ can be 



solved by Eqs. (5), (24) and (25). After calculating the overpotential at electrodes based 

on Eqs. (14) and (15), the cathodic and anodic boundary conditions are reset as ƞ
a

n+1, 

U-ƞ
c

n+1, respectively. Finally, the corrected concentrations Ci
n+1 is updated and used in 

the next step of calculation. All governing equations are solved at each time increment 

by using the finite element method built in COMSOL. Based on this, the interaction 

between ionic transport and polarization and the influences of heterogenous of concrete, 

applied voltage, Tafel parameters and initial ionic species concentration on the ionic 

transport in concrete are investigated in following sections. 

 

 

Figure 3 Solution procedure used in overpotential model 

 

4. Benchmark 

This section aims at demonstrating the reliability of the proposed models and examining 



the effect of overpotential on ionic transport in migration tests. Firstly, some details of 

presented model are adjusted to be consistent with two existing chloride migration tests 

conducted by Jiang et al. [57] and Castellote et al. [58], respectively. As shown in Table 

3, these adjusted parameters include the size of cement/concrete specimen, the 

water/cement ratio, the corresponding binding constants (α and β), the initial 

concentration in pore solution, the external DC voltage, the volume fraction of 

aggregates, the concentration of electrolyte and the test time. Note that calcium and 

sulfate ions are ignored due to their low concentrations in the pore solution. Then the 

initial concentrations of other species are adjusted according to the condition of 

electroneutrality.  

 

Table 3 Input parameters in benchmarked models. 

Parameters Notation Jiang’s expt. Castellote’s expt. Note 

Size of specimen (mm×mm) - 50×100 75×150 [57, 58] 

Water/cement ratio w/c 0.5 0.4 [57, 58] 

Binding constants α 1.686 0.87 Taken from [59] and recomputed 

for concentration unit (m3/mol). β 0.0099 0.0047 

Initial concentration 

(mol/m3) 

K+ 600 700 The values in Castellote’s expt. 

are estimated from the chemical 

analysis of cement. [57, 58] 

Na+ 202 200 

Cl- 0 0 

OH- 802 900 

External DC power (V) ∆Ф 30 12 [57, 58] 

Aggregate volume fraction Va 0.75 0 Estimated from aggregates 

dosage used in experiment.  

Anolyte (mol/m3) 

Catholyte (mol/m3) 

NaOH 300  300  [57, 58] 

NaCl 500  500  [57, 58] 

Duration - 28 Days 36 Hours [57, 58] 

 

The penetration depth of chloride in the chloride migration test is the key indicator to 

calculate the chloride migration coefficient and for the prediction of the service life of 

concrete structures. As demonstrated in NT Build 492, the threshold for detected 

chloride by colorimetric method is approximately 70 mol/m3 [7]. Therefore, the 

effective chloride penetration depth for both experimental and numerical results are 



determined by using this value. Figure 4 elaborated the comparison between 

experiments and simulations with and without considering the effect of overpotential. 

It can be found that the verification results from the overpotential models are 

demonstrated. The simulation results of Jiang’s experiment are smooth curves, and the 

result with overpotential fits well with the results from cement specimens. However, 

due to the use of aggregates phase in modelling of Castellote’s experiment, the 

penetration depth profiles have fluctuating shapes, in which the difference in chloride 

penetration depth between the numerical and experimental results ranges from 2.7~4.1 

mm at 7 days and 2.5~3.1 mm at 28 days, respectively. The figure also shows that, in 

terms of both the experimental data, the non-overpotential models overestimate the 

chloride permeability. Therefore, the electrode polarizing process should be included 

when simulating chloride migration test. 

 

 

Figure 4 The comparison between experimental and numerical simulation results. 

 



5. Results and discussion 

5.1 External applied voltage 

The externally applied electric field is the dominant driving force for ionic transport in 

chloride migration tests. Hence, to reflect the effect of externally applied voltage on 

both the ionic concentration distribution and polarization process, three external applied 

voltages, 8V, 16V and 24V, are used in the simulations, whereas all other input 

parameters are assumed to be the same as those given in the base case of Table 2. 

 

Figure 5 shows that total overpotential in the 24V-model decreases from 2.26V to 2.14V 

over the 24 hrs testing time, due to the current density flow through the concrete 

gradually dropping during RCM test (see Figure 6). According to Eq. (20), the actual 

potential difference throughout the whole specimens drops approximately 8.9~9.4 % 

than that applied on electrodes, which means that the actual driving force provided by 

the electrostatic potential gradient would be slightly small. Hence, the penetration depth 

of chloride ions is smaller in the models involving the polarization process than that in 

the non-overpotential models, as shown in Figure 7. The red line in each model 

represents the effective penetration depth, where the concentration of chloride ions is 

70 mol/m3 [6]. It can be observed that the chloride ions gradually ingress into concrete 

under the action of externally applied electric field. In order to describe the influence 

of overpotential more intuitively, the concentration profiles of chloride ions are 

replotted in Figure 8, where the profiles of hydroxyl, sodium, and potassium ions are 

also included. It is interesting to note that, although the overpotential decreases over 

time, the difference in chloride penetration depth between the overpotential and non-

overpotential models becomes increasingly apparent. Meanwhile, due to the multi-

species coupling effect, the concentration distributions of K+, Na+, and OH- ions change 

correspondingly. Moreover, the influence of the overpotential on the transport of 

OH- and K+ ions is more evident than its influence on Na+ ions. There are two possible 

reasons for this phenomenon. One is due to the large diffusion coefficients of OH- and 

K+ ions. The other is owing to the fact that the anodic electrolyte NaOH solution 



provides sufficient Na+ ions moving through the concrete specimens. 

 

It also can be seen from Figure 5 that the overpotential slightly increases with the 

increase of externally applied voltage. This agrees with the results from McGrath’s 

experiment [58], in which the overpotential ranged from 1.91 to 2.36V when the 

externally applied potential increased from 6V to 30V. Figure 6 shows that the current 

density flow through the concrete increases with the increased external voltage, which 

enables stronger polarization occurs at electrode-electrolyte interfaces. The 

overpotential, in turn, affects the concentration distribution of each ionic species in pore 

solution and finally changes the current density flow through concrete, as shown in 

Figures 6 and 9. This implies that there is an interaction between ionic transport and 

polarization processes. In addition, the difference of overpotential between 8V-, 16V- 

and 24V-models and the value of overpotential show a decreasing trend with time. This 

is because the discrepancies of current density between 8V-, 16V- and 24V-models 

decrease quickly during the first 12 hours (see Figure 6), which confirms the results 

from Spiesz’s experiments [10]. Figure 9 shows the concentration profiles of chloride 

ions obtained from the overpotential and non-overpotential models with different 

external voltages. It can be observed that the larger the externally applied voltage, the 

deeper the chloride ingress depth in concrete. This is because the velocity and the total 

amount of species passing through the concrete are greater under the higher externally 

applied driving force. Moreover, the impact of overpotential on chloride ingress tends 

to increase with the decline of the external voltage. This tendency is consistent with the 

results in the benchmark. The decrement of ingress depth caused by polarization under 

8V applied voltage is approximately 1.5 times that under 16V applied voltage and 2.4 

times that under 24V applied voltage. This means that the decline of chloride ingress 

not only is affected by the magnitude of overpotential but also is determined by the 

proportion of it to the externally applied voltage.  

 



 

Figure 5 The values of total overpotential at anodic and cathodic interfaces, ƞ
a
+ƞ

c
, 

for models with different externally applied voltages. 

 

Figure 6 The average current density in the RCM models with and without 

considering the overpotential (OP) when three different voltages applied. 



 

 

Figure 7 Chloride spatial distributions at three different times in 24V-models (mol/m3) 



 

Figure 8 Concentration distribution profiles of Cl-, OH-, K+, Na+ ions in 24V-models 

with and without considering the overpotential (OP) at three different times.  

 

Figure 9 Concentration distribution profiles of Cl-, OH-, K+, Na+ ions in the models 

with and without considering the overpotential (OP) when three different voltages 

applied. 



5.2 Tafel parameters 

According to Eqs. (14) and (15), the overpotential is partly determined by the Tafel 

slope and exchange current density. These two Tafel parameters are dependent on the 

electrode material, electrolyte, electrochemical reactions, etc. Based on the main 

electrochemical reactions described in section 2.2 and the electrolyte used in the 

migration test, five sets of Tafel parameters are selected (see Table 4). The externally 

applied voltage is 24V. The initial concentrations of Cl-, OH-, K+, and Na+ ions are 0, 

300, 200 and 100 mol/m3, respectively. 

 

The total overpotential in the five cases at 1 hour, 12 hours and 24 hours are plotted in 

Figure 10. As expected, the overpotential is proportional to the Tafel slope and inversely 

proportional to the exchange current density. The Tafel slope plays a vital role in the 

magnitude of overpotential, while the influence of exchange current density is limited. 

The value of overpotentials in the Highest and High cases is three times greater than 

that in the Lowest and Low cases. The difference of overpotential between each case is 

almost the same at any time. It should be noticed that the total overpotential in the 

Highest and High cases holds in the range of 2.65V~3.24V, which is far above the value 

tested/adopted in experiments and NT Build 492 [7, 8, 10]. Therefore, selecting suitable 

Tafel parameters in the numerical analysis of overpotential between electrodes and 

specimen surfaces is important. Figure 11 shows the concentration distribution profiles 

of each ionic species in five overpotential cases. For the purpose of comparison, the 

concentration profile of chloride ions in non-overpotential model is also superimposed 

in the figure. There are no apparent differences in terms of the ionic distribution 

between the Highest and High cases, or between the Lowest and Low cases. In contrast, 

the differences between the Low, Base and High cases are significant. In addition, a 

high Tafel slope can enlarge the influence of exchange current density on both the 

overpotential and penetration depth of chloride ions. The penetration depth of chloride 

ions is negatively associated with the overpotential. The lower the overpotential on 

electrodes, the higher the potential drop throughout the concrete specimen, hence the 

more the chloride ions move into concrete. 



Table 4 Parametric study grid 

Parameter Highest case High case Base case Low case Lowest case 

𝛽𝑎 (mV/decade) 200 200 120 60 60 

𝑖𝑎,0 (10-7A/m2) 6 50 10 50 6 

𝛽𝑐 (mV/decade) 280 280 180 100 100 

𝑖𝑐,0 (10-6A/m2) 6 100 10 100 6 

 

 

Figure 10 The values of total overpotential at anodic and cathodic interfaces, ƞ
a
+ƞ

c
, 

for models with different Tafel parameters. 



 

Figure 11 Concentration distribution profiles of Cl-, OH-, K+, Na+ ions in the cases 

with different Tafel parameters after 24-hour RCM test. 

 

5.3 Initial concentration in the pore solution 

For different types of cement, the initial concentrations of ionic species in their pore 

solutions may also be different, which thus can affect the flux of ionic species at 

concrete surfaces. According to Eqs. (16) and (17), the current density flow into/out 

from concrete surfaces is related to the fluxes of each species and then perhaps finally 

changes the polarization process at electrode-electrolyte interfaces. Herein, three 

different initial concentrations are used, which are given in Table 5, and other input 

parameters remain the same as those used in the base case in Section 5.2. 

 

Figure 12 shows the changes of total overpotential in three different initial 

concentration cases. The higher initial concentration results in higher current density 

and thus higher overpotential (see Figures 12 and 13). A possible explanation for this 

might be that the higher initial concentration in pore solution can provide more ions to 

be exchanged into/out concrete and leads to higher ionic fluxes. It also can be found 



from Figure 13 that the differences between current densities in three cases are not 

remarkably changed with time. Therefore, the discrepancies of overpotential between 

each case are almost the same over time and are in the range of 0.1V~0.2V. Figure 14 

shows the concentration profiles of each ionic species in three different initial 

concentration models. From Figure 14, it can be observed that the effect of initial 

concentration on the total amount of chloride ions ingress into concrete is significant. 

The more the initial ionic species in pore solution, the more the chloride ions can be 

moved into concrete. As the initial concentration in Case 1 is low, the 70 mol/m3 is 

unsuitable for use as a criterion to obtain the chloride penetration depth. In this section, 

the penetration depth can be determined as the depth of mid-point between the 

wavefront and the zero concentration point of the chloride profiles. The chloride 

penetration depth in Case 1, 2 and 3 without the overpotential is 32.5, 32.6 and 33 mm, 

respectively. This means that the penetration depth is almost independent of the initial 

concentration. It also can be seen that the effect of overpotential on chloride penetration 

depth in higher initial concentration case is more noticeable.  

 

Table 5 Initial concentrations of Cl-, OH-, K+ and Na+ ions (mol/m3) 

 Potassium Sodium Chloride Hydroxide 

Case 1 50 25 0 75 

Case 2 200 100 0 300 

Case 3 400 200 0 600 



 

Figure 12 The values of total overpotential at anodic and cathodic interfaces, ƞ
a
+ƞ

c
, 

for models with different initial concentrations 

 

Figure 13 Figure 6 The average current density in the RCM models with and without 

considering the overpotential (OP) when three different initial pore concentrations 

applied. 



 

Figure 14 Concentration distribution profiles of Cl-, OH-, K+, Na+ ions in the cases 

with and without considering the overpotential (OP) when three different initial 

concentrations applied. 

 

6. Conclusions 

A numerical simulation model, considering multi-species transport, polarization at 

electrodes and non-equilibrium chloride binding, has been developed to describe 

the variation of electric potential at concrete surfaces and its effects on ionic 

transportation in concrete during the electrochemical processes. Based on the 

results obtained from the present study, the following conclusions can be drawn.   

1. With consideration of the overpotentials at electrodes, the potential drop across 

the concrete specimen is 7~25% lower than that applied between the two 

electrodes in different cases, leading to the decreased chloride penetration depth.  

2. The total overpotential at electrode-electrolyte interfaces gradually decreases 

due to the decrease of current density flow through concrete during the RCM 

test. However, the effect of overpotential on the concentration distribution of 

individual ionic species seems obvious and increases with time. 



3. The total overpotential appears to be lightly dependent on the externally applied 

voltage and the initial concentration of ions in concrete. However, the Tafel 

parameters describing the electrochemical reactions on the cathode and anode 

have a great influence on the change of overpotential. 

4. The effect of overpotential on ionic transport is determined by both the 

magnitude of it and the proportion of it to the externally applied voltage. The 

higher the externally applied voltage, the more minor effect of overpotential on 

the chloride penetration.  

5. The larger the Tafel slope, the higher the overpotential, and the stronger the 

effect on the ionic transport. Conversely, the high exchange current density used 

in the present overpotential model will decrease the value of overpotential and 

slightly increase the penetration depth of chloride ions.  

6. The initial concentration of ions in pore solution has a limited effect on the 

overpotential and ingress depth of chloride ions. Nevertheless, the total amount 

of penetrated chloride ions shows a noticeable increment with the increase of 

the initial concentration.  
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