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18 14
19 15  Abstract: Electrochemical chloride extraction (ECE) is one of the effective methods to remove
52 16 chloride and prolong the service life of reinforced concrete (RC) structures. To fully understand the
22 17 mechanisms of the long-term chloride ingress and subsequent ECE treatment of RC structure, a
gi 18  multi-phase mesoscopic numerical model is proposed. Unlike most of existing models, the long-
19  term chloride ingress and the effect of chloride binding are considered in the proposed model, and
25
26 20 the transport of chloride is simulated through a novel diffusion-migration-reaction process. The
27 . . . . . .
28 21 numerical simulation results show that the adsorption capacity of concrete to chloride decreases
29 22 with the increase of chloride ingress time. Interestingly, the free chloride concentration on the
28 23 surface of concrete decreases dramatically, and the maximum value appears in the concrete
32 24 protective cover after ECE treatment. Furthermore, ECE treatment time, current density and
gi 2b  concrete protective cover have significant influences on ECE treatment efficiency. Besides, the
35 26 quantitative relationship models between these factors and ECE treatment efficiency have been
gs 27  developed. Moreover, the use of stirrup can improve the efficiency of ECE treatment. The research
28  outcomes reveal previously ignored fundamental aspects of the ECE treatment and provide insights
38
39 29  for the durability prediction of RC structures.
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1 Introduction

Reinforced concrete (RC) is the most widely used building material in the construction industry
[1,2]. The combination of reinforcement and concrete makes full use of their advantages in
mechanical properties. However, reinforcement corrosion in RC structures caused by chloride
ingress is one of the most serious problems in marine engineering [3,4]. In the process of RC casting,
passive film is formed around the surface of reinforcement in alkaline environment, which can
effectively prevent the reinforcement from corroding [5-7]. Nevertheless, chloride in the marine
environment diffuses into concrete through the pores of concrete [8,9] during the service life of RC
structures. Once the chloride concentration around the surface of reinforcement reaches the critical
chloride concentration, the passivation film of reinforcement will be destroyed, resulting in the
corrosion of reinforcement, the crack of concrete protective cover, and finally the failure of the
structure [10-12]. Therefore, it is essential to remove chloride from RC structures and prolong the
service life of RC structures.

For decades, electrochemical repair methods play an important role in protecting the
reinforcement embedded in concrete from corrosion [13-17]. Electrochemical repair methods
include cathodic protection and electrochemical chloride extraction (ECE) [13-22]. The principle
of cathodic protection is to prevent the reinforcement from corrosion by providing an appropriate
cathodic polarization current for the reinforcement. [23-25]. Although cathodic protection can
effectively inhibit the corrosion of reinforcement, it needs to use current in the whole service life of
the RC structure, which requires a high cost [19,26].

Compared with cathodic protection, ECE has many advantages, such as convenient operation,
low price and short duration. The ECE system applies an external electric field between the
embedded reinforcement bar (as cathode) and the external electrode (as anode, immersed in an
electrolyte solution).. The external electric field drives the chloride ions to the external anode of
concrete, thus removing the chloride from concrete[21,22,27]. ECE treatment has been favored by
many researchers since it was first adopted in experimental researches in 1970s. For instance,
Fajardo et al. [28,29]carried out the ECE treatment experiments on cylindrical concrete samples
containing chlorides. The experimental results demonstrated that chloride in RC could be effectively
removed by ECE treatment. In addition, after ECE treatment, about 50% ~ 60% of chloride in
concrete were removed, while various cations such as Na*, K* and Ca?* in the concrete pore solution
gathered around the reinforcement [28,29]. The study of Garcés et al. [30] showed that the efficiency
of ECE treatment was influenced by the distributions of reinforcement. Besides, the ECE treatment
efficiency can be improved by using graphene as an auxiliary electrode, and the chloride
concentration in concrete can be reduced by 70% after 8 weeks of ECE treatment [31]. Furthermore,
the environmental temperature also affects the ECE treatment efficiency. When the temperature
increased from 0°Cto 20°C, the ECE treatment efficiency was improved by two times [4]. Moreover,
Yeih et al. [31] found that stirrups could increase the efficiency of ECE treatment. However, after
ECE treatment, the new cementitious phases containing rich concentrations of sodium, aluminum
and potassium were formed. Moreover, the ECE accumulates locally high amounts of alkali ions
that stimulate the alkali-silica reaction.

The above experimental studies demonstrate that ECE treatment can effectively remove
chloride from concrete. However, concrete is a multiphase composite material composed of
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aggregate, mortar and interface transition zone (ITZ) [9,32]. The process of the chloride transport
in concrete, especially in 1TZ, is difficult to be explored by experiments. In contrast, numerical
simulations have great advantages in providing detailed information, such as ions transport
trajectories and interactions between ions, potential distributions, and so on [33]. The process of
ECE can be simulated by using Nernst-Planck equation or Nernst-Planck-Poisson equation[14-16,
31, 34, 35]. Through numerical simulations, Wang et al. [16] reported that the position of the anode
played an important role in the ECE treatment. In addition, by considering the effects of ionic
concentrations on the diffusion and migration of charged ions, Li et al. [14,15] presented a
mathematical model for simulating ECE treatment. Moreover, the ECE treatment numerical model
established by Castellote et al. [34] took into account the effect of hydrogen ions produced by
electrolytic water on the diffusion properties of chloride. Furthermore, Liu et al. [33,35] established
a mesoscopic numerical model of ECE treatment and regarded concrete as a multiphase material.
And the effects of aggregate shape, boundary condition and double electric layer on ECE treatment
efficiency were discussed in their work.

The chlorides in concrete can be divided into the free chlorides and the bound chlorides [36,37].
In the stage of chloride ingress, the pore structure of concrete adsorbs some of free chlorides and
become bound chlorides, reducing the permeability of concrete to chloride ions [38-41]. While, in
the stage of ECE treatment, some of bound chlorides are released and become free chlorides.
Unfortunately, most of the existing models only consider the free chlorides, and ignore the bound
chlorides during the process of ECE treatment [8,31,42]. More importantly, the actual RC structure
is attacked by chloride in the marine environment, and chloride concentration is non-uniformly
distributed in concrete[43]. The concentration of chloride decreases with the increase of the ingress
depth of chloride [39,41,44]. However, most of the existing numerical models for ECE treatment
simulation assume that the chloride concentration in concrete is uniformly distributed before ECE
treatment[14,21,45,46]. Obviously, this is not consistent to the real situation, and cannot fully reveal
the mechanism of ECE treatment.

To tackle aforementioned problems, in this paper, a multi-phase mesoscopic numerical model
is proposed to simulate the whole process of long-term chloride ingress and subsequent ECE
treatment. In the proposed model, concrete is considered as a multiphase composite material
composed of aggregate, mortar and 1TZ. More importantly, by introducing a reaction phase, the
binding effect of chloride ions is considered in the proposed model. In addition, the reliability of the
proposed chloride model is verified by the third-part experiments. Furthermore, the distributions of
chloride concentration in concrete are displayed in two-dimensional (2D) and three-dimensional
(3D) graphics to reveal the evolution of chloride concentration distributions before and after ECE
treatment. Moreover, the influences of ECE treatment time, current density, diameter of
reinforcement and thickness of concrete protective cover on the efficiency of ECE treatment are
discussed. And the quantitative relationship model between ECE treatment efficiency and these
factors is presented. Finally, an engineering case is analyzed. The research outcomes reveal the
previously overlooked aspects by other researchers in chloride transport mechanism in concrete
meso-structure under the ECE treatment and provide insight for the durability prediction of RC
structure subjected to chloride attack.
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2 Theoretical background
2.1 Chloride ingress

In the marine environment, chloride mainly diffuses into the RC structure through the pore
solution of the concrete, leading to the deterioration of the performance of RC structure. However,
the diffusion of chloride in concrete pore solution is quite different from that in ordinary solution
(e.g., water). When the external chlorides diffuse into the concrete, part of the free chlorides will
become bound chlorides through the physical and chemical reactions, as shown in Fig. 1. On the
one hand, the pore structures of concrete have adsorption effect on chlorides [36,37]. Once the
chloride in the pore solution gets close to the C-S-H gel wall, some of the free chlorides will be
adsorbed, which is called physically bound chloride(adsorption), as shown in Fig. 1. Physical
binding is a long process and reversible [44]. On the other hand, some chloride ion reacts with
mineral composition of concrete (i.e., residual aluminates, sulfoaluminate phases) to form Friedel's
salt (C3A-CaClz-10H20) [36,37,44]. This chemical reaction process is called chemically binding
and is generally considered to be instantaneous. The chlorides in chemical reaction are called
chemically bound chlorides. Generally, the chloride ion is continuously diffused into the concrete.
However, the amount of the mineral composition of concrete (i.e., residual aluminates,
sulfoaluminate phases) is constant [36,44]. Therefore, the concentration of the chemically bound
chloride is independent of the free chloride concentration and only dependent of the amount of the
mineral composition of concrete. And the chemically bound chloride is constant as the concentration
of free chloride increases (as shown in Fig. 2). In addition, various chloride adsorption models
[38-41] have been proposed to describe the complex chloride binding phenomenon. And the
relationship between free chloride and bound chloride can be demonstrated in Fig. 2.

@ (b) A © Free chloride
Liquid ek
. | < I TEX
2 Ch crcr cr ¢ Crer
& — mmp iﬁ Mortar mms diffusion cr o
= & Crack a S er CI'. e ¢ &
= Cl-
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112 &b Bound chloride

Fig. 1. Multi scale diffusion schematics of chloride ions. (a) Reinforced concrete column in marine environment

[67]. (b) Multiphase composite structure of concrete. (c) Micro diffusion process of chloride.

L the maximum bound chloride concentration (C,,,,)

Physically bound chloride

Chemically bound chloride

Bound chloride concentration (mol/m?

Free chloride concentration (mol/m®)

Fig. 2. lllustration of physically bound chloride and chemically bound chloride [44].
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In addition, both the chemical binding and the physical binding can be regarded as a specific
"reaction” of free chloride[48]. Consequently, the transport of chloride into concrete in the marine
environment is essentially a diffusion-adsorption process. Without considering the electric field and
the flow field, the governing equation of diffusion-adsorption of chloride can be expressed by the
mass conservation equation as follows [48]:

aCcl _ 92 Ccl 92 Ccl Ccl

at Dcl W + Dcl 6_312 - kb Chmax (Cbmax - Ccl) (l)
ac, C
a_tb = Kp Cbncl;x (Cbmax - Ccl) (2)

where C,; is the free chloride concentration (mol/m?), D, is the effective chloride diffusion
coefficient (m?/s), k, isadsorption rate of bound chloride, C,, is the bound chloride concentration
(mol/ m3), and Cpmey is the maximum concentration of bound chloride (mol/m3).

2.2 Electrochemical chloride extraction
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Fig. 3. Schematic representation of ECE treatment for concrete.

ECE is a process of directional movement of ions in concrete by applying an external electric
field[21,22]. In the process of ECE, the cation ions move towards the positive electrode, while the
anion ions move towards the surface of reinforcement embedded in concrete [4], as schematically
illustrated in Fig. 3. Generally, the steel mesh immersed in the anode electrolyte is used as the
positive electrode[28], and the reinforcement embedded in the concrete is used as the negative
electrode[49,50]. In order to improve the conductivity of anodic system, in this paper, electrolyte
solution with 50 mol/m3 NaOH, 10 mol/m?* LiOH and 5 mol/m*® KOH is used. Under the external
electric field, the transport of various ions in concrete is not only the diffusion of ions caused by the
concentration gradient, but also the migration of ions caused by the potential difference. Based on
the conservation of mass, hence, the transport of various ions in concrete can be expressed as
follow[15,34,51]:

ac; C
3¢ = Vi + kig 7 —(Cicg = C1) @)

where J; is the molar flux of the i" ionic species in the concrete (mol/(m? - 5)), Cigcp is ionic
concentration at the beginning of ECE treatment, and k; is the release rate of the bound ions of
the i ionic species.

The molar flux of ions per unit area per unit time can be expressed by Nernst-Planck
equation[5]:
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Ji = =DV C; = zDiC; (= 79) (4)

where z; is the charge number of the i ionic species, F = 96480 is the Faraday constant ( C/mol ),
T =298 is the absolute temperature (K), and R = 8.134 is the ideal gas constant (J/(mol-K)).
Substituting Eq. (4) into (3), it can yield the following equation:

ac; 2
a_tl = DlV Ci +

Zl'DiF

CEV (V) + kg ————— (5)

Chmax(CiecE—Ci)

According to the electric neutrality and current conservation, it yields [15,16,20,22]:
iziCi=0 (6)
I=FXiL z); ™
where | is the current density (A/m?).
Substituting Eq. (4) into (7), we have
N ..D.vC:
L ®)
It is worth to mention that the boundary conditions and initial conditions should be given in the
simulations when calculating the concentration distribution of various ions in concrete. Under the
external electric field, electrochemical reactions occur at the cathode and anode electrodes[21]. For
the cathode, the oxygen absorption and the hydrogen evolution reactions occur on the surface of
reinforcement embedded in the concrete [17]. And the chemical reactions at the cathode can be
express as follows:
2H,0 4+ 0, + 4e~ = 40H" 9)
2H,0 +2e~ =40H™ + H, (10)
From Eqg. (9) and (10), it is known that only OH- ions are generated on the surface of
reinforcement embedded in the concrete, and the flux of all the other ions is zero. Hence, the flux
of OHon the surface of reinforcement embedded in the concrete is equal to the externally applied
current density[28,49,51]:

Jou- = = (112)

Zog-F

where . is the current density externally applied to the cathode.

Note that the volume of the anode electrolyte is quite large compared with that of the concrete
pore solution, and the anode electrolyte is regularly replaced in the actual ECR treatment.
Consequently, although the chlorides in the concrete transport to the anode electrolyte, the variation
of ions concentration in anode electrolyte can still be ignored [52]. Therefore, in the simulation of
ECE treatment process, the ions concentration in the anode electrolyte could be conservatively
assumed to be constant[15]. And the initial values and boundary conditions used in the simulation
of ECE treatment process are shown in Table 1.
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Tablel
Initial and boundary conditions in the simulation of ECE treatment [15,45,53-55].

lons Boundary concentration (mol/md) Initial concentration (mol/mq) Charge number
Chloride 10 Ca(x, Y, to)” -1
Hydroxide 50 398.1 -1
Potassium 5 227.1 +1
Sodium 55 136.6 +1

*C.(x,y,t.) refers to the concentration of chloride in concrete in the tc ™ year of chloride ingress.
2.3 Effective diffusion coefficient of various ions

As can been seen from Eqg. (1) and (5) that the diffusion speed of ions in concrete is determined
by the diffusion coefficient of ions. According to the diffusion theory for porous media, the effective
specified ion diffusion coefficient in concrete can be calculated by the porosity, tortuosity and
constrictivity of concrete[56], which can be expressed by

D, = D, 2% ()" (12)

where Dg; is diffusion coefficient of the specified i ion in agueous solution (m%s), ¢ is the
porosity of concrete, & is constrictivity of concrete, A is tortuosity of concrete, t,., is reference
time (28d), t is chloride ingress, and m is the time attenuation index of chloride diffusion coefficient.
2.4 ECE treatment efficiency indexes

(a) 0 (b)
2 \

O SO
A NS IS
Wbl xS ny

Fig. 4. Schematic representation of integral domains. (a) The integral domain of the concrete protective cover ;.

(b) The integral domain close to the reinforcement .

The purpose of ECE treatment is to remove chloride ions from concrete as much as possible,
especially region close to the surface of reinforcement [13]. In order to evaluate the effect of ECE
treatment, the efficiency indexes of ECE treatment (i.e., P1 and P2) are defined. One of the ECE
treatment efficiency indexes (P1) is used to describe to the reduction of chloride concentration in
the concrete protective cover domain, and the other efficiency index (P2) is used to describe the
reduction of chloride concentration in the region around the reinforcement, as shown schematically
in Fig. 4a and b, respectively.

fﬂl C(x,y,tc)dA—f!21 C(x,y,tr)dA
Py = [ Clxyto)dA
0, Y.le

(13)

Joz €y t)dA=[, Clxy.tr)dA
P, = [, Clxy.to)dA
2 Yite

(14)

where P; and P, are efficiency indexes of ECE treatment, respectively; t. is the moment when
chloride concentration on the surface of reinforcement reaches critical chloride concentration; t,
7
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is the ECE treatment time; x and y are chloride position coordinates; A is the area; C(x,y,tg) is
the free chloride concentration after ECE treatment; 2, and £, are the integral domains, as
shown in Fig. 4a and b, respectively.

3. Numerical simulations

In the numerical simulations, concrete is regarded as a multiphase composite material
composed of aggregate, mortar matrix and 1TZ, as schematically illustrated in Fig. 5a-b. In order to
transform 3D concrete aggregate gradation into 2D concrete aggregate gradation, one of the widely
applied aggregate distribution methods is Walraven’s equation, which can be expressed as [9,57,58]:

P(d) = 1.065(d/dy)"? — 0.053(d/dm)* — (d/dy)® — 0.0045(d/dy)® — 0.0025(d/dpy)'° (15)

where d is the diameter of aggregate; d,, is the maximum diameter of aggregates; P(d) is the
cumulative percentage passing a sieve with aperture diameter d.

In the proposed model, the shape of aggregate is random polygon, and the position of aggregate
is also random. The diffusion coefficient of ions in aggregate is two orders of magnitude smaller
than that in mortar matrix and ITZ [43]. Hence, the aggregate is regarded as impermeable body and
the diffusion coefficient of ions in aggregate is set to be zero in the simulations. The thickness of
ITZ is related to the construction technology, water/binder ratio and concrete curing conditions.
Generally, the thickness of ITZ is between 20 um and 100 um [9,32,59]. In the proposed simulation
model, the thickness of ITZ is random and obeys normal distribution, and the average thickness of
ITZ is 60 um. Fig. 5¢ shows the finite element mesh of the proposed numerical model, and there are
more than 8 million degrees of freedom. Besides, all the other parameters used in the numerical

simulation are listed in Table 2.

Mortar matrix

(@ 75

Aggregate

Fig. 5. Schematic of 2D multi-phase meso-structure of concrete. (a) Meso-structure of concrete. (b) Local

magnification of the meso-structure. (c) Finite element mesh. (d) Local magnification of the finite element mesh
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Table 2

Basic parameters in the numerical simulations.

No. Parameters Value Unit Meaning References

1 Dy 1.07x 10  m¥s Diffusion coefficient of chloride in solution [15,21,22,45,46]
2 Dena 2.7x 10! m%s  Diffusion coefficient of sodium in solution [15,21,22,45,46]
3 D¢y 3.9x 10! m?/s  Diffusion coefficient of potassium in solution ~ [15,21,22,45,46]
4 Dson 528 x 10"  m%s  Diffusion coefficient of hydroxyl in solution [15,21,22,45,46]
5 oc 0.75 - Constrictivity of concrete mortar [56]

6 Tc 2 - Tortuosity of concrete mortar [56]

7 oc 12% - Porosity of concrete mortar -

8 Oz 0.85 - Constrictivity of ITZ -

9 Tirz 1 - Tortuosity of ITZ --

10 Pirz 29% -- Porosity of ITZ --

11 m 0.2 - Time attenuation index [55]

A sodium chloride (NaCl) solution with a concentration of 471.8 mol/m? is set to the left side

of the concrete to simulate marine environment. It’s worth noting that only when the chloride

concentration around the reinforcement surface reaches the critical chloride ion concentration, the

ECE treatment is carried out by applying an external electric field. The flow chart of the derivation
of the proposed multiphase numeric model is presented in Fig. 6

| Parameter input

S nogom ¢ G I |

I

| Generate random concrete mesoscopic geometry |

Chloride ingress

Whether critical chloride
concentration is reached

ECE treatment

& DYC+2D.C [ 398 | e 2 (Cace C)

ot RT

Fig. 6. The Flow chart of the chloride ingress and ECE treatment of the proposed multiphase numeric model.

In order to investigate the influence of current density, diameter of reinforcement, and
thickness of concrete protective cover on the efficiency indexes (i.e., P1 and P2) of ECE treatment,
we calculate 24 different cases in the simulations, and the detailed parameters are listed in Table 3.
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Table 3

Detailed parameters of each case.

Current Thickness of Diameter of
Repair time . . o
density concrete over reinforcement Explications
(weeks)
(A/m) (mm) (mm)
Benchmark
Case 1 8 2 50 16
Model
Case 2 1 3 50 16
Case 3 2 3 50 16
Case 4 3 3 50 16
Case 5 4 3 50 16 Different
Case 6 5 3 50 16 treatment time
Case 7 6 3 50 16
Case 8 7 3 50 16
Case 9 8 3 50 16
Case 10 8 0.5 50 16
Case 11 8 1 50 16
Different
Case 12 8 1.5 50 16 .
current densities
Case 13 8 2.5 50 16
Case 14 8 3 50 16
Case 15 8 2 50 10
Case 16 8 2 50 14 Different
Case 17 8 2 50 18 reinforcement
Case 18 8 2 50 22 diameters
Case 19 8 2 50 26
Case 20 8 3 30 16
Different
Case 21 8 3 35 16
thicknesses of
Case 22 8 3 40 16
concrete
Case 23 8 3 45 16 .
protective cover
Case 24 8 3 50 16

4. Model validation

The reliability of the model proposed in this paper can be verified by the measured data of
chloride concentration in concrete by Wu et al. [55]. The test objects of the experiments were taken
from Fangcheng port, Qinzhou port(as shown in Fig. 7), and Tieshan port in China [55]. A detailed
description about the test objects, including construction time, building structure type and chloride
ingress time, is presented in Table 4. The water/binder ratio of concrete for all the three ports is 0.4
and the concrete strength grade is C40. Additionally, the concrete powders were taken from the
external wall of the structures in the in-situ test. When taking the sample from the ports, the drilling

10
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depth was 56 mm and was divided into eight equal sections. The chloride concentration was
measured by Rapid Chloride Concentration Tester (RCT). Here, we compare our simulation results
of free chloride concentration in concrete with the experimental data, as demonstrated in Fig. 8a-c.
Due to the randomness of aggregate distribution in concrete, the chloride concentration at the same
ingress depth is slightly different. It is evident from Fig. 8a-c that the numerical simulation results

are very close to the experimental data, implying that the proposed numerical model is reliable.

Table 4

Detailed description of the test objects.

Fig

. 7. Qinzhou port [55]

Ingress time

No. Dock Built year Structure types
(months)
13# Dock of Gravity type thin-walled cylindrical caisson
1 2005 80
Fangcheng port structure
10# Dock of The category of large
2 2008 62
Qinzhou port cylinder gravity structure
1# Dock of The category of
2009 35

Tieshan port

gravity caisson structure

Through the comparison of chloride concentration in concrete of splash region, tidal region
and atmospheric region, it is obvious that the corrosion degree of RC structure of splash region is
the most serious, as shown in Fig. 8a-c. This demonstrates that RC structure of Splash region is the
first to fail in the marine environment. Therefore, it is of great significance to repair the RC structure

of Splash region. In our work, the RC structure of Splash region is taken as the research object.
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Fig. 8. Comparison of free chloride concentration between numerical results and experimental data. (a) Fangcheng

port, (b) Qing zhou port, and (c) Tieshan port.

5. Results and discussions
5.1 Long-term chloride ingress simulations

The distribution of chloride concentration in concrete plays a vital role in evaluating the service
performance of RC structure and judging whether the reinforcement is corroded or not [60,61].
Despite the continuous progress of experiments, it is time-consuming and costly to implement the
long-term chloride ingress experiments[62]. And the long-term experiments with chloride ingress
over 20 years have not been reported. However, for RC structures, the minimum service life required
by the Code for Concrete Design is 50 years [68]. Therefore, it is significant to study the long-term
chloride ingress process in RC structure, such as 25 years and 50 years of chloride ingress. To
address these critical issues, herein, numerical simulation has been used to study the long-term
chloride ingress process in RC structure and reveal the evolution process of chloride concentration.

—
&
—
A
RS2
_
o
)

Concentrationof free chloride (mol/m?)
Concentrationof free chloride (mol/m?)
Concentration of free chloride (mol/m?)

Fig. 9. Spatial distributions of free chloride at three different ingress times. (a) 10" year, (b) 25 year, and (c) 507
year, respectively.

In the experiments conducted by Wu et al. [55], the free chloride concentration in concrete of
splash region of Fangcheng port was measured only after 80 months of chloride ingress. To better
demonstrate the evolution process of chloride concentration in concrete, distributions of free
chloride concentration at three different ingress times (i.e., 10" year, 25" year, and 50" year) is
investigated, as shown in Fig.9a-c. It should be mentioned that the diameter of reinforcement is 16
mm and the thickness of concrete protective cover is 50 mm in the simulation. The horizontal
coordinates (i.e., x and y coordinates) in Fig. 9a-c represent the coordinates of the concrete meso-
structures, and the vertical coordinate (i.e., z coordinate) represents the free chloride concentration.
And the chloride erodes along the direction of x-axis. It is obvious from Fig. 9a-c that the free
chloride concentration increases with the increases of chloride ingress time at the same ingress depth.
This indicates that with the increase of ingress time, if no repair measures are taken, it will inevitably
lead to the corrosion of reinforcement in RC structure. The spatial distributions of free chloride
concentration in Fig. 9a-c could not only clearly reflect the evolution of chloride concentration, but
also manifest the tortuosity effect of the chloride diffusion.

Additionally, the spatial distributions of bond chloride concentration at three different ingress
times (i.e., 101" year, 25" year, and 50" year) are demonstrated in Fig. 10a-c. It is apparent from Fig.
10a-c that the bound chloride concentration will not increase after reaching a stationary value, and
the bound chloride reaches the saturation state. This indicates that the region where the bound
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Fig. 10. Spatial distributions of bound chloride at three different times. (a) 10" year. (b) 25" year, and (c) 50t" year,

respectively.

aggregate mortar ITZ mm reinforcement

— chloride diffusion trajectory

Fig. 11. Free chloride diffusion trajectories in meso-structures of concrete. (a) Overall concrete section (b) Local
amplification.

The diffusion trajectories of chloride in the concrete meso-structures have been clearly presented
in Fig. 11a-b. It is obvious from Fig. 1la-b that the aggregate increases the diffusion paths of
chloride and hinders the diffusion of chloride. For example, in Fig. R11a, the chloride ions at point
A cannot diffuse through the aggregate to point B along a straight line, but must diffuse around
aggregate to point B, which significantly increases the diffusion path of the chloride ions. In order
to study the influence of 1TZ on chloride diffusion, Figl1 is partially enlarged. It is found that the
chlorine ions at point C do not diffuse to point D along a straight line. Instead, the chlorine ions at
point C diffuse first to the ITZ and then along the ITZ region to point D (as shown in Fig. 11B),
indicating that ITZ is a fast channel for chlorine ion diffusion. This phenomenon has not been found
in previous studies. Consequently, the mechanism of ITZ promoting the chloride diffusion in
concrete can be well understood by this phenomenon. Moreover, the existence of random aggregates
in concrete leads to the non-uniformity distribution of chloride concentration at the same ingress
depth. This is quite different from the existing model [21] treating concrete as a single homogeneous
material. In their models, the distribution of chloride concentration is uniform at the same ingress
depth [21]. The proposed model with random distribution of aggregates is more consistent with the
reality.
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Fig. 12. The bond chloride profiles at three different ingress times. (a) 101 year. (b) 25™ year, and (c) 50" year,
respectively.

In order to further quantitatively study the distributions of chloride concentration in concrete,
Fig. 12a-c shows how the bound chloride concentrations change with penetration depth at three
different ingress times (i.e., 101 year, 25™ year, and 50" year). The simulation data of bound chloride
concentration is extracted from the left to the right of the concrete at three random places inside the
concrete (as shown in Fig. 12a-c by Line-1, Line-2, and Line-3). Obviously, due to the random
distribution of aggerates in concrete, the data of three chloride concentration curves (Line-1, Line-
2, and Line-3) are not completely coincident. It can also be seen from Fig. 12a-c that the saturated
bound chloride region is gradually increasing with the increase of chloride ingress time. The depths
of saturated bound chloride region are only 5 mm and 19.5 mm at 10" and 25" year of chloride
ingress, respectively. However, it reaches to 37.2 mm at 50" year of chloride ingress.

Moreover, once the free chloride concentration on the surface of the reinforcement reaches the
critical chloride concentration of 33.8mol/m3[63-65], the reinforcement will begin to rust [65]. As
can be seen from Fig. 13a, at 10" year of chloride ingress, the free chloride concentration on the
surface of the reinforcement (i.e., 13.2mol/m?3) is lower than the critical chloride concentration, and
the reinforcement does not corrode at this stage. However, the free chloride concentration on the
surface of the reinforcement (i.e.,33.8mol/m?) has reached the critical chloride concentration at 25™
year of chloride ingress (as showed in Fig. 13b), indicating that the reinforcement embedded in
concrete begins to rust and the service life of RC structures is only 25 years. This is far lower than
the service life required by Code for Concrete Design (e.g., 50 years) [68]. To extend the service
life of RC structures, it is necessary to take measures to remove chloride from concrete during the
service life of the concrete. In the next section, the removal of chloride from concrete by ECE
treatment will be described in detail.
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Fig. 13. The free chloride profiles at three different ingress times. (a) 10 year. (b) 25 year, and (c) 50" year,

respectively.
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5.2 ECE treatment simulations

The ECE method is adopted to remove chloride from concrete when the free chloride
concentration on the surface of the reinforcement reaches the critical chloride concentration. Note
that ECE treatment can significantly reduce chloride in RC structures in a very short period of time
(usually 4~8 weeks) [29,66]. Therefore, the longest ECE treatment time in our simulation is 8 weeks.
In the existing ECE treatment literatures, the distributions of chloride concentration in concrete were
assumed to be uniform before ECE treatment, and the chloride concentration in concrete was set to
be a constant, such as 380 mol/m?3 [14-16,33] or 200 mol/m? [22,66] and so on. However, this was
not consistent with the actual situation.

In this section, the removal of chloride from concrete by ECE treatment is implemented at the
25™ year of chloride ingress (as shown section 5.1). The current density applied to the reinforcement
is 2 A/m?, and the ECE treatment time is from 1 to 8 weeks with a step of one week. More detail
information is presented in Table 3 (case 1 to case 8).
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Fig. 14. Spatial distributions of free chloride concentration after different ECE treatment time. (a) Before ECE
treatment. (b) After 1 weeks of ECE treatment. (c) After 2 weeks of ECE treatment. (d) After 4 weeks of ECE

treatment. (e) After 8 weeks of ECE treatment, respectively.

The spatial distributions of free chloride concentration in RC structures after 1~8 weeks of
ECE treatment have been calculated, as shown in Fig. 14b-e. For comparison, the spatial
distributions of free chloride concentration in RC structures before ECE treatment is also presented
in Fig. 14a. By comparing Fig. 14a and Fig. 14b, it is apparent that spatial distributions of free
chloride concentration in RC structures changes dramatically after ECE treatment. Before the ECE
treatment, the distribution of free chloride in the concrete decreases gradually as the ingress depth
increases (as depicted in Fig.14a). However, after ECE treatment, the distribution of free chloride
in the concrete first increases and then decreases with the increase of the ingress depth. This
indicates that the maximum value of free chloride concentration appears inside the concrete after
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ECE treatment (as depicted in Fig.14b-e), and not appears on the chloride ingress surface anymore
(as shown in Fig.14a). This phenomenon has not been shown in the existing ECE treatment
literatures[15,17,21,22,34]. More importantly, with the increase of ECE treatment time, the
maximum value of free chloride concentration in concrete is significantly reduced, as shown in
Figl4b-d, indicating that ECE method can effectively remove chloride in concrete.

Furthermore, Fig. 15a shows how the chloride concentrations change with increase of the ECE
treatment times. It can be clearly seen from the Fig. 15a that with the increase of ECE treatment
time, the maximum value of chloride concentration in concrete decreases, and the position of the
peak is moving towards the interior of concrete. In addition, the chloride concentrations on the
surface of reinforcement for different ECE treatment times have also been calculated, as shown in
Fig. 15b. It is obvious from Fig. 15b that the chloride concentration on the surface of the
reinforcement decreases sharply at the initial stage of ECR treatment, and then decreases gradually
with the increase of desalting time. Similar results has also been found in the existing research
work [17,21].
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In order to further quantitatively characterize the efficiency of ECE treatment, the efficiency
indexes (i.e., P1 and P) of ECE treatment are calculated based on Eq. (13) and (14) and plotted in
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Fig. 16. It can be apparent from the Fig. 16 that P, increase rapidly at first and then tends to be
stable, and Py increase gradually with the increasing of ECE treatment time. In addition, the ECE
treatment efficiency in concrete protective cover (Py) is less than that around the reinforcement (P2)
for the same ECE treatment time. Moreover, after 8 weeks of ECE treatment, P1 and P, have reached
63.6% and 75.4%, respectively. This also indicates that ECE treatment can effectively remove
chloride from concrete.

Furthermore, the following formula fitted from the data of numerical simulation can be obtained
by regression analysis, which can be used to describe the quantitative relationship between the
efficiency indexes of ECE treatment and the ECE treatment time.

P;(t) = 0.0786 x %523 (16)
P,(t) = 0.7376 — 0.725 X exp(—t/11.26) 17)
where t denotes ECE treatment time (d).
5.3 Parametric analysis
To gain further insight into the efficiency of ECE treatment, the influence of some key factors
(current density, diameter of reinforcement, and thickness of the concrete protective cover) on the
efficiency of ECE treatment has been investigated.
5.3.1 Current density
The current density on the surface of reinforcement is one of the important factors affecting
the efficiency of ECE treatment[33]. When the current density is too small, the efficiency of ECE
treatment is reduced and the time of ECE treatment is prolonged [14,34]. To reveal the effect of
current density on ECE treatment, ECE treatment of concrete with different current densities from
0.5 A/m? to 3 A/ m? have been investigated. Details are listed in Table 1 (i.e., case 10 to case 14).
Except for the current density, the simulation conditions from case 10 to case 14 are the same, which
can eliminate the interference of other variables on the ECE treatment.
@

(b) (©)

300 N

Concentration of free chloride (mol
Concentration of free chloride (mol/m3)
Concentration of free chloride (mol/m3)

(d)
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Fig. 17. Spatial distributions of free chloride concentration after 8 weeks of ECE treatment. (a) 0.5 A/m?, (b) 1 A/m?,
(c) 1.5 A/m?, (d) 2 A/m?, () 2.5 A/m?, and (f) 3 A/m?, respectively.

After 8 weeks of ECE treatment, the distributions of free chloride concentration with different
current densities are as shown in Fig. 17. Obviously, the overall characteristic spatial distributions
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of free chloride concentration are consistent regardless of current density. For instance, all the peaks
of free chloride concentration with different current densities are distributed between reinforcement
and chloride ingress surface. This indicates that the current density of cathode does not change the
distribution trend of free chloride concentration. However, with the increase of current density, the
concentration of free chloride in concrete decreases gradually. It is worth noting that the current
density on the surface of the reinforcement is proportional to the potential difference of the applied
external electric field. A large potential difference will lead to a large current density. In addition,
the migration rate of chloride in the electric field can be improved by increasing the potential
difference according the Eq. (5). Therefore, large migration rate of chloride will mean that more
chlorides will be removed from the concrete in the same repairing time, resulting a reduction of
chloride concentration in concrete.
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Fig. 18. Free chloride concentration profiles (a) at y = 50 mm, and (b) on the surface of reinforcement with different
current density.

In order to quantitatively describe the effect of current density on ECE treatment, the
distributions of free chloride concentration at y = 50 mm after 8 weeks of ECE treatment are
calculated and demonstrated in. Fig. 18a. It reveals that with the increase of current density, the
maximum value of chloride concentration is gradually decreasing. Besides, the peak position of
chloride concentration is distributed between 8 mm and 20 mm away from the chloride ingress
surface. Moreover, Fig. 18b shows the change curves of free chloride concentration on the surface
of reinforcement with current densities. What stands out in this figure is the rapid decrease of the
free chloride concentration in the initial stage of ECE treatment (0~3 days). In the later stage of
ECE treatment, the free chloride concentration surrounding the reinforcement declines gradually.
This is mainly due to that the chloride concentration around the reinforcement is very low in the
later stage of ECE treatment.
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Fig. 19. Comparison of influences of different current densities on the efficiency indexes of ECE treatment. (a) The
efficiency index P1 of ECE treatment, (b) The efficiency index P2 of ECE treatment.

Fig. 19a-b reveal that ECE treatment efficiency indexes Py and Pz increase with the increase of
current density. It is obvious from Fig. 19a-b that increasing current density can improve the
removal of chloride ions at the same ECE time. Similar results have also been obtained from
experimental researches conducted by Saraswathy et al. [67]. After 8 weeks of ECE treatment, the
ECE treatment efficiency indexes P1 and P2 with current density of 2 A/m? are 63.6% and 73.2%,
respectively. While the ECE treatment efficiency indexes P1 and P, with current density of 3 A/m?
after 8 weeks of ECE treatment are 75.3%, and 81.3%, respectively. However, with the increase of
current density, the hydrogen generated on the surface of reinforcement is increasing. The hydrogen
generated by ECE treatment will make the reinforcement brittle, which is not conducive to the
overall performance of the RC structure [33]. Considering the damage of hydrogen to reinforcement,
the optimized current density is 2 A/m?,

In order to further reveal the relationship between current density and ECE treatment efficiency
(i.e., P1 andPy), the change trend of ECE treatment efficiency (i.e., P and P2) with current density
is shown in Fig. 20a-b. It can be clearly seen from Fig. 20a-b that with the increase of current density,
P1 increases linearly, and P, first increases and then stabilizes. Through regression analysis, the
correlation between current density and the ECE treatment efficiency (i.e., P1 and P2) can be express
as follows:

P,(i) = 0.1326 x i 4+ 0.356 (18)
P,(i) = —0.0723 x i2 + 0.397 X i + 0.2625 (19)
a 100% T T T T T T b 100%
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80% [ |— Fitting curve E 80% | |— Fitting cuve

70% | ) 1 70%

60% f . B 60% f
50% [ E 50% [
40% | - B 40% |

30% f E 30% |

Efficiency of ECE treatment -P, (%,

Efficiency of ECE treatment -P, (%)

R (i)=0.1326xi +0.356 P, (i) = -0.0723xi? +0.397 xi +0.2625
20% | E 20% [
R® =0.9825 R? =0.9871
10% [ e 10% [
0% , , , , , , 0% , , , , , ,
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35
Current density (A/m?) Current density (A/m?)

Fig. 20. The change trend of ECE treatment efficiency. (a) The efficiency index P1 of ECE treatment, (b) the
efficiency index P2 of ECE treatment.
5.3.2 Diameter of reinforcement

In the process of ECE treatment, the reinforcement embedded in concrete is regard as the
cathode electrode[26,31]. In marine engineering, the diameters of reinforcement used in different
building structures are different[68,69]. However, the diameter of the reinforcement can directly
affect the distribution of the electric field and the formation range of hydroxides [14,33]. Therefore,
it is necessary to discuss the influence of reinforcement diameter on the ECE treatment. In this
section, the ECE treatment of RC structures with different reinforcement diameters (i.e., 10 mm, 14
mm, 18 mm, 22 mm and 26 mm) are simulated. And all the other parameters used in the simulations
are listed in Table 1 (case 15 to case 19). It should be noted that the simulation conditions of case
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15 to case 19 are the same, except for the diameter of the reinforcement, which can eliminate the
interference of other variables on the ECE treatment.
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Fig. 21. Spatial distributions of free chloride concentration after 8weeks of ECE treatment for different diameters of
the reinforcement. (a) ¢ =10 mm, (b) ¢ =14 mm, (c) ¢ =18 mm, (d) ¢ =22 mm, and (e) ¢ =26 mm,
respectively.

The spatial distributions of free chloride concentration for different diameters of reinforcement
after 8 weeks of ECE treatment are calculated, as shown in Fig. 21a-e. It is apparent from Fig. 21a-
e that the free chloride concentration in the concrete gradually decreases with the increase of
reinforcement diameter. It is worth noting that the reinforcement embedded in concrete is regard as
the cathode electrode, and the cathode has a repulsive effect on chloride. With the increase of
reinforcement diameter, the repulsive effect is more obvious. Hence, ECE treatment effect is getting
better and better with the increase of reinforcement diameter. However, compared with the current
density, the free chloride concentration does not decrease significantly with the increase of
reinforcement diameter, and the reinforcement diameters had little effect on ECE treatment.
compared with the current density.

In addition, the relationship between efficiency indexes (P1 and P,) of ECE treatment and
reinforcement diameter are shown Fig. 22a and b. The ECE treatment index P1 increases linearly
with the increase of the reinforcement diameters, as depicted in Fig.22a. Through linear regression
analysis, the quantitative relationship between them can be expresses as:

P;(¢p) = 0.01393 x ¢ + 0.35382 (20)
where ¢ is diameter of the reinforcement.

Fig 22b describes the histogram of the ECE treatment index P, with different reinforcement
diameters. Obviously, with the increase of reinforcement diameter, the change of efficiency index
P, of ECE treatment is trifling. The maximum value of P2 is 76%, and the minimum value is 71%
with a difference of only 5%. Therefore, the influence of reinforcement diameter on ECE treatment
indexes of P, could be ignored.
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Fig. 22. Comparison of the influence of different reinforcement diameters on the efficiency indexes of ECE treatment.
(a) The efficiency index P1 of ECE treatment, (b) the efficiency index P2 of ECE treatment.
5.3.3 Thickness of concrete protective cover

The concrete protective cover thickness is stipulated in detail in the Code for durability Design
of concrete structures [68], and different structures have different requirements for the minimum
thickness of concrete protective cover. For examples, for a harbor wharf with a designed service life
of 50 years, it is stipulated that the minimum thickness of the concrete protective cover should be
50 mm. While, for construction projects far away from the marine environment, the required
minimum thickness of concrete protective cover is only 30 mm. Therefore, it is necessary to
investigate the influence of the thickness of concrete protective cover on the ECE treatment.

In order to illustrate the influence of the thickness of concrete protective cover on the ECE
treatment, it is necessary to simulate the ECE treatment of concrete with different concrete
protective cover thicknesses. The thickness of the concrete protective cover is from 30 mm to 50
mm with a step of 5 mm, the diameter of reinforcement is 16 mm, and the current density is 2 A/m?.
When the free chloride concentration on the surface of the reinforcement reaches the critical chloride
concentration (33.8mol/m?), the chloride from concrete will be removed by ECE treatment.
According the theory of chloride ingress described in section 2.1, the chloride ingress time of
concrete with different thickness of the concrete protective cove are calculated when the free
chloride concentration on the surface of the reinforcement reaches the critical chloride concentration,
as shown in Fig. 23. It can be seen from Fig. 23 that the chloride ingress time corresponding to the
critical chloride concentration increases exponentially with the increase of the concrete protective
cover thickness. The thicker the concrete protective cover, the longer the service life of the RC
structure.
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It is clearly from Fig. 24a that with increasing of ECE treatment time, the ECE treatment
efficiency index P1 with different concrete protective cover thicknesses increases gradually.
Additionally, the curves of ECE treatment efficiency index Py for 45 mm and 50 mm concrete
protective cover are very close. This manifest that the influence of concrete protective cover
thickness on the efficiency index P of ECE treatment can be ignored when the thickness of concrete
protective cover is more than 45 mm. Furthermore, with the increase of the thickness of the concrete
protective cover, the efficiency index P1 of ECE treatment after 8 weeks of ECE treatment gradually
decreases and tends to be stable, as plotted in Fig. 24b. Similar phenomenon have also been observed
from the experimental results of Garbacz et al. [70]. To express the quantitative relationship
between thickness of the concrete protective cover and the ECE treatment efficiency index P1, we
obtain the following fitting formula model through nonlinear analysis:

P,(C) =7.113 x C~9625 (20)
where C is the thickness of concrete protective cover (mm).
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Fig. 24. The profiles of ECE treatment efficiency index P1. (a) Comparison of the influence of different thicknesses
of concrete protective cover on the ECE treatment efficiency index Pi. (b) The relationship between thickness of
concrete protective cover and ECE treatment efficiency index P1 after 8 weeks ECE treatment.

What can be clearly seen from Fig. 25a is that with increasing of ECE treatment time, the ECE
treatment efficiency index P, with different thicknesses of concrete protective cover also gradually
increases. However, the curves of ECE treatment efficiency index P, with different thicknesses of
concrete protective cover are very close, which indicates that the thickness of concrete protective
cover has slight effect on P2. Fig. 25b demonstrates the histogram of the efficiency index P, of ECE
treatment for different thicknesses of concrete protective cover after 8 weeks of ECE treatment.
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Obviously, the difference of P, between the maximum value and the minimum value is only 2%,
which is very small and can be ignored.
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Fig. 25. The profiles of ECE treatment efficiency index P2. (a) Comparison of different thicknesses of concrete

protective cover on the efficiency index P2 of ECE treatment. (b) The histogram of the efficiency index P2 of ECE

treatment after 8 weeks ECE treatment.

6 Engineering application

The above two-dimensional multi-phase mesoscopic numerical presents a detailed and clear
picture of the transport of chloride in the process of chloride ingress and subsequent ECE treatment.
In this section, a three-dimensional numerical model is established to simulate the chloride ingress
and subsequent ECE treatment process for actual ocean engineering. Fig. 26a provides a corrosion
picture of concrete column[71], which shows the corrosion damage caused by chloride ingress in
marine engineering. And a geometric model including stress reinforcements and stirrups is
established, as shown in Fig. 26b. In order to reduce the computational time of numerical simulation,
two basic units are selected as the research object. And the cylindrical reinforcements are simplified
to cuboid reinforcements with the same cross-sectional area[22], as shown in Fig. 26c. The
diameters of the reinforcements are 16 mm, the thickness of concrete protective cover is 50 mm,
and the current density on the surface of reinforcement is 2 A/m2. Specially, the stirrups are
considered in the simulations, and the diameters of the stirrups are 10 mm. In addition, the ECE
treatment method is adopted to remove chloride from concrete when the chloride concentration
around the surface of reinforcement reaches the critical chloride concentration.

(b)

Fig. 26. 3D geometric model schematics of ECE treatment. (a) Reinforced concrete column in marine environment

[71]. (b) Finite element geometric model. (c) Representative units.
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The distributions of chloride concentration in the z = 100 mm plane and z = 250 mm plane
before ECE treatment and after 8 weeks of ECE treatment are demonstrated in Fig. 27 a-e.
Compared with free chloride concentration before treatment (Fig. 27 b and d), the free chloride
concentration after 8 weeks of ECE treatment is significantly lower (Fig. 27 ¢ and e). This indicates
that ECE treatment is a good non-destructive repair method for chloride removal. In practical
engineering, in order to avoid damage to the concrete structure, the reinforcing steel with the
protective layer falling off due to corrosion is generally used to connect with the cathode, without
artificial damage to the reinforced concrete structure. Furthermore, the angle reinforcements are
more severely corroded by chloride compared with the middle reinforcements, as shown the Fig.
27b and d. This is mainly due to that the angle reinforcements are corroded in both x and y directions,
while the middle reinforcements are corroded only is one direction (i.e., x-direction or y-direction).
Similar results have also been obtained from experimental researches conducted by Chang et al.
[66]. In addition, the concentration of free chloride in the cross-section plane with stirrups (z = 100
mm) is significantly lower than that in the cross-section plane without stirrups (z = 250 mm) after 8
weeks of ECE treatment, as shown in Fig. 27c and e. This indicates that the use of stirrup can
improve the efficiency of ECE treatment. This can be attribute to that the use of stirrups could
generate a potential gradient along the length direction (i.e., z direction) of reinforcement, thus
promoting the removal of chloride from the concrete.

Before ECE treatment

(b)

Fig.27. Chloride concentration distribution before and after ECE treatment. (a) Schematic diagram of the cross-
sectional position of z =100 mm and z = 200 mm. (b) Chloride concentration distribution in the cross-section of z =
250 mm before ECE treatment. (c) Chloride concentration distribution in the cross-section of z = 250 mm after 8
weeks ECE treatment. (d) Chloride concentration distribution in the cross-section of z = 100 mm before ECE
treatment. (e) Chloride concentration distribution in the cross-section of z = 100 mm after 8 weeks ECE treatment.
In order to quantitatively analyze the effect of ECE treatment, the free chloride concentration
profiles along the length direction (i.e., z direction) of reinforcement before treatment and after 8
weeks of ECE treatment are calculated, as demonstrated in Fig. 28. It can be clearly seen from the
Fig. 28 that the average concentration of free chloride before repair is 127 mol/m?, while the average
concentration of chloride after 8 weeks of repair is only 49.3 mol/m3. This indicate the concentration
of free chloride in concrete is significantly reduced after ECE treatment. Moreover, the free chloride
concentration at the surface of stirrup is the lowest (23 mol/m3), and the chloride concentration
reaches the maximum (58 mol/m?®) at about 20 mm away from the stirrups. This can be owing to
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that the stirrup is used as cathodic, and the chloride around stirrup migrates outward under the
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Fig. 28. Concentration profiles of free chloride along the length direction of reinforced concrete column.
7 Conclusions

A multi-phase mesoscopic numerical model is proposed to fully understand the mechanisms
of the long-term chloride ingress and the subsequent ECE treatment of RC structure. The influence
of key factors (i.e., current density, diameter of reinforcement, and thickness of the concrete
protective cover) on the efficiency of ECE treatment is investigated. In addition, the quantitative
relationship models between ECE treatment and these factors are established. Finally, a three-
dimensional numerical model is developed to simulate the long-term chloride ingress and ECE
treatment for actual ocean engineering. Based on a systematic study, the following conclusions can
be drawn:

1. The proposed multiphase numerical model presents a detailed and clear picture of the
transport of chloride in the process of chloride ingress and the subsequent ECE treatment, providing
engineers an effective tool in tackling corrosion problems of RC concrete structures.

2. With the increase of chloride ingress time, if no repair measures are taken, it will inevitably
lead to the corrosion of reinforcement. More importantly, the bound chloride concentration will not
increase after reaching a stationary value, indicating that the adsorption capacity of concrete
decreases with the increase of chloride ingress time.

3. The spatial distributions of free chloride concentration in RC structures changes dramatically
after ECE treatment. Additionally, the chloride concentration on the surface of the reinforcement
decreases sharply at the initial stage of ECR treatment, and then decreases gradually with the
increase of desalting time.

4. The ECE treatment efficiency can be improved by increasing the current density. And the
optimized current density is 2 A/m?. Moreover, the ECE treatment efficiency index P increases
linearly, and P; first increases and then stabilizes with the increase of current density.

5. The reinforcement diameters has little effect on the ECE treatment efficiency. In addition,
the ECE treatment efficiency index Py gradually decreases and tends to be stable, while P, remains
stable with the increase of the thickness of the concrete protective cover.

6. The concentration of free chloride in the cross-section plane with stirrups is significantly
lower than that in the cross-section plane without stirrups after ECE treatment. And the free chloride
concentration on the surface of stirrup is the lowest.
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