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1. Introduction 
 

Corrosion of steel bar induced by chloride ion from 

external environment has been recognized as one of the 

major causes of deterioration of concrete structures, such as 

infrastructure, bridges and harbors (Roberge 2008). 

Corrosion of rebar induced by chloride ion could 

significantly deteriorate the serviceability of the beams 

(Zhu et al. 2016). Corrosion of rebar was divided into two 

stages. For the first stage, the protective film of rebar was 

depassivated by chloride ion penetrated from surface of 

concrete and thus corrosion of rebar initiates once the 

chloride content on surface of rebar reach a certain 

thresholding value, defined as critical chloride content 

(Angst et al. 2009, Moodi et al. 2014). During this stage, 

ingression and penetration of chloride within concrete was 

governed by the diffusion in the pore solution and porosity 

of concrete, which is generally admitted as the criterion for 

evaluating service life of Reinforced Concrete (RC) 

structures (Li and Shao 2014). For the second stage, 

corrosion of rebar keeps propagating and induces further 

cracking and spalling due to expansion of rust. Therefore, it 

is important to accurately assess the diffusion process of 

chloride ion within concrete, which is meaningful for 

further evaluation of durability of reinforced concrete 

structures.  

Generally, modeling and analysis for cement-based 

material were categorized in microscopic scale, mesoscopic 
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scale and macroscopic scale. On macroscale, concrete was 

always modeled as homogeneous material. Its material 

property was determined by the average behavior of all its 

sub-constituents. On the mesoscale, three phases of 

heterogeneous space include aggregates, cement and 

Interfacial Transition Zone (ITZ). On microscale, researcher 

always treated the constituent consisting of C-S-H and 

crystalline calcium hydroxide, porosity structures. In fact, 

macroscopic material behavior of concrete determines 

structural behavior in higher level and is clearly influenced 

by the geometry, the spatial arrangement and the material 

properties of the all material constituents and their mutual 

interaction, such as cement paste, aggregate and ITZ (Unger 

and Eckardt 2011).  

Nowadays, the macroscopic structural level became 

gradually inapplicable for structural analysis, design and 

manufacturing and material models of composites on lower 

scale attracted more and more attention. Previous study was 

always limited within single scale. Recently a number of 

theory research and modelling efforts have been devoted to 

studying multiscale modeling. Multiscale modeling was 

usually defined as the integrated numerical process of 

transferring mechanical and chemical response between 

lower scale and higher scale (Chen et al. 2016, Maekawa et 

al. 2003). A significant advantage of multiscale modeling is 

optimizing computing loading and enhancing the precision. 

According to available literature, researchers generally 

focused on the transferring process of material response 

between scales.  

Multiscale modeling describes the microstructure of ITZ 

between aggregates and cement pastes and bulk cement 

paste within mesoscopic model, which comprehensively 
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simulates the diffusion of chloride ion considering 

tortuosity and constrictivity of pore structure (Sun et al. 

2012). As the major purpose of multiscale modeling to 

reduce calculation loading, heterogeneous model was 

always modeled for transferring damage and mass 

transportation of critical regions from the macroscale to the 

mesoscale which provided coupling of sub-domains. 

Damage such as cracks and fatigue is accumulated in 

concrete composite owing to various types of loading and 

impact, which propagates to pore and ITZ within concrete 

between aggregates and cement paste and transforms from 

lower to structural level (Hiratsuka and Maekawa 2015). 

For numerical simulation, appropriate element size of 

multiscale modeling was selected for catering for 

significant dimension diversity within one model including 

structural component in over centimeter, cement, aggregate 

in millimeter and ITZ in micrometer (Guo et al. 2012). 

Besides, some useful indicators were introduced for model 

adaptation conversing of sub-domains from the macroscale 

to mesoscale or executing change of meshing size and scale 

based on concrete image to meet the continuous scale 

changes of multiscale modeling (Sun et al. 2015, Unger and 

Eckardt 2011). Balance of accuracy and efficiency is the 

major consideration of multiscale modeling for numerical 

simulation. The use of homogenous material models in 

single lower scale leads to extremely large numbers of 

degrees of freedom, which became challenge for computing 

hardware (Ladevèze 2004). Designing optimized 

computational strategies capable of solving such 

engineering problems is necessary. According to the sample 

in this paper, total number of nodes and elements of 

mesoscopic model was much larger than macroscopic 

model for the same size of analysis space. Computation 

loading of two-dimensional mesoscopic problem was 

estimated being over 20 times as macroscopic problem. 

Another challenge is success rate of free meshing. As 

was known, free meshing is much better to simulate actual 

shape of analysis space and aggregate while background 

meshing grid is not suitable for small aggregate, irregular 

boundary and extremely thin interfacial transition zone 

(Biondini et al. 2004, Li et al. 2014). However, free 

meshing for large mesoscopic analysis space is difficult and 

low success rate of meshing was observed due to irregular 

arrangement of aggregate. By means of macroscopic model 

substituting for a part of mesoscopic model, multiscale 

modeling is able to provide relatively smaller size of 

mesoscopic model, generate the same filling rate of 

aggregate and less amount of aggregate, which is no doubt 

beneficial for raising success rate of meshing. 
Due to the significant different size between concrete 

structures, concrete components, aggregate and interfacial 
transition zone, a certain small size of element division is 
guaranteed to ensure appropriate simulation for binder and 
ITZ, which inevitably results in rather fine meshing density 
for the entire concrete specimen and thus large amount of 
nodes and elements for solution. For example, a size of 
specimen with the side length of 100mm~150mm has been 
widely adopted for mesoscopic analysis. An estimated of 
amount for elements is always around 10

4
 for 

two-dimensional and 10
6
 for three-dimensional. 

Accordingly, respective time consumption becomes 

uncontrollable for large amount of batch calculation even 
sparse matrix solution included. 

In mesoscopic view, concrete is the composite of binder, 

aggregate, void and interfacial transition zone (ITZ), a 

hypothesized fine layer located between aggregate and 

binder. For mesoscopic numerical simulation, cement was 

considered as the diffusion media for chloride ion due to its 

porosity structure and water filling. For most numerical 

simulation, distribution of aggregate was randomly 

generated regarding gradation. Generally, Fick’s second law 

is the generally adopted description for simulating the 

diffusion of chloride within solution. In concrete, the 

calculated diffusion process of chloride was improved 

considering the effective connected pore, humidity, binding 

of concrete and other factors (Ye et al. 2016).  

Though clear model for reinforcement corrosion and 

environmental attack still has not been widely accepted, 

researchers devoted efforts on laboratorial research by 

means of natural experiments (Francois and Arliguie 1999, 

Vidal et al. 2004, Vidal et al. 2007, Zhang et al. 2009, 

Zhang et al. 2010) and accelerated experiments (Andrade et 

al. 1993, Chun Qing 2000, Liu and Weyers 1998, Pritpal 

and Mahmoud 1999, Torres-Acosta et al. 2007, 

Torres-Acosta Andrés and Martı´nez-Madrid 2003) about 

the process of chloride diffusion and corrosion. Based on 

currently available experimental data, most previous works 

focused on the experimental phenomena and outcome of 

corrosion and clear deterministic analysis model has been 

summarized. On the other hand, approximate law of 

corrosion has become more and clearer till now and thus a 

simplified evaluation method is more practical. Biondini 

(2006) introduced a reasonable linear damage model for 

corrosion of rebar under aggressive agent, which evaluates 

corrosion rate according to the real-time chloride content 

surrounding rebar. Despite of the unclear principle of 

corrosion, based on the natural damage mode of corrosion, 

this linear damage model can provide the approximate law 

of damage process. 

This paper addressed two important aspects regarding 

multiscale modeling for numerical simulation of chloride 

ion diffusing within concrete. Firstly, a comprehensive 

multiscale approach combining both mesoscale and 

macroscale connected by Interfacial Transition Layer was 

introduced and its feasibility was discussed by means of 

analytical deduction and numerical simulation. Secondly, 

with the introduced numerical tools, characteristics of 

diffusion of chloride ion in corner and straight edge of 

concrete were studied by means of numerical simulation. 

Their induced corrosion of rebar was also calculated to 

study the time evolution of corrosion process. Besides, in 

order to study the diffusion process of chloride within 

concrete, this paper summarized and described the 

two-dimensional approach for simulating the diffusion 

process of chloride from surface of concrete based on 

modified Fick’s law and evaluating the corrosion process of 

rebar induced by chloride considering cement hydration, 

temperature and concrete resistance. 

 
 
2. Multiscale modeling and simulation 
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Fig. 1 Two-dimensional multiscale model with Core part 

and Compensation part for simulating chloride diffusion 

within concrete 
 

 

2.1 Multiscale modeling 
 

In mesoscopic numerical simulation for chloride 

diffusion, usually 100-200 mm size of specimen in square 

or rectangle was considered. Within this typical size of 

analysis space, enough number of aggregates with various 

size were included for in-depth study. Within limited 

analysis space, chloride ion would able to penetrate and 

saturate the whole space within the assessing period, as was 

shown in Fig. 10, which indicated the whole space was 

inadequate for further simulation. However, it would be 

impossible to increasing the size of analysis space due to 

two reasons. First, several times of original size of analysis 

space will generate much more nodes and elements, 

especially for three-dimensional problem. Second, to 

control computing loading, changing the grading curve and 

ignoring fine aggregate will cause inaccuracy of numerical 

simulation. 

In this paper, a scheme of multiscale modeling was 

introduced in terms of balancing amount of nodes and 

elements and calculation accuracy (Fig. 1). In the view of 

multiscale modeling, based on original mesoscopic model 

including multi-phase components which was defined as 

Core part, a macroscopic compensation model, which was 

defined as Compensation part, was modeled. The aim of 

introducing compensation part was creating addition space 

to absorb the chloride within core part and adjusting the 

distribution of chloride content within core part, which 

means redistribution of chloride in larger space. 

Due to different definition of nodal chloride content and 

diffusion coefficient in mesoscopic model and macroscopic 

model, the two types of models cannot be directly combined 

and analyzed simultaneously. In this paper, Interfacial 

Transition Layer (ITL) was introduced to connect both 

models at the interface which consists of a group of nodes 

and elements, shown in Fig. 1. ITL was designed as a 

banded shape transition zone allowing chloride ion 

diffusing from core part into compensation part. Within 

each time step, core part and compensation part were 

analyzed sequentially and the chloride content at interface 

of the two parts was transferred based on the function of 

ITL. 

It is worth noting that, the most important precondition  

  
(a) First stage (b) Second stage 

Fig. 2 The two stages of chloride diffusion at interfacial 

transition layer connecting macroscopic and mesoscopic 

model 

 

 

is the mechanism of ITL for transporting the chloride 

ion,which generating equivalent diffusion and distribution 

of chloride within the model on the same scale. ITL could 

be composed by a row of common nodes occupied by both 

mesoscopic model and macroscopic model, as well as an 

amount of elements with certain thickness stuck by both 

models. 

The process of transferring chloride ion within ITL in 

one-dimension was illustrated in Fig. 2. For initial state, 

Analysis space of three phases including core part, 

compensation part and ITL was modeled respectively. 

Boundary condition was set at surface of concrete, which 

was the top of core part shown in Fig. 2.  

This mixed model behaved in sequential multiscale 

process. For the mixed case that core part is in mesoscale 

and compensation part in macroscale, equivalent chloride 

content in ITL will be calculated and transferred. 

Definitions of chloride content in both parts were different. 

Chloride content in macroscopic model was measured in 

concrete and the value in mesoscopic model was measured 

in cement. Therefore, a necessary procedure was included 

that the value of chloride content in ITL should be 

calculated for each stage. Simulation of chloride diffusion 

within mixed model was divided into two stages of 

diffusion and two steps of conversion. 

 

1) The first stage of diffusion 

Core part and ITL were connected as common interface 

while ITL and compensation part were disconnected. With 

one time-step, chloride ion penetrated into core part from 

boundary condition. During current stage, diffusion of 

chloride ion restrained within core part and ITL. The 

chloride content of core part and ITL rose up from previous 

content while compensation part kept unchanged. 

 

2) Conversion from mesoscale to macroscale within ITL 

The simulated result in region in core part covered by 

ITL was converted from mesoscale to macroscale within 

this step. For the instance of center bottom of concrete 

boundary, compensation part was modeled as simply 

one-dimensional model. Within core part, elements with 

their centroid included in Interfacial Transfer Layer were 

identified (the region enclosed by red dashed line in Fig. 3). 

Weighted mean value of chloride content of these involved 
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Fig. 3 First step of conversion: calculation nodal chloride 

content of compensation part from involved elements in 

core part (Red dashed: Coverage of nodes in compensation 

part; Blue: Involved elements in core part; Yellow: 

Uninvolved elements) 

 

 

Fig. 4 Second step of conversion: interpolating chloride 

content at target node based on four nodal value 

 

 

elements was calculated for the nodal value of ITL in 

macroscale. 

 

3) The second stage of diffusion 

A new barrier was inserted at common border of core 

part and ITL which was equal to cut down the connection of 

these parts. The existing barrier at common border of 

compensation part and ITL was removed. During this stage, 

chloride redistributes within the region including ITL and 

compensation part. 

 

4) Conversion from macroscale to mesoscale within ITL 

As the inverse process of the 2nd step, the nodal content 

of mesoscopic core part was interpolated from macroscopic 

compensation part in the form of regular rectangle element. 

As was illustrated in Fig. 4, the outer rectangle represents 

the uniform quadrilateral model in compensation part and 

the target node denotes the node included within core part. 

Four nodes of the quadrilateral were numbered in 

counterclockwise. 

Regarding arbitrary coordinate of target node, its value, 

t , was the interpolation of the values at four vertices. For 

linear Lagrange shape function, the value of target node was 

expressed as below 

  
1~4

1
1 1

4
t t i t i i

i

    


  
          

(1) 

Here, εt and ηt are the natural coordinate for the target 

node. Moreover, with known position of target node in 

global coordinate system, (xt,yt), the coordinate 

interpolation was expressed in the following form 

  

  

1~4

1~4

1
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4

1
1 1

4

t t i t i i
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i

x x

y y
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




  



   





          

(2) 

Thus, with least square method, the approximate of εt 

and ηt were solved by (2) and accordingly ϕt 
was calculated 

by (1). 

 

2.2 Analytical solution for finite space with exposed 
and time-dependent boundary 

 

In following section, this paper discussed about the 

feasibility of multiscale model in analytical approach. Due 

to the sectional design of rebar in concrete member, some 

research on chloride diffusion were transformed within 

two-dimensional space equivalently. For the case on center 

of bottom of concrete section, concrete and outer 

atmosphere were divided into two infinite half-space into 

which the boundary plane divides the three-dimensional 

space. Regarding numerical simulation, for the same 

configuration of boundary condition and diffusivity of 

concrete, all points in concrete at the same depth from the 

boundary behave in the same characteristics of diffusion. In 

simplification, the chloride diffusion in three-dimensional 

and two-dimensional space were equivalent to 

one-dimensional one. Therefore, the problem was 

simplified to one-dimensional macroscopic model and the 

analytical solution for finite space with both exposed and 

sealing boundary was discussed. Usually diffusion of 

chloride within solution was expressed by linear Fick’s 

second Law 

2C t D C   
               

(3) 

Where, D is the diffusion coefficient of concrete. C denotes 

the chloride content. Considering the boundary condition of 

C(0,t)=Cs and C(∞,t)=C0. As was widely known, according 

to Laplace transform, the analytical solution of above 

partially derivative equation was 

     0 0, 1 erf 2sC x t C C C x Dt    
         

(4) 

Where, erf is Gauss error function. The limitation of the 

above solution is the premise of infinite space for boundary 

condition, which is suitable for concrete members with 

large thickness compared with thickness of concrete cover, 

but inaccurate for typical beams and slabs. For finite space, 

three-dimensional analytical solution by means of 

Separation of variables was discussed and deduced by Li 

(Li et al. 2009). For one-dimensional space, assuming the 

total length of diffusion space is l. x axis is the longitudinal 

direction of the one-dimensional model. Initial condition for 

diffusion space, C(x,0)=C0 and boundary condition, 

exposed boundary: C(Γ1,t)=Cs; sealing boundary: 

∂C⁄∂x|r2
=0, were all considered. The schematic illustration 

was shown in Fig. 5. 

The simplified function of chloride content including the 
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Fig. 5 Analysis model for analytical deduction 

 

 

Fig. 6 Illustration of core model for diffusion with 

compensation 

 

 

variables of time and depth in one-dimensional space 

according to Li’s solution was expressed as followed 

 
 

2
2 1

2

0

1

4 2 1
sin

2 1 2

n
D t

l

s s

n

n
C C C C x e

n l




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 



 
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  


  

(5) 

If zero chloride content for initial condition, C0=0, was 

considered,   (5) was simplified below 

 

2
2 1

2

1

4 2 1
1 sin

2 1 2

n
D t

l

s

n

n
C C x e

n l






    
 



  
    

  
 


   

(6) 

The aim of following section was to deduce the 

expression of analytical solution of chloride content with 

both exposed boundary and time-dependent boundary 

according to Li’s deduction process and prove that the 

development in core model with predefined time-dependent 

boundary condition is same as the part in full model. For the 

consideration of compensation for chloride diffusion, a part 

of the full model was extracted and called as Core Model. 

The schematic illustration of core model was shown in Fig. 

6. The length of core model was l1 while assuming the 

length of full model was l2(l2>l1). 

Being different with the precondition of Li’s solution(Li 

et al. 2009), the boundary condition Γ2 of core model was 

modified into the function of time-dependent boundary Γ2′ 

strictly defined by (6) set at l1, expressed in (7). The other 

parameters and definition were the same as before. For 

simplification, zero chloride content for initial condition, 

C0=0, was considered. 
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 


     

(7) 

Considering a temperary variable, V. 

sV C C 
                     

(8) 

Apart initial condition and boundary condition, the 

time-dependent boundary Γ2′ was expressed as 

 

2

2

1

2 1

2

1

1 2

4 2 1
sin

2 1 2

n
D t

l

sx l
n
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V C l e
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
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  
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(9) 

By means of Separation of variables, V was expressed as 

     ,V x t X x T t 
               

(10) 

By introducing boundary condition of exposed surface 

Γ1, the general solution of X was simplified as 

   sinX x B x
                

(11) 

For time-dependent boundary Γ2′, combining (9) and 

(11), we obtained the expression of α 

2

2 1

2
n

n

l
 


    1 , 2 ,n 

           
(12) 

Thus particular solution of X was: 

 
2

2 1
sin

2
n n

n
X x k x

l


 
  

 
            (13) 

The particular solution of T was solved as 

2
nD t

n nT d e

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(14) 

Thus general solution of V was 

2

2

2 1
sin

2
nD t

n n

n
V e x e

l

  
  

 
          (15) 

Where, en was the nth order of unknown expression and 

en=kn∙dn. Considering initial condition (t=0), we obtained 

from (15) 

1 2

2 1
sin

2
n s

n

n
e x C

l





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(16) 

Due to Orthogonality of the following function series 

   
0
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sin sin

2

l
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m n
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l m n
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(17) 

Combining (16) and (17), we obtained 

 

4

2 1

s

n

C
e

n 
 


              

(18) 

Combine (8), (15) and (18), finally we obtained 
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4 2 1
1 sin
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n l





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    

 



 
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   
 

  (  10,x l )  (19) 

Therefore, even considering the time-dependent 

boundary, the development of diffusion within core model 

was exactly the same as the original model, which proved 

the feasibility of compensation for chloride diffusion. 

 
2.3 Comparison based on numerical simulation 
 

Numerical simulations were performed with the 

computer coding program based on finite difference method 

in order to study the transferring process of chloride ion 

within the three-phase model with ITL and the error  
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Fig. 7 Chloride content profile for diferent ITL thickness, 

100mm size of specimen at 100a 

 

 

compared with uniform heterogonous model. For the view 

of comparison, one-dimensional model configuration was 

described as below, which was equally meshed into 500 

elements for core part and 1000 elements for compensation 

part. The effective diffusion coefficient Dc was 1.0×10
-12

 

m
2
/s. 26 kg/m

3
 of chloride ion concentration solutions was 

considered for surface conditions in the calculations. The 

boundary condition used for the numerical simulation was 

expressed as 

0

0

0

f s

f

C C x

C C x

 


                

(20) 

Where C0 is the chloride content present in the pore solution 

before the exposure to a salt solution for concrete (kg/m
3
 of 

pore solution). In the following numerical simulation, C0=0 

was assumed. Cs is the chloride content of the salt solution 

on the outer surface (kg/m
3
 of solution). Nonlinear binding 

was neglected. Cases with different thickness of ITL were 

analyzed. 

Fig. 7 showed the chloride content profile of the 

thickness of ITL from 0.2 mm-40 mm for the core part in 

100mm total length. The data in scatter round point 

indicated the full-length uniform model which was the 

control data for the other cases. Result revealed small 

thickness of ITL became ineffective compensating the core 

part while similar phenomenon was observed in the case 

with over 20 mm of ITL. Apparently an applicable 

thickness of ITL was about to be analyzed. Fig. 8 showed 

the error profile of ITL thickness. The cases with the length 

of core part from 80 mm to 200 mm were discussed. The 

maximum relative error compared with full-length uniform 

model from boundary condition to the point 20 mm away 

from end of core part were summarized. Result showed the 

thickness around 9.25 mm for ITL was a reasonable value 

for compensation which is the valuable base for further 

numerical simulation. Based on this configuration, relative 

error for main part of core model could be limited within 

0.1%. 

 

 

3. Assessing approach 
 

3.1 Diffusion model of chloride 
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Fig. 8 Max error of core part vs. ITL thickness for five 

types of specimens at 100a (L denotes the length of core 

part) 

 

 

Transportation of chloride ion in porous medium such as 

cementitious materials is mainly a diffusive phenomenon 

due to concentration gradients (Maekawa et al. 2009). The 

diffusion of chloride ion within concrete components was 

admitted as a complex process, which was influenced by 

many factors including water/cement ratio, porosity of 

cement, additive, aggregate, temperature, humidity, 

environmental chloride content, binding effect of binder, 

hydration of cement. The above process could be simulated 

by numerical approach based on available environmental 

attacking condition and material properties. Fick’s second 

law was widely adopted as the expression of principle 

differential equation (Yuan et al. 2009) 

f f b

e e e

C C C
D

t x x t
 

  
 

             
(21) 

 t b f eC C C   
             

(22) 

Where, Cf is the free chloride content (in kg/m
3
 of solution); 

Cb is the bound chloride content (in kg/m
3
 of concrete); Ct 

is the total chloride content (in kg/m
3
 of concrete); De is the 

effective diffusivity; ωe is the evaporable water content (in 

volume percentage of concrete). Considering complexity of 

cross sections of bridge pier, appropriate preliminary 

division and meshing grid are processed by means of some 

meshing tools or commercial FE software. Experimental 

data indicated that due to cement hydration and chloride 

content, the chloride diffusion coefficient is strongly 

dependent on the exposure period of concrete (Mangat and 

Molloy 1994). 

 
3.2 Corrosion model of rebar 
 

Corrosion of rebar initiates in the form of galvanic 

reaction between Ferrous and oxygen accelerated by the 

presence of active free chloride ion once the protection of 

high pH (>12.5) hydration products was depassivated. 

Corrosion continues with the cycle of electric current 

between cathode and anode, which was influence by high 

chloride concentration at the level of the rebar, 

environmental temperature, electrical resistivity of concrete 

and hydration of cement. The corrosion model regressed by 

Liu (Liu and Weyers 1998) based on experimental data 
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included the influence of chloride content, temperature, 

concrete cover resistance and time of cement hydration, 

which was expressed as 

    0.215ln 1.08 8.37 0.618 ln 1.69 -3034 -0.000105 2.32corr ci Cl T R t    (23) 

Where, icorr is corrosion current intensity (μA/cm
2
); Cl is 

chloride content (kg/m
3
), which was obtained from 

numerical simulation result of chloride diffusion; T is 

temperature at the depth of steel surface (in degree Kelvin); 

Rc is the resistance of the cover concrete (ohms); t is 

corrosion time duration (years). With the data chloride 

content obtained by numerical simulation and the other 

parameters assumed previously, the real-time corrosion 

current rate at each time step of numerical simulation was 

calculated by (23). Thus the corrosion depth on surface of 

rebar was calculated as (Šavija et al. 2013) 

0.023t t t corrD D i t    
            

(24) 

Where, Dt is remaining rebar diameter (mm) at t years, here 

20mm adopted; Dt+Δt is reduced rebar diameter (mm) at 

t+Δt years; ΔD|Δt 
is reduction of rebar diameter (mm) for 

the period of propagation for the duration time of Δt years. 

 
 
4. Numerical simulation for diffusion of chloride 
including compensation 
 

4.1 Diffusion properties of environment and concrete 
regressed by least square method 

 

Diffusion coefficient and boundary condition of chloride 

ion are the major parameters for numerical simulation, 

which are generally determined by environmental condition 

and concrete. Most concrete structures and bridges attacked 

by penetration of chloride ion in eastern coastal region of 

China are in danger of deterioration of durability, which 

was the major concern of this paper. 

In order to obtain the essential parameters for further 

analysis, generally it is accomplished by least square 

regression method based on analytical solution of Fick’s 

second law. Zhao (Zhao et al. 2009) investigated a 

reinforced concrete pier located in eastern coastal region of 

China for in-site measured data of chloride content. The 

best matched apparent surface chloride content is 0.708 (% 

wc) and apparent chloride diffusivity is 1.837×10
-12

 m
2
/s. 

 
4.2 Comparison for compensation approach  
 

The compensation for mesoscopic model was discussed 

by means of numerical simulation in this section. Four types 

of model were developed, including mixed model, full 

mesoscopic model, core mesoscopic model and full 

macroscopic model. In order to testify the accuracy of 

mixed model, the other three models were analyzed. In 

these four types of models:  

• Mixed model was developed according to the 

approach introduced in this paper. In this model, for the 

aim of balancing accuracy and time consumption, a 

100×100 mm square (Fig. 9(c)) and a 100×200 mm 

rectangle (Fig. 9(b)) were considered for 

two-dimensional core mesoscopic model including 

aggregate and one-dimensional compensation 

macroscopic model respectively, which was equivalent 

1:2 compensation ratio. Besides, for the aim of 

compensation, an overlapped area occupied by both 

models with a certain thickness while its width kept the 

same as the core model was considered as ITL. Chloride 

ion was exchanged within ITL for both models. The 

boundary condition was set at the bottom edge of core 

model shown in Fig. 10. 

• For the aim of comparison, a 100×300 mm rectangle 

Full mesoscopic model was developed in order to 

obtain the diffusion of chloride ion, which was 

considered as the correct result (Fig. 9(a)). Aggregates 

were generated according to the aggregate grading 

curve. Boundary condition was set as the same as mixed 

model. 

• Core mesoscopic model was based on a 100×100 mm 

square, which was the same as the core model in mixed 

model (Fig. 9(c)). The distribution of chloride content 

within core mesoscopic model was considered as the 

uncompensated case compared with mixed model for 

the aim of investigating error of uncompensated cases. 

Configuration of boundary condition was the same as 

mixed model. 

• Full macroscopic model was the simplest model with 

least nodes and elements and expectantly the least time 

consumption. This model was simplified as 

one-dimensional model with the similar configuration of 

boundary condition as mixed model. 

 

 

  
(a) Full mesoscopic 

model 

(b) Compensation macroscopic 

model 

 
(c) Core mesoscopic model 

Fig. 9 Style and characteristic dimension of the elements of 

FE model 
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(a) Mixed 

model (6372 

nodes, 103 

seconds) 

(b) Full 

mesoscopic 

model (73426 

nodes, 470s) 

(c) Core 

mesoscopic 

model (6171 

nodes, 67 

seconds) 

(d) Full 

macroscopic 

model (301 

nodes, 1.37 

seconds) 

 

Fig. 10 Contour of chloride content for four types of models 

and corresponding time consumption, 100a 

 

 

Due to mesoscopic configuration of core model in 

compensation case, zone of ITL was vertically divided into 

several uniform thickness layers. During transferring 

chloride beyond scales, mean chloride content of each layer 

of mesoscopic model was calculated and assigned to the 

covered element in macroscopic model. On the contrary, 

nodal chloride content in mesoscopic model was obtained 

by interpolation in macroscopic model regarding the nodal 

coordinate. 

All four types of models were considered as the same 

material properties and initial parameters. 55% filling 

percentage of aggregate for mesoscopic model was 

considered. Boundary condition and diffusion coefficient 

were set as the value obtained in previous section. 

Equivalent diffusion coefficient for mesoscopic model was 

calculated regarding the distribution of effective aggregate 

gradation of mesoscopic model. Binding of chloride ion 

was neglected. A total 100 years of exposure period was 

analyzed. Fig. 10 presented the distribution of chloride 

content by numerical simulation from all four models. 

White polygon blocks within the figures indicated the 

random generated aggregate occupying the diffusion space. 

Contour of chloride content showed the similar distribution 

within the range of core part for all four cases but slight 

difference color was found in core mesoscopic model 

compared with the other three cases, which proved the 

effect of compensation approach. Time consumption of 

various approaches were listed in Fig. 10 based on the 

author’s computer hardware configuration. Accordingly, 

mixed model provided optimized total number of DOFs 

compared with full mesoscopic model and was able to 

describe detail distribution of chloride content around rebar 

in further study compared with full macroscopic model. 

Fig. 11 indicated the comparison of results from the 

specimen investigated exposed in coastal environment for 

51 months by numerical simulation and in-site  
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Fig. 11 Comparison of profile and envelop of chloride 

content at 51 months, 10 mm ITL 

 

 

measurement. According to the obtained diagram, the result 

from numerical simulation agreed well with in-site 

measurement, which can conclude the numerical approach 

is practical. It is worth noting that there was no significant 

difference between mixed model and core mesoscopic 

model. The reason is for short exposure period, limited 

distribution of chloride within analysis space suppressed the 

effect of compensation which was useful for long period of 

numerical simulation. 

Fig. 12(a) indicated the profile of horizontal mean 

chloride content along depth with the chloride content 

distribution shown in Fig. 10. Dashed lines drawn in Fig. 

12(a) denoted the maximum and minimum values 

corresponding to the solid line in the same color. The 

difference of diagrams between mixed model and core 

mesoscopic model proved effectiveness of the compensation 

approach introduced in this paper. For example, at the depth 

of 50mm which is the distance from common front of rebar 

to surface of concrete, mean chloride content decreased 

over 18.4% at 100 years of exposure once taking 

consideration of compensation. On the other hand, mean 

chloride content in mixed model was closed to the result 

from full macroscopic model. The result from full 

mesoscopic model was neglected for the reason that the 

random distribution of aggregate caused inevitable 

indeterminate result, which was difficult for further 

recognition. 

Fig. 12(b) indicated the error of mean chloride content 

of mixed model compared with full macroscopic model 

considering various overlapping percentage of ITL. As was 

shown, for all cases within 10%-25% overlapping, error 

was constrained within the range of ±2% for the depth no 

more than 60 mm. however, beyond this depth, error 

increased and became uncontrollable within the range of 

ITL. In this case, 20% overlapping was an appropriate 

configuration for ITL. 

 
4.3 Statistical assessment of chloride diffusion and 

rebar corrosion 
 

For mesoscopic numerical simulation, distribution of 

aggregate was recognized as the major influence factor for 

development of chloride (Pan et al. 2015). Chloride content 

on surface of rebar significantly varied with different 

arrangement and grading of aggregate. Thus both mean and  
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Fig. 12 Comparison of profiles of chloride content 

regarding compensation and corresponding error from 

numerical simulation, 100mm size of specimen assessed 

 

Table 1 Details of model comparison for concrete cover 

thickness and rebar diameter regarding chloride diffusion 

and rebar corrosion 

Cover thickness, 

C (mm) 

Rebar diameter, D (mm) 

12 16 20 25 28 

20 
 

× 
   

30 
 

× 
   

40 
 

× 
   

50 × × × × × 

60 
 

× 
   

 

 

maximum distribution of chloride ion in terms of random 

aggregate models became the major consideration. 

In this section, chloride content on the front of rebar in 

terms of the configuration was studied by the multiscale 

numerical simulation introduced previously. According to 

general engineering design, a group of concrete cover 

thicknesses and rebar diameters were devised for detailed 

comparison of chloride diffusion and rebar corrosion, 

shown in Table 1. For the purpose of comparison, rebar in 

diameter of 16 mm was selected for the cases in different 

cover thickness and 50 mm cover thickness for the 

comparison of rebar diameters. By means of the random 

aggregate generation approach and considering reasonable 

computing loading, 100 two-dimensional samples for each 

combination of concrete cover thickness and rebar diameter 

  
(a) Corner rebar (b) Reber on 

center of bottom 

Fig. 13 Geometrical configuration of analysis space and 

rebar (Solid: core model; Dashed: compensation model; 

Bold: boundary condition; Gray: ITL; Circle: rebar) 

 

  
(a) Corner rebar, φ12 mm (b) Rebar on center of 

bottom, φ28 mm 

Fig. 14 Two-dimensional typical distribution of aggregate 

and chloride content with compensation, 100a 

 

 

was modeled considering random distribution of aggregate. 

It also justified to a certain extent that interfacial transition 

zone was neglected for all following cases for 

simplification.  

Besides, two common placements of rebar including 

right angle corner and straight edge were considered. Rebar 

placed in the corner of concrete section (Fig. 13(a)) and 

placed in the center of bottom side of concrete section (Fig. 

13(b)) listed in Table 1 were tested. Term d denotes the 

cover thickness and the diameter, D, of circle refers to 

diameter of rebar. A two-dimensional mesoscopic core 

model in the size of 100×100 mm was created. In order to 

guarantee the effect of compensation, total size of 

compensation model was designed as two times of core 

model. 10 mm thickness of ITL was considered for 

compensation process. Fig. 14 showed typical distribution 

of chloride content within core mesoscopic model and 

compensated macroscopic model at 100 years of exposure 

period for both cases of rebar placed in corner and center of 

bottom. The contour clearly described sound transition of 

chloride content near ITL on both cases and proved the 

effect of compensation as well. 

The circle curve of rebar was meshed into a series of  
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node and nodal chloride content was obtained from result of 

FE analysis. For all 100 samples of each research case, 

mean value of chloride content on each nodes around rebar 

was calculated and plotted in polar coordinate. Fig. 15 and 

Fig. 16 showed the polar distribution of mean chloride 

content on cross section of rebar for both cases whether 

compensation model was considered. Depending on the 

exposure period, chloride content were plotted in different 

colours, shown in legend on the bottom. For the cases of 

corner rebar, distribution of chloride content developed 

 

 

 

towards lower-left, which matched the configuration of 

boundary condition. Similar distribution was observed for 

the rebar on center of bottom. 

Mean chloride content vs. cover thickness for 16 mm 

rebar and mean chloride content vs. diameter for 50 mm 

cover were summarized in Fig. 17 and Fig. 18 respectively. 

Due to different configuration of boundary condition, mean 

chloride content around corner rebar developed more than 

rebar on center of bottom side. An obvious result showed 

lower chloride content in compensation case since solid  
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Fig. 15 Polar distribution of chloride content on cross section of corner rebar for two cases: compensated (solid) and 

uncompensated (dashed) 
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(f) R=12 mm, C=50 mm (g) R=20 mm, C=50 mm (h) R=25 mm, C=50 mm (i) R=28 mm, C=50 mm 

 

Fig. 16 Polar distribution of chloride content on cross section of rebar on center of bottom side for two cases: compensated 

(solid) and uncompensated (dashed) 
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(a) Corner rebar 
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(b) Rebar on center of bottom side 

Fig. 17 Mean chloride content vs. cover thickness, 16mm 

diameter rebar. (Solid-with compensation; Dashed-without 

compensation) 
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(b) Rebar on center of bottom side 

Fig. 18 Mean chloride content vs. diameter, 50mm cover. 

(Solid-with compensation; Dashed-without compensation) 
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(b) Rebar on center of bottom side 

Fig. 19 Comparison of maximum chloride content to mean 

value, 16 mm diameter rebar. (Solid-with compensation; 

Dashed-without compensation) 

 

 

lines were all under corresponding dashed lines in the 

figures, which attributed the larger diffusion space in 

compensation cases. 

Another important statistical parameter is the maximum 

chloride content. Fig. 19 indicated the ratio of maximum 

chloride content vs. mean value. It is worth noting that, for 

limited smaller space, mean chloride content raised more 

than the compensated case and thus the max/mean ratio was 

reduced, which was observed as the relationship between 

dashed line and solid line in Fig. 19. Besides, for thicker 

concrete cover, indeterminist of diffusion of chloride was 

enhanced by the grid of aggregate and Max/Mean ratio 

increased with concrete cover. The major influence of 

compensation was concluded as the time of exposure. For 

longer time, such as 100a (green line), solid line 

(compensation) was significantly higher than dashed 

(without compensation). For larger diffusion space, chloride 

content around surface of rebar did not attain enough 

saturated, meaning lower mean value, which resulted higher 

Max/Mean ratio. But for early stage of diffusion, such as 5a 

(black line), core part has not been fully saturated by 

chloride ion and thus both solid line and dashed line 

coincided. 

Corrosion of rebar based on previous data of chloride 

content was discussed in the following section. Since Liu 

summarized the corrosion model by means of 3LP devices, 

the corrosion current provided by (23) only represents the 

overall corrosion process of rebar and cannot describe  
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(b) Rebar on center of bottom side 

Fig. 20 Mean remaining diameter vs. cover thickness, 16 

mm diameter. (Solid-with compensation; Dashed-without 

compensation; D0 and D100 denote remaining rebar diameter 

at initiation and 100a respectively) 

 

 

microscopic corrosion reaction. Thus a single mean chloride 

content for each time step was calculated as the attacking 

chloride content for rebar and mean corrosion depth of 

rebar was calculated by Liu’s model (23). For all FEM 

models for diffusion space of concrete, chloride content at 

the nodes on surface of rebar were extracted and their mean 

value was calculated. Pitting of rebar was neglected. For the 

analysis of corrosion, temperature T=293 K was adopted in 

simplification. A generally adopted value of concrete 

resistance R=1500Ω was adopted. 

Fig. 20 (cover thickness) and Fig. 21 (rebar diameter) 

showed corrosion process and characteristics of rebar based 

on obtained distribution of chloride content around rebar 

according to the corrosion model in (23) and (24). Ordinate 

in these figures indicated the ratio of diameter of corroded 

rebar at 100a to initial value. It has to be noted that 

corrosion current of rebar is positively correlated with 

surrounding chloride content. Thus obtained result of rebar 

corrosion showed less corrosion in the cases with 

compensation, which was due to larger space for chloride 

diffusion and lower distributed chloride content. The longer 

exposure period was, the discrepancy of compensation 

model (solid) comparing to the case without compensation 

(dashed) was. Similar results were observed for difference 

of corner rebar and rebar on center of bottom side compared 

with the result of distribution of chloride content. Moreover, 

increasing cover thickness benefited protecting rebar from  

10 15 20 25 30
0.5

0.6

0.7

0.8

0.9

1.0

D
1
0
0
/D

0

Rebar Diameter (mm)

 5a

 10a

 25a

 50a

 100a
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10 15 20 25 30
0.5

0.6

0.7

0.8

0.9

1.0

D
1
0
0
/D

0

Rebar Diameter (mm)

 5a

 10a

 25a

 50a

 100a

 
(b) Rebar on center of bottom side 

Fig. 21 Mean remaining diameter vs. rebar diameter, 50mm 

cover. (Solid-with compensation; Dashed-without 

compensation; D0 and D100 denote remaining rebar diameter 

at initiation and 100a respectively) 

 

 

corrosion. Increasing diameter of rebar extended the service 

life of rebar. Finally, corner rebar was more dangerous than 

rebar on center of bottom due to the difference of boundary 

condition. 

 

 

5. Conclusions 

 

This paper presented a study on the approach of 

multiscale modeling for diffusion of chloride ion within 

concrete combining mesoscale and macroscale 

simultaneously. A three-phase integrated model including 

core part, compensation part and interfacial transition layer 

was introduced and discussed in analytical deduction and 

numerical simulation. Based on the idea of multiscale 

modeling, two-dimensional mixed model including 

mesoscopic core part and macroscopic compensation part 

was created. Cases considering multiscale and single-scale 

were studied for obtaining chloride content profile of each 

case. Moreover, corrosion of rebar on corner and straight 

edge were discussed by means of the multiscale approach. 

The conclusions of this study are summarized as follows: 

• The multiscale approach based on the theory of 

compensation for mesoscopic numerical simulation of 

chloride diffusion within concrete introduced in this 

paper was testified by means of analytical deduction and 

numerical simulation. The presented work provided the 
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basis for future large-scale structural durability analysis 

in optimized size, number of DOFs and time 

consumption. 

• The numerical diffusion analysis was performed within 

the framework of the two-dimensional mixed model. 

The proposed approach was verified by comparing the 

in-site measured data from the literature. Comparison of 

four types of models indicated computing loading of 

mixed model was optimized due to much less number of 

elements and DOFs and meanwhile accuracy was 

acceptable. 

• Effect of compensation on distribution of chloride and 

corrosion process of rebar were compared in the 

presented work. Result showed significant difference on 

distribution of chloride content and rebar corrosion 

between mixed model and the core model without 

compensation. Result also related to the configuration of 

rebar placement, rebar diameter, concrete cover and 

exposure period. Due to larger space for chloride 

diffusion and lower distributed chloride content in the 

cases with compensation, less corrosion of rebar was 

found by numerical simulation. Exposure period 

increased the difference of compensation model and the 

case without compensation. 
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