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1. Introduction 
 

Chloride attack is a threat to the durability of onshore 

and offshore structures, exposed to marine environment 

over time, due to the combined action of physical and 

chemical processes (Ashish et al. 2016). Chloride ion in 

seawater diffuses into concrete through the concrete cover, 

and accumulate at the concrete-steel interface until its 

concentration reaches a critical value, resulting in the 

depassivation and corrosion of steel bar. The steel corrosion 

causes the loss of steel sectional area, the degradation of 

bond between steel and concrete, enhances structural 

deflection, as well as the cracking of concrete cover (Wong 

et al. 2010, Zhu and Francois 2013, Zhou et al. 2019). 

Corrosion of steel bar and its induced degradation of 

concrete can cause a reduction in the bearing capacity of 

concrete structures, and further decrease their service 

performances. Thus, an analysis of steel corrosion and its 

induced concrete degradation during chloride attack is very 

necessary to investigate the durability degradation of 

reinforced concrete (RC) exposed to marine environments. 

Chloride-induced steel corrosion can change the bond 

property between steel bar and concrete in RC structures 

(Fang et al. 2006, Coccia et al. 2016). A limited amount of 

steel corrosion can increase the roughness of the steel 

surface (Lee et al. 2004), and improve bond strength of 

reinforced concrete (Auyeung et al. 2000), However, as 

steel corrosion increases, the corrosion products will cause 
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Fig. 1 Chloride-induced steel corrosion and concrete 

cracking (Chen and Mahadevan 2008) 

 

 

a gradual reduction in bond property, and produce the 

tensile stress exerted on the concrete cover because of its 

volume expansion, which is about two to six times that of 

the sound steel (Zhao et al. 2016). The steel corrosion 

products generate tensile stresses in the concrete, and when 

the tensile stress increases to a level, it causes crack 

formation and propagation in the concrete cover. A pictorial 

representation of these processes is shown in Fig. 1.  

Many models have been proposed to describe the 

cracking process of concrete, due to the corrosion of steel 
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bar. As stated by Val et al. (2009), one of the earliest 

analytical models was proposed by Bazant (1979), to 

determine the time of concrete cover cracking. Experiments 

have been conducted to establish the critical value of steel 

corrosion needed for concrete cracking, and to determine 

the parameters that influence this value, alongside 

proposing some valuable empirical models (Williamson and 

Clark 2000, Val et al. 2009). Vidal et al. (2004)’s research 

links the amount of steel corrosion with the width of 

concrete cracks. Empirical models have also been used to 

determine the rate of chloride-induced steel corrosion in 

concrete. These empirical models are often based on the 

analysis of experimental results for the determination of 

influential parameters in concrete cover cracking, including 

geometric parameters, like concrete cover thickness, steel 

bar diameter, and the concrete property (Vu and Stewart 

2000, Vu et al., 2005, Guo et al. 2015, Otieno et al. 2016, 

Lu et al. 2018). Furthermore, Williamson and Clark (2000) 

highlighted that linear relationships have often been 

obtained between the amount of steel corrosion and the 

crack width of concrete for most of the experimental 

studies. 

Based on the thick-walled cylinder approach, some 

analytical models on concrete cover cracking were 

proposed by Bazant (1979), Liu and Weyers (1998), in 

which an internal circular boundary condition exists 

between concrete and steel bar, and it is displaced to allow 

for the expansive nature of the corrosion products. The 

difference between these models is the recognition of the 

presence of a porous zone at the concrete-steel interface by 

Liu and Weyers (1998), as well as the addition of varying 

rust formation which was initially assumed constant by 

Bazant (1979). A number of analytical and numerical 

investigations on the steel corrosion-induced cracking of 

concrete cover have also been conducted, such as in the 

research of Xiao et al. (2001), Du et al. (2006), Otieno et al. 

(2011), Lu et al. (2011), Sanz et al. (2013), Zhao et al. 

(2016). Chen and Mahadevan (2008) employed numerical 

tools to simulate the chloride-induced degradation process 

of RC structures. Pantazopoulou and Papoulia (2001) also 

presented a numerical model for concrete cover cracking, 

considering the partition of the cylinder into a cracked and 

uncracked part, as well as the change in secant stiffness of 

concrete. Chernin and Val (2011) presented a numerical 

study of the concrete cover cracking using a thermal 

analogy to determine the expansive nature of corrosion 

products in concrete.  

At present, most studies on the steel corrosion-induced 
concrete cracking in the cover have employed different 2D 
constitutive models with plane strain formulation. However, 
as indicated by Val et al. (2009), a poor agreement has often 
been noticed between the Finite Element analysis and 

experimental results, due to the lack of a chloride diffusion 
result that considers many diffusive environmental factors, 
as well as inadequate knowledge of the movement of 
corrosion products into concrete pores. This paper presents 
the use of the Finite Element Method in simulating the 
processes involved in concrete degradation due to chloride-

induced steel corrosion, considering a temperature-
dependent chloride diffusion. Steel corrosion due to the 
chloride concentration at the concrete-steel interface is 

evaluated. Concrete cover cracking resulting from the 
expansive nature of steel-corroded products was established 
by using the ABAQUS XFEM. 
 
 
2. Chloride diffusion in concrete 

 

The diffusion mechanism describes the complex physio-

chemical process of the movement of chloride into concrete 

(Muthulingam and Rao 2014), affected by various diffusive 

factors, and with high degree of nonlinearity. According to 

Zehtab and Tarighat (2016), the diffusion process depends 

on the reactivity of ions, their concentrations and the 

diffusion coefficients. Chloride diffusion takes place in a 

saturated concrete, and it is usually characterized by Fick’s 

second law, given as 

  0, 1
2

  
   

  

x
C x t C erf

Dt

     (1) 

where C(x,t)
 
represents the chloride concentration (kg/m

3
) 

at depth x(m) of chloride penetration and time t (yrs.). C0 
is 

the constant surface chloride concentration, and D
 

represents the apparent diffusion constant (m
2
/yr.). 

The diffused chloride ions are divided into free and 

bound chlorides in concrete, but the steel corrosion is only 

caused by the free chloride ions, while the bound chlorides 

are deducted from the diffusion equation (Zhou et al. 2019). 

When the chloride concentration at the concrete-steel 

interface exceeds the chloride threshold for depassivation, 

steel corrosion is initiated in the passive protective zone at 

the concrete-steel interface. According to Glass and 

Buenfeld (1997), the chloride threshold for depassivation is 

distributed within the range of 0.17% and 1.4% by weight 

of cement on U.S. bridges, while similar values between 

0.2% and 1.5% are reported for U.K bridges representing 

minimal corrosion and very high corrosion risk, 

respectively. In this study, the depassivated chloride 

threshold of 0.5% by wt. of cement (1.75 kg/m
3
), is chosen 

to indicate normal corrosion.  

 
2.1 Finite element analysis 
 

The Finite Element Method can be used to determine the 

chloride diffusion in concrete, in which the influence of 

temperature is considered, using a transient analysis 

(Muthulingam and Rao 2014). The relationship between 

chloride diffusion and concrete temperature was established 

by Saetta et al. (1993); Tang and Nilsson (1994), Hansen 

and Saouma (1999). According to them, a decrease in 

concrete temperature leads to a reduction in chloride 

diffusivity, while Ashish et al. (2016) also emphasized that 

chemical attack increases in Temperature zones. The 

Arrhenius’ Law given in Eq. (2) is the governing principle 

for the temperature-dependent chloride diffusivity in 

concrete. 

0

0

1 1
exp

E
D D

R T T

  
   

  

  (2) 

where D0 is the chloride diffusion constant, m
2
/yr., E is the 

activation energy of the chloride diffusion, E=18.5KJ/mol,  
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Table 1 Main parameters for numerical simulation 

 

 

R is the gas constant, R=8.314 J/mol.K, T is the concrete 

temperature, K, T0 is the temperature at which D0 is 

determined. The temperature T at any given point in a 

concrete specimen can be obtained from the thermal 

analysis of the concrete section using Finite Element 

Analysis. According to Hansen and Saouma (1999), a 

numerical model for chloride diffusion in concrete can 

predict the time needed for the chloride concentration to 

reach its threshold at the concrete-steel interface. 

In this study, an initially chloride-free reinforced 

concrete bridge pier is idealized as a cylindrical concrete 

section, modeled and solved using the Mass Diffusion 

algorithm of the ABAQUS software. The temperature-

dependent chloride diffusion was conducted, with boundary 

conditions of constant surface chloride concentration, C0 of 

3.5 kg/m
3
 and temperature, T=288.9+11.15sin(2πt), applied 

on the body surface, where t, is the exposed time in years. 

The heat transfer and chloride diffusion in concrete were 

first solved independently, then a temperature-dependent 

mass diffusion was carried out to obtain the spatial and 

time-dependent chloride concentration distribution in 

concrete. A Fick’s law diffusion algorithm was used with 

the transient analysis conducted for an exposure time of 100 

years, while an 8-node linear heat transfer element 

(DC3D8) was used in Finite element analysis. Main 

parameters used for the numerical simulation on the heat 

transfer and chloride diffusion are presented in Table 1. 

 
2.2 Chloride diffusion FE results 
 

From the Finite Element analysis of chloride diffusion 

in concrete, Fig. 2 shows the change of chloride 

concentration at the concrete-steel interface with the 

exposure time in the chloride environment. It can be 

observed from the figure that, for the first three years of 

chloride diffusion, there is no chloride concentration at the 

concrete-steel interface. After continuous exposure beyond 

the first three years, the chloride concentration gradually 

increases with the exposure time, towards reaching the 

value of the chloride concentration of 3.5 kg/m
3
 at the 

concrete surface. This is because the chloride diffusion from 

the chloride environment needs three years to get to the 

steel bar surface. However, this concentration decreases 

with depth of penetration, as shown in Fig. 3. Due to the 

impermeability of steel bar, the diffused chloride ion 

accumulates at the steel bar surface with the time of 

chloride diffusion, and leads to the chloride concentration 
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Fig. 2 Change of chloride concentration at the concrete-

steel interface with exposure time 
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Fig. 3 Chloride concentration distribution at different 

exposure time 

 

 
(a) 1 year 

 
(b) 30 years 

Fig. 4 Chloride concentration distribution obtained from FE 

analysis at different exposure time 

 

 

reaching its threshold, in which the steel corrosion is 

assumed to begin. A chloride threshold of 1.75kg/m
3 
(0.5% 

by weight of cement) was obtained after 15 years of 

chloride diffusion, indicating the initiation of steel 

Heat transport 

Concrete Density,           ρconcrete=2400 kg/m3 

Specific heat,                 
 

c=1000 J/(Kg.K)
 

Thermal Conductivity, DT, concrete =2 W/(m.K) 

Initial Temperature ,       Tini=293.65 K 

Chloride transport 

Exposure time,          t=100 years 

Diffusivity,               D0=1.07224×10-4 m2/yr. 

Solubility,                 s=1 

weight of cement, wt.=350 kg/m3 
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corrosion.  

Fig. 4 gives the distribution of the chloride 

concentration at different exposure times. 

 

 

3. Steel corrosion in concrete 
 

Corrosion of steel reinforcement is a complex 

electrochemical reaction that occurs due to the presence of 

chloride ion at the surface of the steel (Zhou et al. 2019). 

Steel corrosion causes the loss of the original mass and the 

reduction of the effective area of the steel bar. Generally, 

the mass loss of steel due to corrosion, is determined 

theoretically by using Faraday’s law, expressed as (Fang et 

al. 2006)  

 




corr
loss

A I t
M

n F
        (3) 

where Mloss represents the mass loss of steel bar due to 

corrosion, A is the atomic mass of the corroded steel, 

A=55.847 g/mol, Icorr represents the magnitude of electrical 

current, t is the active corrosion time, yrs., F is Faraday’s 

constant, F=96500 C/mol, and n is the valency of the iron 

electron, usually taken as 2. The reduction in the diameter 

of steel bar and the increase in the volume of corrosion 

products are features that indicate corrosion of embedded 

steel bar. Based on Eq. (3), Pantazopolous and Papoulia 

(2001) presented a relation to obtain these parameters  

rb b corr0.023D D i t  
 (4) 

s b corr0.0115V D i t   
 (5) 

where Drb is the diameter of remaining steel bar, in meters, 

Db is the original diameter of steel bar (Db=0.02 m), in 

metres, icorr is the steel corrosion rate, in µA/cm
2
, ∆t is the 

difference between the exposure and corrosion times, in 

years. 

 
3.1 Steel corrosion rate 
 

The steel corrosion rate is needed to estimate the change 

in volume of corrosion products and also to obtain the 

reduction in cross-sectional area of steel bar (Ožbolt et al. 

2012). The constant and dynamic corrosion rates are used to 

determine the corrosion of steel bar in concrete subjected to 

chloride attack. Based on the assumption of a constant steel 

corrosion rate and corrosion product formation, some steel 

corrosion models have been successfully adopted by many 

researchers (Fang et al. 2006, Chen and Mahadevan 2008). 

In this study, the dynamic steel corrosion rate, given by 

Chen and Mahadevan (2008), is expressed as 

  0.215

corr c

3006
0.926exp 7.98 0.777ln 1.69 0.000116 2.24ti C R t

T

 
     

 

    

(6) 

where Ct is the total chloride concentration at the surface of 

steel bar, kg/m
3
, Rc is the ohmic resistance of concrete 

cover, ohms. Liu and Weyers (1998) obtained regression 

relationship between the total chloride content and ohmic 

resistance Rc, expressed as 

  
(a) analytical model (b) modeling approach 

Fig. 5 Model of steel corrosion-induced expansion in 

concrete 

 

 

 c Exp 8.03 0.549ln 1 1.69 tR C    
        (7) 

Pantazopolous and Papoulia (2001) presented the mass 

loss of steel bar per meter length 

7

loss b corr2.8951 10M D t i             (8) 

with Mloss 
given as the mass loss of steel, (kg/m). 

 
3.2 Steel corrosion-induced expansive pressure 
 

The effect of steel corrosion on concrete is the 

expansive stresses generated by its products. The expansive 

stresses at the concrete-steel interface was modeled by 

applying radial displacements on the concrete section, an 

approach supported by Du et al. (2006), Zhao and Jin 

(2006), Val et al. (2009) and Xiao et al. (2011). The applied 

radial displacements indicate an increase in the pressure 

exerted on the concrete cover with the exposure time at the 

concrete-steel interface, as presented in Fig. 9. This 

pressure causes crack formation and propagation in the 

concrete cover, which negatively affects the durability of 

concrete structures. 

There exists a relationship between the radial 

displacement of concrete and corrosion pressure, and El-

Maddawwy and Soudki (2007) presented a linear 

relationship between them, expressed as  

c corrkP       (9) 

where δc is the radial displacement of concrete, m, Pcorr is 

the steel corrosion-induced pressure, Pa, k is the hole 

flexibility constant, m/Pa, considering the initial filling of 

steel corrosion products in the porous zone at concrete-steel 

interface before the generation of expansive stress, and it is 

expressed by  

b 0

ef

(1 )( 2 )

2

D
k

E

  


                 (10) 

μ is concrete’s poisson ratio, Eef is the effectively elastic 

modulus of concrete, Pa, δ0 is the porous zone thickness, 

δ0=12.5 μm (Liu and Weyers 1998, Val et al. 2009), v is a 

dimensionless parameter which is associated with the 

concrete cover and  the steel diameter, given as 
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b 0
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Fig. 6 Uniform cracking model (Cao et al. 2013) 

 

 

C is the concrete cover, (C=0.05 m). 

By using the obtained mass loss due to steel corrosion 

from Eq. (8), the pressure exerted on concrete by the radial 

expansion of the corrosion product is given as (El-

Maddawwy and Soudki 2007)  

  
ef loss

corr 0

b 0 b r s

2 1 1

1 2 0.622

E M
P

D D

  
    

      


    
 

(12) 

where ρr is the mass density of steel corrosion products, 

kg/m
3
, ρs is the mass density of steel, kg/m

3
, Mloss 

given as 

the mass loss of steel, (kg/m). Negative values of Pcorr 

correspond to the time in which the corrosion products 

occupy the porous zone at the concrete-steel interface, 

which results in zero pressure, with zero displacement. 

 
 
4. Cracking of concrete 

 

With increase in steel corrosion-induced pressure on 

concrete, cracks occur on the inner and outer surfaces of 

concrete cover, until the cracks completely penetrate the 

concrete cover (Du et al. 2006). Crack is assumed to be 

formed when the observed crack width is approximately 

0.05 mm (Val et al. 2009), after which cracks grow with 

increasing width and length. Cao et al. (2013) presents a 

typical uniform corrosion model, which is shown in Fig. 6. 
 
4.1 Concrete fracture 
 

The fracture of concrete can be described as a cohesive 

crack which opens while still transferring stress from one 

face to the other. The Hillerborg cohesive crack model 

(Hillerborg et al. 1976) defines the tension softening in the 

direction normal to a crack. The softening function, defined 

by tensile strength, ft, MPa, and fracture energy, GF, J/m
2
, 

can reflect the tensile behavior of concrete (Guinea 1995). 

The crack width is another factor that governs the fracture 

mechanics using the Hillerborg cohesive crack model, as 

presented in Fig. 7. A simple relation given by Hillerborg et 

al. (1976) for the cohesive crack model is expressed as  

c

t c

0

d
2


w

f w
w ,  F

t

2


G
w

f
           (13) 

 

Fig. 7 Hillerborg softening curve (Guinea 1995) 

 

 

where σ is the stress transferred to the crack, Pa, w is the 

crack width, m, and wc is the critical crack opening at which 

the stress transferred becomes zero, m. 

 
4.2 Numerical simulation of cracking 
 

The non-linear analysis of concrete cracking was 

performed by using the concrete smeared cracking 

approach, for different levels of expansion caused by the 

steel corrosion products. Crack formation and propagation 

are considered as a two-dimensional plain-strain problem 

formulation, which is idealized as a cylindrical concrete 

model and solved in ABAQUS Finite Element Analysis 

software. With concrete represented as an 8-node linear 

brick element, with reduced integration and hourglass 

control (C3D8R), a uniform radial displacement was 

applied on the concrete to simulate the pressure exerted by 

corrosion products. The concrete properties include, density, 

ρ=2400 kg/m
3
, Poisson ratio µ=0.15, Elastic Modulus 

E=31.0 GPa, Tensile strength ft=3.00 MPa, and compressive 

strength fc=15.0 MPa.       

Cracking of concrete caused by steel corrosion was 

modeled by using the Extended Finite Element Method 

(XFEM), which allows the easy incorporation of local 

enrichment functions into a finite element approximation. 

This method alleviates the shortcomings of the regular finite 

element method, and it has advantages of easier crack 

definition, improved convergence rates for stationary cracks 

and simplified mesh refinement studies. 

As given by the Hillerborg cohesive crack model and 

implemented in the ABAQUS software, crack width and 

propagation pattern is influenced by the Fracture Energy, 

GF. This however gives an indication that the crack is not 

produced until the fracture energy is reached for visible 

fracture (crack) to occur in the concrete element. By 

employing the concrete smeared cracking approach with the 

Extended Finite Element Method in ABAQUS, the crack 

initiation and propagation is modelled and solved. The 

numerical simulation data include the Maximum Principal 

stress, MAXPS=3.00 MPa, the fracture energy, GF=75 J/m
2
, 

with crack stabilization of 1.0×10
-6

, which aids the stiffness 

of the structure and helps with convergence. 

Fig. 8 shows the result of the numerical simulation of 

the cracking of concrete caused by steel corrosion, where 

vertical cracks initiate in concrete and propagate vertically 

with increasing length and width. Alongside the main  
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Fig. 8 Main crack propagating from the concrete-steel 

interface alongside other cracks 

 

 

Fig. 9 Inclined cracks shown around the concrete-steel 

interface 

 

 

vertical cracks, other smeared cracks appear along the 

concrete-steel interface, but do not propagate to the extent 

of the main cracks. The number of the observed main 

cracks are subjected to discussion, but as seen from the 

figure, a good cracking pattern is obtained. After the cracks 

are first formed in the concrete members close to the 

concrete-steel interface, the concrete member allows the 

propagation of these cracks to other joint members, as 

discretized in the model.  
In line with the main cracks that propagate, other radial 

cracks inclined either 45° or 90° to the main crack, also 

propagate, which is in agreement with the observation of 

Val et al. (2009), Xiao et al. (2011). These inclined cracks 

are obvious in all of the cracking patterns, as presented in 

Fig. 9. The propagation path and rate of propagation of the 

main cracks are however different. Some cracks propagated 

rapidly, while some propagated at a relatively reduced rate. 

Dagher and Kulendran (1992), from their experimental 

result, explained that cracks may propagate and connect 

between the steel bars and form a delamination layer inside 

a concrete element, if the steel bars are closely spaced and 

with thick concrete cover. With such a delamination, the 

concrete element becomes unstable, with a rapid release of 

the accumulated expansive stress in concrete. Similar 

situation was experienced in the results from the simulation 

as cracks propagated and connected between two closely 

placed steel bar, as shown in Fig. 10. 

 
(a) Cracks connecting between two steel bar 

 
(b) STATUS XFEM revealing the delamination layer 

Fig. 10 Delamination layer formed by the connection of 

cracks between the reinforcements 

 

 

Another visible observation from the delaminated layer 

is that the stress in the crack zone goes to a negative value 

which can be taken as zero. The fracture energy has been 

completely used up and the stress is now transferred over 

the aggregates or the corrosion products that exist between 

the cracks. With increase in the radial expansion of 

corrosion products, cracks occur at the inner surface of the 

concrete cover and at the location of the maximum radial 

expansion, which is in accordance with the used Hillerborg 

cohesive crack model. Du et al. (2006) however, referred to 

such cracks as internal cracking. These internal cracks 

increase in an inhomogeneous manner in length and width 

until it reaches the concrete surface. The crack width can be 

determined when the internally generated crack propagate 

to the surface of the concrete cover. Fig. 11 presents the 

observed crack width measurement in the XFEM model. As 

noted by Val et al. (2009), crack is said to be initiated in the 

concrete cover when the crack width is 0.05mm. 

With increase in corrosion comes greater production of 

corrosion products as well as generation of higher tensile 

stresses in the concrete cover. This increase in tensile stress 

leads to increased pressure on the concrete cover obtained 

as increased radial displacement. In the numerical 

simulation, radial displacements beyond 8.50×10
-6

 
m

 

obtained after 55 years of corrosion gave mesh sensitivity
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(a) Crack propagation up till the surface concrete cover 

 
(b) Observed crack width 

Fig. 11 Determination of the crack widths in XFEM model 
 

 

and convergence problems. This is because when the tensile 

stress reaches its limit strength, the softening path becomes 

inadequate to model the non-linear behavior in a concrete 

element (Du et al. 2006). Fig. 12 shows the change of the 

crack width and radial displacement in the concrete cover 

with the exposure time in chloride environments. It can be 

seen from this figure that, the crack width and radial 

displacement increase linearly with the exposure time, but 

the rate of the increase of the crack width is higher when 

compared to the radial displacements. The result obtained is 

in agreement with the work of Andrade et al. (1993) who 

also obtained a linear variation between the crack width and 

volume of corrosion products, providing a viable basis for 

the result obtained. 

   

 
5. Conclusions 

 

This paper presents the numerical simulation of 

chloride-induced concrete deterioration processes. A 

temperature-dependent chloride diffusion was conducted 

using the Fick’s law mass diffusion algorithm in ABAQUS 

FEM solver. The steel corrosion and corrosion product 

expansion were also modelled, while concrete cover 

cracking was simulated using ABAQUS XFEM algorithm. 

Results from the analysis are presented below: 

• The chloride diffusion analysis shows a decrease in 

chloride concentration with depth of penetration. 

However, the chloride concentration at the concrete- 

steel interface increases with diffusion time due to the 

passive protective film located around the steel. 
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Fig. 12 Crack width and radial displacement with exposure 

time 

 

 

• The steel corrosion analysis shows the mass loss result 

linearly varying with corrosion time. The corrosion 

pressure also varied linearly with corrosion time. 

• The corrosion pressure increased with corrosion time, 

so also, the radial displacement in the concrete.  

• The crack formation and propagation patterns for 

different values of applied radial displacement show an 

increasing length and width of cracks with increase in 

corrosion pressure.  
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