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1.0 Introduction 

The deterioration of concrete is a long-term 

problem occurring around the world, not only in aged 

structures, but also in newly constructed ones. 

Environmental factors play a key role in the initiation of 

corrosion in concrete structures. Once there is sufficient 

moisture and oxygen in the environment, corrosion 

begins and these factors control the rate of deterioration. 

Generally, the corrosion in concrete can be 

introduced in a three-stage process. The first stage is 

initiation, where the diffusion of CO2 or chloride ions 

through concrete covers causes depassivation to the steel 

reinforcement. In the next stage, the steel reinforcement 

starts to corrode, thereby producing corrosion products 

and generating expansive pressure on the concrete 

surface. The final stage involves deterioration processes 

such as the cracking, spalling and delamination of 

concrete structures. 

There are several factors affecting the durability of 

concrete structures. The durability of concrete structures 

is influenced by mix proportion factors such as cement 

type, concrete cover, casting method, curing process and 

other execution conditions [1]. Besides these, 

environmental factors such as the distance from the 

structure to the sea, climate and temperature, humidity 

and other geomorphic conditions contribute much to the 

invasion of chloride ions on concrete surfaces [2]. 

Moreover, mechanical factors such as excessive loads 

impacting on the structure also increase the level of 

deterioration. 

Since chloride ion invasion is the most threatening 

factor, many studies conducted on chloride-induced 

corrosion involve laboratory studies or accelerated 

experiments simulating real conditions, and studies are 

also carried out in real structures. Investigations of 

durability, followed by predicting the future strength of 

concrete structures are important issues to highlight in 

order to improve efficiency in safety, serviceability and 

performance. In addition, the maintenance costs of the 

structure can be kept to a minimum. 

Therefore, the experiments in this study first 

considered the degradation process due to mechanical and 

chemical attacks. Secondly, a numerical model was 

created to simulate and validate the experimental results. 

Next, the future strength of the concrete structure in the 

next 20 and 40 years was predicted. After that, a 

comparison between isotropic and orthotropic analysis 
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condition was carried out. Lastly, the severity of the 

conditions of RC structures in marine environments was 

reviewed. 

 

2.0 Damage Assessment of RC Structure 
 

2.1 Overview of Continuum Damage 

Mechanics 

 The damage process can be described as an 

irreversible phenomenon of material deterioration 

involving the growth of defects and cavities in micro-

scale. In continuum damage mechanics, the degree of 

material degradation in a homogenous field is assumed as 

the damage variable. Lemaitre and Desmorat [3] 

interpreted the physical meaning of damage to be the 

decrease in area for effective load carrying, due to void 

development as the following: 

 

 

(1) 

 

where A0 is the total area of the cross section and AD is 

the area of all defects. Thus, the general constitutive 

equation can be introduced as: 

 

 

(2) 

 

where is the stress tensor,  is the strain tensor, Eijkl 

is the elastic stiffness tensor and D is the damage 

variable. 

 In this study, the mechanical damage variable is 

represented by three different component vectors while 

the chemical damage is an isotropic scalar variable. It is 

also assumed that material deterioration caused by the 

coupling effect between chemical and mechanical 

damage could be described by the following relationship: 

 

 

(3) 

 

where Dmech is the mechanical damage variable and Dchem 

is the chemical damage variable. 

 

2.2 Mechanical Damage Model 

 Fig. 1 shows the material properties of the concrete 

and steel reinforcement bars used in the numerical 

analysis. For the rebar, assumed to have a complete 

elasto-plastic body, we adopted the constitutive law based 

on the von Mises yield condition. As for the concrete, we 

applied the elastic-plastic constitutive law based on the 

Drucker-Prager yield condition. 

 The rate of degradation due to corrosion is defined 

by the degree of damage in three principal axis directions 

as  and  assuming the tension to be softening. 

In order to adequately assess the progress of cracks in the 

concrete, it is necessary to release the tension softening 

stress by the subsequent tensile strength. After that, only 

the extracted positive principal strain components (the 

degree of damage in principal strain directions ,  

and  ) are converted to the whole coordinate axes of 

,  and . The rate of degradation for each 

coordinate axis direction was calculated by the following 

Equations (4) to (6). 

 

 
 

Fig. 1 Material properties of (a) concrete and (b) steel bar. 

 

 

(4) 

 

 

(5) 

 

 

(6) 

 

 Equations (4) to (6) demonstrate the relationship 

between ,  and ,  and  with the 

definition of , , . Here,  is defined as the 

tensile strain limit. In addition, the relationship between 

the stress rate and the degradation rate associated with the 

tension softening is defined in Equation (7). 
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 Furthermore, in this analysis the degradation rate 

was multiplied by the elastic stiffness matrix. As shown 

in Equation (8), an isotropic constitutive law with damage 

influence is obtained. 
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2.3 Chemical Damage Model 

 

2.3.1 Chemical Damage Variables 
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 In order to assess the damage caused by the 

penetration of chloride ions in concrete structures, a 

diffusion process is carried out. By using a three-

dimensional diffusion equation that follows Fick’s second 

law (as shown in Eq. 9), the concentration and 

distribution of chloride ions along the structure can be 

determined. Hypothetically, the concentration of chloride 

ions has a great influence on the level of corrosion of 

steel bars in RC beams. 

 

 

(9) 

 

where K is the diffusion coefficient and C is the chloride 

concentration. 

 In this analysis, the threshold of chloride 

concentration is set at a value of C=1.2kg/m
3
. Therefore, 

chemical damage is assumed to occur once the threshold 

value at the interface between the concrete and steel bars 

is surpassed. As proposed by Sonoda [4], the reduction of 

the steel bar cross section area is obtained by the 

following relationship: 

 

 

(10) 

 

where ω is the reduction of the steel bar cross section area 

and Cs is the cumulative chloride concentration at the 

interface (kg/m
3
.year). 

 In this analysis, the chemical damage variable is 

referred to as the reduction of the steel bar cross sectional 

area: 

 

 

(11) 

 

2.3.2 Expansion Pressure Due to Corrosion 

 Since corrosion is a continuous process, once it is 

initiated at the surface of the bar-concrete area, the 

corrosion product grows gradually. Andrade et al. [5] 

proposed a linear relationship between applied current 

density, Icorr and the decreased rebar diameter based on 

Faraday’s law: 

 

2Rrb = 2Rb – 0.023 icorr t (mm) (12) 

 

where Rrb (mm) is the reduced rebar radius, Rb (mm) is 

initial rebar radius, Icorr is the applied current density 

(µA/cm
2
), 0.023 is conversion factor (from µA/cm

2
 to 

mm per year) and ∆t is time since the propagation period 

(years).  

 The total radius of the rebar, including the rust 

layer as illustrated in Fig. 2, can be calculated as: 

 

 

(13) 

 

where tr is the thickness of the oxide layer that builds up 

around the bar. Since β is the relative ratio of steel density 

to corrosion product density (normally ranging from 2.2 

to 6.4 as stated in the literature), the most common value 

of 2.0 has been used in our analysis [6]. As proposed by 

Kim et al. [8], the expansive pressure induced by the 

restraint conditions of the surrounding concrete can be 

calculated by Eq 14: 

 

 

(14) 

 

where Krust is the stiffness of the corrosion product layer 

and m is an empirical constant. In previous research, 

Lundgren [9] suggested the m value as 7 and the basic 

image of expansive pressure was illustrated in Fig. 3. 

 

 
 

Fig. 2 Rust expansion under concrete constraints. 

 

 

 
 

Fig. 3 Graphical image of expansive pressure. 

 

 A wide range values expressing the stiffness of the 

corrosion product or the oxide of Young’s moduli can be 

found in the literature. Molina et al. [6] claimed that the 

values ranged between 2 and 4 GPa while Lundgren [8] 

proposed a nonlinear stress level independent of the 

stiffness of the corrosion products, with a maximum 

value of 14 GPa. On the other hand, Balafas and 

Burgoyne [9] reported values as low as 40-87 MPa, and 

as values as high as 47-86 GPa were recorded by Zhao et 

al. [10]. In addition, Savija et al. [11] found that the 

Young’s modulus of the rust layer is not constant, as it 

depends on the level of confinement provided by the 

surrounding material. However, for simplicity, Lungren 

[8] proposed a constant value of 7 GPa and this is the 
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value used in the current study. The expansive pressure 

calculated in this study is in line with the curve plotted by 

Lundgren [8] as shown in Fig. 4. 

 
 

Fig. 4 Normal stress versus strain in the rust evaluated 

from a combination of experimental results and analysis 

[8]. 

 

3.0 The Experimental Process 

 

3.1 The Electrolytic Corrosion Method 

 In order to construct the damaged RC beams with 

corroded reinforcement, the electrolytic corrosion method 

was chosen. This is one method to accelerate the 

corrosion of reinforced steel. In this test, a copper sheet 

reacting as a cathode was linked to the DC power supply 

generator. As illustrated in Fig. 5, the cathode and 

specimen were soaked in a 3% NaCl solution. The 

corrosion level of the steel reinforcement is controlled by 

the energization time. 

 

 
 

Fig. 5 Set up of the electrolytic corrosion method 

apparatus. 

 

 Once the electrolytic corrosion method test was 

performed, a loading test was conducted. After that, the 

steel reinforcements were taken out of the specimen and 

the corrosion rate was measured and calculated according 

to the following equation: 

 

 

(15) 

 

where C is the corrosion rate, w0 is the initial mass of the 

steel reinforcement without corrosion and wcorr is the 

mass of the corroded reinforcement. 

 

3.2 The Electrolytic Corrosion Method 

 A static loading test was performed to clarify the 

static flexural load-bearing capacity of RC beams with 

corroded reinforcements. A universal testing machine 

was used to put a compressive load on the beams. As 

shown in Fig. 6 below, at two points a concentrated load 

of equally bending movement sections of 200 mm was 

applied at a loading rate of 0.5 mm/min. The 

displacement meter and the acting load were set up at the 

mid-span of the beam to measure the displacement and 

the load acting on the beam. 

 

4.0 The Results of The Experiment 

 

4.1 The Results of The Electrolytic 

Corrosion Process 

 After the loading test, three corrosion levels were 

determined and measured from the electrolytic corrosion 

process. There was one model with no corrosion and two 

models with corrosion which was measured at 6.13% and 

11.71%, respectively. The crack conditions on the 

specimen’s surface is shown in Fig. 7. This experiment 

proved that once corrosion is initiated at the steel bar, it 

will reduce the effective surface of the initial steel 

diameter. Since corrosion products occupy a larger 

volume than concrete, their expansion in volume 

generates tensile stress, which initiates cracks at the 

concrete surface. 

 

 
 

Fig. 6 Details of the position of experimental equipment. 

 

 
(a) 6.13% 

 

 
(b) 11.71% 

 

Fig. 7 Crack conditions of RC beam specimens. 

 

4.2 The Results of The Static Loading Test 
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 In order to assess the strength performance of 

beams after corrosion, a static loading test was carried out 

and the ultimate strength was obtained. Fig. 8 presents the 

relationship between the load -bearing capacity and the 

displacement for different corrosion levels.  As can be 

seen, beams with no damage (without corrosion) reach a 

maximum strength of 25.72 kN compared to the damaged 

beams, which expressed values of 22.11 kN and 22.6 kN 

for 6.13% and 11.71% degrees of corrosion, respectively. 

This result could be due to the existence of initial cracks 

caused by corrosion. 

 Hypothetically, the maximum load-bearing 

capacity decreases linearly as the degree of corrosion 

increases. However, the maximum load -bearing capacity 

for the bar at 11.71% of corrosion exceeded the value for 

6.13% corrosion. This is because the increase of density 

in the beam with the higher corrosion rate, placed 

between the rebar and the surrounding concrete whose 

reinforcement expansion was caused by corrosion, 

dominates the cross-sectional reduction of the effective 

area for the 6.13% corrosion level. This is why models 

with lower corrosion levels deteriorate earlier than those 

with higher corrosion levels. 
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Fig. 8 Load-displacement relationship at different 

corrosion levels. 

 

5.0 Chemical-Mechanical Damage Analysis 

 In the previous chapter, an experiment was 

conducted and the electrolytic process was carried out to 

corrode the steel reinforcement for several degrees of 

corrosion. Next, beams were loaded with an external load 

and the results were obtained. In this chapter, a numerical 

model was developed to determine the accuracy and thus 

validate the experiment's results. To perform an 

assessment of damage caused by chemical-mechanical 

loading factors, a diffusion analysis and mechanical 

loading were implemented in the numerical model. 

 

5.1 The Development of The Numerical 

Analysis Model 

 In order to validate the experiment's results and to 

further predict the structural performance of RC 

structures through several degrees of corrosion and 

periods of exposure, a three-dimensional finite element 

model was adopted using the nonlinear finite element 

code of MARC 2010. Fig. 9 below illustrates the cross-

section and the elements of the RC beam consisting of 8 

nodes of hexahedral concrete element and reinforcement 

bars. The concrete and reinforcement bars were classified 

as solid while the shear reinforcement bar was designed 

using a (axial) truss element. 

 

 
 

Fig. 9 Cross-section of a beam. 

 

5.2 Validation of Numerical Analysis 

Accuracy 

 During the experiment, the cases of three cases of 

beams were studied. There was a beam with no corrosion 

and two beams with corrosion initiated at the surface of 

steel reinforcement set at the corrosion levels of 6.13% 

and 11.71%. The corrosion of the steel reinforcement bars 

was initiated by the electrolytic process. 

 In this numerical model, the effect of corrosion on 

the steel reinforcement bar was taken into account. The 

reduction of the initial diameter, the effective area of the 

rebar and the initiation of expansive pressure from the 

steel to the concrete surface were calculated then 

implemented in the numerical analysis model. The results 

obtained from the experiments are shown and compared 

with the numerical analysis in Fig. 10. The numerical 

analysis calculated the behavior of the reinforcement 

concrete to be similar to the experiments conducted in the 

laboratory. The analysis started with the linear increment 

between the load and the displacement at an early stage, 

then the plot increased gradually to the ultimate strength 

of the beam when the yield point was surpassed. After 

reaching the maximum bending capacity, the structure 

came off as the corrosion created severe conditions since 

the stiffness decreased due to corrosion, causing 

noticeable reduction in strength. 

 It is apparent from the figure that the results from 

the numerical analysis agree with the experiment's results. 

The numerical analysis results predicted a higher level of 

strength for the beam in every case, but this is because 

perfect bonding and supports between each element were 

calculated in the analysis. Compare this situation to the 

experiment, in which bonding and support conditions 

were not guaranteed to be as perfect as those postulated in 
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the numerical analysis since there were many 

uncertainties to be considered. 

 

6.0 Prediction of Future Strength 

 

6.1 Isotropic Conditions 

 After validating and determining the accuracy of 

the numerical model, the future strength of concrete beam 

was predicted. A diffusion analysis was adopted to 

predict the concentration of chloride ions in concrete and 

the chemical damage, Dchem, caused by chloride invasion 

to the original beam (shown in Fig. 11(a) was analyzed. A 

three-dimensional chloride diffusion process in isotropic 

condition was solved by using the model shown in Fig. 

11 (b). The initial condition of chloride concentration and 

other boundary conditions are assumed as the values in 

Table 1. 

 The distribution of chloride ions was obtained from 

diffusion analysis and Fig. 12 shows the results for 

different periods of exposure. The influence of chloride 

ion distribution is directly proportional to increasing 

service periods whereby the chloride ion reaches the 

highest concentration at the 40-year period with 2.0 

kg/m
3
. For the 0-year period, the chloride ions started to 

penetrate the concrete cover, but the corrosion had not yet 

initiated, as the chloride ion concentration reached at the 

surface of steel reinforcements was below the threshold 

limit. Chemical damage occurred at the exposure period 

of 20 years, when chloride concentration at the surface of 

steel bars surpassed the threshold value, 1.2kg/m
3
. 

 When a rebar starts to corrode (axisymmetric 

corrosion is assumed), a gradual decrease of its diameter 

is produced, together with the generation of rust. The 

formation of corrosion products from steel reinforcement 

bars leads to an increase in volume, generating expansive 

pressure to the concrete surface. Since corrosion is a 

continuous process, this expansive pressure keeps 

increasing between service periods. This pressure may 

induce the formation of cracks once the concrete’s tensile 

strength is surpassed. The cracks are generated first at the 

bar-concrete interface, then they propagate radially. 
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Fig. 10 Numerical-experimental validation for several 

degrees of corrosion. 

 

 

 
 

Fig. 11 (a) Original cross-section of the beam (b) Half 

model used in diffusion analysis. 
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Table 1 Boundary conditions and material properties for 

diffusion analysis. 

 Isotropic 

Cement Portland cement 

Water-cement ratio 45% 

Diffusion Coefficient, K 1.01 (cm
2
/year) 

Environmental condition Splash zone 

Initial Chloride 

concentration 
0.0 (kg/m

3
) 

Chloride concentration of 

boundary face [(1), (2), (3)] 
0.0 (kg/m

3
) 

Chloride concentration of 

boundary face (4) 
13.0 (kg/m

3
) 

 

 

 
 

Fig. 12 Chloride concentration distribution of RC beams 

for different periods of exposure. 

 

 Table 2 presents the effects of chloride invasion for 

different exposure periods. The stress level and the 

degree of corrosion increased over the years. In the 0-year 

model, no corrosion was initiated and no expansive 

pressure was produced. Meanwhile, the value of the 

chemical damage variable, Dchem was 0.082, producing an 

expansive pressure of about 0.23Mpa. The value of Dchem 

and the expansive pressure then increased for the next 20 

years at 0.087 and 0.34Mpa, respectively. This increase in 

expansive pressure weakens concrete surfaces and 

generates the formation of cracks. The propagation of 

cracks and the increase of Dchem values reduce the 

stiffness of the structure and its serviceability, gradually 

starting the deterioration process. 

 The last stage in this coupling analysis of chemical-

mechanical damage was determining the ultimate strength 

of RC beams. By applying an external load to the 

structure model, the mechanical damage variable Dmech, 

was calculated and the load-displacement curve in Fig. 13 

was obtained to depict the trend of ultimate strength in 

different exposure periods. It is clear that the ultimate 

strength of RC beams decreased with increasing service 

periods. The period of 0 years of service had the highest 

load bearing capacity while the 40-year service period 

had the lowest level of strength. 

Table 2 Effects of chloride invasion for each exposure 

period. 

Exposition 

Year 

Chloride 

Content 

(kg/m
3
) 

 
Expansive  

Pressure 

(MPa) 

0 - - - 

20 1.2 0.082 0.23 

40 2 0.087 0.34 

 

This is because, over time, the structure was exposed to 

environmental and mechanical attacks which initiated 

corrosion. Moreover, the propagation of corrosion 

product reduced the serviceability and ultimate strength 

of structure. For these reasons, the exposure periods of a 

structure have a great influence on the ultimate strength 

of the RC structure. This condition reviewed the concept 

of continuum damage mechanics as stated in Equation 3. 

Since the value of Dchem and Dmech increases, the material 

stiffness decreases, directly affecting the reduction of the 

structure's strength. 
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Fig. 13 The ultimate strength of RC beams for different 

exposure periods. 

 

6.2 Orthotropic Conditions 

 In contrast to diffusion analysis, orthotropic 

conditions were carried out by considering the different 

diffusion coefficient in each axis. The boundary condition 

and the material properties for the orthotropic analysis are 

summarized in Table 3. This analysis considered an 

exposure period of 20 years. 

 Compared to the previous condition of diffusion 

analysis, under orthotropic conditions, chloride ions 

vigorously penetrated the concrete structure, as shown in 

Fig. 14. With 20 years of exposure, the concentration of 

chloride ions reaching the surface of the steel bar was 

8.73kg/m
3
, an increase of about seven times from the 

previous (isotropic) condition (Table 4). 

 Since there was a great difference in the 

distribution of chloride ions penetrating the concrete 

covers between isotropic and orthotropic conditions, there 

was a noticeable effect in the relationship of ultimate 

strength between these two. As shown in Fig. 15, an 

apparent reduction in the ultimate strength for the 

orthotropic condition was predicted because it considered 
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the non-uniform distribution of diffusion exposure whilst 

the isotropic assumed a uniform condition. This is why 

considering orthotropic conditions in the analysis of 

predicting structural strength performance could be taken 

into account during the design phase as a possible safety 

precaution. 

 

Table 3 Boundary conditions and material properties for 

diffusion analysis. 

 Orthotropic 

Cement Portland cement 

Water-cement ratio 45% 

Diffusion coefficient, K 

Ka = 0.1498 cm
2
/year 

Kb = 2.350 cm
2
/year 

Kc = 0.5 cm
2
/year 

Environmental condition Splash zone 

Initial Chloride 

concentration 
0.0 (kg/m

3
) 

Chloride concentration of 

boundary face [(1), (2), (3)] 
0.0 (kg/m

3
) 

Chloride concentration of 

boundary face (4) 
13.0 (kg/m

3
) 

 

 
 

Fig. 14 Comparison of chloride ion distribution between 

(a) isotropic and (b) orthotropic conditions. 

 

Table 4 Effect of chloride invasion for each analysis 

condition. 

Analysis 

Condition 

Chloride 

Content 

(kg/m
3
) 

 
Expansive  

Pressure 

(MPa) 

Orthotropic 8.73 0.132 5.87 

Isotropic 1.2 0.082 0.23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15 Load-displacement relationship between isotropic 

and orthotropic conditions. 

 

6.3 The Influence of Marine Environment 

on Structural Performance 

 One important factor in assessing the structural 

performance of a structure is the environment. In this 

section, several different environments and conditions 

were highlighted. In order to understand their impact, two 

different environments and conditions were compared. 

For the marine environment, a diffusion coefficient of 

4.35cm
2
/year was chosen to represent the environment of 

a coastal area while a diffusion coefficient of 1.44 

cm
2
/year was used for an inland structural environment 

[12]. Both cases were considered under both isotropic and 

orthotropic conditions. 
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Fig. 16 The ultimate strength for several diffusion 

coefficients. 

 

 In Fig. 16, the ultimate strength for several 

diffusion coefficients is presented for several periods of 

exposure. It clearly shows that the increase of diffusion 

coefficients contributed to the reduction of ultimate 

strength. These linear relationships continue along with 

the increase in years of exposure. This is because a larger 

diffusion coefficient generates a higher chloride ion 

concentration, directly affecting the increase of Dchem 

values in calculating the coupling effect between 

chemical and mechanical damage. In the case of coastal 

areas with high diffusion rates, severe conditions were 

observed as material stiffness decreased. 
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7.0 Conclusion 

 In conclusion, the proposed chemical and 

mechanical damage analysis tended to validate the results 

of the experiment. Besides this, we were also able to 

make predictions of future structural strength under 

various exposure conditions. In addition, the proposed 

orthotropic analysis proposed can serve as an alternative 

to the isotropic conditions in order to identify the worst-

case scenario of the structure. 
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