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Abstract - Designing concrete infrastructure in seawater conditions is a challenge for engineers. Seawater contains 

aggressive chemicals such as chlorine ions and CO2 gas, influencing steel-reinforced concrete (RC) strength. The strength of 

RC reduces gradually as the effect of steel corrosion. Corrosion on reinforcing steel bars continuously increases over a 

specific time before the collapse. Factors influencing the corrosion rate are concrete porosity, the concentration of chlorine 

ions, and the humidity of the concrete. This research studies the remaining moment strength of rebar as effects of chlorine ion 

concentration, temperature, pH, and dissolved oxygen. The moment strength of concretes is determined mathematically using 

mathematics models referred to as ACI 318-14 standard. The models calculate corrosion based on references and model 

software predictions. The research was to study empirical corrosion rate models for NaCl solutions representing seawater 

conditions. Investigation parameters determining the rate of corrosion on reinforcement steel in NaCl solution can be used to 

predict the service life of concrete structures.  
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1. Introduction 
The corrosion process occurring in reinforcing steel in 

concrete structures determines the live service of concrete 

structures in seawater environments (1-10). The corrosion 

process attaches steel to the concrete causing significant 

deterioration in structural concrete. Factors influencing the 

corrosion process in seawater are chlorine ions, temperatures, 

pH, and oxygen. They react with steel through an 

electrochemical reaction in the steel surface exposed to the 

seawater (11-20). Concretes immersed in seawater are 

passive electrochemically immune steel from the corrosion 

process. However, due to cracks and porosity, ions such as 

Cl, CO2 and O2 can reach the steel in the concrete [15-20]. 

Once these elements reach the reinforcing steel, the concretes 

become electrolytes for the steel. It will create differential 

potential, which initiates corrosion reaction locally. The 

corrosion increase and create volume expansion in the 

concrete. The electrochemical reaction on the steel destroys 

the passive film covered on the surface of the steel (8,9,10). 

The alkaline environment in concrete becomes acidic, 

causing corrosion reactions will be faster [6-7]. The growth 

of the product of corrosion reactions makes cracks 

simultaneously and enlarges the porosity of the concrete. 

Thus, it will reduce the adhesion force between concrete and 

steel and weaken the moment strength of the concrete. 

   

 To date, many methods have been developed to monitor 

the quality of concrete in order to prevent corrosion 

problems. The severity crack index, hummer test, resistance 

polarization test and contamination indicators are examples 

of methods to assess concrete quality. The index of crack 

severity is commonly used to detect crack length on the 

concrete surface. The severity crack is indicated by the size 

of the crack, which can be a hairline or micro-crack on the 

concrete. A rebound hammer is a tool to record the strength 

of concrete when concrete is under impact load. The 

electrical resistance of concrete is essential in understanding 

electron transfer in the concrete, which shows corrosion 

behavior. Testing pollutant compositions in the concrete are 

essential to detect the integrity of the concrete. 

 Concrete integrity indicates the severity of the corrosion 

process (30-40). Corrosion reaction is higher when the 

integrity of concrete is poor. With the steel corrosion rate in 

concrete data, the life of concrete can be determined [8]. Life 

concrete prediction can be conducted indirectly by 

investigating binder conditions, amount of moisture, 

electrical resistivity, porosity, solution pH and gas 

contaminations. These factors determine the steel corrosion 

rate in concretes [9,10].   

 

1.1. Calculation of Moment Strength of the Reinforced 

Concrete Beam 

The concrete beam is designed according to ACI 318-14 

(1). The standard guide to calculating tension, compression, 

and shear reinforcement to meet safety considerations. 

Analytical equations per the ACI 318-14 standard, including 
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moment strength. Moment strength is calculated based on 

equations which assume that compression steel does not 

yield: ε's < εy and f's = Es ⋅ ε's. Tensile steel does yield: εs ≥ εy 

and fs = fy. Analyzing the stress and strain diagram of 

the beam, the neutral axis is found in the equation below. 

The equation is set that the compression forces equal the 

tension forces in order to satisfy equilibrium: 

 

Ts = C's + Cc → As ⋅ fy - A's ⋅ f's - 0.85 ⋅ f'c ⋅ a ⋅ b = 0   (1) 

    

Utilizing the equations, moments strength is calculated with 

Formula 2.  

     𝑀𝑛 = 𝐴𝑠
′  𝐸𝑠ɛ𝑐𝑢 (
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Where, Mn is the nominal moment, Cs is concrete in 

compression, ε's is the compression steel, and εy is yield 

strain.  

1.2. Corrosion Rate Measurements 

Various methods which are used to measure corrosion 

rate are Tafel extrapolation, linear polarisation resistance 

(LPR), electrochemical spectroscope impedance (EIS) and 

noise of electrochemical indicating (ECN). They apply 

electrochemical reactions to identify the corrosion process. 

The corrosion process also can be modelled using 

mathematical expression. Researchers use fundamental 

theories to model the corrosion process. Using the corrosion 

model, they simulate the corrosion process under various 

conditions such as chemical composition, reactions of 

electrochemical, corrosion kinetics, typical corrosion and 

thermodynamics reactions. The data from theories can be 

validated with experimental results.  

Corrosion monitoring is used to investigate the corrosion 

process based on its mechanism. The corrosion data is 

essential in the maintenance program used for system 

integrity. The corrosion data can be used to predict failure 

behavior before the sudden collapse of infrastructure. LPR 

was applied to measure the rate of corrosion. The potential 

was scanned from corrosion potential (Ecorr) at   10 mV at 

the rate of 10 mV/minutes. Tafel constants 25 mV (15) were 

used to measure the corrosion rates. 

 

The corrosion rate calculation measured the steel's 

polarization resistance (Rp). Rp is a resistance to the 

corrosion reaction of steel with concrete. It was obtained 

with the scanning potential of steel in the area close to Ecorr. 

The current density versus voltage indicated a straight line at 

the Ecorr position. The formula of Stern-Geary is presented 

below (10):    

                                  

                      0)(
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                       CR =  Icorr 3272 EW/A           (4) 

        

Where: 

CR : Rate of Corrosion (mm/y),   

Icorr : Current flows (amps), 

K    : A constant number for unit conversion. 

EW : The equivalent weight. 

       
 

2. Experimental Setup 
The studies were conducted in two steps. The first step 

was conducted by calculating the corrosion rate, while the 

next step was determining the moment strength of RC. The 

corrosion rate calculated refers to the kinds of literature 

(Alisina, Ernesto, villaescusa, guasave) (30-34) to apply in 

RC. Calculating the moment strength of rebar was used rebar 

designed as indicated in Table 1. The constant numbers refer 

to ACI (American Concrete Institute). Designing the model 

of the strength of concrete was calculated based on ACI. The 

calculations used the concept of Whitney's stress block. 

Materials used were low-carbon steel, and it assumed 

seawater was contaminated in the concretes. The 

assumptions used based on ACI (American Concrete 

Institute) are described as follows: compressive strain 

ultimate in concrete was assumed at 0.003, while the tensile 

strength of the concrete is neglected, the strain curve varies 

linearly over the depth of the cross-section, the stress of 

steels vary linearly until to the yield was constant. The force 

of compressive in the concrete was calculated to refer to 

Whitney's equivalent stress block. 
 

Table 1. Data of rebar design used in the models and loading condition. 
 

 

 

 

 

 

 

 

 

Description  Unit  Value  

Beam width  mm 1000 

Beam depth effective mm 500 

Compr. Strength of concrete Mpa 60 

Tension steel yield  Mpa 3000 

Number of steel tension  Nos. 10 

Yield stress of compressed steel  Mpa 3000 

Number steel in compression    Nos 10 

Compression steel cover  mm 100 
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(a)                              (b)                                      (c) 

Fig. 1 Reinforcing steel bar configuration: Reinforcement concrete beam in one layer of tension steel bar.   Cross section of RC (a), strain diagram 

(b), stress diagram (c). 

 
                                                                                         

3. Results and Discussion  
 

3.1. Effects of Oxygen Dissolved in Concrete on Moment 

Strength of RC  

The oxygen that is present in seawater can increase 

corrosion reactions on reinforcing steel in RC, as presented 

in Figure 2. The corrosion process as electrons produced by 

steels reduces oxygen gas to ions OH. The electron produced 

by steels is located in an anode. Potential differences govern 

the electron transfers as effects of local aeration in the 

concrete. At the cathode site, electrons react in a thin layer of 

steel surface based on the following reactions. 
 

 

The process occurs at the cathode under alkaline 

conditions. 
 

  O2(g) + 2H2O(l) + 4e- →  4OH-(aq)    (5)  
  
 

In an acid solution, an oxygen reduction process will 

occur. 
 

             O2(g) +4H+ + 4e-   →   2H2O(aq)                    (6) 
      

 
Fig. 2 Effects of oxygen on moment strength of RC 

 

 
Fig. 3 Effects of oxygen on moment strength of RC over 30 years. 

 

Figure 2 presents the relationship between the 

concentration of oxygen on concrete moment strength. It 

showed that the corrosion rate increased if the was more 

oxygen concentration. The effect of oxygen concentration 

was also verified using the software Freecorp, Norsok 

(15,18), which indicated a similar trend. Figure 3 is the 

prediction of reduced moment strength over 30 years. At 1.8 

ppm, oxygen dissolved in seawater decreased the moment 

strength of concrete insignificantly. At the concentration of 

oxygen 2%, the strength of concrete reduced sharply. 
 

3.2. Effects of pH on Moment Strength of RC  

pH is a factor for corrosion reaction. Figure 4 shows that 

the corrosion rate will decrease when pH increases which 

cause the moment strength of RC to reduce slowly. 

Microorganisms and sea biota produce the pH in seawater. 

The pH value indicates the number of ions H+ dissolving in 

the solution. The effects of pH in determining corrosion rate 

depend on the concentration of ions, temperature, pressure, 

and ionic strength [28]. However, H+ ions are known as 
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specie which is dominant in promoting corrosion. The ability 

of H+ ions to penetrate the concrete governs the acceleration 

of corrosion. The corrosion process involving H+ ions occurs 

through a hydrogen evolution reaction. The steps of 

hydrogen reactions contributing to corrosion can be 

explained in Formula 7-9.  

 

                               H+ + e-  → H(ads)           (7)

       

                              H(ads) + H(ads) →H2(ads)           (8)

       

Those reduction reactions are followed by oxidation 

reactions which produce Fe2+ ions (Formula 9). 

   

       Fe → Fe2+ + 2e-        (9)
       

The films become thicker, denser, and more protective 

when pH increases. The presence of high pH makes it easier 

for metal ions to form a metal-alkaline layer on the surface of 

concrete, which causes the concrete to become passive. 

Hoffmeister (35) showed in his experiment that the corrosion 

rate at pH 5.8 did not decrease significantly. This suggested 

that the scale is relatively porous and detached, which is not 

protective. It may be able to relate to the rapid growth of the 

scale. 
 

 
 

Fig. 4  Effects of pH on moment strength of RC over 30 years. 

 

3.3. Effects of Chlorine Ions on Moment Strength of RC  

The presence of Cl ions in reducing rebar strength is 

presented in Figure 5. The models' calculated Cl ions 

concentration at 0.6 and 0.9 ppm. It can be seen that the more 

Cl ions concentration, concrete strength reduced significantly. 

The presence of Cl- ions affects the conductivity of concrete, 

which accelerates corrosion [22]. Cl- the diffusion process 

determined the ion's reaction with steels in RC. Cl ions migrate 

in the concretes as an effect of the electric field. The rate of 

migration increased when there was more crack and porous. 

Dissolving chloride in reinforced concrete was suspected in 

both corrosion uniform and pitting. Chlorine ions influence 

concrete structures' disintegration, causing crack extension on 

the concrete. The behavior of chlorine ions in the corrosion 

process can be expressed in Equations 10-12. As can be seen 

from the equations, chlorine ions can be able to react with steel 

many times to corrode steel. At a small amount of chloride, the 

corrosion process is slower. Free chloride acts as a catalyst to 

initiate further corrosion process. Chlorine ions reaction in 

concrete leads to loss of total moment strength. 
   

                                        Fe2+ + Cl– → FeCl2                      (10)

       

           FeCl2 + 2H2O → Fe(OH)2 + 2Cl–                         (11)
       

       6FeCl2 + O2 + 6H2O → 2Fe3O4 + 12H+ + 12Cl–     (12)
  
 

 
 

 
Fig. 5 Relationship of chlorine ions concentration on moment strength 

of reinforcing steel bar over 30 years exposure time. 

 
 

3.4. Effects of Temperature on Moment Strength of RC  

Temperature determined corrosion rate as its role in 

forming of alkaline film. At temperatures less than 60°C, 

FeOH is soluble, and the precipitation rate is low. Thus, there 

was no protective film formation until pH increased to reach 

FeOH solubility. When the temperature reached 60oC, iron 

carbonate's solubility decreased, and the layer's 

protectiveness became thicker, which decreased the 

corrosion rate. The corrosion rate was higher at a temperature 

of 40oC, which caused the moment strength of the RC to 

weaken. At temperatures of 30oC, the effects of film 

formation on steel can be ignored. Many researchers (10 - 

20) have agreed that corrosion rates remain high due to the 

interaction between steel and water. 
 

 
  Fig. 6  Effects of temperature on moment strength of RC over 30 years. 
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4. Conclusion  
Based on mathematic models studies, there were  several 

findings which can be concluded as follows: 

• The corrosion models, which include the effects of 

temperature, Cl, Oxygen, and pH, have shown reduced 

RC moment strength. The results have been confirmed 

well with other researchers' findings.   

• Reducing moment strength was insignificant at low 

temperatures, low oxygen concentration and high pH. The 

dominant effect influencing reducing RC strength were 

chlorine ions and oxygen.  

• Designing RC for 30 years using a range of values 

parameters was satisfied in building construction.   
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