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Reinforced concrete is one of the most efficient building materials widely used 

across the world, however, corrosion of its embedded steel reinforcement is the most 

aggressive rival to its durability. Corrosion becomes more aggressive in the presence of 

cracks, which makes the ingress of chloride ions from deicing salts into concrete bridge 

decks more critical, leading to an annual cost of about 8.3 billion for mitigation and 

rehabilitation of bridge decks in the United States of America.   

The research consists of two components: laboratory testing and field monitoring. 

The laboratory testing is aimed at evaluating the effects of cracks and crack sealants in 

concrete specimens on the corrosion process using ASTM G109, and correlation of bridge 

deck service life and long-term predictions with field performance.  The laboratory-based 

experimental program includes the use of various small-scale specimens as well as deck 

slabs to study the effect of various parameters such as crack width and depth as well as the 

efficiency of the crack sealants.  Five types of steel reinforcement (Black, Duplex stainless, 

Galvanized, MMFX, and Epoxy-Coated), two types of concrete classes (class A and HPC), 
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and two Sodium chloride concentrations (3% and 15%) were used. Additionally, four crack 

patterns, two different crack sealants, and two types of sensors (2000 silver-silver chloride 

electrode and multi element probes MEPs) were also used.  On the other hand, the field 

work used corrosion sensors for 20 years to maintain the structural health monitoring 

(SHM) and data collection of two existing bridges, GSP 84.1 and 159.7. 

 

After three years of exposure to diluted as well as severe sodium chloride solutions, 

laboratory results show that concrete specimens with Duplex Stainless and MMFX steel 

rebars had an excellent corrosion resistance in comparison with Epoxy-coated rebars.  

Moreover, the crack depth has more influence than the crack width for all specimens. When 

the cracks are sealed using the T-70 MX crack sealant, it showed a remarkable efficiency 

in comparison with Seal Krete sealant.  Additionally, results from the field monitoring of 

the two bridge decks show that Galvanized Steel rebars underwent noticeable corrosion 

activity in comparison with the Stainless Steel deck.   Moreover, data collected from 

laboratory tests and field performance is used to validate results from simulation model to 

correlate service life predictions from accelerated laboratory-based tests.  
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1. Chapter One 

Introduction 

 

1-1 Problem Statement 

Corrosion is one of the most vital factors that significantly influences concrete 

durability. Where corrosion considers the most aggressive rival that attacks the durability 

and structural stability of concrete [Bavarian and Reiner 2003]. The concrete type has an 

important part on the corrosion process, and the high performance concrete (HPC) is one 

of the concrete types that significantly affected by the corrosion process. Continuously, 

concrete becomes more vulnerable to corrode in the presence of cracks. Where cracks make 

the ingress of sever materials such as chloride ion, carbon dioxide, and acidic solutions 

within the concrete mass faster. It is very important and timely to study the corrosion 

process and its effects of the reinforced concrete members because the maintenance of 

corrosion costs a lot of resources and efforts.   

  In the same direction, current research stands for studying the relationship between 

the crack width and/ or depth and the corrosion process; also, it aims to find out the service 

life of reinforced bridge decks of concrete class A and high performance concrete (HPC). 

In addition, this research tries to correlate the relation between the lab acceleration-based 

studies with the field performance in terms of chloride content and the associated corrosion 

potentials. 
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1-2 Annual Cost of Corrosion  

The importance of studying corrosion comes from the annual rehabilitation cost of the 

infrastructures categories. Corrosion is one of the most aggressive factors that diminish 

the structure reliability and stability. The annual rehabilitation cost of corrosion is about 

8.3 billion just for the highway bridges in the United States of America [NACE 2018].  

 

[https://www.nace.org/uploadedFiles/Publications/ccsupp.pdf]. 

 

1-2 Research Methodology 

As mentioned earlier, this research is aiming to compute the reinforced concrete bridge 

decks service life through studying the effects of cracks on the corrosion process of 

concrete. Also, it tries to simulate the actual field condition with the lab performance to 

correlate their relations. Basically, this research consists of the following major aspects. 

  

Figure 1–1 Annual Corrosion Mitigation and rehabilitation Cost 
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i- Laboratory Studies on the Crack Effects of Corrosion Process of 

Reinforced Concrete Members by Using ASTM G-109 

The aim of this part is finding out the influence of the crack depth and/ or width and the 

electrochemical process of corrosion. In this part the influences of the Sodium Chloride 

profiles on the corrosion initiation and progress of concrete class A and high performance 

concrete (HPC) is studied. Also, the effects of steel reinforcement types such as 

conventional steel (Black Steel), Duplex Stainless Steel, Chrome X-9000 MMFX rebars 

(Martensitic Microcomposite Formable Steel), Hot Dip Galvanized steel, and Epoxy-

coated steel rebars are investigated. Two concentrations of Sodium chloride, 3% and 15% 

are used through this part of research.  

 

ii- Bridge Deck Service Life Corrosion Model  

This part predicts the service life of the reinforced concrete bridge decks by correlating 

the laboratory-based accelerated corrosion and the field performance of steel rebars (Epoxy 

coated, Duplex stainless steel, and MMFX) of HPC bridge decks exposed to 15% of NaCl. 

 

 

iii- The Crack-Sealant Performance 

This part intends to investigate the performance of two different types of concrete 

sealants and compares their efficiency. Herein the two types of crack sealant products are 

T-70 MX and Seal Krete -SK. These products are applied to the top surface of the cracked 

concrete of prism and slab samples, which are exposed to 15% of chloride solution. The 
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behavior of the two products of crack sealing are studied on both directions, longitudinal 

and transverse. Figure (1-2) summarizes the main parameters included in this research.  

 

 

 

 

Figure 1–2 Main Parameters of the Research 

 

 

1-4 Research Strategy 

    The research strategy implies investigating the service life of reinforced bridge decks 

essentially in the presence of cracks. Accordingly, the strategy of this research includes 

two work parts (laboratory and field work), two types of samples (prisms and slabs), two 

concentrations of Sodium chloride (3 and 15%), four types of crack pattern, five types of 

• Black Steel

• Epoxy Rebar

• Galvanized Steel

• Stainless Steel

• MMFX

• 3%

• 15%

• Crack Width: 0.011 "
- 0.035”

• Crack Depth: 0.5”, 1”

• Class A

• HPC

Concrete Rebars

Crack 
Pattern

Chloride
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steel reinforcing rebars, two types of concrete sealers. The following measurements and 

tests are considered to maintain the corrosion phenomena through this research: 

i. Macro cell Corrosion-ASTM G 109 (included potentials and currents).  

ii. Potentials, currents, and concrete resistivity of the field work which includes the 

two existing bridges (GSP Bridge 84.1 and GSP Bridge 157.9.   

iii. Corrosion current density (for the field work). 

iv. Chloride ion concentrations of the threshold and progress of corrosion. 

v. The Bridge deck service life.  

vi. Corrosion map (for slabs only). 

 

1-5 Research Importance and contribution 

The current research is intended to contribute and help to: 

i. Find out the correlation between the crack patterns (width and/ or depth) and the 

corrosion activities in both longitudinal and transverse directions. 

ii. The effect of concrete quality on corrosion process. 

iii. Study the effects of steel reinforcement (Black Steel, Epoxy Coated, Stainless 

Steel, Galvanized Steel, and MMFX) on the corrosion process. 

iv. Provide better understanding of predicting the service life of reinforced concrete 

bridge decks in the State of New Jersey. 

v. The influences of dilated (3%) and high concentrated (15%) Sodium chloride on 

the corrosion progress. 

vi. The performance of crack sealant.  
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1-6 Corrosion Mitigation Strategy  

 

Corrosion of reinforcing steel is the main cause of concrete structures deterioration 

When steel corrodes, the Rust occupies a greater volume which creates tensile stresses in 

the concrete which can cause cracking, spalling and delamination. This can be minimized 

by: 

i. increasing the ingress/travel time by Increasing concrete cover or Utilizing low 

permeable concrete such as high performance concrete (HPC).  

ii. Reduce rate of corrosion by using less corrosive rebars for example Stainless Steel. 

 

 

1-7 Research Structure 

This study consists of six main chapters. Chapter one includes a general information 

about the corrosion process and the importance and methodology of the research. Chapter 

two provides a review for the related research and studies that deal with the electrochemical 

process of corrosion, corrosion parameters, corrosion models, and standard and 

experimental tests of corrosion. While Chapter three contains the experimental study. This 

implies the properties and specifications of the used materials, standard tests, equipment, 

etc. Continually, Chapter four covers the results and discussion of the laboratory results. In 

Chapter five, the field work and its results are presented.  

Chapter six reviews the most recent corrosion models and predicts the service life 

model of the reinforced concrete bridge decks by using a probabilistic model and Monti 
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Carlo simulation. The future recommendations of the entire research are summarized in 

this Chapter too. 
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2. Chapter Two 

Literature Review 

 

2-1 General 

The previous research and studies relating to the electrochemical process of corrosion, 

corrosion parameters, and standard and experimental tests of corrosion are reviewed in this 

chapter. Herein, I want to refer to an important issue: There are more than one standard or 

experimental test of corrosion, and each method has different results and different 

approaches. In the same direction, the tests consequences, chloride concentrations, molds 

sizes and shapes, measuring equipment, and result analysis differ from one study to 

another. The following is a review of the relevant research and studies.  

 

2-2 The Sequence of Corrosion  

“When reinforced concrete structures are subjected to aggressive medias such as 

chloride ions, carbon dioxide, and acidic solutions, their steel rebars start to corrode. The 

sever ions start to ingress within the concrete cover and try to reach to the steel 

reinforcement. The steel reinforcement is attributed by a thin layer (approximately 1000 

A0) of its oxide (𝐹𝑒2 𝑂3)” [Zdenek P. Bazant 1979]. As long as this layer resists the ingress 

of aggressive ions, the steel reinforcement will be in active condition, and no corrosion 

occurs. When these ions destroy this layer, the corrosion takes place. There are additional 

factors that might control the corrosion process such as PH, mass transfer and diffusivities 

of ions and molecules as Oxygen, and ferric hydroxide, and pore water viscosity. In 
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particular, PH has a unique influence, where the corrosion could not happen if the PH is 

12.5 or higher as shown in figure (2-1) below. This is not always correct; if we look at the 

Pourbaix diagram figure (2-2) below, obviously we could see the corrosion might exist 

even though PH is high like 13 because the soluble ferrite will form in the pore water. 

[Zdenek P. Bazant 1979] 

 

2-3 Electrochemical Process of Corrosion. 

    In general, there are three theories of chloride ion effects on corrosion phenomena 

[ACI 222R 1996]. 

1- The Oxide Film Theory: the chloride attacks the steel rebars through the protection 

layer defects. 

Figure 2–1The Effect of PH in the Corrosion Rate 
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2- The Adsorption Theory: the chloride ion, in competition with hydroxyl ion, OH, 

adsorbed by the metal surface. So, the chloride ion promotes the hydration of the 

metal ions and thus facilitates the dissolution of the metal ions. 

3- The Transitory Complex Theory: a soluble complex of ion chloride forms due to 

the reaction with ferrous ion. Continuously, this complex ion diffuses away to 

destroy protection layer of Fe (OH) 2. 

 

 

 

 

 

 

 

 

 

 

 

 

  

[Zdenek P. Bazant 1979] 

2-4 Mechanism of Corrosion. 

The corrosion of steel rebars in reinforced concrete members is an electrochemical 

process that consists of two stages [ P. Bazant 1979, ACI 222R 1996]. First is corrosion 

threshold, the time that is required to initiate the corrosion (from the ingress of chloride or 

Figure 2–2 Pourbaix Diagram 
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carbon dioxide through the concrete cover until the break down of the passive layer of 

reinforcing steel). Second is the corrosion rate development until the full deterioration of 

steel reinforcement. There are two important phases for ion diffusivity [P. Bazant 1979]. 

Diffusion interval stands for the time required for the chloride ion to reach the 

aforementioned chloride threshold value at the reinforcement level which can be 

determined by the diffusion process of the chloride ion through concrete, following Fick’s 

Second Law of Diffusion (Weyers, Prowell, and Springkel 1993; Gaal, van der Veen, and 

Djorai 2001) equasion (2-1) and (2-2) below. 

 

𝐽 =  −𝐷(
𝐷𝑑

𝐷𝑧
)                                   Eq.(2-1) 

𝐷𝑐

𝑑𝑡
= −

𝑑

𝑑𝑧
= −𝑑/𝑑𝐷(

𝐷𝑐

𝐷𝑧
)                Eq.(2-2) 

Progressive phase: 

This refers to the interval of the corrosion start point until the collapse of stell 

rebars. As the chloride ion reaches the surface of rebar, the steel reinforcement dissolves 

in the pore water of concrete giving up two electrons forming cations with positive charge 

ions. This sub-interval is called ”oxidation process” which occurs in the anodic side of 

corrosion circuit. 

𝐹𝑒 → 𝐹𝑒2+ + 2𝑒−                      Eq.(2-3) 

Where:  

 Fe: iron 

 Fe2+: ferrous-ion. 

 and 2e-: two free electrons. 
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On the other side of corrosion circuit, cathodic area, the presence of the water 

molecules, oxygen, and the two free electrons are consumed to form negative hydroxide 

ions. This sub-interval is called “reduction process. ” 

4𝑒− + 2𝐻2𝑂 + 𝑂2 → 4𝑂𝐻−           Eq.(2-4) 

Where: 

O2 is oxygen 

H2O is water, and 

 OH– is a hydroxyl ion. 

As the anodic and cathodic react on each other, the ferric hydroxyde forms, 

𝐹𝑒2+ + 2𝑂𝐻− → 𝐹𝑒(𝑂𝐻)2      Eq.(2-5) 

An additional oxidation is needed to form ferric hydroxyde, 

4𝐹𝑒(𝑂𝐻)2 + 𝑂2 + 2𝐻2𝑂 → 4𝐹𝑒(𝑂𝐻)3      Eq.(2-6) 

Finally the ferric oxide, 𝐹𝑒𝑂3, rust, forms as a result to dehydration of ferric hydroxyde, 

2𝐹𝑒(𝑂𝐻)3 → 𝐹𝑒2𝑂3. 𝐻2𝑂 + 2𝐻2𝑂       Eq.(2-7) 

The electrochemical process of corrosion is illustrated in figure (2-3) below.  

 

 

 

 

[http://www.cement.org/images/default-

source/contech/corrosion_water_graphic.jpg?sfvrsn=2] 

 

Figure 2–3The Electrochemical Process of Corrosion 
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2-5 Corrosion Cell Components 

Corrosion of any metal is its natural breakdown into a more stable state, as a metal 

oxide. Corrosion does not exist unless five main components are present [ Ahmad S. 2003, 

Ann K. Y., and Song H 2007, and Basheer, L 2001].  

1- Presence of starter reactants at the local site of corrosion, such as O2,𝐻2𝑂 and (Cl or 

Co2). 

2- An anode pole where metal is oxidized, 𝐹𝑒 → 𝐹𝑒+2 + 2𝑒−. 

3-A cathode pole to accept (reduce) electrons,  2𝐻2𝑂 + 𝑂2 + 2𝑒− → 4𝑂𝐻 − 

4-An electrical path (current conductivity) between the anode and cathode to transfer 

electrons. 

5- A conductive electrolytic environment to transfer ions and complete the circuit. 

The Figure (2-4) simulates the corrosion path in reinforced concrete. 

 

 [ Bertolini, L 2004] 

Figure 2–42–2 The Corrosion Path in Reinforced Concrete 

Member 



14 

 

 

 

 

2-6 Corrosion Products Size  

The final production of corrosion is hydrated ferric oxide (𝐹𝑒2 𝑂3 ) which has a 

volume approximatly 3 to 10 the original size of the original reacting steel [ACI 222R  

1996 and Ahmed S. 2003], figure (2-5). This huge expansion leads to cracking, 

delamination, and finally spalling of the concrete surrounding the reinforcing steel bars.  

 

2-7 Corrosion Thermodynamic and Kinetics 

The electrochemical reactivity of the surface of steel reinforced bars has a 

significant effect on their inclination to corrosion initiation. By using Gibb’s free energy, 

the following result could be driven [Perez N 2004] 

Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆 + Δ𝑊            Eq. (2-8) 

Where: 

ΔG: Change in Gibb’s free energy 

ΔH: Change in enthalpy 

T: Temperature 

ΔS: Change in entropy, and 

ΔW: Change in additional external work 

However, Thomas [Thomas, D. 2003] concluded that in the case of a typical 

corrosion reaction, environmental conditions are relatively constants and changes in 

entropy and enthalpy tend towards zero. 
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[Hope et al. 2001] 

 

Therefore, we can correlate the corrosion free energy by: 

Δ𝐺 = Δ𝑊                      Eq. (2-9) 

It is known in electrochemical system, 

Δ𝑊 = −𝑄 ∗ 𝐸                    Eq. (2-10) 

Where: 

Q: is the charge / ion transfer present at the interface between the metal and the electrolyte, 

and the negative sign is included by convention for electrochemical potential 

measurements. 

E: is the electrochemical potential difference formed by the spatial distribution of ions in 

the double layer. 

        Depending on Faraday, 

Figure 2–52–3 Relative Volumes of Fe Oxides 
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𝑄 = 𝑛 ∗ 𝐹      Eq. (2-11) 

Where: 

 N: is the number of electrons transferred in the reaction. 

F: is Faraday’s constant (96,500 C/mol).  

Now we can rewrite the change in Gibb’s free energy to the electrochemical potential 

present at the surface as shown in equation (2-12) below. 

Δ𝐺 = −𝑛 ∗ 𝐹 ∗ 𝐸        Eq. (2-12) 

        Negative values of ΔG indicates a reduction in free energy and a spontaneous reaction. 

Positive values of ΔG indicates an increase in the free energy of the system and a 

thermodynamically unstable condition (13). 

 

2-8 Corrosion Monitoring Techniques 

  The corrosion monitoring, however, means using advanced technologies to track 

and observe the corrosion parameters and phenomena as well. The following are the most 

popular and widely used techniques of corrosion monitoring. It is very important to 

emphasize that all these techniques are not necessarily able to measure all the corrosion 

parameters.  

2-8-1: Visual Inspection  

It is the simple way to monitor the corrosion process. This method includes periodic 

intervals to take a look at the structural members such as bridge decks in order to monitor 

whether or not there are corrosion cracks, rust stains, spalled concrete cover, concrete 

disintegration, and leach out [ACI 222R 1996]. This method could be used to make up the 

first conception of corrosion present, then the treatment consequences might take place 
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depending on the suitable available rehabilitation methods. This method could be used with 

any type of other monitoring process. 

 

2-8-2:    Open Circuit Potential (OCP) or Half-Cell Potential Method 

As a result of the reaction between the steel rebars and the other ions, O, OH, and Cl, 

an electrochemical cell is formed [Hyoung seok and Stephen Geoffrey millard  2007]. 

Figure (2-6) below shows the open circuit method. 

 

 

[Hyoung seok and Stephen Geoffrey millard  2007] 

 

In this method, we should notice that the probability of corrosion is estimated; it is not the 

actual rate of corrosion. The ASTM C 876 illustrates the method of work of this test. The 

probability of corrosion depends on the open circuit activity; for example the more 

potentials stands for more corrosion suspension. 

Figure 2–6 Open Circuit Set up 
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The half-cell potential consists of a strand electrode as Cu/CuSO4 and a voltmeter 

while the rebar works as a working electrode. Table (2-1) shows the probability of 

corrosion depending on corrosion cell potentials.  

 

Table 2-1 The probability of Corrosion via Corrosion Cell Potentials 

 [ASTM C 876] 

Half-Cell Potential Reading Versus 

Cu/CuSo4 

Corrosion Activity 

More positive than -200 mV 90% probability of no corrosion 

Between -200 and -350 mV An increase probability of corrosion 

More negative than -350 mV 90% probability of corrosion 

 

2-8-3: Macro-Cell Corrosion Method 

The macro-cell means the two poles of corrosion cell separated by different areas, 

normally called anode and cathode. In the case of the bridge deck, the top bar always reacts 

as anode while the bottom bar plays as cathode. The ASTM G109 [ASTM G109 2007] 

gives the working method for this test.  The figure (2-7) below shows the test set up. 

 

2-8-4: Concrete Resistivity Measurements 

One of the most important parameters that controls the corrosion process is the electrical 

resistivity of concrete. This resistance prevents the electrical current from passing between 

the anode and cathode through the concrete mass [Bezad Bavarian & Lisa Reiner 2003]. 
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The electrical resistivity of concrete was proposed as an effective parameter to 

evaluate the risk of reinforcing steel corrosion, particularly when corrosion is induced by 

chloride attack [Ahmad S 2003]. The resistivity of concrete is strongly dependent on the 

concrete quality and on the exposure conditions, such as the relative humidity. Also, 

temperature affects the degree of concrete pore saturation and so the resistivity values [Ann 

K. Y. and Song 2007, ASTM A416 / A416M 2006]. Concrete resistivity is generally 

measured by using the Wenner four probe method as showed in figure (2-8 and 2-9) below. 

Also the relation between corrosion and concrete resistivity is listed in table (2-2) below. 

 

Figure 2–7 ASTM G109 Test Set Up 
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Table 2-2 The Relation Between Corrosion and Concrete Resistivity 

 

Resistivity (Ohm.cm.) Corrosion risk 

Greater than 20,000 Negligible 

10,000 to 20,000 Low 

5,000 to 10,000 High 

Less than 5,000 Very high 

 

 

 

 [http://www.esgroundingsolutions.com] 

Figure 2–8 Wenner Array Principles and Probe 

http://www.esgroundingsolutions.com/


21 

 

 

 

. 

 

2-8-5: Linear Polarization Resistance Method (LPR) 

It is one of the most advanced and widly used methods for determining the 

instantaneous activity and rate of corrosion in the world [Perez N 2004].  There are three 

types of polarization, concentration, ohmic, and activation. 

i. Concentration polarization [Thomas D 2003]: is due to the fact that the current 

depletes the ions available near the electrode surface, which reduces the voltage 

and inhibits the current. 

ii. Ohmic polarization. 

iii. Activation polarization [Thomas D 2003]: is a drop-in electrode potential due to 

changes caused by the current magnitude in the mechanism of ion transfer through 

the steel-concrete interface. The reinforcement is interrupted by a small amount 

from its equilibrium potential in this method. This can be accomplished 

Figure 2–9 Wenner Array Set Up 
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potentiostatically by changing the potential of the reinforcing steel by a fixed 

amount, ΔE, and monitoring the current decay, ΔI, after a fixed time. Alternatively, 

it can be done galvanostatically by applying a small fixed current, ΔI, to the 

reinforcing steel and monitoring the potential change, ΔE, after a fixed time period. 

In each case the conditions are selected such that the change in potential, ΔE, falls 

within the linear Stern–Geary range of 10–30 mV [Jones D. A. 1996]. The 

polarization resistance, Rp, of the steel is then calculated from the equation: 

Rp=ΔE/ΔI------------------------------(2-13) 

The corrosion rate, I corr: 

Icorr=B/Rp ------------------------------(2-14) 

Where 

B is the Stern–Geary constant 

The corrosion density, I corr: need to know the axact surface are of corroded steel, 

icorr=Icorr/A 

C.Andrade, et.al. correlated the relation between Icorr and the service life of structure 

[ASTM C876 2006] as presented in table (2-3) below. 

 

Table 2-3 The Relation Between Icorr and the Service Life of Structure 

Corrosion current (Icorr) Condition of the Rebar 

Icorr < 0.1 μA/cm2 Passive condition 

Icorr 0.1 - 0.5 μA/cm2 Low to moderate corrosion 

Icorr 0.5 - 1.0 μA/cm2 Moderate to high corrosion 

Icorr > 1.0 μA/cm2 High corrosion rate 
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2-8-6 Embbeded Sensors: 

This method implies puting sensors inside the concrete mass to monitor the corrosion 

factors and corrosion development as well. There are varity of sensors that could be used 

to monitor the corrosion activity. Following are the most used sensors: 

1- CMS V2000 Silver-Silver Chloride Electrode Monitoring 

This sensor consists of silver-silver chloride electrode. It is embedded in the 

concrete mass along with the steer rebars to measure the potential differences between 

the anodic rebar and this electrode and by using Farady’s law the corrosion activity ought 

to be calculated [K.C. Clear 1989]. 

2- Embedded Corrosion Instrument: 

This type of sensors represents the most advanced generation of sensors for corrosion 

monitoring. This kind is able to measure the majority of corrosion parameters such as 

oxygen content, temperature, chloride content, humidity, and some properties as LPR. In 

addition to this, it is able to intergrate these parameters to find the corrosion activity and 

rate, and it sends this information to data loger to gather them and give the early corrosion 

warning.  

 

 

      2-9 Previous Corrosion Studies     

 The corrosion resistance of different types of steel reinforcement was evaluated by 

Brent M. Phares, et. Al [33. Brent M. 2006]. To perform this study, ASTM G109 and 

Rapid Macrocell accelerated Corrosion Tests were used. Basic type of sensors CMS V2000 
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silver-silver chloride electrode was used to measure the electrochemical activity of 

corrosion for both reinforcement types. The test results illustrated that there are no 

corrosion issues noticed within the first 40 weeks of exposure age for both MMFX and the 

as-delivered epoxy-coated reinforcement; while the uncoated mild steel specimens 

underwent corrosion within the fifth week. 

Wiss et. al used ASTM G 109 to measure the corrosion activity of modified corrosion 

samples. [Wiss Janney Elstner Associates 2008]. The chloride solution was 15 % NaCl to 

simulate the occurring deicing salts on in-land bridge structure. They concluded that the 

corrosion threshold cannot start before 20 weeks. Also, the results indicated the stainless 

steel 304 had the highest corrosion resistance (5 times that of black steel), and the MMFX 

had 3 time that of black steel. 

In order to understand the relation between the different crack widths and the 

corrosion rate and propagation,  M.B. Otino et al [ carried out a significance experimental 

study.  A total of 48 beams (100*100*500 mm) were casted with different w/binder ratios, 

(0.4 and 0.7 mm) crack widths, and many binder types. All specimens were exposed to 5 

% NaCl for about 32 weeks. The corrosion rate (by using Galvanostatic linear polarization 

resistance technique), half-cell potentials (HCP), and concrete resistivity were measured. 

The most important conclusions were: (i) in contrast to general agreed upon opinion, the 

crack width (less than 0.4 mm) may significantly affect both corrosion rate and 

propagation, (ii) it is impossible to find the universal threshold crack width for all 

concretes, and (iii) the presence of cracks increased the corrosion rate by 210% for normal 

concrete. 
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In the same direction, the effect of cover depth, w/c ratio, and crack width on half-

cell potential in cracked concrete exposed to salt sprayed condition has been investigated 

by Yun Yong Kim et al. The test parameters were cover depth (1.18 and 2.36 inches), crack 

widths (0.0 and 0.06 inches) w/c ratio (0.35, 0.55, and 0.70).  A salt spraying test was used 

to accelerate the corrosion on reinforced concrete beams. The spraying duration was nearly 

of 35 days. The following conclosion was derived: (i) in control condition (w/c 0.55 and 

cover depth 30 mm), HCP measurements increase with crack width, by 14–16% in 0.50 

mm crack width, 24% in 1.0 mm crack width, and 34–42% in 1.50 mm crack width 

respectively. (ii) when crack width reaches 1.0 mm in w/c 0.55, HCP increasing ratio was 

112–122% in cover depth 10 mm, 116–120% in cover depth 30 mm, and 166–200% in 

cover depth 60 mm respectively. 

Continuously, Brent M. Phares etal. [Brent M. Phares etal. 2002]  investigated the 

corrosion resistance of epoxy coated reinfoced rebars and the impact of bridge deck 

cracking on durability. Cores taken from many bridges have been selected across Iowa 

state. Preliminary results showed the conditions of epoxy coated rebars at cracked area is 

worser than the other locations. They concluded that the ingress of chloride ions throw 

cracked deck  is faster than uncracked position which destroy the epoxy protection layer 

on the surface of rebar. Due to the fact that the exestance of defects in the epoxy coating 

layer of rebars, this makes the epoxy coating reinforcing steel rebars are susceptible to 

corrosion and deterioration. 

 

In contrast, A. W. Beeby [ACI 222.3R 2011] studied the cracking, cover and 

corrosion of reinforcement.  Though this study, many beams were broken after 1, 2, 4, and 
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10 years, and the progress of corrosion was studied by measuring the depth of corrosion at 

each crack. The cover was 0.9 to 1.38 inches while the bar types were plain and deformed. 

The experimental results revealed that (i) crack widths have little influence on corrosion, 

(ii) cover of concrete and quality of concrete are the major parameters controlling 

corrosion. 

In the same direction, C. Arya and F.K. Ofori-Darko [C. Arya 2010] studied the 

relationship between crack frequency and reinforcement corrosion (2 years lab 

investigation). The techniques that used to start corrosion were (i)  3% sodume chloride 

(spray method). and (ii)  5% NaCl dosage (by weight of cement) to the concrete mix. The 

study concluded that an effective measure against corrosion may be to limit the frequency 

of cracking (i.e. by increasing the thickness of concrete cover). In other words, increasing 

the cover thickness limits the crack’s frequencies. 

An experimental study has been done by Aimin Xu and Ahmed Shayan [Aimin Xu 

2011]. They studied the relation between rienforcement corrosion rust growth at the 

concrete steel interface and concrete cover cracking. Their expermintal program included 

preparing  a reinforced concrete slabs (15*12*7 inches) to predict the first cracking of the 

concrete cover based on the depth of the corrosion on the reinforcing steel. The variables 

were two types of concretes (4351 and 7252 psi), three kinds of steel bars reinforcement, 

three levels of chloride contamination (by dissolving 𝑁𝑎𝐶𝑙 in concrete mixing water), and 

three concrete cover thickness (1, 2, and 2.8 inches). A corrosion rate meter  which implies 

LRP was used to measure the corrosion rate.  The main finding were the corrosion depth 

of steel bars was found vary from 0.2 mil for 0.9” bar under 1” cover, to 5.9 mil for 0.2” 
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bar under 2.9” cover. That clearly means the critical corrosion depth  to cause cover 

cracking is larger for smaller sized bars and thicker cover.  

David W. Law et al.[David W 2009] carried out research in order to study the 

relation between the concrete strength and the width of surface crack. Average surface 

crack widths of 0.05, 0.5, 1 and 1.5 mm were adopted as the target crack widths. They 

computed the following aspects: (i) The correlation was better for maximum crack width 

than for mean crack width and bond stress. (ii) Confined bars displayed a higher bond stress 

at the point of initial cracking than where no corrosion had occurred. As crack width 

increased, the bond stress decreased significantly. (iii) Unconfined bars displayed a 

decrease in bond stress at initial cracking, followed by a further decrease as cracking 

increased. Generally, the results indicated a potential relationship between the maximum 

crack width and the bond. 

An extensive study to model the Time-to-Corrosion cracking of the cover concrete 

in chloride contaminated reinforced concrete structures  has been done by Youping Liu 

[Youping 1996]. The following parameters were considered: two diameters of reinforcing 

steel rebar, W/C ration 0.45, seven sodume chloride contents,   two different exposure 

conditions, and three different concrete cover depths. In the monthly basis, the authors 

computed corrosion potentials, rate of corrosion, resistance of concrete, and temperature . 

They also  matched the actual corrosion weight loss of rebars to the results of measurement 

devices. Based on the corrosion-cracking conceptual model and critical mass of corrosion 

products, the time-to-corrosion cracking model was suggested. They anticipated times to 

corrosion cracking are in a good agreement with the observed times to corrosion cracking 

of the cover concrete. 
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Ali S. Al-Harthy et al. [Ali S. 2006], however, reviewed and studied the crack 

initiation and propagation of RC slab specimens subjected to accelerated corrosion testing. 

For the experimental part, six RC specimens (550 * 1000 mm rectangular slabs of thickness 

250 mm) were constructed. It was found that crack initiation time and crack propagation 

time increased with increasing of concrete cover and with decreasing the reinforcing bar 

diameter and concrete compressive strength. Also, the experimental crack initiation time 

was compared with nine predictive models. The predictive models were found to give 

widely scattered results and more data are needed in order to better assess the accuracy of 

the predictive models.  

Kolluru V. Subramaniam and Mingdong Bi [Kolluru V 2012] carried out an 

experimental work in order to: (i) predict the macrocell response of a steel bar embedded 

in cracked concrete using the polarization responses of active and passive steel; and (ii) to 

evaluate the relative contributions of the macro and micro cell components to the total 

corrosion of steel located in cracked concrete. The dimensions of the concrete beam 

specimen were 15*15*100 cm. An artificial crack was introduced using a plastic insert 

placed in the middle of the specimen. Potentials, LPR and Tafel slope were measured.  The 

following conclusions were found: (i) In the spatially inhomogeneous corrosion along the 

length of the steel bar embedded in cracked concrete, the relationship between the flow of 

macrocell current and the potential can be predicted by the polarization response of steel 

located at the crack and the passive steel located away from the steel; and (ii) In the 

macrocell corrosion system established along the length of the steel bar in cracked 

concrete, the macrocell corrosion mechanism is the dominant component contributing 

significantly to local metal loss at the crack.  
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To monitor the corrosion parameters for structural concrete, Carmen Andrade and 

Isabel Martinez [Carmen and Isabel 2009] used embedded sensors.  In order to correlate 

these results on the field, they studied only the effect of temperature on corrosion activity. 

The test results showed the resistivity of concrete conversely proportional to the increase 

of temperature . However, in my opinion this parameter isn’t enough to correlate the 

corrosion issue. The researcher thinks it would be adequate had it included the effect of 

other parameters such as the presence of Oxygen and moisture content. Also, there is a lot 

of missing information about the characteristics and properties of each testing group.  

In the same direction, Brain, M.Pailes statistics did a based approach of half-cell 

potential and concrete resistivity to identify the corrosion threshold of bridge decks at 

different places [Brian M. Pailes 2014]. In this research, the statistical correlation method 

is used to identify half-cell potential and electrical resistivity threshold values. The data of 

HCP and CR bridge decks has been collected from New Jersey, New York, Virginia, 

Minnesota, and Iowa. The researcher has concluded that there is a correlation between the 

HCP and the CR with respect to corrosion threshold.  This correlation isn’t enough to 

predict the precise threshold, since the effective correlation should be between the 

threshold and its parameter such as chloride content, temperature at reinforcement depth, 

Oxygen content, and ohmic resistance of concrete.  

The correlation regarding to accelerated corrosion tests had been done by M.P. 

Papadopoulos et al [M.P. Papadopoulos 2011]. They collected a large number of samples 

of old marine buildings (96 years old) in Greece, and they tested these samples for 

mechanical properties and corrosion. Their calculation has been estimated by taking into 
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account two different parameters: the corrosion attack rate and the mass loss rate. The 

results were; in the first case, the acceleration factor was about 74.5, whereas in the second 

case it was about 79.The researcher believes that the test results were not adequate and had 

a wide range of scatters. They are not applicable just in the same place in Greece because 

(i) they used a very simply mathematical formula for corrosion curve fittings ”straight 

relation,” (ii) they didn’t correlate to the actual corrosion parameters such as chloride 

content, the presence of oxygen, and humidity inside the pore water.  Figure (2-10) presents 

the test results. 

 

[M.P. Papadopoulos 2011] 

 

Figure 2–10 Correlation Factor 
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2-10 Summary of the Previous Crack Effects Studies 

The sumarry of the most recent cracks effects studies of corrosion process is listed in tables (2-4) below. It shows clearly, there is 

no one research that studies or correlates the relation of the crack width/ and depth with the corrosion process so far. 

 

Table 2-4 Summary of Crack Characteristics Effects 

Author Year 

Crack Characterstics Type Of 

Concret

e 

Type Of 

Reinforcement 

Measurements 

Techniques 

Nacl 

Dosage 

Sample 

Size 

(Inches) 
Width Depth Pattern 

C. Arya & 

F.K. darko 
1996 0.012 1.575 T A B.S. 

LPR, Galvanic 

current 

3% & 

5% 

4*5*35 

& 

6.7*6*1

57 

 

S.J. Jaffer & 

C.N. Hansson 
2008 N/A N/A N/A 

A & 

HPC 
B.S. 

Potentios-tatic 

LPR & 

Potentiod-

ynamic LPR 

3% 
2.7*4.7

*47 

Kolluru V. 2010 
0.014, 

.016 
1 T A BS. 

LPR, 

macrocell 
3% 6*6*47 

M.B. Otieno 2010 
0.016, 

0.0275 
0.4 T A B.S. 

Galvanostatic 

LPR 
5% 

4*4*19.

7 
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Continue table (2-4) Summary of Crack Charactrestics Effects  

Author Year 

Crack 

Type of 

Concrete 

Type of 

Reinforcement 

Measurements 

Techniques 

Nacl 

Dosage 

Sample 

Size 

(Inches) 
Width depth pattern 

Ali S. Al-

Harthy 
2011 

0.04*, 

0.084* 
N/A N/A A B.S. LPR 3% 

21.6*39.

3*9.8 

A. Michel 2013 N/A N/A Tc A  B.S. & SFR Macrocell 3% 

11.4* 

12.2* 

25.6 

Aimin Xu and 

Ahmed 

Shayan 

2016 N/A N/A N/A 
A & 

HPC 
B.S. 

Macrocell,LP

R 

.25, .98, 

1.97 by 

weight 

of 

cement 

15*12*7 

The researcher 

suggestion 
 

.011, 

0.035 
0.5, 1 Lc 

A & 

HPC 
B.S., EC, S.S.,  

Macrocell,LP

R 

3%, 

15% 

4.5*6*1

1 

& 

24*24*1

0 
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Where, 

A: ordinary concrete; B.S.: Black Steel; LPR: linear Polarization Resistance; Tc: Transversal Crack, HPC: High Performance Concrete; 

SFR: steel fiber reinforcing; *: Induced cracks due to corrosion; Lc: Longitudinal; N/A: Not Applicable; EC: Epoxy Coated; S.S.: 

stainless steel; G.S.: Galvanized Steel. 
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3. Chapter Three 

Experimental Study 

 

3.1.General 

Relating to the previous studies and researches, there is no single adequate research 

that studied neither the correlation between the chloride content and the corrosion 

potentials nor the correlation between the crack depth and width. For this reason, there is a 

necessity to correlate the lab-based accelerated tests with the field performance and crack 

depth/ width effects.  

  Fortunately, we have a corrosion data of a 20 year old bridges decks which is 

suitable to correlate with ongoing lab tests. To get the correlation process as close as 

possible, we simulated the two existing bridges (in other words, we eliminated the variables 

between the lab and the field performance). For example, we used the same mix 

proportions and properties, material characteristics, and exposure conditions. To get this 

task done, the following plan of study is carried out: 

i. Compressive Strength-ASTM C39 

ii. Tensile strength-ASTM C496 

iii. Flexural strength- ASTM C78 

iv. Static Modulus of Elasticity- ASTM C469 

v. Free Shrinkage- ASTM C157 

vi. Rapid Chloride Permeability- AASHTO T 277 

vii. Surface resistivity- AASHTO T 358 
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viii. Corrosion potentials and currents ASTM G109. 

ix. Chloride Content- ASTM C1152. 

x. Visual Inspection. 

xi. Corrosion Autopsy.  

 

3.2.Concrete and Reinforcement Types  

The materials used through this research are primarily locally sourced. The availability 

of each material is very important if it is to be implemented by agencies in the area. All 

coarse and fine aggregates, along with cement and silica fume, were acquired from Clayton 

Concrete in Edison, New Jersey. The concrete chemical admixtures such as water reducer, 

air entraining, high range water reducing admixture, were supplied by Great Eastern 

Technologies Company. Herein concrete class (A) and HPC are used in this research since 

they are widely used nowadays at bridge decks. The mix proportions and essential physical 

and mechanical properties of these mixes are listed in tables (3-1) and (3-2) respectively. 

Also, in order to cover the most frequently used rbars, the following types are used, figure 

(3-1): 

i. Black steel (conventional steel rebars) 

ii. Epoxy Coated steel rebars 

iii. Duplex 2205 (318) Stainless steel rebars 

iv. Hot Dip Galvanized Steel. 

v. Chrome X 9000 MMFX rebars, Martensitic Microcomposite Formable Steel 

(MMFX). 

Figure (3-2) below shows the chemical admixture that used in this research. 
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Figure 3–1 Types of the Reinforced Steel Rebars Used in This Research 

 

Black Steel Epoxy Coated Galvanized Steel Stainless Steel MMFX 
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3.3.Plan of the Research   

This study aims to cover the most significant parameters that influence the corrosion 

process such as the effects of the crack patterns and rebars types. Also, it is trying to 

simulate the bridge deck in the field. The following aspects are considered:  

Table 3-1 Concrete Class (A) Mix Proportions and Properties 

Design Strength 
Class A 

(TPKE-AR57A) 

Cement (lbs.) 658 

Sand (lbs.) 1282 

Rock (lbs.) 1850 

Water (gal.) 30 

W/C Ratio 0.38 

Admixture (1) (ml.) 

(Great Eastern Technologies- section 6A-Air Entraining 

Admixture ASTM C-260) 

6.6 

Admixture (2) (ml.) 

(Great Eastern Technologies- Chemstrong A- Water Reducer 

Admixture- Type A- ASTM C494 

15.1 

Slump (inches) 3+/-1 

Air (%) 6+/-1 

 



38 

 

 

 

 

Table 3-2 High Performance Concrete (HPC) Mix Design and Properties 

Design Strength HPC 

Cement (lbs.) 501 

Sand (lbs.) 1184 

Rock (lbs.) 1850 

Fly Ash 132 

Silica Fume 25 

Water (gal.) 31.6 

W/C Ratio 0.4 

Admixture No. 1 (ml.), AE. 

(Great Eastern Technologies- section 6A-Air Entraining 

Admixture ASTM C-260 ) 

162 

Admixture (2) (ml.), WRA. 

(Great Eastern Technologies- Chemstrong A- Water Reducer 

Admixture- Type A- ASTM C494). 

486 

 Admixture (3) (ml.), HRWRA. 

(Great Eastern Technologies- Chemstrong A- High Range Water 

Reducing Admixture- Type F- ASTM C494. 

2025 

Slump- maximum (inches) 8 

Air (%) 6 
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3-3-1 Laboratory Studies on the Crack Effects of Corrosion Process of Reinforced 

Concrete Members by Using ASTM G-109 

This part aims to correlate the crack depth and/ or width with the corrosion initiation 

and progress. The variable parameters are concrete class (A), HPC, black steel, duplex 

Figure 3–2 Chemical admixtures which used through the current research 
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stainless Steel, MMFX, Galvanized Steel, and Epoxy-coated steel Rebars. Tables (3-3) 

through (3-7) and flow chart in figure (3-3) show the crack effect aspects.  

 

3-3-2 Bridge Deck Service Life Corrosion Model 

It stands to correlate the laboratory-based accelerated corrosion testing with the field 

performance of steel rebars to predict the service life of reinforced concrete structure. The 

variable parameters are HPC, duplex stainless steel, MMFX, galvanized steel, and Epoxy-

coated steel Rebars. Table (3-8) and flow chart in figure (3-4) show the Bridge Deck 

Simulation. 

 

3-3-3 The Crack-Sealer Performance 

This part of research is attempting to investigate the performance of the crack 

sealants. As mentioned earlier, two kinds of sealant, T-70 MX and Seal Krete -SK, are used 

through this research. The T-70 is a High Molecular Weight Methacrylate (HMWM) while 

the Seal Krete is an acrylic sealant. The two different types of the crack sealant are 

presented in the figure (3-9) below. 
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Table 3-3 Testing Program of Black Steel 

 

 

 

 

Samples ID Concrete 

Type 

Reinforcement 

Type 

Crack Width 

(inch) 

Crack 

Depth 

(inch) 

Chloride Solution 

Concentration (%) 
Notes 

A-BS-LCL 

A Black Steel 

0 0 0 3% 

A = Class A concrete 

HPC= high performance concrete 

BS= Black Steel 

EC= Epoxy Coated 

MMFX= Martensitic Microcomposite 

Formable Steel  

SS =Stainless Steel 

GS = Galvanized Steel 

LCL = Low concentration 3% 

HCL= high concentration 15% 

A-BS-HCL 0 0 0 15% 

A-BS-0.011-

LCL 0.011 .5 1 3% 

A-BS-0.011-

HCL 0.011 .5 1 15% 

A-BS-0.035-

LCL 0.035 .5 1 3% 

A-BS-0.035-

HCL 0.035 .5 1 15% 
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Table 3-4 Testing Program of Epoxy Coated Steel 

Samples ID Concrete Type Reinforcement Type 
Crack 

Width 
Crack Depth 

Chloride Solution 

Concentration (%) 

A-EC-LCL 

A 

 

Epoxy Coated 

 

0 0 0 3% 

A-EC-HCL 0 0 0 15% 

A-EC-0.011-LCL 0.011 .5 1 3% 

A-EC-0.011-HCL 0.011 .5 1 15% 

A-EC-0.035-LCL 0.035 .5 1 3% 

A-EC-0.035-HCL 0.035 .5 1 15% 

HP-EC-LCL 

HPC 

0 0 0 3% 

HP-EC-HCL 0 0 0 15% 

HP-EC-0.011-LCL 0.011 .5 1 3% 

HP-EC-0.001-HCL 0.011 .5 1 15% 

HP-EC-0.035-LCL 0.035 .5 1 3% 

HP-EC-0.035-HCL 0.035 .5 1 15% 
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Table 3-5 Testing Program of Stainless Steel 

Samples ID Concrete Type Reinforcement Type 
Crack 

Width 
Crack Depth 

Chloride Solution 

Concentration (%) 

A-SS-LCL 

A 

 

Stainless Steel 

0 0 0 3% 

A-SS-HCL 0 0 0 15% 

A-SS-0.011-LCL 0.011 .5 1 3% 

A-SS-0.011-HCL 0.011 .5 1 15% 

A-SS-0.035-LCL 0.35 .5 1 3% 

A-SS-0.035-HCL 0.035 .5 1 15% 

HP-SS-LCL 

HPC 

0 0 0 3% 

HP-SS-HCL 0 0 0 15% 

HP-SS-0.011-LCL 0.011 .5 1 3% 

HP-SS-0.001-HCL 0.011 .5 1 15% 

HP-SS-0.035-LCL 0.035 .5 1 3% 

HP-SS-0.035-HCL 0.035 .5 1 15% 

 



44 

 

 

 

 

Table 3-6 Testing Program of Galvanized Steel 

Samples ID Concrete Type Reinforcement Type 

Crack 

Width 

Crack Depth 

Chloride Solution 

Concentration (%) 

A-GS-LCL 

A 

 

Galvanized Steel 

0 0 0 3% 

A-GS-HCL 0 0 0 15% 

A- GS -0.011-LCL 0.011 .5 1 3% 

A- GS -0.011-HCL 0.011 .5 1 15% 

A- GS -0.035-LCL 0.035 .5 1 3% 

A- GS -0.035-HCL 0.035 .5 1 15% 

HP- GS -LCL 

HPC 

0 0 0 3% 

HP- GS -HCL 0 0 0 15% 

HP- GS -0.011-LCL 0.011 0.011 .5 3% 

HP- GS -0.001-HCL 0.011 0.011 .5 15% 

HP- GS -0.035-LCL 0.035 0.35 .5 3% 
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Table 3-7 Testing Program of MMFX 

Samples ID Concrete Type Reinforcement Type 
Crack 

Width 
Crack Depth 

Chloride Solution 

Concentration (%) 

A-MMFX-LCL 

A 

 

MMFX 

0 0 0 3% 

A-MMFX-HCL 0 0 0 15% 

A-MMFX-0.011-

LCL 
0.011 .5 1 3% 

A- MMFX -0.011-

HCL 
0.011 .5 1 15% 

A- MMFX -0.035-

LCL 
0.035 .5 1 3% 

A- MMFX -0.035-

HCL 
0.035 .5 1 15% 

HP-MMFX-LCL 

HPC 

0 0 0 3% 

HP-MMFX-HCL 0 0 0 15% 

HP- MMFX-0.011-

LCL 
0.011 0.011 .5 3% 

HP- MMFX-0.001-

HCL 
0.011 0.011 .5 15% 

HP- MMFX-0.035-

LCL 
0.035 0.35 .5 3% 
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15%

% 

Cracks Effects 

Concrete & Rebars 

Concrete class 

A, HPC and 

epoxy coated 

NaCl  

3% 

Crack Width 

Crack depth 

0.0"11 0.035 

0.5 1 

Concrete class 

A and black 

steel 
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A, HPC and 
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Figure 3–3 Flow Chart of Crack Effects 
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Table 3-8 Summary of Testing Program of Bridge Deck Simulation 

Samples ID 
Concrete 

type 

Reinforcement 

type 

Chloride Solution 

Concentration (%) 
notes 

HP-EC-HCL 

HPC 

Epoxy Coated 

Steel 

15% 

HPC= high 

performance concrete 

EC= Epoxy Coated 

MMFX= Martensitic 

Microcomposite 

Formable Steel  

GS: galvanized Steel 

SS =Stainless Steel 

HCL= high 

concentration 15% 

HP-SS-HCL Stainless steel 

HP-GS-HCL Galvanized Steel 

HP-MMFX-HCL MMFX 

 

 

 

 

 

 

 

 

 

 

 

 

15% 

Simulation 

Concrete & Rebars 

HPC and 
Epoxy 
coated 

HPC and 

stainless steel 

 HPC and   

MMFX 

NaCl  

Figure 3–4  Flow Chart of Experimental Work-Bridge Deck Simulation 
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3-4 Types and Sizes of Corrosion Samples 

Two types of concrete samples are used throughout this study, prisms and slabs, as 

shown in Figures (3-5) and (3-6). The prismatic samples (11×6×4.5 inches) made in 

accordance with ASTM G109. The specimens reinforced with 3 #5 (5/8 inches bar 

diameter) of different types of steel reinforcement. While the slabs (24×24×10 inches) has 

the same dimensions and steel reinforcement details of the two bridge decks. These slabs 

consist of two mats of #5 steel rebars of different types of steel reinforcement. 

 

 

Figure 3–5 Prismatic Samples of Corrosion Tests 
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Figure 3–6 Slab Samples of Corrosion Tests 

 

3-5 Sealed Corrosion Samples. 

In order to investigate the performance of the cracked samples, two types of High 

Molecular Weight Methacrylate (HMWM) and Acrylic Crack Sealers were used, T-70 

MX and Seal Krete from two different manufacturing companies. The crack sealer was 

applied to the surface of concrete before exposing to the chloride solutions figures (3-7 and 

3-8). The following abbreviations are used to refer to the effects of crack sealers in the 

corrosion activities: 

Control: Concrete has no sealant.  



50 

 

 

 

T70-‖: corrosion potentials and/ or currents of samples sealed with T-70 MX and have 

cracks parallel to the longitudinal reinforcement. 

T70-Ʇ: corrosion potentials and/ or currents of samples sealed with T-70 MX and have 

cracks perpendicular to the longitudinal reinforcement (transverse direction). 

SK-‖: corrosion potentials and/ or currents of samples sealed with Seal Krete and have 

cracks parallel to the longitudinal reinforcement. 

SK-Ʇ: corrosion potentials and/ or currents of samples sealed with Seal Krete and have 

cracks perpendicular to the longitudinal reinforcement (transverse direction). 

 

 

Figure 3–7 Applying the Concrete Sealant on the Prismatic Concrete Samples 
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Figure 3–8 Applying the Concrete Sealant on the Reinforced Concrete Slabs 

 

3-6 Chloride Concentrations: 

As we stated in chapter two, literature review, there is no specific concentration of 

𝑁𝑎𝐶𝑙, but the range varies from 2.5 to 15 % of NaCl. Accordingly, we have used a normal 

concentration of 3% of 𝑁𝑎𝐶𝑙 as it is recommended by ASTM G-109, and 15% of 𝑁𝑎𝐶𝑙 as 

it exists in most of bridge decks in the USA due to deicing salt action. 
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3-7 Crack Formation 

Artificial cracks are formed in the prismatic samples to simulate the field conditions. 

In order to make these cracks, stainless steel sheets are inserted to the top surfaces of 

concrete samples during casting as illustrated in figures (3-10), (3-11), (3-12) and (3-13). 

Figure 3–9 Crack sealant that used in this research 
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Figure 3–10 Stainless Steel Sheets of the Artificial Crack Formation 

 

Figure 3–11 Stainless Steel Sheets Inserted within Concrete Mass 
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Figure 3–12 The Cracked Concrete Samples after Removing the Stainless Steel Sheets 

 

Figure 3–13 Artificial crack of slabs 



55 

 

 

 

3-8 Corrosion Sensors 

Two types of sensors are used to monitor the corrosion process in the laboratory and 

field work in this research.  These sensors were installed inside the bridge decks and 

corrosion samples before construction. The properties of each sample are as follows: 

 

CMS V2000 Silver-Silver Chloride Electrode Monitoring 

This sensor consists of silver-silver chloride electrode. It is embedded in the concrete 

mass along with the steel rebars to measure the potential differences between the anodic 

rebar and this electrode. By using Farady’s law the corrosion activity could be calculated. 

The figure (3-14) below shows the silver-silver electrode. 

 

Embedded Corrosion Instrument: 

This type of sensors represents the most advanced generation of sensors for corrosion 

monitoring. This kind is able to measure the majority of corrosion parameters such as 

oxygen content, temperature, chloride content, humidity, and some properties as LPR. In 

addition to this, it is able to intergrate these parameters to find the corrosion activity and 

rate, and it sends this information to dataloger to gather them and give the early corrosion 

warning. Figure (3-15) below shows the MEP used through this reseaech. The final set up 

of the corrosion samples are presented in figures (3-16) and (3-17) below. 
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Figure 3–14 CMS V2000 Silver-Silver electrode  

Figure 3–15 Advanced Corrosion Sensor, MEP 

[http://www.corrosion service.com] 
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Figure 3–16 Set up of the prismatic corrosion samples 

Figure 3–17 Set up of the corrosion slabs 
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4. Chapter Four 

Results 

 

4.1 General 

This chapter presents the preliminary test results of the experimental work of 

both concrete class (A) and high performance concrete (HPC) containing black 

steel, Epoxy coated, stainless steel, and MMFX. The results include the 

mechanical properties (compressive strength, tensile strength, flexural strength, 

static modulus of elasticity, etc.), durability indices, and corrosion activities 

(potentials, currents, chloride content, correlations, etc.). 

 

4.2 Mechanical Properties 

In this chapter, the most important mechanical properties have been investigated in 

order to conclude the mechanical behavior of concretes. All tests were performed in 

accordance to their individual standards which are previously mentioned in Chapter three. 

Following are the results of these tests. 
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4.2.1 Compressive Strength 

The compressive strength of concrete class (A) and high performance concrete (HPC) 

have been carried out in this test. The testing was done in accordance with ASTM C39 at 

ages of 1, 7, 14, and 28 days. Table (4-1) and Figure (4-1) below show the test results of 

compressive strength of all concretes.  

Figure (4-1) shows clearly that the compressive strength developed with time, but the 

HPC has improved greatly. This improvement is due to the use of the concretes admixtures 

such as silica fume, fly ash, and high range water reducing admixtures. That obviously 

leads to increase the density of the hydration products, especially at an early age.  

Table 4-1 Compressive Strength of Concretes 

Age 

(days) 

Compressive Strength (Ksi) 

Concrete Type 

A HPC 

1 2.77 3.7 

3 3.1 4.1 

7 4 5 

14 4.3 7 

28 4.5 8.1 
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Figure 4–1 Compressive Strength of Concretes 

 

4-2-2 Tensile Strength 

The tensile test of both types of concretes, A, and HPC, was performed in accordance 

with ASTM C496. The testing was also done at ages of 1, 7, 14, and 28 days. Table (4-2) 

and figure (4-2) illustrate the results of tensile strength test. The tensile strength of HPC is 

higher than that of concrete class (A) at all ages. The reason for the superior behavior of 

HPC is related to the strong microstructure of HPC due to use of cementitious materials 

such as fly ash and silica fumes compared with concrete class (A).  
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Table 4-2 Tensile Strength of Concretes 

Age 

(days) 

Tensile Strength (psi) 

Concrete Type 

A HPC 

1 250 320 

3 330 480 

7 430 650 

14 470 720 

28 480 860 

 

 

Figure 4–2 Tensile Strength of Concretes 
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4-2-3 Flexural Strength 

 The testing was done with accordance to ASTM C78 by using simple beam third-

point loading. All concretes developed a noticeable flexural strength. The flexural strength 

increased with the age progress. The high increment ratio was of HPC as revealed in table 

(4-3) and figure (4-3) below. 

 

4-2-4 Static Modulus of Elasticity 

The table (4-4) and figure (4-4) below include the test results of static modulus of 

elasticity of all concretes. The test was made according to ASTM C617. As usual, HPC 

developed the higher static modulus of elasticity. It is most noticeable that the increment 

ration of the modulus of elasticity of HPC was 65% which is less than that of other 

mechanical tests. 

Table 4-3 Flexural Strength of Concretes 

Age 

(days) 

Flexural strength (psi) 

Concrete type 

A HPC 

1 320 480 

3 375 540 

7 520 658 

14 538 918 

28 589 1060 
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Figure 4–3 Flexural Strength of Concretes 

 

Table 4-4 Modulus of Elasticity of Concretes 

Age 

(days) 

Modulus of Elasticity (ksi) 

Concrete type 

A HPC 

1 1560 2900 

3 1990 3300 

7 3110 4255 

14 3525 6041 

28 4125 6815 

 

0

200

400

600

800

1000

1200

0 5 10 15 20 25 30

Fl
ex

u
ra

l S
re

n
gt

h
 (

p
si

)

Age (days)

HPC

CLASS A



64 

 

 

 

Figure 4–4 Modulus of Elasticity of Concretes 

   4-3 Free Shrinkage 

The value of free shrinkage is presented and plotted in table (4-5) and figure (4-5). 

The result indicates a low free shrinkage of HPC comparing with concrete class (A), also 

the rate of free shrinkage decreases with the age progress. The lower ratio of free shrinkage 

considers a good indicator of low associated unrestrained cracks of e according to [ASTM 

C157]. 

4-4 Surface Resistivity  

HPC has a superior surface resistivity compared to concrete class (A) especially at 

later ages. Table (4-6) and figure (4-6) illustrate that the rate of improvement is more than 

1000% at age of 90 days. As mentioned earlier in chapter two, table 2-2, HPC has a very 

low Chloride Ion Permeability [ASTM C1202 and AASHTO T 277], according to ASTM 

C1202 and AASHTO T277.   
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Table 4-5 Free Shrinkage of Concretes 

Age 

(days) 

Free Shrinkage (µ€) 

Concrete Type 

A HPC 

1 0 0 

3 -241 -168 

7 -356 -249 

28 -555 -333 

60 -642 -417 

90 -725 -478 

 

 

 

 

 

 

 

Figure 4–5 Free Shrinkage of Concretes 
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Table 4-6 Surface Resistivity of Concretes 

Age 

(days) 

Surface Resistivity KΩ/cm 

Concrete Type 

A HPC 

1 8.2 15 

3 10 45 

7 10.6 63 

14 11.3 112 

28 12.5 151 

According to ASTM C1202 and AASHTO T277: If the concrete has a 

surface resistivity value as (37-254), this concrete considers a low chloride 

ion permeability concrete. 

 

Figure 4–6 Surface Resistivity of Concretes 
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4-5 Rapid Chloride Permeability Test (RCPT) 

Test results of RCPT listed in table (4-7) and plotted in figure (4-7) below. 

Obviously, HPC shows a superior durability index relating to concrete class (A). This 

enhancement refers to a dense concrete structure and discontinuity of micro pores within 

the concrete mass. 

Table 4-7 Rapid Chloride Permeability Results of Concretes 

Age 

(days) 

Total Charges Columbus 

Concrete Type 

A HPC 

56 3615 356 

90 3300 335 

180 3000 330 

 

Figure 4–7 Rapid Chloride Permeability Results of Concretes 
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4.6 Corrosion Data 

For all corrosion samples, prisms and slabs, the ASTM G109 was used to measure 

the corrosion activities. This test method has been used elsewhere with good agreement 

between corrosion and corrosion damage on the embedded steel. After casting the 

corrosion samples, all specimens were demolded after one day, then kept inside the curing 

room for 28 days. Then they were left for 14 days inside in the ambient room temperature 

until they sealed with epoxy sealant. Continually, the chloride solutions were placed on the 

plastic dams on the top surface of samples. The Sodium chloride solution was ponded for 

two weeks, and the corrosion measurements were taken during the second week of 

ponding. Finally, the chloride solution was vacuumed from the dam, and the samples were 

left inside the laboratory to dry for two weeks.  

For all the laboratory corrosion samples, the corrosion potentials and currents, 

chloride content, and visual inspection were maintained to monitor the corrosion process. 

4-6-1 Prismatic samples (4.5×6×11") 

There are many parameters or indices used to determine the corrosion activities of 

different concretes and rebars, such as potentials (voltage), current, chloride content, visual 

examination, and so forth.  The following are some corrosion tests used in this research. 

 

4-6-1-1 Corrosion Potentials (ASTM G109 Method) 

The potentials of different steel reinforcement rebars were obtained according to 

ASTM G-109. An average of three replicates were made for each test series.  The corrosion 

activities were measured on a monthly basis to figure out the behavior of steel rebars under 
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the effect of two chloride concentrations. The results of voltages are plotted in figures (4-

8) through (4-22). 

 

4-6-1-1-1 Corrosion Potentials of Concrete Class (A) 

Following are the corrosion potentials of concrete class A which containes Black 

Steel, Epoxy Coated, MMFX, and Stainless Steel reinforcement, cracks patterns, and 

chloride concentrations. All potentials are measured according to ASTM G109 in mV. 
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Figure 4–8 Corrosion Potentials of Un Cracked Concrete Class A Exposing to 3% Concentration of Sodium Chloride 
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Figure 4–9 Corrosion Potentials of Cracked Concrete Class A (Crack Width=.011", Crack Depth=.5") Exposing to 3% Concentration 

of Sodium Chloride 
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Figure 4–10 Corrosion Potentials of Cracked Concrete Class A ( crack width=.011", crack depth=1") Exposing to 3% Concentration 

of Sodium Chloride 
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Figure 4–11 Corrosion Potentials of Cracked Concrete Class A ( crack width=..035", crack depth=.5") Exposing to 3% Concentration 

of Sodium Chloride 
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Figure 4–12 Corrosion Potentials of Cracked Concrete Class A ( crack width=..035", crack depth=1") Exposing to 3% Concentration 

of Sodium Chloride 
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Figure 4–13 Corrosion Potentials of Un Cracked Concrete Class A Exposing to 15% Concentration of Sodium Chloride 

 

0

100

200

300

400

500

600

700

800

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

C
o

rr
o

si
o

n
 P

o
te

n
ti

al
s 

(m
V

)

Exposing Age (Months)

BS

EC

SS

MMFX



76 

 

 

 

 

Figure 4–14 Corrosion Potentials of Cracked Concrete Class A ( crack width=.011", crack depth=.5") Exposing to 15% Concentration 

of Sodium Chloride 
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Figure 4–15 Corrosion Potentials of Cracked Concrete Class A ( crack width=.011", crack depth=1") Exposing to 15% Concentration 

of Sodium Chloride 
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Figure 4–16 Corrosion Potentials of Cracked Concrete Class A ( crack width=..035", crack depth=.5") Exposing to 15% Concentration 

of Sodium Chloride 
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Figure 4–17 Corrosion Potentials of Cracked Concrete Class A ( crack width=..035", crack depth=1") Exposing to 15% Concentration 

of Sodium Chloride 
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4-6-1-1-2 Corrosion Potentials of High Performance Concrete (HPC) 

 

Figure 4–18 Corrosion Potentials of Un Cracked HPC Exposing to 15% Concentration of Sodium Chloride 
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Figure 4–19 Corrosion Potentials of Cracked HPC (crack width=.011", crack depth=.5”) Exposing to 15% Concentration of NaCl 
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Figure 4–20 Corrosion Potentials of Cracked HPC (crack width=.011", crack depth=1") Exposing to 15% Concentration of NaCl 
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Figure 4–21 Corrosion Potentials of Cracked HPC (crack width=.035", crack depth=.5") Exposing to 15% Concentration of NaCl 
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Figure 4–22 Corrosion Potentials of Cracked HPC (crack width=.035", crack depth=1") Exposing to 15% Concentration NaCl 

Figure (4-22)  
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4-6-1-2 Corrosion Currents  

4-6-1-2-1 Corrosion Currents of Concrete Class (A)  

The corrosion currents of concrete class A and high performance concrete (HPC) presented figures (4-23) through (4-37). The 

value of the current in mA and measured according to ASTM G109. 

 

Figure 4–23 Corrosion Currents of Un Cracked Concrete Class A Exposing to 3% Concentration of Sodium Chloride 
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Figure 4–24 ) Corrosion Currents of Cracked Concrete Class A ( crack width=.011", crack depth=.5") Exposing to 3% Concentration 

of Sodium Chloride 
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Figure 4–25 Corrosion Currents of Cracked Concrete Class A ( crack width=.011", crack depth=1") Exposing to 3% Concentration of 

Sodium Chloride 
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Figure 4–26 Corrosion Currents of Cracked Concrete Class A ( crack width=..035", crack depth=.5") Exposing to 3% Concentration 

of Sodium Chloride 
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Figure 4–27 Corrosion Currents of Cracked Concrete Class A ( crack width=..035", crack depth=1") Exposing to 3% Concentration of 

Sodium Chloride 
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Figure 4–28 Corrosion Currents of Un Cracked Concrete Class A Exposing to 15% Concentration of Sodium Chloride 
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Figure 4–29 Corrosion Currents of Cracked Concrete Class A ( crack width=.011", crack depth=.5") Exposing to 15% Concentration 

of Sodium Chloride 
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Figure 4–30 Corrosion Currents of Cracked Concrete Class A ( crack width=.011", crack depth=1") Exposing to 15% Concentration 

of Sodium Chloride 
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Figure 4–31 Corrosion Currents of Cracked Concrete Class A ( crack width=..035", crack depth=.5") Exposing to 15% Concentration 

of Sodium Chloride 
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Figure 4–32 Corrosion Currents of Cracked Concrete Class A ( crack width=..035", crack depth=1") Exposing to 15% Concentration 

of Sodium Chloride 
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4-6-1-2-2 Corrosion Currents of High Performance Concrete (HPC)  

 

 

Figure 4–33 Corrosion Currents of Un Cracked HPC Exposing to 15% Concentration of Sodium Chloride 
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Figure 4–34 Corrosion Currents of Cracked HPC (crack width=.011", crack depth=.5")  Exposing to 15% Concentration of NaCl 
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Figure 4–35 Corrosion Currents of Cracked HPC (crack width=.011", crack depth=1")  Exposing to 15% Concentration of NaCl 
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Figure 4–36 Corrosion Currents of Cracked HPC (crack width=.035", crack depth=.5") Exposing to 15% Concentration of NaCl 
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Figure 4–37 Corrosion Currents of Cracked HPC (crack width=.035", crack depth=1") Exposing to 15% Concentration of NaCl 
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4-6-1-3-1 Corrosion Potentials Of Sealed Samples 

 

Figure 4–38 Corrosion Potentials of Cracked Epoxy Coated HPC(crack width=.035", crack depth=1"); Sealed with  Two Concrete 

Crack Sealants ( T70-MX Methacrylate and Seal Krete- Acrylic) Exposing to 15% Concentration of Sodium Chloride 
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Figure 4–39 Corrosion Potentials of Cracked Stainless Steel HPC(crack width=.035", crack depth=1");  Sealed with  Two Concrete 

Crack Sealants ( T70-MX Methacrylate and Seal Krete- Acrylic) Exposing to 15% Concentration of Sodium Chloride 
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Figure 4–40 Corrosion Potentials of Cracked MMFX-HPC (crack width=.035", crack depth=1");  Sealed with  Two Concrete Crack 

Sealants ( T70-MX Methacrylate and Seal Krete- Acrylic) Exposing to 15% Concentration of Sodium Chloride 
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4-6-1-3-2 Corrosion Currents of Sealed Samples 

 

Figure 4–41 Corrosion Currents of Cracked Epoxy Coated-HPC(crack width=.035", crack depth=1");  Sealed with  Two Concrete 

Crack Sealants ( T70-MX Methacrylate and Seal Krete- Acrylic) Exposing to 15% Concentration of Sodium Chloride 
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Figure 4–42 Corrosion Currents of Cracked Stainless Steel-HPC (crack width=.035", crack depth=1");  Sealed with  Two Concrete 

Crack Sealants ( T70-MX Methacrylate and Seal Krete- Acrylic) Exposing to 15% Concentration of Sodium Chloride 
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Figure 4–43 Corrosion Currents of Cracked MMFX-HPC (crack width=.035", crack depth=1");  Sealed with  Two Concrete Crack 

Sealants ( T70-MX Methacrylate and Seal Krete- Acrylic) Exposing to 15% Concentration of Sodium Chloride 
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4-6-2 Slab Samples of Corrosion (24×24×10") 

In this part of the research there are many parameters or indices that were used to determine the corrosion activities of different 

concretes and rebars, such as potentials (voltage), current, corrosion map, chloride content, visual examination, and so on.  Following 

are the tests used to investigate the corrosion process. 

4-6-2-1 Corrosion Potentials of un Cracked Slabs 

 

Figure 4–44 Corrosion Potentials of Un Cracked High Performance Concrete Slabs Exposing to 15% Concentration of Sodium 

Chloride
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Figure 4–45 Corrosion Potentials of Cracked Un sealed MMFX HPC (crack width=.035", crack depth=.5, 1.25, and 2.5") Exposing to 

15% Concentration of Sodium Chloride 
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4-6-2-2 Corrosion Potentials of Sealed Slabs   

 

Figure 4–46 Corrosion Potentials of Cracked MMFX HPC (crack width=.035", crack depth=.5, 1.25, and 2.5"); Sealed with T70-MX 

High Wight Methacrylate Concrete Crack Sealant Exposing to 15% Concentration of Sodium Chloride 

0

100

200

300

400

500

600

700

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

P
o

te
n
ti

al
s 

(m
V

)

Exposing Age (Months)

Control

MMFX-.5-‖-T70

MMFX-1.25-‖-T70

MMFX-2.5-‖-T70

MMFX-.5-Ʇ-T70

MMFX-1.25-Ʇ-T70

MMFX-2.5-Ʇ-T70



109 

 

 

 

4-6-2-3 Corrosion Currents of Slabs Samples 

  

Figure 4–47 Corrosion Currents of Un Cracked High Performance Concrete Slabs Exposing to 15% Concentration of Sodium 

Chloride 
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Figure 4–48 Corrosion Currents of Cracked Un sealed MMFX HPC (crack width=.035", crack depth=.5, 1.25, and 2.5") Exposing to 

15% Concentration of Sodium Chloride 
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Figure 4–49 Corrosion Currents of Cracked MMFX HPC (crack width=.035", crack depth=.5, 1.25, and 2.5"); Sealed with T70-MX 

High Wight Methacrylate Concrete Crack Sealer Exposing to 15% Concentration of Sodium Chloride
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4-6-3 Corrosion Map of Slabs 

The corrosion maps were determined by measuring the corrosion potentials between 

the top rebars of the concrete and the V2000 Silver-Silver as working electrode.  

Figure 4–50 Epoxy Coated Un Cracked High Performance Concrete Slab. 

 

Figure 4–51 Stainless Steel Un Cracked High Performance Concrete Slab 
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Figure 4–52 MMFX Un Cracked High Performance Concrete Slab  
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Figure 4–53 MMFX Cracked High Performance Concrete Slab Non-Sealed 

 

 

 

Figure 4–54 MMFX Cracked High Performance Concrete Slab Sealed with T-70 MX 

 

4-7 Discussion and Conclusion of the Laboratory Results 

The current research is using the laboratory tests and the field performances to 

investigate the effects of crack on the corrosion process of reinforced concrete members, 

predicting the service life of bridge decks, and to compute the efficiency of two different 

types of crack sealants. The results of experimental and theoretical work are summarized 

in this part.   

4-7-1 Mechanical Properties 

Both types of concretes, Concrete class A and HPC, developed noticeable strength 

properties with the progress of age, but HPC had the superior achievement compared with 

concrete class A. the improvement ratios were about 80, 80, 79, and 65% for compressive 
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strength, tensile strength, flexural strength, and modulus of elasticity at age of 28 days as 

summarized in the table (4-8) below. 

Table 4-8 Mechanical Properties of Concretes at Age 28 Days 

Strength properties Concrete Class A HPC 

Increment 

Ratio (%) 

Compressive Strength (psi) 4500 8100 80% 

Tensile Strength (psi) 480 860 79% 

Flexural Strength (psi) 589 1060 80% 

Modulus of Elasticity 4125 6815 65% 

 

The improvement in the strength properties of HPC is attributed to the use of the 

cementitious materials such as silica fume and fly ash along with the chemical admixtures, 

high range water reducing admixtures.   

 

4-7-2 Durability Indices 

High performance concrete (HPC) has proven its effectiveness throughout this 

research by developing some superior durability characteristics such as surface resistivity, 

rapid chloride permeability, and free shrinkage. The test results indicate that HPC had less 

free shrinkage and permeability compared to concrete class A, while developing a 

significant surface resistivity. Table (4-9) below illustrates the improvement ratios of 

durability indices at age of 90 days. 
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Table 4-9 Durability Properties of Concretes 

Durability properties Concrete Class A HPC 

Increment 

Ratio (%) 

Surface Resistivity 12.5 151 1000% 

Rapid Chloride permeability 330 3000 800% 

Free Shrinkage -725 -478 34% 

 

The superior durability properties of HPC comes from fact that the cementitious 

material interact with the hydration products of cement to produce a dense microstructure 

of concrete. This reaction between the Silica fume, fly ash, and chemical admixtures leads 

to the cut of the continuity of the porosity and micro voids within the concrete mass.  

 

4-7-3 Conclusion and Discussion of the Laboratory Corrosion Data 

4-7-3-1 Corrosion Data of non-Sealed Prismatic Samples 

Depending on the test results of the corrosion data obtained from the prismatic samples 

of corrosion, the following aspects have been concluded: 

1- All samples didn’t show any noticeable corrosion signals at age 5 months or 

earlier for concrete class A, and age 8 months for High performance concrete.  

2- The corrosion rate increased with the progress of exposing age for all samples. 

The increment ratios are not constant and vary from month to month. 

3- All samples developed different corrosion potentials, but the black steel has the 

highest corrosion potentials which indicates to high corrosion activity. 
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4- Compared with MMFX, Epoxy Coated Rebars have low corrosion invitation. 

This reduction is attributed to the debond of the Coating layer from the steel 

surface [R.E. Weyers 1995] which make the rebars more vulnerable to 

corrosion. This result is with good agreement with others [ 128. B.S. Covino 

Jr. 2000]. 

5- The MMFX has a high corrosion resistance compared to Black Steel, Epoxy 

Coated, and Stainless Steel at all ages and exposing conditions. The 

improvement ratio at exposing age of 33 months is 63 % compared to black 

steel of un cracked concrete samples class A.  

6- The Epoxy Coated and Stainless Steel rebars developed a very good corrosion 

resistance compared to Black Steel; the improvement ratios are 37% and 54% 

respectively.  

7- The crack width has a slight effect on corrosion potentials while the crack depth 

has a significant effect. For example, if we increase the crack width from .011” 

to .035” for the same depth (0.5”), the increment ratios of corrosion potentials 

are 12, 7, 2, and 22% respectively. While if we increase the crack depth from 

.5” to 1” or the same width (.011), the corrosion potentials increment ratios are 

10, 10, 10, and 29 % respectively.  

8- At age of 33 months, the high sodium chloride concentration (15%) shows a 

high risk of corrosion compared to low sodium chloride concentration (3%). 

For instance, the corrosion potentials are 755, 442, 312, and 268 for the cracked 

samples of Black Steel, Epoxy Coated, and MMFX respectively exposed to 3% 

of NaCl. These values become 819, 481, 368, and 297 when we use 15% of 

NaCl for the same concretes. This conclusion is applicable also for all cracked 

corrosion samples.  
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9- The HPC concrete develops a high corrosion resistance compared to concrete 

class A at all ages and crack patterns.  

10- The HPC has superior corrosion resistance up to age of 33 months, where there 

is no noticeable corrosion activity for all samples of EC, SS, and MMFX; they 

showed a very low corrosion probability compared to concrete class A. 

11- The corrosion threshold (initiation) differs from conditions to other depending 

on the concrete and steel reinforcement types, crack patterns, and chloride 

solution concentrations. The corrosion threshold (initiation) for different 

scenarios of exposing conditions are tabulated in table (4-10) below. From this 

table the following aspects can be concluded: 

i. The Stainless Steel and MMFX have superior corrosion resistance. 

Whereas exposing age of 33 months, there is no corrosion initiation. 

ii. The corrosion threshold of uncracked concrete class A with Black Steel 

starts after 24 and 22 months of exposure when subjected to 3 and 15 % 

of NaCl respectively. The corrosion threshold of Epoxy Coated concrete 

starts after 31 and 30 months for the same conditions.   

iii. For concrete class A, when increasing the crack width to .035” and 

depth to 1”, the corrosion threshold value decreases approximately one 

third; the corrosion threshold is 16 months only. While the corrosion 

threshold of Epoxy Coated concrete diminishes to 25 months compared 

to Black Steel for the same conditions. 

iv. All HPC samples don’t show any corrosion threshold even after 33 

months of exposure. 
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4-7-3-2 Corrosion Data of the Sealed Prismatic Samples 

The compression of the efficiency of the two types of crack sealants regarding the steel 

reinforcement types is plotted in the figure (4-58) below. A conclusion could be drawn as 

following: 

1- The sealed corrosion prisms still have low corrosion activities even after subjected 

to 22 months of exposure of 15% of NaCl. 

2- The samples which have the longitudinal cracks developed noticeable corrosion 

signals compared with those have the transverse cracks. 

3- Both sealant T-70 MX and Seal Krete are considered a very good crack sealer, but 

the T-70 MX has a superior corrosion resistance compared with the Seal Krete. 

4- When we use the crack sealant, T-70 MX, for The Epoxy Coated concrete samples, 

the potentials improvement ratios are 36 and 52% in the longitudinal and transverse 

cracks directions at exposing age of 22 months. While the improvement ratios are 

29 and 40% if we use the other crack sealant, Seal Crete, for the same conditions.  

 

Figure 4–55 Performances of the Crack Sealants 
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Table 4-10 Crack Influences on the Corrosion Process 

 

Scenario 

Corrosion Threshold 

Scenario 

Corrosion Threshold 

Exposing Age 

(Months) 

Exposing Age 

(Months) 

3% 

NaCl 

15 % 

NaCl 

3% 

NaCl 

15 % 

NaCl 

A- BS-No cracks 24 22 --- --- 

A- EC-No cracks 31 30 --- --- 

A- SS-No cracks --- --- --- --- 

A- MMFX-No cracks --- --- --- --- 

A- BS- 0.011”- 0.5” 22 21 HPC- BS- 0.011”- 0.5” --- 

A- EC- 0.011”- 0.5” 29 29 HPC - EC- 0.011”- 0.5” --- 

A- SS- 0.011”- 0.5” --- --- HPC - SS- 0.011”- 0.5” --- 

A- MMFX- 0.011”- 0.5” --- --- HPC - MMFX- 0.011”- 

0.5” 

--- 

A- BS- 0.011”- 1” 19 17 HPC - BS- 0.011”- 1” --- 

A- EC- 0.011”- 1” 26 25 HPC - EC- 0.011”- 1” --- 

A- SS- 0.011”- 1” --- --- HPC - SS- 0.011”- 1” --- 

A- MMFX- 0.011”- 1” --- --- HPC - MMFX- 0.011”- 1” --- 

A- BS- 0.035”- 0.5” 19 18 A- BS- 0.035”- 0.5” --- 

A- EC- 0.035”- 0.5” 26 27 A- EC- 0.035”- 0.5” --- 

A- SS- 0.035”- 0.5” --- --- A- SS- 0.035”- 0.5” --- 

A- MMFX- 0.035”- 0.5” --- --- A- MMFX- 0.035”- 0.5” --- 

A- BS- 0.035”- 1” 16 16 A- BS- 0.035”- 1” --- 

A- EC- 0.035”- 1” 25 24 A- EC- 0.035”- 1” --- 

A- SS- 0.035”- 1” --- 30 A- SS- 0.035”- 1” --- 

A- MMFX- 0.035”- 1” --- --- A- MMFX- 0.035”- 1” --- 
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4-7-3-3 Corrosion Data of the Slab Samples 

1- The corrosion potentials of slabs (ASTM G-109) are still very low or vanish until 

age of 22 months. 

2- Approximately all reinforcements have the same corrosion potentials and currents. 

This is because the reinforcements attributed to 2.5 inches concrete. 

3- The deeper the crack, the more corrosion probability for all slabs. 

4- The concrete crack sealer, T70 MX performs a very good corrosion resistance so 

far. 

5- Depending on the corrosion map, the most sever corrosion occurs close to the edges 

or the rims rather than the slab center. I think this is attributed to the fact that the 

edges adsorb and evaporate the sodium chloride faster than the slab center. 

 

 

4-8 Corrosion Autopsy 

After the end of the test duration, the highest corrosion potentials samples were broken 

in order visually examine the corrosion effects on the steel reinforcement. The corrosion 

autopsy proves that following: 

i. The samples that reinforced with Black Steel underwent a serious corrosion damage 

on the rebars surface. It is clearly showed that the corrosion products (rust) built up 

on the surface of the rebars. Also, the surrounding concrete in the intermediate zoon 

between the steel reinforcing bars and the cement matrix was partially disintegrated.   

ii. The samples that reinforced with Epoxy Coated rebars had a noticeable corrosion 

rust without any damage in the intermediate zoon. 
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iii. The samples that reinforced with Stainless Steel and MMFX rebars didn’t show 

any corrosion products on the reinforcing steel surface neither a damage in the 

cement matrix. 

This result proves the point of view of the corrosion parameters that were measured 

during the exposing age such as potentials and currents. The following figure (4-56) 

illustrates the corrosion autopsy and visual examination of corrosion samples.  
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Figure 4–56 Autopsy and Visual Examination of Corrosion 

5. Chapter Five 

Field Work 

5-1 General 

In 1998 and 1999 the State of New Jersey constructed two bridges on the Garden 

State Parkway, GSP. The first bridge, 84.1 A, is located in the southern part of New Jersey 

while the other one, 159.7, is in northern New Jersey. Thus, in order to structurally monitor 

the serviceability and stability of these bridges, the NJHA installed sets of advanced 

generation of sensors, MEP’s, within the reinforced concrete bridge decks. The MEP’s are 

able to monitor the corrosion activities such as potentials, currents, concrete resistivity, 

corrosion rate, LRP, and inside bridge deck temperature.   Since then, the corrosion process 

was monitored, and the corrosion data measured on the annual basis.  

Fortunately, these two bridges are included in the current research. The corrosion 

data for 20 years is suitable to correlate with the lab performance. To get the correlation 

process as close as possible and eliminate the variables, we simulated the bridge decks in 

the lab. So, we use the same concrete mixes, reinforcement types, material characteristics, 

and exposure conditions.  

5-2 Field Study 

The other part of the research deals with monitoring the structural health of two real 

bridges. These bridges were constructed on the Garden State Parkway in 1998 and 1999. 

Following are the details of these bridges: 
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  5-2-1 Bridge 84.1 A 

This is a 2-Span continuous bridge highly skewed deck. It has 263 ft. long and 38 ft. 

wide. This bridge constructed with Galvanized steel reinforcement and high performance 

concrete (HPC), and located in South New Jersey, Figure (5-1) and (5-2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A                                                                              (B)  

Figure 5–1 Bridge 84.1 A, (A) the Location, and (B) the Top View 
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5-2-1-1 Corrosion Sensors Layout of Bridge 84.1 A 

A total of 25 multi-function probes were attached to the top mat of steel prior to 

pouring the deck. Readings from these probes can be taken at 5 junction boxes cast into 

the west fascia barrier (figure 5-3). A series of five tests, potential, corrosion current, 

concrete resistivity, corrosion rate, and deck temperature are to be taken on a yearly 

basis.  Once deterioration begins, a sixth test, linear polarization resistance (LPR), is to be 

performed. Figure (5-4 ) below shows the layout of sensors of bridge 84.1 A; 6 MEPs at 4 

Figure 5–2 Field Corrosion Measurement of Bridge 84.1A 
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locations (B1 through B4) and 1 MEP at 1 location (B5), while figure (5-5) illustrates the 

MEPs inside of the corrosion monitoring boxes. 

 

  

Figure 5–3 Junction Boxes on the West Fascia Barrier of Bridge 84.1A 

Figure 5–4 Corrosion Sensors Layout of Bridge 84.1 A 
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Figure 5–5 Monitoring Box of Six MEP Sensors Placed in the Parapet of the Bridge 

 

5-2-2 Bridge 159.7 

This bridge is located on the Garden State Parkway (GSP) north. This bridge was 

constructed in 1998 as a new ramp to I-80 EB. This bridge is 8-Span continuous highly 

curved bridge. It was constructed with Duplex 2205 (318) SS and high performance 

concrete.  Figures (5-5) and (5-6) show bridge location, while figures (5-7) and (5-8) 

illustrate sensors layout and monitoring box. 
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(A)                                                                              (B)  

Figure 5–7 Bridge 159.7 (A) the Location, and (B) the Top View 

Figure 5–6 Annual Corrosion Measurements of Bridge 

159.7 



129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5–8 Sensors Layout of Bridge 159.7 

Figure 5–9 Corrosion Monitoring Box, 4 MEPs of Bridge 159.7 
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5-3 Results 

The field work includes the corrosion data that was collected from the two existing 

bridges on the Garden State Parkway, 84.1 and 159.7. All corrosion tests which include 

corrosion potentials, corrosion current, corrosion rate, concrete resistivity, and bridge deck 

inside temperature are measured through the corrosion monitoring multi element sensor 

which was installed inside the bridge decks. For the two bridges the following tolls are 

used to maintain the aforementioned test parameters: Zero Resistance Ammeter, Nilsoon 

Resistance Meter model 400, Pronto Digital Thermometer, and Multimeter.  

 

5-3-1 Corrosion Data of the Field Work 

5-3-1-1 Bridge 84.1 A: 

5-3-1-1-1 Corrosion Potentials of Bridge 84.1 

The potentials (voltage) were measured by connecting a high resistance voltmeter 

between the carbon steel working electrode and the MnO2 as reference electrode in the 

monitoring boxes of the MEP’S. The potentials of corrosion potentials of bridge 84.1 that 

were monitored from 1998 to 2018 are illustrated in table (5-1) and plotted in figure (5-9) 

below. All values are volts.  
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Table 5-1 Corrosion Potentials of Bridge 84.1 (May 1998 through June 2018) 

May, 1998 B1 B2 B3 B4 B5 

Average 

per 

Probe-

line 

P1 -0.27 -0.24 -0.45 -0.26 -0.29 -0.30 

P2 -0.55 -0.51 -0.33 -0.44  -0.46 

P3 -0.33 -0.38 -0.29 -0.48  -0.37 

P4 -0.27 -0.36 -0.45 -0.27  -0.34 

P5 -0.24 -0.45 -0.31 -0.27  -0.32 

P6 -0.26 -0.30 -0.29 -0.32  -0.29 

       

Average per 

Span-line 
-0.32 -0.37 -0.35 -0.34 -0.29 -0.34 

Nov, 1999      

Average 

per 

Probe-

line 

P1 -0.18 -0.31 -0.95 -0.21 -0.24 -0.38 

P2 -0.51 -0.63 -0.22 -0.62  -0.49 

P3 -0.61 -0.50 -0.24 -0.52  -0.47 

P4 -0.19 -0.57 -0.47 -0.20  -0.36 

P5 -0.12 -0.55 -0.24 -0.20  -0.28 

P6 -0.16 -0.21 -0.22 -0.17  -0.19 

       

Average per 

Span-line 
-0.29 -0.46 -0.39 -0.32 -0.24 -0.36 
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Continue table (5-1) Corrosion Potentials of Bridge 84.1 (May 1998 through June 2018) 

Jul, 2013 B1 B2 B3 B4 B5 

Average 

per 

Probe-

line 

P1 -0.26 -0.39 -0.03 -0.15 -0.64 -0.29 

P2 -0.67 -0.77 -0.17 -0.55  -0.54 

P3 -0.61 -0.18 -0.23 -0.53  -0.39 

P4 -0.30 -0.53 -0.57 -0.36  -0.44 

P5 -0.13 -0.70 -0.50 -0.28  -0.40 

P6 -0.17 -0.13 -0.14 -0.22  -0.16 

       

Average per 

Span-line 
-0.35 -0.45 -0.27 -0.35 -0.64 -0.37 

       

May, 2016      

Average 

per 

Probe-

line 

P1 -0.40 -0.17 -0.27 -0.14 -0.42 -0.28 

P2 -0.65 -0.72 -0.15 -0.59  -0.53 

P3 -0.59 -0.35 -0.18 -0.30  -0.35 

P4 -0.19 -0.45 -0.64 -0.39  -0.42 

P5 -0.11 -0.65 -0.48 -0.38  -0.40 

P6 -0.16 -0.11 -0.12 -0.21  -0.15 

       

Average per 

Span-line 
-0.35 -0.41 -0.31 -0.33 -0.42 -0.35 
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Continue table (5-1) Corrosion Potentials of Bridge 84.1 (May 1998 through June 2018) 

June, 2017 B1 B2 B3 B4 B5 

Average 

per 

Probe-

line 

P1 -0.47 -0.21 -0.06 -0.14 -0.42 -0.26 

P2 -0.63 -0.68 -0.16 -0.65  -0.53 

P3 -0.60 -0.33 -0.20 -0.17  -0.32 

P4 -0.22 -0.50 -0.62 -0.39  -0.43 

P5 -0.11 -0.68 -0.43 -0.31  -0.38 

P6 -0.14 -0.10 -0.13 -0.53  -0.23 

       

Average per 

Span-line 

-0.36 -0.42 -0.27 -0.37 -0.42 -0.36 

June, 2018      

Average 

per 

Probe-

line 

P1 -0.244 -0.400 0.000 -0.305 0.42 -0.106 

P2 -0.36 -0.300 -0.360 -0.420  -0.360 

P3 -0.26 -0.215 -0.405 0.000  -0.220 

P4 -0.23 -0.220 -0.410 -0.444  -0.326 

P5 -0.323 -0.240 -0.266 -0.310  -0.285 

P6 -0.315 -0.260 -0.331 -0.355  -0.315 

Average per 

Span-line 

-0.289 -0.273 -0.295 -0.306 0.42  
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Figure 5–10 Corrosion Potentials of Bridge 84.1 (May 1998 through June 2018) 
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5-3-1-1-2 Corrosion Currents of Bridge 84.1 

The current was measured by connecting the Zero resistance ammeter between the 

carbon steel working electrode and the stainless steel as counter electrode. Then connect 

the High resistance voltmeter to the output measurement jack. The corrosion current values 

are presented in table (5-2). 

 

Table 5-2 Corrosion Currents of Bridge 84.1(May 1998 through June 2018) 

May 1998 B1 B2 B3 B4 B5 

P1 0.10 -0.40 0.70 0.00 0.00 

P2 1.40 0.25 0.20 -0.10  

P3 0.10 0.50 0.15 1.20  

P4 0.10 0.20 1.00 0.10  

P5 0.00 -0.80 0.15 0.00  

P6 0.00 0.35 0.00 0.30  

Average per 

Span-line 
0.28 0.42 0.37 0.28 0.00 

Nov 1999      

P1 0.20 0.10 11.8? 0.50 0.00 

P2 0.70 1.60 0.00 1.50  

P3 2.00 0.80 0.00 0.30  

P4 0.50 1.50 0.30 0.10  

P5 1.60 0.50 0.70 0.40  

P6 0.00 0.10 0.10 0.10  

      

Average per 

Span-line 
0.83 0.77 0.22 0.48 0.00 
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Continue Table (5-2) Corrosion Currents of Bridge 84.1(May 1998 through June 2018) 

July 2013 B1 B2 B3 B4 B5 

P1 0.30 0.20 1.70 0.40 0.60 

P2 1.80 1.20 0.60 1.00   

P3 1.00 1.00 0.30 1.20   

P4 1.20 0.20 0.40 0.30   

P5 0.10 0.70 0.00 0.60   

P6 0.00 0.00 0.20 0.10   

       

Average per 

Span-line 

0.73 0.55 0.53 0.60 0.60 

May 2016      

P1 4.00 0.20 0.70 0.00 1.70 

P2 5.80 6.60 0.10 3.30   

P3 7.40 0.40 0.10 3.70   

P4 0.10 0.80 5.00 0.80   

P5 0.10 3.70 1.50 0.40   

P6 0.00 0.00 0.00 1.00   

Average per 

Span-line 

2.90 1.95 1.23 1.53 1.70 
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Continue Table (5-2) Corrosion Currents of Bridge 84.1(May 1998 through June 2018) 

June 2017 B1 B2 B3 B4 B5 

P1 3.60 0.00 0.60 0.20 1.70 

P2 4.20 2.00 0.00 4.50   

P3 6.00 0.10 0.50 3.80   

P4 0.00 1.50 3.00 0.60   

P5 0.60 1.90 1.50 1.00   

P6 0.30 0.20 0.10 0.80   

       

Average per 

Span-line 

2.45 0.95 0.95 1.82 1.70 

June 2018      

P1 4.50 0.20 0.60 0.00 2.00 

P2 1.00 5.50 0.10 4.00   

P3 4.60 0.50 0.10 1.90   

P4 0.70 2.90 4.50 2.00   

P5 0.10 6.50 1.50 0.50   

P6 0.00 0.40 0.00 1.80   

       

Average per 

Span-line 

1.82 2.67 1.13 1.70 2.00 
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5-3-1-1-3 Corrosion Rate of Bridge 84.1, (mpy) 

The corrosion rate of bridge (84.1 A) was computed by using the following equation: 

Corrosion rate (mpy) = 0.045 × corrosion current (µA). The test results are included in 

table (5-3) and plotted in figure (5-10) below.  

Table 5-3 Corrosion Rate of Bridge 84.1(May 1998 through June 2018) 

Corrosion rate 

(mpy) 
B1 B2 B3 B4 B5 

May 1998      

P1 0.00 0.00 0.03 0.00 0.00 

P2 0.06 0.01 0.01 0.00  

P3 0.00 0.02 0.01 0.05  

P4 0.00 0.01 0.05 0.00  

P5 0.00 0.00 0.01 0.00  

P6 0.00 0.02 0.00 0.01  

      

Average per 

Span-line 
0.01 0.01 0.02 0.01 0.00 

Nov 1999      

P1 0.01 0.00 0.00 0.02 0.00 

P2 0.03 0.07 0.00 0.07  

P3 0.09 0.04 0.00 0.01  

P4 0.02 0.07 0.01 0.00  

P5 0.07 0.02 0.03 0.02  

P6 0.00 0.00 0.00 0.00  

Average per 

Span-line 
0.04 0.03 0.01 0.02 0.00 

 



139 

 

 

 

Continue able (5-3) Corrosion Rate of Bridge 84.1(May 1998 through June 2018) 

Corrosion rate 

(mpy) 
B1 B2 B3 B4 B5 

July 2013      

P1 0.01 0.01 0.08 0.02 0.03 

P2 0.08 0.05 0.03 0.05   

P3 0.05 0.05 0.01 0.05   

P4 0.05 0.01 0.02 0.01   

P5 0.00 0.03 0.00 0.03   

P6 0.00 0.00 0.01 0.00   

       

Average per 

Span-line 
0.03 0.02 0.02 0.03 0.03 

      

May 2016      

P1 0.18 0.01 0.03 0.00 0.08 

P2 0.26 0.30 0.00 0.15   

P3 0.33 0.02 0.00 0.17   

P4 0.00 0.04 0.23 0.04   

P5 0.00 0.17 0.07 0.02   

P6 0.00 0.00 0.00 0.05   

       

Average per 

Span-line 
0.13 0.09 0.06 0.07 0.08 
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Continue able (5-3) Corrosion Rate of Bridge 84.1(May 1998 through June 2018) 

Corrosion rate 

(mpy) 
B1 B2 B3 B4 B5 

June 2017      

P1 
0.16 0.00 0.03 0.01 0.08 

P2 
0.19 0.09 0.00 0.20   

P3 
0.27 0.00 0.02 0.17   

P4 
0.00 0.07 0.14 0.03   

P5 
0.03 0.09 0.07 0.05   

P6 
0.01 0.01 0.00 0.04   

 
      

Average per 

Span-line 

0.11 0.04 0.04 0.08 0.08 

 
     

June 2018 
     

P1 
0.20 0.01 0.03 0.00 0.09 

P2 
0.05 0.25 0.00 0.18   

P3 
0.21 0.02 0.00 0.09   

P4 
0.03 0.13 0.20 0.09   

P5 
0.00 0.29 0.07 0.02   

P6 
0.00 0.02 0.00 0.08   

 
      

Average per 

Span-line 

0.08 0.12 0.05 0.08 0.09 
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Figure 5–11 Corrosion Rate of Bridge 84.1(May 1998 through June 2018) 
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5-3-1-1-4 Concrete Resistivity of Bridge 84.1, (kohm-cm) 

This test was carried out to monitor the resistivity of the concrete bridge deck in order 

to assess the depth of chloride contamination and moisture penetration. The test measured 

by connecting the Earth resistance meter props to the carbon steel sensor electrode, carbon 

steel working electrode, and the stainless steel. The test results are summarized in table (5-

4) below and plotted in figure (5-11). 

Table 5-4 Concrete Resistivity (kohm-cm) of Bridge 84.1(May 1998 - June 2018) 

May 1998 B1 B2 B3 B4 B5 

P1 70 64 39 109 56 

P2 40 54 59 41  

P3 46 50 53 43  

P4 89 43 52 59  

P5 70 39 59 60  

P6 84 58 60 61  

       

Average per 

Span-line 
67 51 54 62 56 

Nov 1999           

P1 230 89 70 283 133 

P2 84 80 172 75  

P3 89 89 167 70  

P4 317 70 80 177  

P5 235 75 123 177  

P6 351 99 240 162  

Average per 

Span-line 
218 84 142 157 133 
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Continue table (5-4) Concrete Resistivity (kohm-cm) of Bridge 84.1(May 1998 through 

June 2018) 

July 2013 B1 B2 B3 B4 B5 

P1 55 65 61 366 33 

P2 41 47 109 41  

P3 47 48 80 39  

P4 64 49 56 14  

P5 206 49 64 133  

P6 278 64 215 41  

Average per 

Span-line 

115 54 98 106 33 

May 2016           

P1 84 118 104 160 46 

P2 48 160 160 36  

P3 58 56 118 29  

P4 104 67 59 84  

P5 63 60 67 123  

P6 65 109 160 46  

Average per 

Span-line 

70 95 111 80 46 
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Continue able (5-4) Concrete Resistivity (kohm-cm) of Bridge 84.1(May 1998 through 

June 2018) 

June 2017 B1 B2 B3 B4 B5 

P1 65 54 46 160 54 

P2 60 65 58 55  

P3 70 60 55 65  

P4 63 63 60 65  

P5 46 70 65 70  

P6 42 46 70 63  

Average per 

Span-line 

58 60 59 80 54 

June 2018      

P1 65 54 46 160 54 

P2 60 65 58 55  

P3 70 60 55 65  

P4 63 63 60 65  

P5 46 70 65 70  

P6 42 46 70 63  

Average per 

Span-line 

58 60 59 80 54 
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(D) 

Figure 5–12 Concrete Resistivity of Bridge 84.1(May 1998 through June 2018)
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5-3-1-2 Bridge 159.7 

5-3-1-2-1 Corrosion Potentials 

Table 5-5 Corrosion Potentials, Volts, of Bridge 159.7 (Dec. 1998 through June 2018) 

 

 

Bridge 159.7 
S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

Dec, 1998                                   

1 
-

0.37 

-

0.31 

-

0.31 

-

0.35 

-

0.38 

-

0.35 

-

0.33 

-

0.36 

-

0.33 

-

0.39 

-

0.38 

-

0.34 

-

0.36 

-

0.41 

-

0.27 

-

0.33 

-

0.35 

2 
-

0.33 

-

0.34 

-

0.38 

-

0.33 

-

0.41 

-

0.35 

-

0.37 

-

0.35 

-

0.37 

-

0.35 

-

0.44 

-

0.36 

-

0.44 

-

0.40 

-

0.33 

-

0.31 

-

0.36 

3 
-

0.28 

-

0.34 

-

0.33 

-

0.41 

-

0.34 

-

0.35 

-

0.40 

-

0.39 

-

0.35 

-

0.32 

-

0.39 

-

0.36 

-

0.44 

-

0.34 

-

0.33 

-

0.31 

-

0.35 

4 
-

0.34 

-

0.36 
0.00 

-

0.41 

-

0.38 

-

0.35 

-

0.41 

-

0.37 

-

0.37 

-

0.36 

-

0.35 

-

0.39 

-

0.34 

-

0.32 

-

0.34 

-

0.35 

-

0.34 

Average per Span 

line 

-

0.33 

-

0.34 

-

0.25 

-

0.37 

-

0.38 

-

0.35 

-

0.38 

-

0.37 

-

0.35 

-

0.35 

-

0.39 

-

0.36 

-

0.39 

-

0.37 

-

0.32 

-

0.32 

-

0.35 
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Continue table (5-5) Corrosion Potentials of Bridge 159.7 (Dec. 1998 through June 2018) 

 

 

 

 

Bridge 159.7 
S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

Nov. 1999                                   

1 
-

0.19 

-

0.21 

-

0.19 

-

0.24 

-

0.20 

-

0.24 

-

0.19 

-

0.20 

-

0.23 

-

0.19 

-

0.21 

-

0.24 

-

0.32 

-

0.22 

-

0.20 

-

0.24 

-

0.22 

2 
-

0.18 

-

0.19 

-

0.18 

-

0.16 

-

0.19 

-

0.18 

-

0.19 

-

0.19 

-

0.19 

-

0.19 

-

0.34 

-

0.20 

-

0.34 

-

0.30 

-

0.22 

-

0.15 

-

0.21 

3 
-

0.27 

-

0.19 

-

0.18 

-

0.26 

-

0.18 

-

0.16 

-

0.21 

-

0.26 

-

0.21 

-

0.22 

-

0.29 

-

0.17 

-

0.34 

-

0.25 

-

0.22 

-

0.21 

-

0.23 

4 
-

0.22 

-

0.18 
0.00 

-

0.21 

-

0.23 

-

0.22 

-

0.21 

-

0.24 

-

0.24 

-

0.21 

-

0.32 

-

0.21 

-

0.31 

-

0.25 

-

0.21 

-

0.22 

-

0.22 

Average per Span-

line 

-

0.21 

-

0.19 

-

0.14 

-

0.22 

-

0.20 

-

0.20 

-

0.20 

-

0.22 

-

0.22 

-

0.20 

-

0.29 

-

0.20 

-

0.33 

-

0.25 

-

0.21 

-

0.21 

-

0.22 
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Continue table (5-5) Corrosion Potentials of Bridge 159.7 (Dec. 1998 through June 2018) 

 

 

 

Bridge 159.7 
S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

July 2013                                   

1 
-

0.14 

-

0.25 

-

0.32 

-

0.26 

-

0.81 

-

0.03 

-

0.25 

-

0.13 

-

0.25 

-

0.22 

-

0.45 

-

0.30 

-

0.29 

-

0.22 

-

0.18 

-

0.14 

-

0.26 

2 
-

0.18 

-

0.26 

-

0.19 

-

0.25 

-

0.27 

-

0.04 

-

0.28 

-

0.12 

-

0.21 

-

0.13 

-

0.30 

-

0.18 

-

0.29 

-

0.12 

-

0.22 

-

0.27 

-

0.21 

3 
-

0.13 

-

0.26 

-

0.21 

-

0.22 

-

0.29 

-

0.16 

-

0.08 

-

0.29 

-

0.16 

-

0.21 

-

0.21 

-

0.20 

-

0.30 

-

0.19 

-

0.22 

-

0.06 

-

0.20 

4 
-

0.04 

-

0.20 

-

0.08 

-

0.20 

-

0.20 

-

0.08 

-

0.09 

-

0.19 

-

0.12 

-

0.13 

-

0.28 

-

0.12 

-

0.27 

-

0.17 

-

0.33 

-

0.13 

-

0.16 

Average per Span-

line 

-

0.12 

-

0.24 

-

0.20 

-

0.23 

-

0.39 

-

0.08 

-

0.18 

-

0.18 

-

0.18 

-

0.17 

-

0.31 

-

0.20 

-

0.29 

-

0.17 

-

0.24 

-

0.15 

-

0.21 
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Continue table (5-5) Corrosion Potentials of Bridge 159.7 (Dec. 1998 through June 2018) 

 

 

 

 

Bridge 159.7 
S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

May 2016                                   

1 
-

0.25 

-

0.25 

-

0.25 

-

0.18 

-

0.18 

-

0.01 

-

0.28 

-

0.06 

-

0.23 

-

0.33 

-

0.35 

-

0.24 

-

0.27 

-

0.26 

-

0.21 

-

0.10 

-

0.21 

2 
-

0.14 

-

0.16 

-

0.15 

-

0.25 

-

0.25 

-

0.04 

-

0.18 

-

0.07 

-

0.31 

-

0.10 

-

0.26 

-

0.14 

-

0.26 

-

0.09 

-

0.23 

-

0.27 

-

0.18 

3 
-

0.14 

-

0.16 

-

0.02 

-

0.12 

-

0.21 

-

0.13 

-

0.06 

-

0.29 

-

0.17 

-

0.18 

-

0.16 

-

0.14 

-

0.27 

-

0.49 

-

0.23 

-

0.08 

-

0.18 

4 
-

0.01 

-

0.22 

-

0.08 

-

0.21 

-

0.15 

-

0.04 

-

0.08 

-

0.12 

-

0.05 

-

0.15 

-

0.28 

-

0.09 

-

0.26 

-

0.16 

-

0.25 

-

0.12 

-

0.14 

Average per Span-

line 

-

0.13 

-

0.20 

-

0.12 

-

0.19 

-

0.20 

-

0.06 

-

0.15 

-

0.13 

-

0.19 

-

0.19 

-

0.26 

-

0.15 

-

0.26 

-

0.25 

-

0.23 

-

0.14 

-

0.18 
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Continue table (5-5) Corrosion Potentials of Bridge 159.7 (Dec. 1998 through June 2018) 

 

 

 

Bridge 159.7 
S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

June 2017                                   

1 
-

0.22 

-

0.26 

-

0.27 

-

0.17 

-

0.29 

-

0.02 

-

0.27 

-

0.08 

-

0.21 

-

0.23 

-

0.32 

-

0.27 

-

0.28 

-

0.27 

-

0.23 

-

0.33 

-

0.23 

2 
-

0.30 

-

0.15 

-

0.15 

-

0.24 

-

0.26 

-

0.04 

-

0.27 

-

0.08 
0.00 

-

0.10 

-

0.28 

-

0.14 

-

0.27 

-

0.06 

-

0.19 

-

0.27 

-

0.18 

3 
-

0.15 

-

0.15 

-

0.01 

-

0.09 

-

0.21 

-

0.11 

-

0.03 

-

0.27 

-

0.15 

-

0.19 

-

0.16 

-

0.17 

-

0.30 

-

0.25 

-

0.06 

-

0.08 

-

0.15 

4 
-

0.04 

-

0.23 

-

0.07 

-

0.21 

-

0.10 

-

0.07 

-

0.08 

-

0.12 

-

0.09 

-

0.16 

-

0.28 

-

0.09 

-

0.26 

-

0.16 

-

0.28 

-

0.14 

-

0.15 

Average per Span-

line 

-

0.18 

-

0.20 

-

0.12 

-

0.18 

-

0.21 

-

0.06 

-

0.16 

-

0.14 

-

0.11 

-

0.17 

-

0.26 

-

0.17 

-

0.28 

-

0.19 

-

0.19 

-

0.21 

-

0.18 
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Continue table (5-5) Corrosion Potentials of Bridge 159.7 (Dec. 1998 through June 2018) 

 

 

 

Bridge 159.7 
S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

June 2018                                   

1 
-

0.29 

-

0.26 

-

0.36 

-

0.18 

-

0.28 

-

0.02 

-

0.43 

-

0.08 

-

0.26 

-

0.18 

-

0.31 

-

0.48 

-

0.27 

-

0.26 

-

0.22 

-

0.24 

-

0.26 

2 
-

0.39 

-

0.15 

-

0.14 

-

0.23 

-

0.16 

-

0.03 

-

0.29 

-

0.09 
0.00 

-

0.08 

-

0.25 

-

0.12 

-

0.25 

-

0.07 

-

0.22 

-

0.28 

-

0.17 

3 
-

0.15 

-

0.15 
0.04 0.03 

-

0.19 

-

0.10 

-

0.01 

-

0.28 

-

0.17 

-

0.18 

-

0.16 

-

0.13 

-

0.27 

-

0.21 

-

0.22 

-

0.09 

-

0.14 

4 
-

0.38 

-

0.17 

-

0.08 

-

0.23 

-

0.08 

-

0.04 

-

0.08 

-

0.12 

-

0.05 

-

0.15 

-

0.27 

-

0.08 

-

0.25 

-

0.19 

-

0.25 

-

0.11 

-

0.16 

Average per Span-

line 

-

0.30 

-

0.18 

-

0.13 

-

0.15 

-

0.18 

-

0.05 

-

0.20 

-

0.14 

-

0.12 

-

0.15 

-

0.25 

-

0.20 

-

0.26 

-

0.18 

-

0.23 

-

0.18 

-

0.18 
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Figure 5–13 Corrosion Potentials of Bridge 159.7 (Dec. 1998 through June 2018)
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5-3-1-2-2 corrosion Currents 

The test results of corrosion currents are presented in table (5-6) below. 

Table 5-6 Corrosion Currents of Bridge 159.7 (Dec. 1998 through June 2018) 

 

Bridge 159.7 

S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

Dec, 1998                                   

1 0.00 0.10 0.20 0.20 0.20 0.50 0.00 0.40 0.20 0.60 0.30 0.20 0.30 0.40 0.10 0.10 0.24 

2 0.10 0.10 0.20 0.20 0.60 0.30 0.50 0.40 0.00 0.20 0.50 0.20 0.80 0.40 0.10 0.00 0.29 

3 0.00 0.10 0.10 0.40 0.10 0.30 0.60 0.40 0.20 0.10 0.10 0.10 0.60 0.00 0.10 0.10 0.21 

4 0.20 0.40 0.10 0.30 0.30 0.20 0.30 0.40 0.20 0.20 0.40 0.30 0.10 0.10 0.20 0.50 0.26 

Average per Span line 0.08 0.18 0.15 0.28 0.30 0.33 0.35 0.40 0.15 0.28 0.33 0.20 0.45 0.23 0.13 0.18 0.25 
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Continue table (5-6) Corrosion Currents of Bridge 159.7 (Dec. 1998 through June 2018) 

 

 

 

 

 

Bridge 159.7 

S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

Nov. 1999                                   

1 0.00 0.00 0.10 0.10 0.10 0.20 0.10 0.00 0.10 0.10 0.00 0.10 0.50 0.10 0.00 0.20 0.11 

2 0.20 0.20 0.10 0.00 0.00 0.10 0.00 0.20 0.00 0.10 0.40 0.00 0.70 0.00 0.00 0.00 0.13 

3 0.10 0.20 0.10 0.30 0.10 0.20 0.00 0.20 0.10 0.20 0.10 0.10 0.40 0.10 0.00 0.00 0.14 

4 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.20 0.00 0.00 0.40 0.20 0.40 0.20 0.10 0.10 0.14 

Average per Span-line 0.10 0.13 0.10 0.13 0.08 0.15 0.05 0.15 0.05 0.10 0.23 0.10 0.50 0.10 0.03 0.08 0.13 
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Continue table (5-6) Corrosion Currents of Bridge 159.7 (Dec. 1998 through June 2018) 

 

Bridge 159.7 

S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

May 2016                                   

1 1.60 1.50 1.30 0.30 0.10 0.10 0.30 0.00 0.30 0.70 2.30 0.10 1.10 0.50 0.70 0.10 0.69 

2 0.60 0.20 0.10 0.20 0.90 0.00 0.00 0.10 0.00 0.10 0.30 0.10 2.20 0.60 0.20 1.90 0.47 

3 0.50 0.20 0.10 0.10 0.10 0.10 0.50 1.10 0.40 1.20 0.00 0.30 0.70 1.50 0.20 0.00 0.44 

4 0.00 0.20 0.00 0.30 0.10 0.00 0.00 0.20 0.20 0.20 0.70 0.20 0.50 0.00 0.20 0.20 0.19 

Average per Span-line 0.68 0.53 0.38 0.23 0.30 0.05 0.20 0.35 0.23 0.55 0.83 0.18 1.13 0.65 0.33 0.55 0.45 
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Continue table (5-6) Corrosion Currents of Bridge 159.7 (Dec. 1998 through June 2018) 

 

 

 

 

Bridge 159.7 

S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

June 2017                                   

1 3.80 0.80 0.90 0.40 0.50 0.10 0.50 0.00 0.40 0.20 2.50 0.40 1.00 0.20 0.60 1.20 0.84 

2 0.85 0.20 0.10 0.40 1.20 0.20 0.70 0.10 0.00 0.20 0.20 0.00 1.50 0.50 0.30 1.70 0.51 

3 1.20 1.90 0.30 0.00 0.10 0.10 0.20 1.70 0.50 1.20 ###### 0.50 0.70 0.60 0.20 0.20 #VALUE! 

4 0.00 0.00 0.00 3.00 0.00 0.00 0.00 0.20 0.10 0.00 0.70 0.30 0.30 0.10 1.20 0.00 0.37 

Average per Span-line 1.46 0.73 0.33 0.95 0.45 0.10 0.35 0.50 0.25 0.40 ###### 0.30 0.88 0.35 0.58 0.78 #VALUE! 
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Continue table (5-6) Corrosion Currents of Bridge 159.7 (Dec. 1998 through June 2018) 

Bridge 159.7 

S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

June 2018                                   

1 6.00 2.00 3.00 0.30 0.50 0.10 0.20 0.00 0.80 0.00 1.60 0.20 2.00 0.50 0.90 1.30 1.21 

2 2.00 0.40 0.10 0.50 0.50 0.10 0.50 0.20 0.00 0.30 0.20 0.00 2.80 0.40 0.30 2.70 0.69 

3 0.40 0.80 3.00 0.20 0.60 0.10 0.10 0.10 0.60 1.50 0.00 0.20 2.60 0.00 0.20 0.60 0.69 

4 1.70 0.00 0.00 0.40 0.20 0.00 0.00 0.10 0.70 0.20 0.60 0.70 0.50 0.20 1.30 0.20 0.43 

Average per Span-line 2.53 0.80 1.53 0.35 0.45 0.08 0.20 0.10 0.53 0.50 0.60 0.28 1.98 0.28 0.68 1.20 0.75 
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5-3-1-2-3 Corrosion Rate 

Table 5-7 Corrosion Rate of Bridge 159.7 (Dec. 1998 through June 2018) 

 

 

Bridge 159.7 

S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

Dec, 1998                                   

1 0.00 0.00 0.01 0.01 0.01 0.02 0.00 0.02 0.01 0.03 0.01 0.01 0.01 0.02 0.00 0.00 0.01 

2 0.00 0.00 0.01 0.01 0.03 0.01 0.02 0.02 0.00 0.01 0.02 0.01 0.04 0.02 0.00 0.00 0.01 

3 0.00 0.00 0.00 0.02 0.00 0.01 0.03 0.02 0.01 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.01 

4 0.01 0.02 0.00 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.00 0.00 0.01 0.02 0.01 

Average per Span line 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 
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Continue table (5-7) Corrosion Rate of Bridge 159.7 (Dec. 1998 through June 2018) 

 

 

 

 

 

Bridge 159.7 

S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

Nov. 1999                                   

1 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 

2 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.03 0.00 0.00 0.00 0.01 

3 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.01 

4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.01 0.02 0.01 0.00 0.00 0.01 

Average per Span-line 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.01 
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Continue table (5-7) Corrosion Rate of Bridge 159.7 (Dec. 1998 through June 2018) 

 

Bridge 159.7 

S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

May 2016                                   

1 0.07 0.07 0.06 0.01 0.00 0.00 0.01 0.00 0.01 0.03 0.10 0.00 0.05 0.02 0.03 0.00 0.03 

2 0.03 0.01 0.00 0.01 0.04 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.10 0.03 0.01 0.09 0.02 

3 0.02 0.01 0.00 0.00 0.00 0.00 0.02 0.05 0.02 0.05 0.00 0.01 0.03 0.07 0.01 0.00 0.02 

4 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.03 0.01 0.02 0.00 0.01 0.01 0.01 

Average per Span-line 0.03 0.02 0.02 0.01 0.01 0.00 0.01 0.02 0.01 0.02 0.04 0.01 0.05 0.03 0.01 0.02 0.02 
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Continue table (5-7) Corrosion Rate of Bridge 159.7 (Dec. 1998 through June 2018) 

 

  

Bridge 159.7 
S1 S2 S3 S4 S5 S6 S7 S8  

A B A B A B A B A B A B A B A B  

June 2017                                   

1 0.17 0.04 0.04 0.02 0.02 0.00 0.02 0.00 0.02 0.01 0.11 0.02 0.05 0.01 0.03 0.05 0.04 

2 0.04 0.01 0.00 0.02 0.05 0.01 0.03 0.00 0.00 0.01 0.01 0.00 0.07 0.02 0.01 0.08 0.02 

3 0.05 0.09 0.01 0.00 0.00 0.00 0.01 0.08 0.02 0.05 ###### 0.02 0.03 0.03 0.01 0.01 #VALUE! 

4 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.01 0.00 0.00 0.03 0.01 0.01 0.00 0.05 0.00 0.02 

Average per Span-line 0.07 0.03 0.01 0.04 0.02 0.00 0.02 0.02 0.01 0.02 ###### 0.01 0.04 0.02 0.03 0.03 #VALUE! 
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Continue table (5-7) Corrosion Rate of Bridge 159.7 (Dec. 1998 through June 2018) 

 

Bridge 159.7 

S1 S2 S3 S4 S5 S6 S7 S8 
 

A B A B A B A B A B A B A B A B 
 

June 2018                                   

1 0.27 0.09 0.14 0.01 0.02 0.00 0.01 0.00 0.04 0.00 0.07 0.01 0.09 0.02 0.04 0.06 0.05 

2 0.09 0.02 0.00 0.02 0.02 0.00 0.02 0.01 0.00 0.01 0.01 0.00 0.13 0.02 0.01 0.12 0.03 

3 0.02 0.04 0.14 0.01 0.03 0.00 0.00 0.00 0.03 0.07 0.00 0.01 0.12 0.00 0.01 0.03 0.03 

4 0.08 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.03 0.01 0.03 0.03 0.02 0.01 0.06 0.01 0.02 

Average per Span-line 0.11 0.04 0.07 0.02 0.02 0.00 0.01 0.00 0.02 0.02 0.03 0.01 0.09 0.01 0.03 0.05 0.03 
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Figure 5–14 Corrosion potentials of bridge159.7 (May 1999 through June 2018) 

 

5-3-1-2-4 Concrete Resistivity of Bridge159.7 
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Table 5-8 Concrete Resistivity of Bridge159.7 (Dec. 1998 through June 2018) 

 May, 1999 Nov, 1999 May, 2016 June, 2017 June, 2018 

Corrosion 

Probe- MEP 
Resistivity (kohm-cm) 

Bridge Span Number 1 

1A1 20 9 9 160 160 

1A2 11 10 19 48 160 

1A3 6 6 11 24 160 

1A4 9 18 33 54 160 

1B1 10 14 33 160 160 

1B2 13 15 27 40 160 

1B3 12 10 22 14 160 

Bridge Span Number 2 

2A1 17 5 9 50 160 

2A2 11 15 27 160 160 

2A3 9 14 37 34 160 

2A4 160 160 #VALUE! 46 160 

2B1 11 15 160 160 160 

2B2 9 12 29 21 160 

2B3 6 8 21 51 160 

2B4 9 6 13 56 160 

Bridge Span Number 3 

3A1 13 21 24 40 160 

3A2 9 16 33 160 160 

3A3 8 6 11 160 160 

3A4 9 9 15 63 160 

3B1 16 10 29 160 160 

 

 



166 

 

 

 

Continue table (5-8) Concrete Resistivity of Bridge159.7 (Dec. 1998 through June 2018) 

  May, 1999 Nov, 1999 May, 2016 June, 2017 June, 2018 

Corrosion 
Probe- MEP Resistivity (kohm-cm) 

Bridge Span Number 3 

3B2 11 12 22 160 160 

3B3 8 8 16 160 160 

3B4 11 13 160 160 160 

Bridge Span Number 4 

4A1 15 11 15 70 160 

4A2 10 9 21 68 160 

4A3 9 9 21 30 160 

4A4 14 160 #VALUE! 6 160 

4B1 12 128 160 160 160 

4B2 9 89 160 160 160 

4B3 9 7 14 160 160 

4B4 11 6 18 60 160 

Bridge Span Number 5 

5A1 10 10 16 160 160 

5A2 9 20 #VALUE! 160 160 

5A3 7 11 31 60 160 

5A4 8 7 13 160 160 

5B1 12 14 11 160 160 

5B2 5 6 13 160 160 

5B3 4 0 9 160 160 

5B4 6 6 10 65 160 

Bridge Span Number 6 

6A1 23 17 39 65 160 

6A2 3 8 7 23 160 
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Continue table (5-8) Concrete Resistivity of Bridge159.7 (Dec. 1998 through June 2018) 

  May, 1999 Nov, 1999 May, 2016 June, 2017 June, 2018 

Corrosion 
Probe- MEP Resistivity (kohm-cm) 

Bridge Span Number 6 

6A3   6 #VALUE! 49 160 

6A4 9 9 16 42 160 

6B1 19 160 160 160 160 

6B2 8 7 12 33 33 

6B3 9 46 99 66 66 

6B4 9 8 6 67 67 

Bridge Span Number 7 

7A1 5 3 6 65 160 

7A2 4 2 6 36 160 

7A3 2 2 1 55 160 

7A4 4 7 15 70 160 

7B1 14 12 18 66 58 

7B2 6 7 11 46 60 

7B3 12 138 16 46 30 

7B4 9 10 18 54 65 

Bridge Span Number 8 

8A1 22 9 15 59 160 

8A2 6 6 10 138 160 

8A3 10 15 13 70 160 

8B1 10 9 15 160 160 

8B2 4 6 9 49 160 

8B3 
5 27 22 152 160 

8B4 
8 7 10 50 160 
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Figure 5–15 Concrete Resistivity of Bridge159.7 (Dec. 1998 through June 2018) 
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5-3-2-3 Discussion of the Field Data 

5-3-2-3-1 Bridge 84.1(Galvanized Steel) 

Depending on the test results of this bridge, the following observation are concluded. 

1-  In June 2018 compared to May 1998, the potentials test results observed a high 

corrosion activity; that obviously means a higher probability of corrosion is 

observed in the bridge deck. This clearly refers to a significant corrosion occuring 

in the main traffic sections (between P2 and P5) and in the negative moment region 

(B2). In other words, that means there is a high risk of corrosion is observed in this 

bridge deck.  

2- Depending on the corrosion density, there is a high probability that there is a 

noticeable reduction in the Galvanized steel reinforcement diameter. 

3- The corrosion rate increased significantly from 0.0191 to 0.114 mpy (mili-inch per 

year).  

4- The test results observed a decrease in concrete resistivity especially in the negative 

moment area of bridge 84.1. This refers to the fact that the reduction in the 

resistivity of the surrounding concrete leads to acceleration of the corrosion on the 

vicinity territory.  

5-3-2-3-2 Bridge 159.7 (Duplex Stainless Steel) 

Depending on the corrosion potentials, currents, corrosion rates, and concrete 

resistivity, all test results indicate that no significant corrosion activity was observed in this 

bridge. This indicates the stainless steel rebars are in passive state.  
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6. Chapter Six 

Service Life Model 

 

6-1 General 

In this chapter, we review the most used and cutting-edge corrosion models. The 

corrosion modeling parameters, types of induced corrosion, corrosion methodology, and 

service life of reinforced concrete structures are discussed and studied in this chapter too. 

The author herein, proposed a method to predict the service life of a reinforced concrete 

structure by linking the corrosion potentials and the associated Sodium chloride content. 

Consequently, the results of the service life model are presented in this chapter also.  

 

6-2 Corrosion Terminology 

The corrosion process is very complex, and the modeling is often based on observations 

rather than a clear understanding of the physical and chemical point of view. It is very 

important to understand some terminology of corrosion modeling process: 

i. Corrosion threshold: the certain minimum concentration of chloride at the surface 

of reinforcing steel that is necessary to destroy the steel passivation layer to initiate 

the corrosion. 

ii. Corrosion deterioration: the time when the reinforced concrete members will not 

be able to meet the functional design criteria due to the corrosion process. 

iii. Corrosion propagation: the interval after the corrosion initiation during which the 

corrosion products grow to launch cracks and disintegrate the concrete mass, and  
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iv. Corrosion Service life: the period of time after placement of concrete during which 

all properties exceed the minimum acceptable maintained values.   

 

6-3 Types of Induced Corrosion 

The corrosion might be initiated by ingress of Sodium chloride or carbon dioxide 

within the concrete mass. The corrosion induced by carbon dioxide is beyond the scope of 

this research.  

The corrosion of steel reinforcement in concrete structures induced by chloride ion 

contamination is a major problem. Deterioration starts with the loss of protection provided 

by the concrete cover as the result of chloride ingress. This is followed by corrosion 

initiation and then propagation.  

The modeling of corrosion implies using different approaches to predict the 

corrosion phenomena and its effects on the stability and/ or reliability of the reinforced 

concrete structures. There are many corrosion models that have been used during the past 

few decades. These models attempted to predict the influences of the corrosion process on 

the reinforced concrete structure. Depending on corrosion modeling, many researchers 

aimed to find out the service life of the structures, the time to corrosion initiation, corrosion 

propagation, and the effects of the concrete cover, bar diameter and cracks presences.  

 

6-4 The Methodology of the Reinforced Concrete Service Life 

The methodology of the models of corrosion are either depending on experimental 

data from the fields or the laboratories results (empirical), or depending on the mechanics 
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of corrosion process (theoretical). In all cases many parameters and values need to be 

assumed. Therefore, the outcome or the predicting results of the corrosion models differs 

from researcher to another. Following is a review of the most used models of corrosion of 

the reinforced concrete structures. 

 

6-5 Service Life of Reinforced Concrete Structures 

The service life of structure is the stage when the structure is able to maintain the 

design safety conditions and resist the loads and environmental effects without an extensive 

maintenance requirement. It is very important to define and determine the service life of 

the reinforced concrete structures. By finding out the service life of any structures, the 

owners will know when and how to start the maintenance and the rehabilitation. 

In general, from the perspective of corrosion phenomena, the service life of any 

structure consists of two important stages which are corrosion initiation and corrosion 

propagation. The corrosion initiation is the time required of chloride ion to diffuse 

throughout the concrete cover and break down the protection layer of the steel 

reinforcement in the steel- concrete interface. On the other hand, the corrosion propagation 

is the time required to build up the corrosion products to reduce the cross section of 

reinforcement and cause concrete cracking, spalling, and delamination. Accordingly, the 

service life of the structure could be presented by the following equation:  

 

 

𝑇𝑙𝑖𝑓𝑒 = 𝑡𝑖 + 𝑡𝑝                                              (6-1) 
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Many authors have defined the service life by the initiation time of corrosion, Tcorr. 

𝑇𝑠𝑒𝑟𝑣𝑖𝑐𝑒 = 𝑇𝑐𝑜𝑟𝑟                                  (6-2) 

Several researchers modify this definition to include the time to cracks of reinforced 

concrete, Tcrack 

𝑇𝑠𝑒𝑟𝑣𝑖𝑐𝑒 = 𝑇𝑐𝑟𝑎𝑐𝑘 = 𝑇𝑐𝑜𝑟𝑟 + ∆𝑡𝑐𝑟𝑎𝑐𝑘              (6-3) 

Here, P. Thoft-Christincen (Figure 8-1) suggested that the service life must be 

modified to include the situation after the crack initiation stage. So, it will be more 

significant to include the after-cracking stage up to a certain crack width of .3 mm. Thus, 

the model should be modified to: 

𝑇𝑠𝑒𝑟𝑣𝑖𝑐𝑒 = 𝑇𝑤𝑖𝑑𝑡ℎ = 𝑇𝑐𝑟𝑎𝑐𝑘 + 𝑇𝑤𝑖𝑑𝑡ℎ = 𝑇𝑐𝑜𝑟𝑟 + ∆𝑡𝑐𝑟𝑎𝑐𝑘 + ∆𝑡𝑤𝑖𝑑𝑡ℎ          (6-4) 

 

 [P. Thoft Christensen] 

 

Figure 6–1 Schematic Service Life Model 
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There are many factors affecting the corrosion initiation and propagation such as 

W/C ratio, permeability of concrete, temperature, moisture content, availability of oxygen, 

thickness of the concrete cover, use of additives like fly ash and silica fume, crack width 

and depth, and the type of reinforcing steel. 

 

6-6 Corrosion Modeling of the Reinforced Concrete Structures-Literature Review 

There are a variety of models that have been proposed to predict the corrosion modeling 

of the reinforced concrete structure. But in general, we could categorize them into three 

types: 

1- Models depending on electrochemistry of corrosion 

2- Models based on diffusion process, and 

3- Models related to empirical approaches. 

 

Yue Li et al. Studied the chloride transmission in cracked concrete. The influence of 

cracks on chloride penetration in concrete with numerical simulation were adopted for this 

study. They prepared a small cylindrical corrosion samples (100*50 mm) with artificial 

cracks (crack width of .05, .08, 0.1, and 0.2 mm). In order to initiate the corrosion, they 

used the rapid chloride migration method (RCM). The samples subjected to electrical 

current of 30-40 mA (35 v) for 2, 4,6,8,10, 12, and 24 hours. Both Fick’s second law and 

Finite Element Method with thermal analysis module were used through this research. The 

test results showed that the cracks effect could be neglected if the crack width is less than 

.05 mm. and if the crack width is larger than 0.1 mm, the chloride transmission is similar 
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to that of liquids.   In my opinion this method is not adequate because it depends on 

empirical method of simulation. Also, it couldn’t predict the service life of reinforced 

concrete members. 

P. Throft-Christensin Model suggested the corrosion initiation and the rate of 

chloride penetration into the concrete mass could be modeled by using Fick’s law of 

diffusion which predicts how diffusion causes the concentration to change with time. 

It is a partial differential equation. P. Christensin simplifies this equation to calculate 

the time to corrosion initiation: 

𝑇𝑖 = 𝑑2/4𝐷 (𝑒𝑟𝑓 − 1 (
𝐶𝑐𝑟−𝐶0

𝐶𝑖−𝐶0
))           (6-5)     

Ti: is the time to corrosion initiation 

d: the cover thickness 

D: chloride diffusion coefficient  

Ccr: critical chloride concentration at the rebar- concrete interface. 

C0: the surface chloride concentration, and 

Ci: the initial chloride concentration. 

Bazant used a Mathematical Models to predict the time to corrosion Cracking 

based on theoretical physical models for corrosion of steel in concrete exposed to 

seawater. He suggested a simplified mathematical model to calculate the time to 

corrosion cracking of concrete cover. The basic assumptions of Bazant’s models are as 

following: 
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i. Oxygen and chloride ion transport through concrete cover are quasi-stationary 

and one dimensional. 

ii. A steady-state of corrosion producing expansive rust layer begins at 

depassivation time, and 

iii. The model is based on red rust which is more dangerous for cracking concrete. 

K. C. Clear made attempts, as early as 1976, to determine the time to cover cracking 

based on pure empirical data. But according to Broomfield, this model is not verified 

or validated yet. The suggested model was: 

√
.052 𝑑1.22×𝑡0.21

𝐶𝑠0.24/(
𝑤

𝑐
)

0.83
                                (6-6) 

where: 

tcrack = time to first cracking (years) 

d = cover thickness (mm) 

t = the age at which Cs was measured (years) 

Cs = the surface (or near surface) chloride concentration (percent by weight of 

concrete), and 

w/c = water/cement ratio 

A deterioration model developed by Cady and Weyers has been used to estimate the 

remaining life of concrete bridge components in corrosive environments. There are three 

distinct phases in their model: diffusion, corrosion and deterioration. The first phase, 

diffusion, is defined as the time for chloride ions to penetrate the concrete cover and to 
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initiate corrosion. The diffusion time usually can be determined empirically using Fick’s 

Second Law. The second phase, corrosion, is defined as a period of time from initiation of 

corrosion to first cracking of concrete cover, the time to cracking ranges between 2 to 5 

years. The third phase, deterioration, describes the time for damage to reach a level of 

percent damage which is deemed as the right time for repair or rehabilitation. Accordingly, 

to predict the corrosion cracking time, they used the 3LP and Gecor device for this 

quantitively prediction.   

Morinaga suggested an empirical equation to predict cracking time depending on the 

field and laboratory results. It assumed that the corrosion cracking will occur when the 

corrosion products reach a certain quantity which given by the equation below.  

Q= .602*d (1+2C/d)0.85 

Q: the critical mass to initiate corrosion cracking 

D:  reinforcement diameter 

C: the concrete cover 

Continuously the corrosion cracking time could be calculated by: 

Tcorr= Q/icrr, and 

icrr: the corrosion rate 

Songkram Pyamahant Et al. proposed a simulating model for corrosion cracking 

of concrete cover in reinforced concrete structures located on land and subjected to airborne 

chloride. Chloride penetration model was proposed and verified with cores taken from the 

land structures. Also, a numerical formula for limited corroded mass that causing the 
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cracking was developed. In their study in order to find the distribution of chloride, they 

used the flux of chloride ions instead of the chloride concentration.   They found the 

calculations in a good agreement with the results of cores. The numerical formula accuracy 

was 25% compared with previous studies.  

Jin-xia XU et al. developed a nonlinear finite element model (FEM) to study the 

electrochemical process of the corrosion of steel reinforcement in concrete. The influences 

of the area ratio and the Tafel constants of the corrosion cell on the potential and corrosion 

current density have been examined with the model. They used the Laplace equation to 

simulate the potentials distribution of corrosion potentials on the surface of rebars. Results 

showed that the distributions of potential and corrosion current density on the steel surface, 

which are different from the average values measured with various electrochemical 

techniques, can be obtained with the finite element calculation. Therefore, the finite 

element calculation is more suitable for assessing the corrosion of steel reinforcement. 

Moreover, the calculation results show that with the decrease of both the area ratio and the 

Tafel constants, the local corrosion of steel reinforcement in concrete is strengthened.  

Tomasz Krykowskia and Adam Zybura developed a computer program, FEM 

and FVM techniques, to model the degradation process of concrete cover due to induced 

chloride corrosion. Results were validated in two stages. In the first stage, the results from 

computer calculations were analyzed. For the examined cover thicknesses of 27, 47 and 70 

mm, the error percentage of the calculated time td of the cover degradation obtained for 

the averaged composition of the corrosion products in comparison to the results of the 

experimental tests varied between 4.1 and 28.6%. Considering the comparison of the 

cracking time tc results to the experimental test results, shows the calculation error ranged 
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from 1.2 to 11.4%. Taking into account the level of the problem complication, considerable 

difficulties in determining the activation time tact and the adopted concrete model, the 

obtained results can be regarded as very satisfactory. In the second stage, the application 

of the transient layer growth model was presented for the non-uniform reinforcement 

corrosion around the rebar circumference. 

In 2001, Trevor J. etal. Developed a model to predict the service life of Virginia 

bridges. The main purpose of this study was finding out the impact of specification on 

chloride-induced corrosion service life of bridge decks at Virginia state. The test procedure 

was extensive and included more than one hundred bridges. Some of these bridges were 

constructed between 1968 and 1972; while the rest were built between 1981 and 1994. The 

developed model was able to predict the time for the first repair and rehabilitation and the 

service life of Virginia bridges. The study depended on field data, data from literature, and 

Monti Carlo Simulation. Test results found that corrosion initiation time was 34 years for 

bridges built between 1968 and 1972, and 47 years for bridges built between 1981 and 

1994.  

An experimental and numerical research was carried out by Di QIAO to simulate 

the corrosion-caused damages in concrete. The study included three-dimensional level, 

where crack propagation and cover spalling as well as tensile performance of corroded 

rebars influenced by local corrosion along the rebar length direction are focused. On the 

other hand, a time-dependent electro-mechanical model based on Rigid Body Spring 

Method (RBSM) is developed for the evaluation of both concrete cracking and tensile 

degradation of rebars due to corrosion. Results showed that the corrosion-expansion model 

can simulate reasonable crack patterns compared to the test results, if the corrosion 
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distribution is properly assumed. The analysis indicates that for 2D cracking behavior 

internal crack propagation is dependent on the corrosion pattern around the rebar rather 

than the cover thickness. If corrosion distributes broadly, parallel cracks also appear for 

10mm cover. The analysis also clarifies that the occurrence of inclined lateral crack as 

shown by 3D cracking behavior may be due to the confinement of concrete surface 

deformation by the other part with less rebar corrosion. 

A study to mode the chloride-induced corrosion initiation of steel rebar in concrete 

has been done by P. Ghods Et. Al. The differential equations for the transport of 

hydroxide, chloride and seven other ionic species in the concrete pore solution, coupled 

with the electrochemical reactions on the steel surface, were numerically modeled in 

simulated crevices that exist between the mill scale and the steel 

surface using the COMSOL finite element software. The numerical results verify that the 

mill-scale on the surface of rebar enhances the initiation of corrosion which is also in 

agreement with experimental findings. 

Modeling the time-to-corrosion cracking of the cover concrete in chloride 

contaminated reinforced concrete structures studied by Youping Liu. The researcher used 

both the 3LP and Gecor devices to measure the corrosion activities. An interaction model 

for characterizing the dynamic corrosion process was developed based on the five-year 

corrosion database. The model demonstrates that the corrosion rate is a function of chloride 

content, temperature at reinforcement depth, ohmic resistance of concrete, and corrosion 

time after initiation. A time-to-corrosion cracking model was suggested based on a 

corrosion-cracking conceptual model and critical mass of corrosion products. The model 
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predicted times to corrosion cracking are in good agreement with the observed times to 

corrosion cracking of the cover concrete. 

E.L. Portela & T.N. Bitterncourt carried out a research to study the time-

dependent probabilistic point-in-time approach to perform service life prediction in RC 

Structures. They modified Faraday’s equation in their research as illustrated below: 

      

𝐷
02−𝐷

𝑡2

4𝐷0
=

𝐴𝐹𝑒×𝑖𝑐𝑜𝑟𝑟×𝑡

𝜌𝑧𝐹
                       (6-7) 

 

  Time-dependent reliability analysis applying FORM and Importance Sampling 

Monte Carlo simulation was performed.  The model presented in this paper takes into 

account probabilistic information such as daily fluctuations of temperature and relative 

humidity. Live load on bridge and its actual strength are measured by means of strain gages 

installed in rebars and concrete. A real Brazilian bridge, which is monitored since 2011, is 

used as a case study in the investigation. The results showed that, in terms of the probability 

of failure, the difference in the predictions based on the two different ionic charges can be 

as large as 500%. This illustrates the importance of considering different types of chemical 

reactions when modeling the corrosion process. 

An experimental study to estimate the residual life of structures affected by 

reinforcement corrosion has been done by Ne´stor F. Ortega and Sandra I. Robles. In 

order to accelerate the corrosion, they applied a constant current density of Icorr=100 

(Ma/cm2). The main idea was to find the loss of natural frequency of the beams due to the 



189 

 

 

 

corrosion of steel reinforcement. For the numerical model they used the Finite Elements 

Method (FEM) and the Autodesk Algor simulation 2012 software.  

A data collected in the field of 26 bridges at Virginia was used to predict the 

corrosion service life in the field by Gregory S.  Williamson et al. The data includes the 

surface chloride concentration, diffusion coefficient, and steel cover depth. Four types of 

reinforcement were considered in their study: Black Steel, Galvanized steel, Stainless steel, 

and microcomposite-chromium steel. The probabilistic model based on the Monte Carlo 

simple bootstrapping technique was used for estimates 

The bridge deck service life. Three distinct time periods were considered in the study 

as follows: 

i. Time to corrosion initiation of 2% of the reinforcing steel;  

ii. Time from corrosion initiation to concrete cracking and spalling of the concrete 

over 2% of the reinforcing steel; and. 

iii. Time for corrosion propagation from 2 to 12%. 

The researchers proposed the following equation to predict the time required of corrosion 

damage to propagate from 2 to 12% for the bridge deck reinforced with black steel: 

 𝑇𝑑 = 8.61 {√(%𝐷𝑒𝑡 + 1.83)2
− 1.45} − 3.34                                     (6-8) 

Where, Det: is the level of deterioration. The following aspects were drawn from their 

results: 

1. The quality of concrete is a very important factor to diminish the corrosion process; 

where the service life of bridge decks expected to pass 100 years if the low 
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permeability concrete is used regardless of the steel reinforcement types and/or 

chloride exposure conditions. 

2. The stainless steel is the best reinforcement type that could develop a service life of 

100 years or more regardless of the concrete quality and/or chloride exposure 

conditions, and 

3. The Micro-composite and Galvanized steel expected to need the same chloride content 

to initiate the corrosion.  

D. Cusson Et Al. used mechanistic modeling to predict the service life of reinforced 

concrete bridge decks subject to chloride attack. A case study of the monitoring of a 

concrete highway bridge barrier wall constructed in 1996 is presented and used to illustrate 

the approach and its benefits. The model was validated against Monti Carlo Simulation 

Method. In the research a two-level decision process based on two types of deterioration 

models was suggested, in which critically damaged bridges are first identified by using 

simplified Markovian cumulative damage models, and then individually analyzed using 

the proposed durability monitoring and probabilistic mechanistic modeling approach. The 

results demonstrated that service life predictions could be improved significantly by 

updating the models with selected field monitoring data from embedded sensors or on-site 

corrosion surveys, as opposed to using selected data from the literature. The proposed 

approach can be used on any RC elements of bridge decks as long as the governing 

corrosion parameters could be monitored on site and fed to the probabilistic mechanistic 

prediction models. 

Prediction of time to crack initiation in reinforced concrete exposed to chloride was 

investigated by Nabi Y. et al. in this study, researchers compute the effects of the chloride 
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concentration and silica fume on the corrosion cracks.  They used an accelerated corrosion 

test (7 days of testing) to initiate corrosion cracks. They developed a formula for measuring 

the change of the current density and bars weight during the test period until the cracks 

initiation. The test results showed that the time to crack initiation of the reinforcing 

concrete structures could be estimated by using the following formula; also, they found 

that 40000 mg/L of Cl concentration is the minimum threshold of cracks initiation in 

reinforced concrete structures. 

𝑡 =  
𝑏𝑎𝑟 𝐷𝑖𝑎.𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
                   (6-9) 

  

The service life of reinforced concrete bridge decks exposed to deicing salts was 

estimated by Trevor J. Kirkpatrick et al. by developing a statistical probabilistic model, 

Monti Carlo techniques-S-Plus 2000.  They incorporated the statistical nature of chloride 

induced corrosion of reinforcing steel into existing models to predict the time to first repair 

and rehabilitation of concrete bridge decks. depending on the test results they concluded; 

1) the corrosion diffusion coefficient is the control factor of corrosion process rather than 

cover depth. 2) the ratio of the corrosion initiation concentration/ surface chloride 

concentration approximately close to 1 cause a huge predicted time for diffusion corrosion 

initiation. 3) the bridges that subjected to the moderate chloride concentrations (such as 

rural areas) are less vulnerable to corrosion initiation than moderate or high exposure zones 

(such as interstate and US routes). 4) increasing the chloride content from 1-2 ib/cy to 8.3 

ib/cy increase the time to the rehabilitation by two or more factors.    
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For the model parameters such as cover depth, surface chloride concentration, and 

apparent coefficient diffusion were obtained from field data tests (10 existing bridges in 

Virginia state).   

6-7 Software Service Life Modeling 

There are variety of computer programs that predicting the service life of reinforced 

concrete members. Some of the routine depend on a probabilistic, deterministic, and 

sochastic analysis. Following are the widely used programs: 

 

6-7-1 Kyosti Tuutti Models 

One of the oldest service life modeling depending on the corrosion performance 

which induced by chloride and carbonation. This model is able to predict the corrosion 

initiation and propagation time. This model uses the Monti Carlo Techniques and empirical 

data to infer the corrosion performance. 

 

6-7-2 Duracrete Model 

This is one of the most used models in Europe because it used the European 

experience data. The model uses the Fick’s Second Law of diffusion and Monti Carlo 

Probability analysis. This model used with the non water saturated reinforced concrete 

members only.  Duracrete Model is not accurate regarding to the other computer programs 

of corrosion service life modeling because it assumed several corrosion parameters such as 

surface chloride and chloride coefficient.  
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6-7-3 Life 365 Surface Life Prediction Model 

This model predicts the service life of the induced corrosion only. The model has a 

wide data for the chloride peofiles of North America. It partially uses the Monti Carlo 

technique based on Fick’s Second Law. The cover depth, exposure condition, mix 

proporation, concrete admixtures, steel reinforcement types, and structure location are the 

main parameters of this model. Also, this model is able to analyze and calculate   the life 

cycle cost of corrosion.  

 

6-7-4 STADIUM Model 

This program requires a well knowledge about the concrete’s transport properties 

such as concrete porosity, chloride/ hydroxide ratio, and so to predict a propabilistic model 

of service life. This model compute the ion transport into concrete in both saturated and 

non water saturated profiles.  

 

6-8 Summary and Conclusion of Corrosion Modeling. 

Different research and studies indicated significant variations in the extent of 

corrosion required to initiate corrosion and cracking. A thorough understanding of 

governing mechanisms is needed to enable effective models to be developed. many 

formulas and models have been proposed for the calculation of the time to onset of 

corrosion initiation and cracking of the concrete cover. Some analytical/mathematical 

models are deduced on the basis of mechanical principles and some empirical expressions 

are obtained according to the experimental data fitting. So far, the models for crack 
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initiation and propagation have been restricted to the stresses generated by the expansion 

of corrosion products. Models comprising the total complexity of the problem, especially 

generated by load induced stresses, have not been found. Most models include several 

empirical coefficients to adjust to experimental results from accelerated corrosion tests. 

The most time-to-corrosion initiation-cracking models (mathematical or based on Finite 

Element Methods) need input parameters for the modeling of chloride concentration, rust 

expansion, rate of corrosion, number of concrete pores that can be filled by corrosion 

products without generating bursting forced in the concrete, etc. However, reliable values 

of such parameters are lacking. No reliable models for predicting the time to spalling or 

delamination of concrete are found. This phenomenon is governed by complex interactions 

between corrosion, loading conditions and reinforcement detailing, which are still not well 

understood. 

 

6-9 Results of Surface Life Model 

 

As we mentioned earlier, there are variety of software models to predict the corrosion 

threshold and estimating the service life of reinforced concrete bridge decks. In this 

chapter, depending on the laboratory potentials of corrosion, sodium chloride profiles, 

previous literature, and the field work, the time of corrosion initiation, propagation, and 

the service life of structure are predicted. The data collected from laboratory tests and field 

performance is used to validate results of simulation model to correlate service life 

predictions from accelerated laboratory-based tests.  
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6-9-2 Chloride Profile (CTL) 

The total chloride contents of the laboratory samples were determined according to 

ASTM C 1152/C 1152M, Standard Test Method for Acid-Soluble Chloride in Mortar and 

Concrete [ASTM C 1152 2003]. The test results were as follows: 

  

1- The Initial Chloride Content 

The chloride contents were measured by drilling the prismatic concrete samples 

before exposing to the chloride content solutions. The test results presented in table (6-1) 

below. Compared with concrete class A, the high performance concrete (HPC) containing 

the lower chloride content. This results in a good agreement with result obtained another 

researcher [J. C. M. Maage and S. Helland 1995]. 

 

Table 6-1 Chloride Profiles of concrete Before Exposing to Sodium Chloride 

Crack Patterns/ Exposing Conditions 

 

Chloride Content 

% 

Potentials 

mV 

A .068 32 

HPC 0.042 28 
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2- The Critical Chloride Threshold Level (CTL) 

This test was performed for samples that already reached the critical chloride 

threshold level. Test results are exhibited in table (6-2) below. Depending on the results, 

concrete class A which reinforced with Black Steel and Epoxy Coated reached the critical 

chloride threshold level. In the same direction, the Stainless Steel reinforced concrete 

samples which had crack width of 0.035, depth of 1”, and subjected to 15% NaCl were 

reached the critical chloride threshold level too. All other exposing conditions still below 

the (CTL). At the threshold level, approximately all samples had the same potentials, 350 

mV.   

 

3- The Chloride Content and Potentials at the age of 33 Months. 

The corrosion potentials and associated chloride contents of all samples at current 

age, 33 months, are included in table (6-3) below.  

 

6-9-3 Corrosion Threshold (Initiation) Model 

Most of the research and studies emphasize the concentration of the induced chloride 

in the reinforced concrete mass, which is the key factor of the corrosion process. To 

incorporate the probabilistic nature of the process was by applying the statistical computing 

techniques were applied to the diffusion-cracking model [R.E. Weyers et al. 1993]. The 

time to corrosion initiation was predicted through using second Fick’s law of diffusion [P. 

Thoft Christensen 2000 and Kirkpatric 2002].  
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Table 6-2 Chloride Profiles of concrete at Threshold level 

 

Crack Patterns/ Exposing 

Conditions 

BS EC SS 

Prismatic Corrosion Samples 

Chloride 

Content 

% 

Exposing 

Age 

(Months) 

Chloride 

Content 

% 

Exposing 

Age 

(Months) 

Chloride 

Content 

% 

Exposing 

Age 

(Months) 

A-Uncracked-3% 0.429 24 0.696 31 --- --- 

A-Uncracked-15% 0.425 22 0.678 30 --- --- 

A-0.011-0.5-3% 0.423 22 0.613 29 --- --- 

A-0.011-0.5-15% 0.415 21 0.663 29 --- --- 

A-0.011-1-3% 0.415 19 0.602 26 --- --- 

A-0.011-1-15% 0.415 19 0.553 25 --- --- 

A-0.035-0.5-3% 0.399 18 0.580 26 --- --- 

A-0.035-0.5-15% 0.440 17 0.773 27 --- --- 

A-0.035-1-3% 0.363 16 0.638 25 --- --- 

A-0.035-1-15% 0.389 16 0.570 24 0.924 30 
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Table 6-3 the Chloride Content Profiles and Potentials for all Conditions at Exposing Age 

of 33 Months of Concrete Class A 

Crack Patterns/ 

Exposing 

Conditions 

BS EC SS MMFX 

Prismatic 

Corrosion Samples 

Chloride 

Content 

% 

Potential

s 

mV 

Chloride 

Content 

% 

Potentials 

mV 

Chlorid

e 

Content 

% 

Potentials 

mV 

Chlorid

e 

Content 

% 

Potentials 

mV 

A-Uncracked-3% 1.018 530 0.998 377 0.978 258 1.039 183 

A-Uncracked-15% 1.110 569 1.088 389 1.065 288 1.132 200 

A-0.011-0.5-3% 1.105 590 1.083 383 1.061 283 1.127 191 

A-0.011-0.5-15% 1.193 645 1.169 404 1.145 329 1.217 219 

A-0.011-1-3% 1.193 651 1.169 421 1.145 310 1.217 247 

A-0.011-1-15% 1.313 678 1.286 445 1.260 319 1.339 247 

A-0.035-0.5-3% 1.149 660 1.126 409 1.103 287 1.172 233 

A-0.035-0.5-15% 1.391 663 1.363 430 1.336 332 1.419 257 

A-0.035-1-3% 1.264 755 1.239 442 1.213 312 1.289 268 

A-0.035-1-15% 1.352 819 1.325 481 1.298 368 1.379 297 
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𝑇𝑖 = 𝑑2/4𝐷 (𝑒𝑟𝑓 − 1 (
𝐶𝑐𝑟−𝐶0

𝐶𝑖−𝐶0
))                    (6-10) 

Where:  

Ti: Time to corrosion initiation. 

d: the concrete cover. 

D: diffusion coefficient. 

Cr: critical chloride concentration at the rebar surface.  

C0: the equilibrium chloride concentration at the concrete surface.  

Ci: initial chloride concentration in the concrete.  

 

6-9-4 Data Regression 

The regression parameters for the laboratory data are presented in the table (8-4) and 

plotted in figure (6-2) below. Fortunately, there is a very good correlation between the 

potentials, chloride contents, and the rebar types. Depending on the test results, for a given 

potentials, the critical chloride threshold level to initiation corrosion for MMFX is higher 

than the chloride threshold levels of Stainless, Epoxy Coated, and Black Steel rebars.  

 

6-9-5 Probabilistic Model 

Numerous empirical formulas and mathematical models have been proposed to 

predict corrosion initiation implemented into a computer program such as FEM, SP-2000, 

MATLAB, and Monte Carlo techniques [Kirkpatric et al. 2002, Williamson et al 2009, and 

Sang-Soon Park et al 2009]. 
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Table 6-4 Regression Parameters 

Rebar Types 

Regression Parameters 

Intercept 

Slope of the 

Regression Line 

R-squared 

a0 a1 R2 

BS -5.477 547.325 0.982 

EC 10.927 342.778 0.993 

SS 15.143 252.75 0.992 

MM 18.103 176.042 0.975 

 

 

Figure 6–2 Chloride Content Vs Potentials 
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The schematic of simulation routine is shown in figure (6-3). In the current study, 

however, the Monti Carlo Simulation was used to predict the corrosion threshold. The data 

was analyzed, and the numerical simulations were performed to estimate the corrosion 

threshold level (initiation) of the deck at certain depths based on current research data and 

some values from previous literature [Kirkpatrick et al 2000]. The number of samples in 

each simulation is equal to 100,000 and each simulation is repeated 20 times to get one 

distribution for each condition. The parameters of the probabilistic model are presented in 

the table (8-5) below depending on current study laboratory data of 2 years and previous 

literature [Kirkpatrick et al 2000]. The random variables we used in the simulations have 

uniform distribution because there is no information about the shape of this variables but 

only the ranges. 

 

Table 6-5 Boundaries of the Probabilistic Model 

Random Variable 

Type of 

Distribution 

min max Reference 

Initial Chloride Content,  

C0 

Uniform 0.3 0.8 Current Study 

Diffusion, Dc 

[in^2/year] 

Uniform 0.016 0.047 

Range from Kirkpatrick et al. 

2002  

C(x, t) Uniform 0.06 0.55 

Range from Kirkpatrick et al. 

2002 [%] 
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[Kirkpatrick et al 2002] 

 

Figure 6–3 The Schematic of Simulation Routine of Service Life Model 
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Furthermore, the simulations process was repeated for different depths, 1 in, 2 in, 

and 3 in respectively. The probabilities of the corrosion initiation for each deck is equal or 

smaller than 20, 30, 40, 50, and 60 years are presented in table (6-6) and plotted in figures 

6-4, 6-5, and 6-6 below. 

 

 

 

Table 6-6 Probability of Corrosion Initiation 

Chloride Content Depth 

(inches) 

Probability of Corrosion Initiation 

(%) 

20yrs 30yrs 40yrs 50yrs 60yrs 

1 34 50 60 67 73 

2 2 10 21 30 39.9 

3 0 0 2 7 13 

Figure 6–4 PDF of Corrosion Initiation at Depth 1” 
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Figure 6–6 PDF of Corrosion Initiation at Depth 2” 

Figure 6–5 PDF of Corrosion Initiation at Depth 3” 
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Future Recommendations 

Depending on the test results and to investigate some important issues which were not 

covered in this research, the following recommendations could be suggested: 

i. Investigate the corrosion behavior of High performance concrete (HPC) 

reinforced with Black Steel. 

ii. Study the correlation between laboratory and field performances of corrosion of 

Galvanized Steel bridge decks. 

iii. Find out the corrosion behavior of reduced cover high performance concrete 

bridge decks reinforced with MMFX and Stainless Steel rebars. 

iv. Test the effects of load-induced-cracking on the corrosion of reinforced concrete 

slabs. 

v. Compute the induced corrosion of sodium chloride and carbon dioxide of bridge 

decks at un urban highway. 
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Concrete sealant technical data 
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