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Abstract 
One of the aims of the thesis is to study corrosion development in cracked concrete, in relation 

to the effect of concrete cover depth, exposure direction, load-induced transverse cracks, defects 

in the steel-concrete interface under horizontal bars caused by top-casting and self-healing of 

the transverse cracks. The other aim is to study the mechanical performance of reinforced 

concrete beams damaged by corrosion accelerated by a climate accelerated method 

(wetting/drying cycles in salt fog). 

Two main parts are included in this thesis. The first part discusses corrosion development, 

including corrosion initiation and propagation, in cracked concrete. The second part discusses 

the mechanical performance of slender and deep beams damaged by climate accelerated 

corrosion, in terms of failure mode, yield capacity, ultimate capacity and ultimate deflection. 

According to the experimental study, it was found that, corrosion always initiated under 

the load-induced cracks. It should be noted that corrosion initiation is related to appearance of 

cracks but not crack width. The surface exposure condition is also an important parameter 

influencing corrosion development. Top-tensioned surface is the worst exposure condition, 

because corrosion development was accelerated by both ponding and gravity effect of chloride 

solution. Furthermore, top-casting-induced defects formed in steel-concrete interface under 

horizontal top-cast bars due to bleeding, segregation and settlement of fresh concrete, and they 

were favorable for both corrosion initiation and propagation. Self-healing occurred when the 

cracked samples were cured in a humidity room with 100% R.H due to the formation of 

ettringite in the inner zone and calcite in the outer zone of crack planes. Self-healing reduced air 

flow through the cracks and reduced the risk of corrosion considerably. 

The flexural performances of slender beams were tested. Corrosion of the reinforcements 

modified the failure mode of reinforced concrete beams. Both yield and ultimate capacity were 

correlated to the maximum cross-sectional loss of tensile bars. The experimental results 

indicated that 1% reduction in cross-section corresponds to 1% reduction in yielding capacity 

and ultimate capacity. For mechanical performance of deep beams, the results show that, serious 



 

II 

pitting corrosion on the tensile bars changed the failure mode from shear to flexure. The failure 

mode of corroded deep beams depends not only on span to effective depth ratio and corrosion 

degree of tensile bars, but also on the corrosion degree of stirrups.  

 

Key words: reinforced concrete; corrosion; chlorides; damage; steel-concrete interface; 

mechanical performance 
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Résumé 
Un des objectifs de la thèse est d'étudier le développement de la corrosion dans le béton armé 

fissuré, en fonction de l’enrobage des armatures, des conditions d’exposition, de 

l’endommagement de l’interface acier-béton induit par le chargement et des défauts de 

l'interface acier-béton sous les barres horizontales liés à la mise en œuvre du béton frais en 

prenant en compte l'auto-cicatrisation des fissures transversales. L'autre objectif est d'étudier la 

performance mécanique des poutres en béton armé endommagées par la corrosion naturelle en 

ambiance agressive (des cycles humifification/séchage en brouillard salin). 

Deux parties principales constituent cette thèse. La première partie traite du développement 

de la corrosion, à la fois initiation et propagation, dans le béton armé en présence de fissures. 

La deuxième partie traite de la performance mécanique des poutres longues et courtes 

endommagés par la corrosion des armatures, en termes de mode de défaillance, seuil de 

plastification, capacité ultime résiduelle et flèche ultime à rupture. 

Les résultats de l'étude expérimentale confirment que la corrosion est toujours initiée dans 

les fissures induites par le chargement. Il convient de noter que la corrosion est liée à la présence 

des fissures mais pas à leur largeur. Les conditions d'exposition sont également un paramètre 

important influençant le développement de la corrosion. Ainsi, une surface tendue 

correspondant à la surface supérieure est la pire condition d'exposition, parce que le 

développement de la corrosion est accéléré par les effets de l’accumulation des chlorures ainsi 

que l’effet gravitaire favorisant leur pénétration. En outre, les dommages induits par le “top-cast 

effect” qui sont formés à l'interface acier-béton sous les barres horizontales par le ressuage et le 

tassement du béton frais, sont favorables à la fois à la l’initiation et à la propagation de la 

corrosion. Le phénomène d’auto-cicatrisation des fissures survient lorsque les échantillons 

fissurés sont conservés à 100% d'humidité relative en raison de la formation d'ettringite dans la 

zone intérieure et de la calcite dans la zone extérieure du plan de fissuration. L’auto-cicatrisation 

réduit le débit d'air à travers les fissures et réduit considérablement le risque de corrosion. 
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Les performances en flexion de poutres longues ont été testées. La corrosion des armatures 

modifie le mode de défaillance des poutres en béton armé. La diminution de la charge de 

plastification et de la capacité ultime a été corrélée à la perte de section transversale des barres 

tendues. Les résultats expérimentaux indiquent qu’une réduction de 1% de la section 

transversale correspond à une réduction de 1% de la charge de plastification et de la capacité 

ultime. En ce qui concerne les performances mécaniques des poutres courtes, les résultats 

montrent qu’une corrosion sévère par piqûres sur les armatures tendues change le mode de 

défaillance par cisaillement à celui en flexion. Le mode de rupture des poutres courtes corrodées 

dépend non seulement du ratio entre la portée et la hauteur utile, mais également du degré de 

corrosion des cadres d’effort tranchant. 

 

Mots clés: béton armé; corrosion; chlorures; l'interface acier-béton; endommagement; 

propriétés mécaniques résiduelles  
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1. Background  

Due to its considerable compressive strength, versatility, low cost and widely distributed raw 

materials [1], concrete is the most widely used building materials around the world. However, 

concrete is classified as quasi-brittle material because the tensile strength is very low compared 

with its compressive strength. Thus, steel bars are used to reinforce concrete in most of 

constructions.  

Corrosion of reinforcement in concrete is one of the principal mechanisms for the 

deterioration of reinforced concrete structures. Every year a lot of reinforced concrete bridges, 

highway structures, buildings and marine facilities suffer from damage caused by corrosion. In 

2000, United States spent $5 billion on the remediation of concrete bridges affected by corrosion 

of the reinforcing steel [2]. In UK, billions of pounds, equivalent to around 4 to 6% of gross 

domestic product (GDP), are spent on the rehabilitating of corroded reinforced concrete 

structures [3].  

Reinforced concrete structures can service long time if they are well designed, built and 

maintained. Because concrete is a good protector for steel reinforcement from both physical and 

chemical points of view. From the physical point of view, concrete protects steel reinforcement 

by preventing the access of aggressive substances, such as carbon dioxide, oxygen, chloride and 

water. From the chemical view, the pH value of concrete pore solution is higher than 13. A 

passive film, which is composed of oxides and hydrated oxides of iron, is formed on the steel 

bars in the high alkali environment. The passive film can protect steel from corrosion, but it 

becomes unstable if the concrete cover is carbonated [4] or the chloride concentration around 

the steel bar exceeds a critical value [5,6]. Chloride contamination stands out as the most 

important cause of steel corrosion, especially for those structures exposed to marine 

environment or de-icing salt. Corrosion accelerates the degradation of reinforced concrete 

structures and leads to several negative consequences. On the one hand, corrosion reduces the 

cross-section area of steel bars and results in the reduction of the load-carrying capacity and 
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ductility of structures. On the other hand, volume expansion of corrosion products leads to 

cracking or even spalling of concrete cover, thus the integrality of reinforced concrete members 

is eventually affected. 

As presented in Figure I-1, service life of reinforced concrete structures is composed of 

two phases, the initiation phase and the propagation phase [7]. In the past, service life of 

corroded reinforced concrete structures was normally defined as the initiation phase, and several 

models such as DuraCrete and LIFE 365 [8] were proposed to predict the initiation time. 

However, at the end of initiation phase, the mechanical performance and serviceability of 

corroded reinforced concrete structures are still able to meet the designed requirements. 

DuraCrete Final Technical Report [8] proposed two types of criteria to define the end of service 

life, Service Limit State (SLS) criteria and Ultimate Limit State (ULS) criteria. Consequently, 

there is an eager demand for a reliable prediction model of service life considering corrosion 

propagation phase. In order to accomplish this, we first have to clarify how corrosion propagates 

and what factors influence the whole corrosion process.  

 
Figure I-1 Tuutti’s corrosion process model [7] 

Furthermore, in order to improve the maintenance of corroded reinforced concrete 

structures and reduce the cost, structural performance of corroded structures should also be 

understood more completely. Comprehensive knowledge about the residual mechanical 

performance can help engineers to decide on the use and maintenance of corroded structures 

more accurately. 
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2. Statement of the problem 

Cracking is an inherent character of concrete and is inevitable during the whole service life. 

Cracks are formed due to different reasons, such as external loading, shrinkages, thermal 

expansion and some physical-chemical actions, etc. Although cracks themselves do not directly 

affect the serviceability and durability of reinforced concrete (RC) structures, a decrease in 

structural performance may be resulted from an increase in concrete permeability caused by the 

occurrence of cracks [9]. A lot of researchers have reached a consensus that cracks accelerate 

corrosion initiation [10-13] because they provide preferential pathways for the aggressive agents 

such as liquids, ions and gases to reach the surface of steel bars [14]. As previously mentioned, 

however, service life of reinforced concrete structures is composed of the initiation phase and 

the propagation phase [7]. It is not well understood how cracks affect the propagation phase. 

How the corrosion propagation period is affected by cracks is still under debate. Otieno et al. 

[13] considers that cracks accelerate chloride-induced corrosion by increasing concrete 

penetrability, and that the corrosion rate also increases with increased crack width in the 

propagation stage. The same authors show, in [15], that crack width, cover depth, and concrete 

quality have interrelated effects on the chloride-induced corrosion rate. Other researchers 

[10,16-18], however, hold the view that crack width has no effect on corrosion propagation 

kenetics. 

Furthermore, it has been noted that self-healing is likely to occur in cracks when the 

cracked samples are placed in a proper environment. Relative humidity is one of the most 

important factors [19,20] influencing self-healing of cementitious based materials. Subsquently, 

the penetration of aggressive agents, such as chloride ions and oxygen, through cracks is also 

impacted [21-24] by self-healing. According to the author’s knowledge, however, hardly any 

related quantitative research has been found neither on the effect of self-healing on corrosion 

process nor on how accumulation of corrosion products influences the permeability of cracks 

and further impacts on the corrosion process. 

Corrosion is a volumetric expansion process and it results in cracking or even spalling of 
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concrete cover, and then damages the integrality of reinforced concrete members. Furthermore, 

the bonding between steel bars and concrete is reduced by the expansive corrosion products. 

Corrosion also results in the decrease of cross-sectional area of steel bars. All these aspects lead 

to decrease of structural performance of reinforced concrete beams in terms of yielding capacity, 

ultimate capacity and ultimate deflection. 

Considerable research [25-40] has been carried out on the structural performance of 

corroded reinforced concrete structures in recent decades. However, most of them were based 

on corrosion accelerated by impressed current or mixed-in chlorides. Due to the different 

corrosion distributions resulting from accelerated corrosion and natural corrosion [41], the 

experimental results obtained in most of the laboratory research works are not reliable to predict 

the performance of corroded RC structures on-site. It is necessary for that matter to study the 

structural performance of RC beams damaged by natural corrosion. 

3. Objectives of the research 

The main objectives of this research are: 

1. To study the development of corrosion in pre-cracked RC beams under sustained loading. 

In detail, the effect of crack width, crack orientation, load-induced damage and/or top-casting-

induced defects on the corrosion process is studied in this research. Meanwhile, it is also 

necessary to identify the impact of self-healing of cracks before exposure to the chloride 

environment on corrosion process.  

2. To study the corrosion distribution along steel bars corroded in a natural environment 

without any impressed current and additive of chlorides. Furthermore, one of the main 

objectives is to investigate the mechanical behaviors of naturally long-term corroded RC beams 

in both flexure and shear aspects including failure modes, load capacity and ductility. 

4. Thesis outline 

This thesis has five chapters. 
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Chapter II presents a literature review including the fundamentals of steel corrosion in 

concrete, and the impact of cracks on chloride penetration and corrosion in concrete. 

Subsequently, distribution of corrosion on steel bars and the effect of corrosion on mechanical 

performance of steel bars are reviewed. Finally, the impact of corrosion on mechanical 

performance of reinforced concrete beams is reviewed. 

Chapter III presents detailed information of three experimental program started from 1984, 

2010 and 2013 respectively. All the details of the beams concerned in the thesis can be found in 

this chapter. 

Chapter IV investigates corrosion development in a natural environment, including the 

impact of cover depth, exposure condition, load-induced damage and top-casting-induced 

damage. The effect of self-healing of transverse cracks on corrosion process is also discussed. 

The distribution of corrosion along steel bars with a length of 3000 mm and the pitting factor of 

natural corrosion is also presented in this chapter. 

In Chapter V, the flexural and shear behaviors of corroded RC beams are discussed. 

Chapter VI presents the conclusions and perspectives of this work. 

Chapter IV and chapter V consist of several research papers, which are either already 

published in an international journal or in the process of publication. In order to keep their 

original format in this thesis, there are some repetitions in some sections, e.g. experimental 

context, exposure conditions etc. 
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1. Fundamentals of steel corrosion in concrete 

Steel bars are not susceptible to corrosion when they are embedded in concrete. It is 

benefited by both physical and chemical protection of concrete. From the physical protection 

perspective, concrete limits the penetration of aggressive agents (chlorides, oxygen, carbon 

dioxide and water), which are necessary to start and maintain corrosion process. From the 

chemical protection perspective, steel bars are protected by the high alkalinity of concrete. A 

thin, dense and passive film is formed on the surface of steel bar due to the high alkalinity 

provided by concrete. The main compositions of this film are mixed oxides and hydrated oxides 

of iron [1-3]. 

Corrosion of steel in concrete is an electrochemical process, including anodic reaction and 

cathodic reaction, which occurs as follow: 

Anodic reaction:  Fe→Fe2++2e-                Equation II-1 

Cathodic reaction: O2+2H2O+4e-→4OH-              Equation II-2 

At the anode of this electrochemical process, iron is oxidated. Corrosion products form and 

precipitate on or not far from the anode sites. Electrons released at the anode are consumed in 

the cathodic reaction, where hydroxyls form through the reaction between water and oxygen. 

The cathodic reaction is not harmful to the steel. The whole corrosion process is presented in 

the schematic presented in Figure II-1 [4].  

 
Figure II-1 A schematic of corrosion process in concrete [4] 
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There are four conditions that must be fulfilled to initiate and maintain the corrosion 

process, (1) an anodic reaction, (2) a cathodic reaction, (3) a conductor for the flux of ions 

between anode and cathode, and (4) a conductor for the flux of electrons. The conditions are 

summarized in Figure II-2 [5]. Normally steel bar in concrete acts as electron conductor, and 

the pore solution of concrete works as the conductor for the flux of ions [6]. 

 
Figure II-2 Necessary conditions for corrosion of steel in concrete [5] 

Corrosion of steel reinforcement in concrete structures can be classified as microcell 

corrosion and macrocell corrosion. In microcell corrosion, anodic and cathodic sites are adjacent 

to each other, small and inseparable. Generally, microcell corrosion is induced by carbonation 

of concrete cover [7]. But even in case of corrosion induced by carbonation, macro-cell 

corrosion appears due to multi-layers os steel (Figure II-3). And the appearance of microcell 

corrosion is usually uniform. While in macrocell corrosion, anode and cathode are clearly 

separated in different areas, and one of the most import features of macrocell corrosion is a 

really big cathode/anode area ratio. Macrocell corrosion occurs frequently in concrete 

contaminated by chlorides or cracked concrete [7,8]. The distribution of macrocell corrosion is 

usually heterogeneous or even in the form of pitting corrosion. 

Macrocell corrosion is usally found in corroded RC structures in-service. As illustrated in 

Figure II-3, the reinforcements of the top layer are contaminated by chlorides or depassivated 

by carbonation and they become active, while the reinforcements of the bottom layer are still in 

passive state and water and oxygen are available there. The active and passive parts are 
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connected electrically by stirrups, then macrocell corrosion form between them. 

 
Figure II-3 Macrocell corrosion in RC structures in-service [9] 

Corrosion of steel in concrete results in the formation of corrosion products, which consist 

of iron oxides and iron hydroxides. The exact compositions of corrosion products depend on 

oxygen availability, pH value, temperature, presence of chloride and carbon dioxide and so on. 

Normally, the volume of corrosion products is several times of original steel, and the expand 

factors depend on their chemical compositions. The expand factors of different corrosion 

products are presented in Figure II-4 [10] and range from 1.8 to 6.2. 
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Figure II-4 Corrosion products and their expand factors [10] 

2. The effect of cracks on steel corrosion in concrete 

Chloride contamination is the major reason for corrosion of reinforced structures in marine 

environment or exposed to de-icing salt. For reinforced concrete without cracks, concrete 

prevent chloride contact with reinforcements, so corrosion initiation time depends on the rate of 

chloride penetration to concrete. In the case of cracked concrete, corrosion initiation is quite 

different. In order to get an overall understanding on the effect of cracks on steel corrosion in 

concrete, it is necessary to make a review on the effect of cracks on chloride penetration and 

corrosion. 

2.1 Effect of crack on chloride penetration 

Chloride penetration in uncracked concrete is managed by three mechanisms, diffusion, 

convection and capillary suction [11], it decreases as the w/c ratio decreases and the cement 

hydration proceeds. It worth noting that chloride transportation in cracked concrete is 

significantly different from that in uncracked concrete, because it is a combination of chloride 

penetration in concrete and in cracks [12]. The presence of cracks in concrete can drastically 

alter the coefficient of chloride penetration. Chloride penetration along cracks can be divided 
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into two phases. In the first phase, convection is the governing mechanism. It is driven by 

hydraulic pressure. In the second phase, chloride penetration is controlled by diffusion in cracks, 

which is driven by concentration gradient. Therefore, the parameter used to describe the 

penetration rate in cracked concrete cannot be named diffusion coefficient. However, most of 

the researchers used diffusion coefficient to characterize chloride penetration in cracked 

concrete. Someone also used the correct expression, e.g. Jacobsen et al. [22] investigated the 

chloride penetration in a steady state and migration rate was used to describe chloride 

penetration. In this section, we retain the expression used in the diferent references even though 

some of them are not so precise. 

When chloride penetration in cracked concrete is studied, it is important to investigate the 

effect of crack characteristics, including crack density (or crack frequency), crack orientation, 

crack depth, crack width and the potential of self-healing of cracks. All the parameters can play 

a quite important role in chloride penetration in cracked concrete. 

2.1.1 Effect of crack width 

Crack width is one of the important characters of cracks. Most of the design codes limit 

the surface crack width of reinforced concrete strucutres exposed to a chloride environment in 

a range between 0.15 and 0.30 mm.  

Chloride penetration in cracked concrete can be depicted as a two-phase parallel model as 

presented in  

Figure II-5 [13]. The chloride penetration across cracked concrete consists of chloride 

penetration across sound concrete and that along crack path. At a steady state, the equivalent 

diffusion coefficient of cracked concrete (Deq) can be described in Equation II-3. 
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Figure II-5 Two-phase parallel model for diffusion in cracked concrete [13] 

𝐷𝑒𝑞

𝐷
= 1 +

4𝑤𝑐𝑟𝛽𝑐𝑟

𝜋𝑑

𝐷𝑐𝑟

𝐷
       Equation II-3 

Where: 𝛽𝑐𝑟 is a geometry factor of cracks, Deq is the equivalent diffusion coefficient of 

cracked concrete, D is the diffusion coefficient of sound concrete, Dcr is the diffusion coefficient 

through cracks. It is considered that chloride diffusion through cracks is the same as that in free 

solution, thus Equation II-3 can be written in another form, which is described in Equation II-4, 

where D0 is the diffusion coefficient in free solution. At 25oC, the value is 2.032×10-5 cm2/s [14].  

𝐷𝑒𝑞

𝐷
= 1 +

4𝑤𝑐𝑟𝛽𝑐𝑟

𝜋𝑑

𝐷0

𝐷
      Equation II-4 

It is obvious that equivalent diffusion coefficient of cracked concrete is proportional to the 

crack width. A lot of investigations have confirmed that, chloride diffusion coefficient increased 

with the increase of crack width [13,15-18]. Sahmaran [15] found that, for crack widths less 

than 100 μm, the effect of crack width on the effective diffusion coefficient of mortar was found 

to be marginal, whereas the effective diffusion coefficient increased rapidly with crack width 

when the width was higher than 211 μm (Figure II-6). 
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Figure II-6 Effective diffusion coefficient vs. crack width in cracked mortar [13] 

Ismail et al. [16] used an expansive core to generate some cracks of various widths on 

mortar samples. The schematic of the set-up is presented in Figure II-7. They found that, cracks 

with width larger than 0.2 mm played like a free surface on chloride diffusion process 

perpendicular to the crack wall. Chloride diffusion in the cracks with width in 80-100 μm was 

much slower, and it was considered no chloride diffusion occurred along the crack path when 

crack width was less than 30 μm.  

 
Figure II-7 The schematic of mortar sample and expansive core [16] 

Park et al. [17] applied rapid chloride penetration test (RCPT) on samples with different 
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crack width (crack width ranged from 0.1 to 0.4mm), they found a correlation between crack 

width (Equation II-5) and the chloride diffusion coefficient. The correlation is shown in Figure 

II-8. The diffusion coefficient increased with growing crack width. Comparing with sound 

concrete, chloride diffusion in cracked concrete is much faster. It is worth noting that, the 

increasing rate of diffusion coefficient was considerably higher when the cracks were wider than 

0.2 mm. 
Dcrack=(1+347.85w-1642.57w2+4189.27w3)Dd        Equation II-5 

 
Figure II-8 Variation of normalized diffusion coefficient with crack width [17] 

Djerbi et al. [18] used splitting test to obtain cracked samples with different crack widths. 

The widths ranged from 30 to 250 μm. Three different types of concrete were investigated in 

this research. The results showed that the diffusion of chloride in cracked concrete was mostly 

depended on crack but not on concrete substrate. For crack widths < 80 μm, the diffusion 

coefficient increased moderately compared with that corresponding to uncracked concrete, 

whereas for crack widths > 80 μm, the diffusion coefficient increased rapidly. 

Jang et al. [13] obtained some cracked samples with a splitting test and used a steady-state 

migration test to study the effect of crack width on chloride diffusion coefficient. The 

relationship between crack width and chloride diffusion coefficient is presented in Figure II-9. 

It was found that when the crack width was larger than 80 μm, chloride diffusion coefficient 
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increased with crack width, while chloride diffusion coefficient was relatively stable when the 

crack width was smaller than 80 μm. 

 
Figure II-9 Relationship between crack width and chloride diffusion coefficient [13] 

Wang et al. [19] applied different levels of flexural load on reinforced concrete beams to 

create some cracks with various widths. The reference load (F) created a crack of 0.1 mm. They 

also applied another load of 0.5 F, the created crack had much samller width. When 0.5F was 

applied, the chloride diffusion coefficient was almost the same as sound concrete. When the 

reference load was applied, the diffusion coefficient was significantly higher.  

There is one point in common in the aforementioned references [13, 15-19], cracks had 

little influence on chloride penetration when the crack width was below a critical value. The 

main reason could be contributed to the self-healing effect in the small cracks. It should also be 

noted that, the critical value was various in different investigations. The different methods used 

to create cracks, to accelerate chloride penetration, to measure chloride contents are the main 

reasons of diversity obtained in different studies.  

Djerbi et al. [18] tried to separate chloride diffusion in sound concrete and through cracks 

and study the chloride diffusion coefficient through cracks. The results are presented in Figure 

II-10. It was found that chloride diffusion coefficient through cracks increasing linearly with the 

increasing of crack width from 30 to 80 μm and was almost constant and equal to that in free 
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solution when the crack width was approximately 80 μm or more. 

 
Figure II-10 Effect of crack width on chloride diffusion coefficient through cracks [18] 

 According to all the investigations mentioned above, we can find that crack width plays 

an important role on chloride penetration in concrete. However, it is quite difficult to find a clear 

quantitative relationship between crack width and chloride ingress based on the reviewed 

articles here, because the methods used in these studies were diverse. 

Nevertheless, it is clear that there is no correlation between the different width threshold 

found in literature for transfer mechanisms and the value reported in Standards. 

2.1.2 Effect of crack depth 

Crack depth also plays a critical role on chloride penetration in concrete. For example, if 

the crack in concrete is not connected to the reinforcements, chloride penetration to the surface 

of reinforcements is still partially controlled by sound concrete, because chlorides need to 

penetrate a part of concrete without any crack. 

Marsavina et al. used [20] a non-steady state migration test (NT BUILD 492) to study the 

chloride diffusion coefficient in concrete samples with cracks of different depths. They found 

that a higher chloride penetration depth was noted for a greater crack depth, especially for the 

longer test durations. It should be noted that the additional chloride penetration depth decreased 
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with the increase of crack depth. The chloride ions needed a certain time to bridge the crack 

depth, even though the tortuosity of cracks generated by notches could be considered as 0. 

2.1.3 Effect of crack density 

Konin et al. [21] studied the effect of micro-cracks on chloride penetration, it was 

concluded that an increase in the micro-cracking density led to an increase in chloride 

concentration. Jacobsen et al. [22] used freeze/thaw cycles to generate some cracks on concrete 

samples. A steady-state flow method was applied in this study to measure the chloride 

penetration coefficient of cracked concrete samples with different crack densities. They found 

that chloride migration rate increased by 2.5, 4.3 and 7.9 times when the crack densities were 

0.46, 0.61 and 0.77 per millimeter compared to the virgin specimen. Mu et al. [23] used copper 

sheets (Figure II-11) of 0.2 mm thickness to make some artificial cracks of different densities 

on concrete samples. Each sample contained one to five cracks. It was found that the contents 

of acid soluble chlorides increased with increasing crack density of concrete under a non-steady 

state diffusion. 

 
Figure II-11 Schematic of the apparatus used in [23] to prepare artificial crack 
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According to the investigations aforementioned, it is undoubtedly that chloride penetration 

rate increases with the increase of crack density. 

2.1.4 Effect of loading condition 

Loading applied on the concrete elements is also an important factor influencing chloride 

penetration into concrete, because it changes the pore structure and creats some micro- or macro-

cracks. It is difficult to obtain the quantitative relationship between loading condition and 

chloride penetration performance because characteristics of cracks become different according 

to the loading types such as tension, compression, flexure, and loading levels. 

C.C Lim et al. [24] used a hydraulic jack to apply sustained compressive stress on concrete 

samples. Three levels of sustained compressive stresses at 20%, 35% and 50% of the ultimate 

compressive strength were investigated. At the same time, the loaded samples were immersed 

in 3% NaCl solution. Microcracks appeared at 35% sustained stress level, however, the apparent 

chloride diffusion coefficient (Da) was found to decrease comparing with the unloaded control 

specimen. At 50% sustained stress level, a further reduction in Da was observed even though 

microcracks propagated. While it should be noted that, at 50% compressive strength level, the 

micro-cracks observed were discontinuous and occurred only around coarse aggregates. It could 

be concluded that chloride diffusion coefficient decreased when the uniaxial compression was 

lower then 70% ultimate compressive strength, because the compressive load closed some 

microcracks and pores.  

A. Castel et al. [25] studied chloride diffusion in the tensile zone of a reinforced concrete 

beam under sustained loading. The chloride diffusion coefficient in the mid-part of the beam 

was signicantly (40%) higher than that in the edge part. It was concluded that the interconnection 

of micro-cracks located at the paste-gravel interface due to the high level of strain led to the 

increase of chloride diffusion coefficient. Francois and Maso [26] also found that chloride 

diffusion coefficient in the tensile zone of a RC beam was remarkably higher that in the 

compressive zone. Gowripalan et al. [27] studied the chloride diffusivity of concrete under 
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sustained compressive and tensile loads. The apparent chloride diffusion coefficient in the 

tension zone was relatively higher than that in the compression zone. Furthermore, with the 

increase in stress level, chloride diffusivity was found to decrease in the compression zone, and 

it marginally increased in the tension zone. H.L Wang et al. [28] studied the effect of different 

stresses level on the chloride diffusion. The results showed that, the concentration at a given 

depth decreased with the increase of the compressive stress, especially for the concretes with 

high w/c, while the chloride concentration at a given depth increased rapidly with the increase 

of flexural stress, especially for the high w/c specimens. 

The effect of loading level before exposed to aggressive environment on the chloride 

transportation in concrete was studied by Ababneh et al. [29] (Figure II-12). It was revealed that 

when samples bended with 3 points method, the chloride concentration at the level of steel bar 

was not correlated to the tensile load level. The chloride concentration of G6, which was loaded 

with 50% of ultimate strength, was lower than that of G7, which was loaded with 25% of 

ultimate strength.  

 
Figure II-12 The chloride profile of different series [29] 

It could be concluded that, tensile stress always increases the chloride diffusion coefficient. 

Connective cracks can form under tensile stress, even though the tensile load is at a relative low 

level. However, the impact of compressive stress on chloride diffusion coefficient depends on 

the level of applied stress. When the compressive stress is lower than a critical value, no 
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connective cracks form and some pores in concrete are partially closed, chloride diffusion 

coefficient decreases. On the contrary, when the compressive stress is higher than the critical 

value, some connective cracks are generated and chloride diffusion coefficient increases. 

2.1.5 Effect of self-healing and healing caused by corrosion products 

A lot of existing publications [30-32] and practical experience have demonstrated that self-

healing is trend to occur in cracks within cementitious materials when the samples are subjected 

to proper environment. Cracks are able to be sealed completely when their width is smaller than 

a critical value. 

Self-healing of cracks reduces the permeability of cracked concrete, thus the chloride 

diffusion, oxygen diffusion and water transportation in concrete are limited. Jacobsen et al. [22] 

studied the effect of self-healing on chloride ingress in concrete. The cracked concrete samples 

were immersed in lime saturated water at 20 oC for three months. It was found that the rate of 

chloride migration was reduced by 28-35% due to the self-healing of cracks, and penetration 

time increased significantly compared to new cracked samples without self-healing. 

In the investigation of Sahmaran et al. [15], some white traces appeared on the crack 

surface where the crack was narrower than 50 μm and blocked the flow path of chlorides. XRD 

test show that the main composition of the white traces was calcite. 

During corrosion process, corrosion products can also precipitate in cracks. Therefore 

chloride ingress along cracks would be impacted. According to the author’s knowledge, no 

quantified study has been found on the influence of corrosion products precipitation on the 

permeability of cracked concrete. 

2.2 Effect of cracks on corrosion 

2.2.1 Corrosion process in cracked concrete 

There is classical model about corrosion process in concrete, which is proposed by Tuutti 
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[33]. In this model, it was considered that the corrosion process could be divided into two stages: 

the initiation stage and the propagation stage. This definition is not suitable, however, for 

cracked concrete.  

François et al. proposed another model, which is suitable for corrosion in cracked concrete 

[34,35] (Figure II-13). In this model, the corrosion of the steel bar is divided into four phases: 

incubation, initiation, induction, and propagation. During the incubation phase, the cracks of 

concrete provide easy access, allowing aggressive ions to reach the reinforcement. As a result, 

the passive film on the steel bars around the cracks is destroyed first. Corrosion always very 

shortly initiates around a flexural crack (a few weeks) [36], whatever its width. When the 

initiation phase begins, chloride concentration at the depth of the reinforcement in zones located 

between two flexural cracks would not be sufficient to break down the passive film. Parts of 

steel bars without a passive film act as anodes, while others, well protected by concrete, act as 

cathodes. Since anodic and cathodic areas are separate, steel bars corrode in the form of macro-

cell corrosion during this period [37]. Due to the high ratio between the cathodic area and anodic 

area, and because aggressive agents enter through preferential paths created by flexural cracks, 

the corrosion process in this time is controlled by concrete resistivity, which governs the flux of 

ions between anode and cathode. The first corrosion products fill the crack tip and limit the 

access of chloride ions, which leads to a repassivation of the steel bar. Then, the induction phase 

begins, when chloride ions have enough time to penetrate the concrete cover and reach the steel 

reinforcing bar in an un-cracked area. During the induction phase, the corrosion process 

continues very slowly, restricted by the anode reaction due to the small anodic area. Exposure 

conditions are very important in this phase, corresponding to the ingress of chloride ions into 

concrete porosity. A horizontal surface under tension could also be a very prejudicial, since 

cracks could be filled by chloride solution due to ponding and gravity, increasing chloride 

penetration with time. According to François et al.’s model, the induction phase is shorter than 

the initiation phase in case of un-cracked concrete due to the fact that concrete located between 

cracks is under tension and therefore subject to mechanical damage, such as cover-controlled 
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cracking [38,39]. That leads to a higher rate of chloride ingress [27,40] and interface damage 

that allows corrosion to spread more freely along the rebar [41]. 

 
Figure II-13 Phenomenological models for corrosion process in concrete Tuuti,1982 [33] and for cracked 

structures, François et al., 1994 [35] 

Schießl et al. [42] proposed two mechanisms of corrosion in cracked concrete. In 

Mechanism 1, the anodic and cathodic sub-processes take place in the crack zone. Anodes and 

cathodes are extremely small and located closely side by side (microcell corrosion). Oxygen is 

mainly supplied to the cathodically acting surface zones through the crack. In Mechanism 2, the 

reinforcement in the crack zone acts mainly as an anode, the passive steel surface between the 

cracks forming the cathode. In this case, oxygen transport to the cathode is dominantly via the 

uncracked concrete (macrocell corrosion). They considered that the corrosion rate in 

Mechanism 2 was expected to be much higher than in Mechanism 1, since the steel surface 

involved in the cathodic sub-process is much larger.  

Hansson et al. [43] measured macrocell and microcell corrosion of steel in ordinary 

Portland cement and high performance concretes, in order to determine the influence of concrete 

type and concrete properties on the relative microcell and macrocell corrosion rates. In this 

investigation, macrocell current was measured with the method described in ASTM G109-02, 

while the microcell current was measured with the LPR (linear polarization resistance) method. 

Three types of concrete were studied, an ordinary Portland cement concrete (corresponding to 

Class C-2 in Canadian standard) and two high performance concretes blended with fly ash and 

blast furnace slag respectively. The results indicated that, for specimens made with OPC, the 
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microcell corrosion rate was about 2 times of the macrocell corrosion rate. Both the macrocell 

and microcell current in OPC was in the order of 10-2 A/m2. The microcell currents of HPC (10-

3 A/m2) were about one order of magnitude lower than that in OPC, and the macrocell currents 

of HPC (10-5 A/m2) were about three to four orders of magnitude lower than that in OPC. In 

other words, microcell corrosion was the dominant corrosion mechanism and cannot be ignored 

in high performance concrete.  

Ji et al. [44] also confirmed that microcell corrosion must co-exist with macrocell corrosion 

of reinforcement in concrete. And microcell corrosion took place only in the active areas facing 

the concrete cover, while macrocell corrosion took place between the active areas and the 

passive areas opposite to the concrete cover or the passive areas protected well by concrete. 

They stated that both macrocell and microcell corrosion mechanisms played important roles. 

The total corrosion rate could be underestimated if one of them was ignored.  The same authors 

[45] studied the corrosion in reinforced concrete with transverse cracks. This study indicated 

that the macrocell corrosion current was not affected by the width of transverse cracks, while 

the microcell corrosion current had a positive correlation with transverse crack width. 

Linear polarization resistivity method was used to measure the microcell current in all the 

aforementioned references [43-45]. It should be noted that the LPR method is not applicable for 

localized corrosion, because the Stern-Geary equation, the basic theory used in the LPR method, 

is applicable only for uniform corrosion [46,47]. Even though some researchers used 

instrumented steel bars to simulate small anode, the microcell current obtained with LPR 

method is still far away from the actual value, because the corrosion is still not uniform in a 

really small anode [48]. Due to the incorrect theory, the corrosion rates of micro-cell corrosion 

in concrete determined by LPR method are not reliable. Consequently, the portion of macrocell 

and microcell corrosion current in concrete is not yet well clarified. 

2.2.2 Effect of cracks on corrosion initiation 

About the effect of cracks on corrosion initiation, nearly all the researchers hold the view 
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that cracks accelerated corrosion initiation. Some others stated that, the defects on steel/concrete 

interface were more important than the existence of cracks in concrete. 

※ Cracks accelerate corrosion initiation 

A lot of publications demonstrated that cracks played an important role on corrosion 

initiation [36]. Yu et al. [49] investigated corrosion process in cracked reinforced concrete beams 

under sustained load. It was found that corrosion always initiated at the tips of cracks. François 

et al. [50] and Schießl and Raupach [42] did some research on effect of crack on corrosion 

initiation, they also got some similar results. Scott et al. [51] made concrete samples with two 

types of binder, ordinary Portland cement (PC) and ordinary Portland cement blended with 

GGBS (SM). Cracks with width of 0.2mm and 0.7mm were induced on the concrete samples. 

Then the samples were exposed to a weekly cycle of three days wetting with a 5% NaCl solution 

and four days drying at 30 oC. Corrosion potential was monitored against an Ag/AgCl reference 

electrode. The results are presented in Figure II-14. We can find that the presence of cracks 

decreased the corrosion potential at a significant degree for the ordinary Portland cement group. 

 
Figure II-14 Potentials of PC and SM (0.2mm cracked and uncracked speciemens) 

It is not difficult to explain the acceleration of corrosion initiation. Cracks provided easy 

access for chloride penetration, thus chloride concentration at the surface of steel bars increased 

rapidly. When the chloride concentration exceeded a threshold value, the passive film on the 

steel bars broke down and corrosion initiated.  
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Torres et al. [52] cast 34 reinforced concrete beams of 80×90×1900 mm in size and then 

loaded two beams face-to-face to generate some flexural cracks. The width of cracks ranged 

from 0.1 to 0.6 mm, and the beams were subjected to wetting/drying cycles in salt solution and 

then continuous immersion in salt solution. Twenty years later, the chloride profile was 

measured and the beams were broken to check corrosion. Although chloride concentration at 

the depth of steel in un-cracked area did not reach the threshold value, corrosion was found in 

the cracked zone.  

Jaffer et al. [53] used 3-point flexural load to create some transverse cracks on reinforced 

concrete beams. The beams were immersed in a 3% NaCl solution. At the end of this experiment 

(more than 500 days), corrosion was found only at the intersections between reinforced steel bar 

and cracks in the concrete. Li et al. [54] applied 60% of the nominal flexural strength on the 

beams to generate some cracks. They found that corrosion always initiated at cracked sections 

for all tested beams.  

It should be noted that, corrosion area was limited to be adjacent to the cracks, while other 

parts of steel were still in passive state, because the chloride concentration at the depth of 

reinforcement in a non-cracked zone was still lower than the usual threshold value. The steel 

parts under flexural cracks acted as anodes, while other parts acted as cathodes, resulting in 

macro-cell corrosion.  

Yu et al. [49] and Zhang et al. [55] found that there was no relationship between the width 

of flexural cracks and the locations where corrosion occurred. It was considered that a 

significant parameter in reinforcement corrosion initiation was the existence of cracks, but not 

the width of cracks.  

※ Defects on steel/concrete interface is more important for corrosion initiation 

Paradis [56] made some U shape samples (as shown in Figure II-15), and applied load on 

the two legs to create some cracks on the samples. The width of cracks was about 0.2 mm. The 

samples were subjected to wetting/drying cycles. He found that not all pre-cracks favored 

corrosion initiation, corrosion was observed at one of five cracks. It was stated that cracks 
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provided access for aggressive agents, but did not create a potential difference on the steel bar. 

Maybe the defects on the steel/concrete interface are more important for corrosion initiation 

than the presence of cracks. When the microstructure of the steel/concrete interface is good, it 

seems that a thin passive film can protect steel against corrosion. 

 
Figure II-15 Schematic of U shape samples [56] 

The effect of loading level before exposed to aggressive environment on the chloride 

transportation in concrete was studied by Ababneh et al. [29]. It was revealed that when samples 

bended with 3 points method, the corrosion of steel bar was not related to chloride concentration. 

The chloride concentration of Sample G6, which was loaded with 50% of ultimate strength, was 

lower than that of Sample G7, which was loaded with 25% of ultimate strength. But the 

corrosion of Sample G6 was more serious than that of Sample G7. It could be speculated that 

the corrosion degree is more depended on the damage of steel/concrete interface rather than 

chloride concentration.  

Michel et al. [57] proposed that, comparing with surface crack width, damage at the 

concrete-steel interface caused by load was a more fundamental indicator for the susceptibility 

of reinforcement to early corrosion initiation. 
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2.2.3 Effect of cracks on corrosion propagation 

Different from the effect of cracks on corrosion initiation, whether the corrosion 

propagation period is affected by crack width is still under debate. In the following sections, we 

will discuss the effect of crack parameters, including crack width, crack frequency, crack type 

and self-healing of cracks, on corrosion propagation.  

※ Effect of crack width on corrosion rate 

There are a lot of publications focused on the effect of crack width on corrosion rate. In 

these investigations, corrosion was usually accelerated with wetting/drying cyclic or impressed 

current. Due to the significantly different process and in order to avoid the confusion caused by 

different experimental methods, the collected results are discussed separatly in two groups. In 

the first group, corrosion was accelerated with wetting/drying cyclic method, and in the second 

group, corrosion was accelerated with impressed current.  

Corrosion accelerated with wetting/drying cyclic method: 

In the cases of wetting/drying cycles accelerated corrosion, the viewpoints on the effect of 

crack width on corrosion rate could be classified to three different issues. 

1. Cracks have no effect on corrosion rate in propagation phase 

François et al. [58] carried out an experimental program on reinforced concrete beams 

under sustained loading and kept in a confined salt fog room. Al the test specimens were 3 

meters long, which is a sufficient size to be representative of the actual operating conditions of 

reinforced concrete structures. After 12 years of exposure in the chloride environment, they 

found that the development of reinforcement corrosion is not influenced by the widths of cracks. 

In the research of Pettersson et al. [59], slabs made with high performance concrete were 

cast. Cracks of 0.4 mm and 0.8 mm in width were generated on the samples. Some of the samples 

were partially submerged at the field site outside Elkem’s plant in Norway, while other samples 

were partially submerged in a 3% NaCl solution in laboratory. Corrosion rate of the samples 

was monitored. It was found that there was little effect of crack width on corrosion rate. 

2. Corrosion rate is affected by crack width only in early stage 
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Mohammed et al. [60] used 10×10×40 cm single-cracked samples to investigate the effect 

of crack width on corrosion rate. Water-to-cement ratios were 0.3, 0.5 and 0.7 respectively. The 

crack width was 0.1, 0.3 and 0.7 mm. The samples were subjected to cycles of 24-h wetting with 

3.5% saltwater spray followed by 60-h drying (temperature=60oC and relative humidity=80%). 

They found that, in the very early age (1-2 weeks), corrosion rate increased with the increase of 

crack width. After 4 weeks, there was no explicit relationship between crack width and corrosion 

rate. They also emphasized that the presence of a crack was much more important than its width 

regarding corrosion of steel bar in concrete, and water-to-cement ratio was more important for 

corrosion rate than crack width.  

Wang et al. [19] monitored the corrosion rate of steel bar in reinforced concrete beams with 

cracks of different widths. The beams were exposed to cycles of 1-d wetting in 10% chloride 

solution followed by 6-d drying. The results are shown in Figure II-16. It was found that 

corrosion initiates earlier in the RC beams with 0.1 mm crack. After initiation, the corrosion rate 

was also affected by crack width. The corrosion rate in beams with 0.1 mm crack was 

significantly higher than in beams only with micro-cracks. But in the later stage after 56 weeks, 

corrosion rate in the two situations tended to be almost the same. It could be contributed to the 

self-healing of cracks. 

 
Figure II-16 Corrosion rate of steel bar in cracked reinforced concrete beams [19] 

Schießl et al. [42] carried out experiments on reinforced specimens with width of 0.1, 0.2, 

0.3 and 0.5 mm. Cracks were induced by 3-point loading. The specimens were exposed to 12 
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wetting/drying cycles with wetting by 1% chloride solution for 24h and drying for 6 days. Then 

the specimens were exposed to 2 wetting/drying cycles with tap water without chloride. A low-

resistance ammeter was used to measure the corrosion current, then the measured cell currents 

were used to calculate mass loss of reinforcements. The calculated mass losses of steel in 

cracked zone due to macrocell corrosion after 24 weeks and 2 years are presented in Figure II-17 

and Figure II-18 respectively. It was found that corrosion currents increased with growing crack 

width at 24 weeks, even though concrete cover and concrete composition played a more 

important role on corrosion rate than crack width. After 2 years, there was no significant 

relationship between crack width and corrosion rate.  

 
Figure II-17 Calculated mass loss after 24 weeks [42] 
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Figure II-18 Calculated mass loss after 2 years[42] 

Beeby et al. [61] reported a research program carried out in Technical University Munich, 

a series of beams were loaded to give crack width of up to 0.4mm. The beams were exposed to 

marine environment. They found that, in the first 2 years, a considerable influence of crack 

width on corrosion rate was detectable. However, after 10 years the influence of crack width 

was found to be negligible. They also stated that cover depth and concrete quality is more 

important for corrosion than crack width. 

Scott et al. [51] studied corrosion rates in cracked samples with cracks of 0.2 and 0.7 mm 

in width. The cracked samples were exposed to a weekly cycle of three days wetting with a 5% 

salt solution and four days drying at 30 oC. The corrosion rate was monitored up to 86 weeks 

(less than 2 years). The results indicated that corrosion rate in samples with cracks of 0.7 mm 

was always greater than that in those samples with cracks of 0.2 mm. However, these increases 

were limited compared with the changes associated with different concrete cover depth or 

replacement of cement by supplementary cementitious materials. And it should be noted that 

the corrosion rate was followed for less than 2 years, no long-term results were obtained. So it 

is not able to determine how crack width affects the long-term corrosion rate.  



 

37 

Corrosion accelerated with impressed current: 

Otieno et al. [62] investigated the influence of crack width (0.7 mm, 0.4 mm and incipient 

cracks) on chloride-induced corrosion in RC specimens with concrete cover of 20 and 40 mm. 

Prior to cracking the beam specimens, anodic impressed current was used with the intention to 

initiate an active corrosion rate. The impressed current was limited to less than 2.0 Amperes to 

ensure chlorides reach the steel and minimize the steel mass loss. After that an effective current 

of 8.6 μA was applied for a further 2 hours to result in a corrosion rate of approximately 0.1 

μA/cm2 in all the specimens. Finally, one half of the samples were exposed wetting/drying 

cycles in laboratory while the others were exposed in a marine tidal zone to undergo natural 

corrosion. Linear polarization resistance method was used to monitor corrosion rate for up to 

122 weeks. Experimental results indicated that corrosion rate was sensitive to crack width and 

increased with increasing crack width. The same authors show that, in [63], crack width, cover 

depth, and concrete quality had interrelated effects on the chloride-induced corrosion rate. 

In the research of Sahmaran et al [64], flexural load was used to generate cracks with width 

ranging from 0.029 to 0.390 mm. The specimens were immersed in a 5% NaCl solution, and a 

constant voltage of 12V was applied. It was found that corrosion rate increased with crack width. 

However, it worth noting that the duration of the experiment was only 100 hours, and an external 

electrical field was applied. 

Summary: 

Although there are different viewpoints on the effect of crack width on corrosion rate, 

nearly all the researchers have realized that some other factors, such as water/cement ratio, 

concrete compositions and concrete cover depth, are more important for corrosion rate than 

crack width.  

The results aforementioned measured by different researchers are quite different. The most 

important reason is that, different methods were used to evaluate the corrosion rate. Some 

researchers calculated the corrosion rate with actual mass loss of steel [49], while others 

monitored corrosion rate with electrochemical method [62,65], such as macro-cell corrosion 
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current and linear polarization resistance method. The lack of significance of the former is that 

only the corrosion rate was calculated according to the final state of the steel, however, the state 

during corrosion process was undiscovered. For the latter, corrosion current measured with 

electrochemical method would be quite different from the actual corrosion rate. Because the 

actual corrosion area was not always the same as that value used for calculating corrosion rate. 

In the research of Pettersson et al. [59], the corrosion area used for the calculation was 4000 

mm2 while the actual area measured by visual inspection was only 100 mm2.  

※ Effect of crack density on corrosion rate 

Arya et al. [66] investigated the effect of crack frequency on corrosion rate. In this research, 

corrosion was initiated by spraying the samples with 3% chloride solution or by adding chloride 

into the concrete. They found that mass loss of reinforcements deceased with the reduction of 

crack frequency. It was suggested that limiting the frequency of cracks would be more effective 

than controlling surface crack width. 

※ Effect of crack type (transverse or longitudinal) 

According to their orientation, cracks can be classified as longitudinal (parallel to the main 

reinforcements) or transverse (across the main reinforcements). Normally, longitudinal cracks 

are more detrimental for corrosion of reinforcements, since the aggressive agents (chlorides, 

moisture, and oxygen) can easily penetrate to the embedded steel and attack larger areas of steel 

in the corrosion process. Poursaee et al. [67] confirmed this point of view. They found if 

longitudinal cracks existed, the corrosion behavior was mainly controlled by this crack, even 

though the surface crack width was only 0.1 mm. 

In the cases of transverse cracks, normally corrosion occurs in the form of macro-cell, steel 

in the cracked zone plays the role of anode while the uncracked areas play the role of cathode. 

Transverse cracks have less significant impact on corrosion rate, because corrosion rate is 

controlled by concrete resistance or anodically control but not by crack width.  

※ Effect of crack self-healing 

Due to the further hydration of unhydrated cementitious materials, formation of calcite and 
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ettringite, deposition of small particles and expansion of concrete caused by water absorption, 

self-healing is usually observed in small cracks. Self-healing of cracks reduces the permeability 

of cracked concrete and decreases corrosion risk of steel. 

Mohammed et al. [60] found that micro-cell current at the healed cracks is much lower 

than the unhealed ones. They also found that narrow cracks were healed by ettringite, calcite 

and brucite when the samples were exposed to the marine environment. Scott et al. [51] observed 

self-healing in some samples when the crack width was smaller than 0.2 mm. While the critical 

value in the investigation of Sahmaran et al. [64] was 0.05 mm. 

Jacobsen et al. [22] investigated the effect of self-healing on chloride permeability of 

concrete. It was found that self-healing resulted in more than 30% reduction of chloride 

penetration while the improvement in compressive strength of concrete was quite small. 

Vennesland et al. [68] reported that, when the crack width was smaller than 0.4-0.5 mm, the 

cracks would be closed by self-healing products before the steel bar was damaged. Gautefall et 

al. [69] proposed that corrosion products of steel may result in blocking of cracks and led to the 

reduction of corrosion rate.  

Many researchers have noticed the possible impact of self-healing on steel corrosion in 

concrete, however, its practical quantification is challenging. It is quite difficult to quantify at 

which degree the self-healing affect corrosion in cracks of different widths.  

3. Distribution and pitting factor of steel corrosion in concrete  

Mechanical performance of corroded reinforcements is a crucial factor affecting the 

serviceability and service life of corroded reinforced concrete structures. Obviously, load-

bearing capacity of corroded reinforcements depends on the minimum residual cross-section but 

not the average cross-section, because fracture of steel reinforcement trends to occur at the 

weakest point. The utilization of average cross-sectional loss in the service life prediction 

models results in considerable overestimation of service life of corroded structures, especially 

for chloride induced corrosion. Hence, more attention should be paid on corrosion distribution 
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along the length of steel reinforcement and the correlation between average residual cross-

section and minimum residual cross-section. 

3.1 Distribution of steel corrosion 

One of the main features of corrosion on steel reinforcements embedded in concrete 

structures exposed in natural environment is that the corrosion process is quite slow. The natural 

corrosion carried out in laboratory may spend a long time to reach a significant corrosion degree, 

at which the mechanical performance of corroded reinforced concrete elements would be 

affected. In order to obtain a significant degree of reinforcement corrosion within a reasonable 

time, normally three methods are used to accelerate corrosion process. The first one is applying 

an impressed current on the reinforcement, the second one is adding some chlorides to concrete, 

and the last one is wetting/drying cyclic exposure with chloride solutions. 

Electrical field is applied broadly in order to shorten the experiment time. However, the 

process of corrosion accelerated by electrical field is different from that in a natural environment. 

Impressed current leads to a different spatial distribution and corrosion geometry on the steel 

bars. Furthermore, the mechanical performance of corroded steel bar, in term of yielding 

strength, ultimate strength and ultimate ductility, would also be considerably different.  

Yuan et al. [70] compared the distribution of corrosion accelerated with a galvanostatic 

method and that in an artificial climate environment. After the corroded bars were extracted out, 

they found that the whole surface of the steel bar was corroded uniformly when the impressed 

current technique was used, while corrosion was distributed heterogeneously under an artificial 

climate environment. In Figure II-19 [71], a lot of corrosion was located on the side facing the 

concrete cover, while there was nearly no corrosion was found on the other side away from 

concrete cover. The different corrosion distribution may result in different structural behavior 

of the corroded reinforced concrete members. 
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Figure II-19 Distribution of corrosio under artificial climate environment [71] 

Wong et al. [72] also found “The corrosion products at the steel–concrete interface are not 

uniformly distributed around the rebar, but accumulated mainly in the upper half, where it is 

closest to the untreated top cover”. 

Tang et al. [73] accelerated reinforcement corrosion with an external constant electrical 

potential, and then investigated the residual cross-section of corroded steel bars with a 3D laser 

scanner. The scanned 3D images of steel bars at different corrosion degrees were presented in 

Figure II-20. It can be found that the corrosion was distributed not evenly both around the 

circumference and along the length of steel bar. Some corrosion pits were located separately 

when the corrosion degree was relatively low, then they were connected over the steel bar length 

and became relatively flattened with the corrosion level increased.  

 
Figure II-20 3D images of corroded bars with different corrosion degree [73] 

The distributions of residual cross-sectional area along the length of corroded bars are 

presented in Figure II-21. The original cross-sectional area of steel bars was about 282 cm2. 
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According to Figure II-21, it can be observed that, the minimum cross-sectional area of corroded 

steel bars was about 230 cm2 when the corrosion degree was 7.8%; 212 cm2 when the corrosion 

degree was 12.0%; 175 cm2 when the corrosion degree was 27.1%. If the pitting factor is defined 

as the ratio between maximum cross-sectional loss and average cross-sectional loss, the pitting 

factor is 2.36, 2.31 and 1.40 respectively when the corrosion degree is 7.8%, 12.0% and 27.1%. 

 
Figure II-21 Distributions of cross-sectional area along the length [73] 

Wang et al. [74] also investigated corrosion distribution of steel reinforcements in concrete 

with 3D laser scanning method. Two batches of corroded bars were studied, one batch of them 

were extracted from RC slabs of a small inland culvert of 19 years old, while the other batch of 

steel bars were corroded with the impressed current method. The concrete quality of the culvert 

was poor and there was nearly no chloride in the service environment of the culvert, corrosion 

of the first batch of steel samples was considered to be caused by carbonation. This assumption 

was also confirmed by the measured carbonation depth (about 12 mm, larger than the concrete 

cover depth). The typical segments at different corrosion levels of the two batches of corroded 

steel bars are presented in Figure II-22. The typical cross-sectional profiles of corroded steel 

bars are presented in Figure II-23. It is obviously that corrosion is not distributed uniformly both 

around the circumference and along the length of steel bar, even for the corrosion induced by 

carbonation. 
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(a) Steel bars corroded under carbonation environment 

 

(b) Steel bars corroded under impressed current 

Figure II-22 Typical corroded steel bars at different corrosion levels [74] 
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(a) Carbonation 

 

(b) Impressed current method 

Figure II-23 Typical cross-sectional profiles of corroded steel bars [74] 

Du et al. [75] studied the cross-sectional loss of corroded steel bars with a water 

replacement method. It was assumed that the volume of water displaced from a glass tube was 
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equal to the volume of bar immersed in the water. The apparatus are presented in Figure II-24. 

The corroded sample was moved downwards inside the glass tube and the weight of the 

displaced water was recorded, then the residual section of corroded sample was estimated. Some 

corroded bare bars and corroded bars embedded in concrete were investigated. They found that 

for all the corroded samples, the corrosion depth varied greatly around the circumference as well 

as along the steel length, and the residual cross section was changed into a very irregular shape. 

 
Figure II-24 Apparatus for measuring residual cross-sectional area [75] 

The effect of load on the corrosion distribution was also studied. In the experimental 

program carried out by Malumbela et al. [76] , 20 quasi-full-scale reinforced concrete beams 

were cast and loaded under different load degree (0%, 1%, 8% and 12% of ultimate capacity). 
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A part of the tensile bar, corresponding to the middle part with a length of 700 mm, was 

artificially corroded with an impressed current acceleration method. After the flexure test of the 

RC beams, the tensile bars were extracted out. All of them were cut into coupons of around 100 

mm in length, then the mass loss of each coupon was measured. The average mass loss of the 

three steel samples corresponding to that section and its variation along the beam are shown in 

Figure II-25. The mass loss varied significantly along the length of corroded bar, and usually 

mass loss in the center of corroded zone was greater than that in the two ends. The authors 

considered that the concrete at the ends of the region was confined by stirrups placed on the 

shear span, the cracks induced by corrosion tended to form in the center. These corrosion cracks 

lead to higher corrosion rate in the center zone. They also found that the effect of loading level 

on the corrosion process could be ignored. 

 
Figure II-25 Variation of mass loss of corroded bars along the beams [76] 

François et al. started a long-term natural corrosion experimental program at Laboratoire 

Matériaux et Durabilité des Constructions (L.M.D.C.) in Toulouse in 1984. A batch of beams, 
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containing type A beams and type B beams, were cast and stored in a confined chamber with a 

salt fog (35g/L of NaCl, corresponding to the salt concentration of sea water). The beams were 

exposed to wetting/drying cycles and the temperature was the ambient outdoor temperature of 

southwest France, with monthly averages ranging from 5.1°C to 21.3°C. The diameter of tensile 

bars of type A beams was 16 mm, the concrete cover depth was 40 mm. For type B beams, the 

diameter of the tensile bars was 12 mm, and the concrete cover depth was 10 mm. After a long 

term of exposure in the chloride environment, the corroded steel bars were extracted out to 

investigate corrosion distribution along the length. For type A beams, the residual diameter of 

corroded steel bars was measured with vernier caliper. For type B beams, the corroded steel bars 

were cut into short pieces and then the weight of each piece was measured. Finally, the residual 

cross-sectional area of steel bars in type B beams was calculated. Two beams of type A (A2CL1 

and A2CL3) [77] were studied after 27 years of exposure in the chloride environment. The 

diameter loss of tensile bars in the two beams is shown in Figure II-26. The steel bars in a beam 

of type B (B2CL2) was also investigated after 26 years of exposure. The diameter loss of steel 

bars in beam B2CL2 [78] was calculated from the measured mass loss and is presented in Figure 

II-27. It is obviously that corrosion on all the specimens studied in this experiment was not 

uniform along the length.  
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Figure II-26 Diameter loss of steel bars in A2CL1 and A2CL3 [77] 

 

Figure II-27 Diameter loss of steel bars in B2CL2 [78] 

According to all the studies summarized in this section, it can be observed that corrosion 

of steel concrete distributed unevenly both around the circumference and along the steel length. 

3.2 Pitting factor of steel corrosion in concrete 

As aforementioned, corrosion varies significantly around the circumference and along the 

length. The average cross-sectional loss represents an average corrosion degree of the 
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reinforcement, which underestimates the reduction of some cross-sections. It is not reliable to 

evaluate the residual capacity of corroded RC structures with the average cross-sectional loss, 

because corroded RC members always trend to failure at the point with maximum cross-

sectional loss. The residual capacity of corroded RC structures can be evaluated more precisely 

if the ratio between maximum cross-sectional loss and average cross-sectional loss is known. 

Some published papers consider the ratio between maximum corrosion depth and average 

corrosion depth. Tuutti [33] used an external voltage source to accelerate the corrosion process 

over a period of two years and found that the maximum pitting depth was about 4-10 times the 

average corrosion depth. Gonzalez et al. [79] investigated the ratio between maximum corrosion 

depth and average corrosion depth in both natural and accelerated corrosion tests. In their 

research, two groups of samples were subjected to natural corrosion. For group 1, calcium 

chloride was added directly into concrete then the samples were exposed to wetting/drying 

cycles. For group 2, no chloride was added and the samples were continuously submerged in 

sea water. In group 1 two steel samples were studied, one located under a corrosion crack, while 

the other one was protected by concrete cover all the time. The ratio of maximum corrosion 

depth to average corrosion depth was 4.4 and 5.9 respectively. It is suspected that the ratio 

decreased with the increase of average corrosion degree. In group 2 of natural corrosion, the 

ratio ranged from 2.7 to 8.9. And it seems there was no obvious relationship between the ratio 

and the average corrosion degree. For the samples exposed to impressed current accelerated 

corrosion, the ratio ranged from 5.9 to 16.1. The relationship between average corrosion degree 

and maximum corrosion depth is shown in Figure II-28. It is evident that the ratio declined with 

increasing average corrosion degree. 



 

50 

 
Figure II-28 Relationship between average corrosion degree and maximum corrosion depth 

Notes: the original diameter was different, 6mm in [79] while 10mm or 12mm in [80] 

Rodriguez et al. [80] added calcium chloride into concrete and applied a current of 100 

µA/cm2 to accelerate the corrosion process. They found that the ratio between maximum and 

average corrosion depths ranged from 2.4 to 4.3. Most of the results were around 4.0. These 

values are considerably lower than the results from the investigation carried out by Gonzalez et 

al.[79]. Except different materials and exposure environments used in the two experiments, 

another major reason is that the average corrosion degree in Rodriguez et al.’s research was 

relatively higher (Figure II-28). Apostolopoulos et al. [81] stored concrete samples reinforced 

with 8-mm-diameter steel bars in a laboratory salt spray exposure chamber for one year. The 

average mass loss was 2.41%, corresponding to an average corrosion depth of 0.048 mm. The 

maximum pit depth was 0.599 mm. In this experiment, the ratio between maximum corrosion 

depth and average corrosion depth was 12.5. Torres-Acosta et al. [82] found that this value was 

about 7.16 in their research. 

Maximum cross-sectional loss not always corresponds to maximum corrosion depth, 

because it also depends on the aperture of corrosion pits. Considering the importance of residual 

cross-sectional area in evaluating residual load capacity of corroded RC structures, it is 

necessary to pay more attention on the “pitting factor”, which is defined as the ratio of maximum 
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cross-sectional loss to average cross-sectional loss.  

Few attentions have been paid on the pitting factor directly, but we can calculate pitting 

factor based on some data in the references. According to the results of Malumbela et al. [76], 

we can find that pitting factors of steel bars corroded under impressed current ranges between 

1.6 and 2.6. Based on the data in reference [66], the pitting factor was 2.36, 2.31 and 1.40 

respectively when the corrosion degree was 7.8%, 12.0% and 27.1%. In the research of Cairns 

et al. [83], it was also mentioned that the maximum loss of section at a pit was about twice of 

the average section loss. Harnisch [84] used 3D surface scanner to study the distribution of 

corrosion depth and residual cross-sectional area. The results about the ratio of maximum 

corrosion depth to average corrosion depth are presented in Figure II-29 and the results of pitting 

factors are shown in Figure II-30. From Figure II-29, it can be found that the ratio of maximum 

to average corrosion depth was between 6 and 17 and it descended with the rise of corrosion 

time from 8 months to 24 months. The ratios of maximum corrosion depth to average corrosion 

depth are much greater than the pitting factors listed in Figure II-30, which are between 1.0 and 

2.2. Unlike Figure II-29, there is no remarkable relationship between pitting factors and 

corrosion time in Figure II-30.  

 
Figure II-29 The ratio of maximum to average corrosion depth [84] 
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Figure II-30 The pitting factors [84] 

The pitting factor is important for the evaluation of corroded reinforced concrete structures, 

further study should be carried out to classify it. 

4. The effect of corrosion on mechanical performance of steel bars 

Serviceability and load capacity of reinforced concrete structures is affected by corrosion 

significantly, because corrosion changes the mechanical performance of steel bars. First of all, 

the reduction of cross-section area results in the decline of load capacity. Secondly, corrosion 

leads to the brittle facture of steel bar. In this section, the effect of corrosion on the load capacity 

and ductility of corroded steel bar are reviewed.  

4.1 The effect of corrosion on load capacity of steel bar 

In the studies concerning the effect of corrosion on load capacity of steel bar, normally four 

methods were used. Firstly, bare bars were exposed to corrosion environment; secondly, steel 

bars were machined mechanically to simulate the cross-sectional loss induced by corrosion 

attack; thirdly, reinforced concrete samples were corroded with different accelerated corrosion 

methods, then the corroded bars were extracted out to study their mechanical performance; lastly, 
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corroded bars were taken out from structures deteriorated by natural corrosion.  

4.1.1 Bare bars exposed to corrosion environment 

In the research of Maslehuddin et al. [85,86], about 200 samples of different diameters 

were exposed to natural atmosphere on the west coast of the Arabian Gulf. All the samples were 

placed on wooden exposure racks, at a height of 1 m above the ground. During 16 months of 

exposure, mechanical test was applied every 2 months. It was found that corrosion degree (or 

exposure time) had no significant effect either on yield strength or on ultimate strength. It should 

be noted that, the cross-sectional area, average residual cross-section or critical cross-section, 

used to calculate the strength of corroded bars was not illustrated in the references. 

Apostolopoulos et al. [87] investigated the mechanical performance of corroded steel bars 

Class BSt420. Steel bars of 10 mm diameter were exposed to salt spray, chloride concentration 

of the salt solution was 5% (by mass of NaCl). Tests were carried out after 10, 20, 30, 40 and 

60 days of exposure. Average residual cross-sectional area was used to calculate the strength of 

corroded bars. The results indicated that the yield strength kept stable regardless of the corrosion 

degree, while ultimate strength descended with the increase of corrosion degree. The authors 

also studied the mechanical performance of corroded steel bars Class BSt500s [88], the diameter 

of the samples was 8 mm. The exposure condition was the same as that in reference [87] and 

the exposure duration was 90 days. Different from steel bars Class BSt420, it was noted that 

corrosion lead to a moderate reduction of both yield and ultimate strength. The yield and 

ultimate strength decreased with increasing corrosion degree. Apostolopoulos et al. [81] also 

studied tensile performance of B500c bars (of 8mm in diameter) exposed to salt spray directly. 

Actual yield and ultimate strength was calculated with average residual cross-sectional area, and 

the results are presented in Figure II-31. It is obvious that yield strength and ultimate strength 

calculated with average residual cross-sectional area trends to decrease with the increase of 

average mass loss. As reviewed in Section 3.2 in this chapter, corroded steel bars trend to fail at 

the most severely corroded area, and the maximum cross-sectional loss was about 1 to 2.5 times 
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of the average cross-sectional loss. Here we assume the maximum cross-sectional area was 

twice of average cross-sectional area, and then yield and ultimate strength could be calculated. 

The results are also shown in Figure II-31, the results are nearly constant and independent of 

corrosion degree.  

 
Figure II-31 Actual yield and ultimate strength (data from [74]) 

Xia et al. [89] studied the tensile performance of steel bars corroded in simulated solution. 

Only apparent yield strength and ultimate strength, which correspond to the load capacity 

divided by the cross-sectional area of the uncorroded steel bar, were presented in their article. 

kr,y and kr,u is the relative apparent yield and ultimate strengths of a corroded reinforcing steel 

bar respectively, which were defined as the ratio of the apparent yield and ultimate strengths of 

a corroded bar to those of an uncorroded bar. The relationships between kr,y (or kr,u) and average 

cross-sectional loss can be approximately represented by a linear line with a slope of about 1.2. 

It could be deduced that, if the effective strength was calculated with average cross-sectional 

loss, it would decrease with increasing corrosion degree. The main reason is corroded bars 

always failed at most severely corroded zone, the minimum cross-sectional area was always 

smaller than the average residual cross-sectional area. 

Du et al. [75] also studied the tensile performance of bare corroded bars. They found that 

the actual strength calculated with average cross-sectional area decreased with increasing 
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average cross-sectional loss. They proposed that, in addition to the reduction of average cross-

sectional area, strength of corroded bars also decreased due to the stress concentration at the 

pitting points.  

4.1.2 Steel bars machined mechanically 

Cairns et al. [83] machined steel bars with a hemispherical end mill to simulate corroded 

steel bars with different percentages of cross-sectional loss. The type of steel bars used in the 

test was deformed B500B bars with diameters of 12, 16, 20 and 24 mm. The simulated cross-

sectional losses were 5, 10, 20, 30, 40 and 50% of the nominal cross-section. The reduction of 

the maximum load was found to be proportional to the damaged area, in other words, the 

effective strength of machined steel bars were not affected. 

4.1.3 Embedded steel bars exposed to accelerated corrosion 

Impressed current accelerated corrosion: 

In the study of Xia et al. [89], a series of reinforced concrete beams were exposed to 

impressed current accelerated corrosion. After a period of corrosion, the corroded steel bars 

were extracted out and tensile test were carried out. The same as mentioned in Section 4.1.2 of 

this chapter, kr,y and kr,u is the relative apparent yield and ultimate strengths of a corroded steel 

bar. The relationships between kr,y (or kr,u) and average cross-sectional loss can be approximately 

represented by a linear line with a slope of about 2.1. This value is significantly greater than that 

of bare corroded bars. It means corrosion of embedded steel bars is more heterogeneous than 

bare bars. 

Du et al. [75] also used impressed current to accelerate corrosion of steel bars embedded 

in concrete. Average residual cross-sectional area was used to calculate the actual residual 

strength of corroded bars. They found that the effective strength calculated with average cross-

sectional area decreased with increasing average cross-sectional loss.  

Tang et al. [73] used a 3D laser scanner to determine the average residual and minimum 
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cross-sectional area of steel bars corroded under impressed current. The results are presented in 

Figure II-32. They found that both the effective yield and ultimate strengths calculated with 

average residual cross-sectional area significantly decreased with the average cross-sectional 

loss while the actual strength calculated with minimum residual cross-section increased little 

with the cross-sectional loss at the failure point. Yielding and fracture of the corroded steel bars 

were observed to have always occurred within the most severely corroded section. It can be 

concluded that there was negligible change in mechanical strength calculated with maximum 

cross-sectional loss. 

 
Figure II-32 Yield strength and ultimate strength as a function of corrosion area loss [73] 

Climate accelerated corrosion: 

In the research of Apostolopoulos et al. [81], B500c bars (of 8mm in diameter) were placed 

in concrete cylinders with an internal diameter of 32 mm. The concrete samples were exposed 

in a salt spray chamber for 1 year. Average mass loss of a whole steel bar was used to evaluate 

the corrosion degree. Effective yield and ultimate strength was calculated with average residual 

cross-sectional area, and the results are presented in Figure II-33. The yield strength decreased 

a little with increasing corrosion degree. If the maximum cross-sectional loss is assumed to be 

twice of average cross-sectional loss, the calculated yield strength seems regardless of the 

corrosion degree. 



 

57 

 
Figure II-33 Actual yield and ultimate strength (data from [81]) 

Zhu et al. [90,91] studied the tensile performance of corroded steel bars in beams which 

were exposed to wetting/drying cycles in a chloride environment for 26 years. The original 

nominal diameter of the steel bar was 12 mm and the concrete cover depth of the beam was 10 

mm. Effective yield and ultimate strength were calculated with the actual cross-section area at 

the failure points. The results are presented in Table II-1. It is obvious that both yield and 

ultimate strength of corroded bars are significantly greater than that of non-corroded bars. 
Table II-1 Strength of corroded and non-corroded bars [91] 

 
In the same experimental program, François et al. [77] also studied the tensile 

performance of steel bars corroded under the same environment as [90] for 27 years. While the 

original diameter of steel bar was 16 mm and the concrete cover depth was 40 mm. The effective 

yield strength and ultimate strength were calculated based on the actual cross-sectional area at 
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the failure points. As shown in Figure II-34, the yield strength was nearly stable in a scatter of 

10% regardless the corrosion degree, while the ultimate strength increased slightly. The increase 

of ultimate strength of corroded bars can be contributed to the brittleness of corroded bars. There 

is almost no necking for corroded bars then the use of the residual cross-section allow a good 

approximation of ultimate strength. But for the non-corroded bars, the necking could not be 

ignored. The cross-section used to calculate effective ultimate strength is the nominal one, which 

is greater than the actual cross-sectional area at failure due to the necking effect. It results in 

underestimation of the effective ultimate strength [92]. 

 
Figure II-34 Relationship between strength and corrosion degree [77] 

4.1.4 Steel bars extracted from actual structures 

Palsson et al. [93] picked a batch of corroded steel bars from the Sixlane Bridge, which 

was built in 1959, decommissioned in 1994 and located in Montreal, Canada. The main reason 

of corrosion was attributed to chloride attack, due to frequent use of de-icing salt in the cold and 

snowy Montreal winters. The samples were classified into four groups according to their mass 

loss, from less than 10% to more than 30%. Tensile test was applied on all the samples, and 

strength of each bar was calculated based on the average residual cross-sectional area. The 

results indicated that the strength of corroded samples kept stable in spite of the corrosion degree.  
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4.2 The effect of corrosion on ductility of steel bar 

4.2.1 Bare bars exposed to corrosion environment 

In the research of Maslehuddin et al. [85], about 200 bare bars of different diameters were 

exposed to natural atmosphere on the west coast of the Arabian Gulf. During 16 months of 

exposure, mechanical test was applied every 2 months. An extensiometer of 200 mm gage length 

was used to record the extension due to tensile loading and the results are presented in Figure 

II-35. The elongation of corroded bars was close to that of non-corroded bars and kept nearly 

constant during the exposure period even though the average corrosion degree increased with 

exposure time.  

 
Figure II-35 Effect of corrosion time on elongation of corroded bars 

Apostolopoulos et al. [87,88] investigated the ductility of two types of corroded steel bars, 

Class BSt420 and ClassBSt500s. The diameter of BSt420 steel bars was 10 mm and the length 

of samples was 250 mm while the gauge length was 150 mm. For BSt500s steel bars, the 

diameter was 8 mm and the sample length was 230 mm while the gauge length was 120 mm. 

Both types of steel bars were exposed to salt spray barely. All the results are presented in Figure 

II-36. When the average mass loss was between 1.5% and 5%, the elongation of BSt500s steel 
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bars decreased dramatically. The relative elongation trended to be stable around 45% of initial 

elongation when the average mass loss was greater than 5.5%. For BSt420 steel bars, there was 

an appreciable degradation on ductility when the average mass loss was between 1.2% and 2.5%. 

The decreasing rate was much lower when the average mass loss was greater than 2.5%. 

The ductility of corroded B500C steel bars was also studied by Apostolopoulos et al. [81]. 

The diameter of samples was 8 mm and the gauge length for the tensile test was 100 mm. From 

Figure II-36, we can find that the elongation of corroded bars decreased with increasing average 

corrosion degree. When the average mass loss was greater than 3.0%, the decreasing slope of 

B500C was close to that of BS420.  

 
Figure II-36 Relationship between average mass loss and elongation of corroded bars [81,87,88] 

Xia et al. [89] studied the ductility of bare bars corroded in simulated concrete pore solution. 

The relationship between corrosion level and ductility is shown in Figure II-37. It was found 

that elongation decreased with increasing average corrosion level, and the decrease rate was 

about 0.2, which represented a moderate loss of ductility as corrosion increases.  
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Figure II-37 The relationship between corrosion level and ductility [89] 

4.2.2 Steel bars machined mechanically 

In the study of Cairns et al. [83], steel bars with different diameters were machined with a 

hemispherical end mill to simulate corroded steel bars with different percentages of cross-

sectional loss. In the tensile test, the elongation was recorded with two LVDTs and the gauge 

length was 5 times of the steel bar diameter. It was found that there was a significant reduction 

in bar ductility caused by the absence of yielding out with the damaged area. Ductility of steel 

bars with 5% and 50% of cross-sectional loss was reduced by 40% and by approximately 80%, 

respectively. 

In the research of Castel et al. [94], pitting corrosion attack was simulated by creating local 

notches with a grindstone. The original diameter of steel bars was 12 mm. They proposed a 

model to predict the ultimate strain of corroded bars by using the loss of cross-section. The 

model was described by: 
𝜀𝑢𝑐𝑜𝑟𝑟

𝜀𝑢
= 𝑒−0.1𝑐%     c%≤15%      Equation II-6 

 𝜀𝑢𝑐𝑜𝑟𝑟
𝜀𝑢

= 0.2        c%>15%      Equation II-7 
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where ucorr is the ultimate strain of the corroded bar, u is the ultimate strain of the non-

corroded bar, c% is the percentage cross-sectional loss. 

Zhu el al. [91] machined steel bars into different residual cross-section shapes to simulate 

different types of corrosion, for example, general corrosion and pitting corrosion. The residual 

cross-section shapes are shown in Figure II-38. For the type of UC (uniform corrosion) 

simulation, the ultimate strain decreased from about 10% for the control bar to 5% when the 

cross-section loss was lower than 20% (Figure II-39). For the type of ASC (unsymmetrical non-

uniform corrosion) simulation, the ultimate strain of the bars decreased significantly from about 

10% to 1% when the cross-section loss increased from 0% to 30% (Figure II-40). For the type 

of SC (symmetrical uniform corrosion) simulation, the total cross-section loss was 20%. The 

corresponding cross-section losses on the two sides were marked as ΔAs1 and ΔAs2. They 

found that the ultimate strain varied with the value ΔAs1:ΔAs2, even though the total cross-

sectional loss of all the samples was constant at 20% (Figure II-41). It indicated that the ultimate 

strain depended not only on the total corrosion degree but also on the corrosion distribution 

around the circumference.  

 
Figure II-38 Different residual cross-section shapes [91] 
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Figure II-39 Relationship between corrosion degree and ultimate strain (Type UC) [91] 

 

Figure II-40 Relationship between corrosion degree and ultimate strain (Type ASC) [91] 

 
Figure II-41 Ultimate strain of type SC corrosion [91] 
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4.2.3 Embedded steel bars exposed to accelerated corrosion 

Impressed current accelerated corrosion: 

Xia et al. [89] studied ductility of corroded steel bars embedded in RC beams. A controlled 

constant current of density 2 A/m2 was introduced to speed up the corrosion of the reinforcing 

steel bars. Figure II-42 shows that the elongation ratio decreases with increased average 

corrosion level, the decrease rate is about 0.8, which represents a drastic loss in ductility as 

corrosion increases. Comparing with the results in last section, we can notice that the decrease 

rate of steel bars embedded in concrete is greater than that of bare bars. This can be explained 

by the fact that higher localized corrosion results in lower elongation.  

 
Figure II-42 Relationship between corrosion degree and ductility [89] 

Tang et al. [73] found that there was a nonlinear relationship between the elongation and 

the cross-sectional area loss regardless of the use of average or critical section. As shown in 

Figure II-43, when the maximum cross-sectional area was smaller than 20%, the elongation of 

corroded steel bars decreased dramatically. While the elongation trended to be stable when the 

maximum cross-sectional area was larger than 30%, and the value was about 25% of the 

elongation of non-corroded steel bars.  
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Figure II-43 Elongation as a function of cross-sectional loss [73] 

Climate accelerated corrosion: 

Zhu et al. [90] also worked on some corroded steel bar extracted from two beams, which 

were exposed to a chloride chamber for 26 and 28 years respectively. Their results (Figure II-44) 

fit well with the model proposed by Castel et al.  

 
Figure II-44 Relationship between maximum cross-sectional loss and ultimate strain [90] 

Dang et al. [95] studied the effect of corrosion on the ductility of corroded steel bar with 

an original diameter of 16mm. The results are presented in Figure II-45. They found a similar 

trend as Castel et al., but there were some differences on the constants. The model proposed by 

Dang et al. was described by: 
𝜀𝑢𝑐𝑜𝑟𝑟

𝜀𝑢
= 𝑒−0.05𝑐%     c%≤15%      Equation II-8 
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𝜀𝑢𝑐𝑜𝑟𝑟

𝜀𝑢
= 0.5         c%>15%      Equation II-9 

 
Figure II-45 Relationship between maximum cross-sectional loss and ultimate strain [95] 

4.2.4 Steel bars extracted from actual structures 

In the study of Palsson et al. [93], corroded samples were extracted from an abandon bridge. 

The relationship between average corrosion degree and ultimate strain was studied. Figure II-46 

presents the results. When the average mass loss was lower than 30%, ultimate strain decreased 

sharply to 0.1 from 0.3. When the average mass loss was greater than 30%, the ultimate strain 

was constant around 0.1.  

 
Figure II-46 Relationship between average corrosion degree and ultimate strain [93] 
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4.3 Summary 

A huge number of studies concerning the effect of corrosion on the load capacity and 

ductility of steel bars have been carried out by researchers all around the world and are reviewed 

in this section, however, a consistent conclusion is hardly to be drawn from the existed research. 

The possible reasons are: 

1. Different methods and parameters were used to characterize corrosion degree of 

corroded bars. The most widely used one is average cross-sectional loss calculated from mass 

loss. Average cross-sectional loss based on 3D laser scanning, residual diameter measured with 

vernier caliper and drainage method were also broadly used in some research. Moreover, 

maximum cross-sectional loss along the whole corroded bars or at the failure points was also 

applied to depict corrosion degree.  

When studying the effect of corrosion level on the load capacity and ductility of steel bars, 

maximum cross-sectional loss seems more reasonable to be used to characterize corrosion level, 

because the failure of corroded bars always occurs within the most corroded section. 

2. In addition to different measure ways, different types of steel bars and methods of 

corrosion acceleration used in the experiments are also critical factors relating to final 

conclusion. Apostolopoulos et al. [81] found that the corrosion pits on the corroded bars 

embedded in concrete were deeper and more heterogeneous than that found on the barely 

corroded bars. Yuan et al. [70] also stated that corrosion accelerated by impressed current was 

more uniform than artificial climate environment accelerated corrosion. The corrosion 

distribution plays an important role on the ductility of corroded steel bars. For steel bars with 

heterogeneous corrosion, strain distribution is not uniform, only the most corroded section 

reached the maximum strain and other sections with larger residual cross-section are strained 

less. But uniform corrosion results in strain distributed uniformly under axial load. Therefore, 

the ultimate strain of corroded steel bars with significant corrosion pits could reduce remarkebly 

due to less strain contribution from other sections.  

Based on the conclusions, it is imperative to carry out some experimental tests in which 
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the corrosion pattern and corrosion distribution are close to that of natural corrosion as much as 

possible. 

5. Structural performance of corroded reinforced concrete beams 

Corrosion is a volumetric expansion process and it results in cracking or even spalling of 

concrete cover, the integrality of reinforced concrete members is damaged. Furthermore, the 

bonding between steel bars and concrete is also reduced by the expansive corrosion products. 

Corrosion also results in the decrease of cross-sectional area of steel bars. All the three aspects 

lead to a significant reduction in structural performance of reinforced concrete beams, in terms 

of load capacity and ultimate deflection of reinforced concrete structures. 

Every year, more than 100 billion dollars are spent on the maintenance and repair of 

reinforced concrete structures suffering from corrosion [96]. In order to reduce the cost of 

maintaining corroded reinforced concrete structures, their structural performance needs to be 

understood more completely. Comprehensive knowledge concerning their residual mechanical 

performance could help engineers to decide on the usage and maintenance of corroded structures 

more accurately. 

There are a lot of publications concerning the effect of corrosion on structural performance 

of reinforced concrete beams, including the load capacity and ductility. In this section, load 

capacity and ductility of corroded reinforced concrete beams will be reviewed separately. 

5.1 Effect of corrosion on load capacity of reinforced concrete beams 

5.1.1 Impressed current accelerated corrosion 

Rodriguez et al. [80] studied the relationships between mechanical performance of 

corroded beams and the cross-sectional loss of steel bars. They added 3% (by mass of cement) 

CaCl2 into concrete and applied an impressed current of 100 μA/cm2 to beam samples to 

accelerate the corrosion process and then the mechanical performance of corroded reinforced 
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concrete beams was tested. The loading test was carried out in two phases. In the first phase, the 

load was applied at a planned service load, then the cracks on the surface and the deflection at 

service load were measured. In the second phase, the load increased until failure of the beams, 

and the deflection was also recorded. It was found that corrosion increased both deflection and 

crack widths at the service load and reduced the ultimate strength. And the failure mode of 

reinforced concrete beams was changed by corrosion, control uncorroded beams failed in a 

flexural mode while corroded beams failed in a shear mode. 

Mangat et al. [97] investigated the structural performance of 111 corroded reinforced 

concrete beams. Sodium chloride (1% by mass of cement) was added into the concrete mixture 

in order to accelerate corrosion process. An impressed current was also applied on the beams, 

and the density of applied current was 1000, 2000, 3000, and 4000 μA/cm2 respectively. The 

results about flexural load capacity of beams corroded at different degrees of corrosion are 

presented in Figure II-47. It is obviously that the load capacity of corroded beams decreased 

with increasing corrosion degree. When the corrosion degree was relatively small (<4%), the 

corrosion rate showed a slight effect on flexural load capacity. However, the flexural load 

capacity decreased significantly with increasing corrosion rate when the degree of corrosion 

was greater than 5%. It should be noted that, the corrosion degree was designed as mass loss. 

Corrosion current and corrosion time were controlled to obtain the designed corrosion degree, 

and the difference between designed value and actural one was within 10%. 
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Figure II-47 Effect of corrosion degree and corrosion rate on flexural load capacity of beams [97] 

Azad et al. [98] tested the mechanical performance of 48 corroded reinforced concrete 

beams. Corrosion was accelerated with impressed current at an average rate of 1.78 mA/cm2. 

The impressed current was applied for different durations in order to obtain different corrosion 

level. It is evidently that flexural load capacity decreased with increased average corrosion 

degree. They also found that, the residual flexural capacity of corroded beams can be predicted 

with a reasonable accuracy by considering only the reduced cross-sectional area of tensile 

reinforcements. However, at a higher corrosion degree, the adverse effect of degraded bond 

between steel and concrete cannot be ignored. 

Torres-Acosta et al. [99] cast 12 beams with a dimension of 100 × 150 × 1500 mm. Sodium 

chloride (3% by mass of cement) was added into concrete, and then an impressed current with 

a density of 80 μA/cm2 was applied for a period of 40, 80 or 200 days to obtain a desired 

corrosion degree. The relationship between corrosion degree and residual load capacity of 

beams was studied. They found that the corroded beams always fractured in the section where 

deep corrosion pits appeared. The residual load capacity of beams decreased as average 

corrosion degree or maximum corrosion degree increased. Comparing with average corrosion 
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degree, maximum corrosion degree is a better parameter used to predict residual load capacity 

of corroded reinforced concrete beams. Figure II-48 presents the relationship between relative 

residual load capacity and maximum corrosion degree, and the correlation coefficient was 

0.9366. 

 

Figure II-48 Relationship between relative residual load capacity and maximum corrosion degree [99] 

Yoon et al. [100] studied the mechanical performance of beams under simultaneous effect 

of loading and corrosion accelerated with impressed current. They found that the failure mode 

of the beams was changed from shear failure of concrete to bond splitting cracks by corrosion. 

And it was observed that for beams subjected to a sustained load and having an average 

corrosion degree higher than 3% by mass loss of steel, the residual load capacity of the beams 

decreased as the mass loss of reinforcing steel increased (presented in Figure II-49). 
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Figure II-49 Relation of load capacity with amount of corrosion [100] 

5.1.2 Climate accelerated corrosion 

In order to gain an overall understanding of the residual structural behavior of reinforced 

concrete beams corroded in a natural environment, François et al. started a long term-

experimental program at Laboratoire Matériaux et Durabilité des Constructions (L.M.D.C.) in 

Toulouse in 1984. The specimens were stored in confined salt environment. Wetting-drying 

cycles were used to accelerate the corrosion process. A sustained loading was applied to the 

beams during the first 19 years of the corrosion process. The beams of this experimental program 

have served in much research. The previous results obtained in this experimental program are 

summarized here. Castel et al. [101] studied the structural performance of a beam corroded for 

14 years. At the same time, the structural performance of a control beam under sustained loading 

but without the chloride environment was also studied to highlight the effect of corrosion on the 

structural performance of reinforced concrete beams. Zhang et al. [102] studied the mechanical 

performance of another beam which was corroded under simultaneous chloride environment 

and sustained loading for 23 years. At the same time, they also sawed local notches on tensile 

bars of the control beam to simulate the effect of pitting corrosion on the mechanical 

performance of a RC beam. Zhu and François [103] studied the structural performance of two 
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beams corroded in a chloride environment under sustained loading, one for 26 years and the 

other for 28 years. Some details of the above mentioned research are listed in Table II-2.  
Table II-2 Summary of research work on the mechanical behavior of RC beams cast in 1984 at L.M.D.C 

Authors Time 

 

Reference 

of beam 

Environment 

Average 
value of 
cross-

sectional 
losses of two 
tensile bars in 
the section of 

failure 

Loss in 
yield 

capacity 

Loss in 
ultimate 
capacity 

Loss in 
ultimate 

deflection 

Castel et 

al. [101] 
2000 B1CL1 

Chloride 

environment, 14 

years under sustained 

loading 

20% 19.0% 16.7% 70.7% 

Zhang et 
al. [102] 

2009 

B2CL1 
Chloride 

environment, 23 
years 

36% 38.3% 27.5% 52.7% 

B2T 

Lab environment, 
23 years 

Corrosion 
simulation through 

notches 

30% 30.0% 26.5% - 

Zhu et al. 
[103]  

2013 

B2CL2 
Chloride 

environment, 26 
years 

34% 34.4% 27.3% 50.2% 

B2CL3 
Chloride 

environment, 28 
years 

43% 43.1% 39.9% 73.2% 

* All the tests list in this table were carried out under the same arrangement. Three-point loading equipment 
was used, the distance between the loading point and each support was 1400 mm. 
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Figure II-50 Correlation between maximum loss of cross-section and yield capacity 

 

 
Figure II-51 Correlation between maximum loss of cross-section and ultimate capacity 

In these studies, the corrosion degree was defined as the average value of local cross-

sectional losses of two tensile bars in the section of failure. The correlations between corrosion 

degree and yield capacity or ultimate capacity are shown in Figure II-50 and Figure II-51 

respectively. It was found that yield capacity and ultimate capacity could be deduced from the 

corrosion degree. A 1% corrosion degree of tensile bars corresponded to 1% yield load capacity 

or 0.85% ultimate load capacity.  

Khan et al. [104] and Dang et al. [105] also studied the mechanical behavior of reinforced 
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concrete beams corroded in the same environment with the same dimensions. However, the steel 

configuration was different. The diameter of tensile bars and compressive bars was 16 and 8 

mm respectively, while the concrete cover depth was 40 mm. The diameter loss was measured 

with a vernier caliper. The cross-sectional loss calculated from diameter loss was used to 

chacterize corrosion degree. Khan et al. [104] studied a beam corroded for 26 years. The average 

value of cross-sectional losses of two tensile bars at the failure section was about 22% and the 

reduction of ultimate load capacity comparing with a control beam was about 17%. Dang et al. 

[105] studied a beam corroded for 27 years. The average value of cross-sectional losses of two 

tensile bars at the failure section was about 26% and the reduction of both yield and ultimate 

load capacity comparing with a control beam was about 26%. 

5.2 Effect of corrosion on ductility of reinforced concrete beams 

5.2.1 Impressed current accelerated corrosion 

Mangat et al. [97] found that, ultimate deflection of reinforced concrete beams decreased 

with the increase of corrosion degree. The relationship between ultimate deflection and 

corrosion degree is presented in Figure II-52. They also studied the impact of impressed current 

density on the ultimate deflection of corroded beams. It was found that, when the average 

corrosion degree was not greater than 2.5%, the impact of corrosion current on ductility was 

slight. While when the corrosion rate was higher than 7.5%, there was a significant impact of 

current density on ductility of corroded beams. It indicated that, lowest practical impressed 

current should be used for accelerating corrosion in the laboratory, especially when the 

simulated degree of corrosion was required to be high. 
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Figure II-52 Relationship between corrosion degree and ultimate deflection [97] 

Du et al. [106] cast nineteen reinforced concrete beams with a dimension of 150 × 200 × 

2100 mm, and the ratio of tensile reinforcement was 0.87, 1.6, 3.2 and 6.2% respectively. A 

direct impressed current was applied on the reinforcements to accelerate corrosion. Mechanical 

performance of the beams was tested and the effect of corrosion on ductility was investigated. 

Average mass loss was used to characterize the corrosion degree. The ductility of corroded 

beams with different corrosion degrees is presented in Figure II-53. Corrosion changed ductility 

of reinforced concrete beams considerably. For the over-reinforced beams, corrosion improved 

their ductility. While for the under-reinforced beams, corrosion reduced the ductility 

significantly. 
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Figure II-53 Effect of corrosion on ductility factor of beams [106] 

5.2.2 Climate accelerated corrosion 

In the research program carried out by François et al. (results presented in Table II-2), it 

was also noted that corrosion led to a significant decrease in ultimate deflection of reinforced 

concrete beams. Dang et al. [95] studied the ductility of corroded beams in the same research 

project, however, the concrete cover depth of tested beams was 40 mm. They proposed a new 

ductility factor to characterize the damage in ductility of reinforced concrete beams caused by 

corrosion, which compared the change in ultimate deflection between non-corroded and 

corroded beams. The new ductility factor was calculated with the following equation: 
μcorr=Δu(corroded)/ Δu(non-corroded)      Equation II-10 
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Figure II-54 Ductility factor versus corrosion degree [95] 

In this study, the corrosion degree was defined as the average value of the cross-sectional 

losses of two tensile bars at the section of failure. The relationship between corrosion degree 

and ductility factor is presented in Figure II-54. When the cross-sectional loss was lower than 

10%, the failure of corroded beams was caused by crushing of concrete. So the ductility of 

corroded beams was nearly the same as that of control beams and the ductility factor was 1. 

When the cross-sectional loss was greater than 10%, the ductility of beams decreased with the 

increase of corrosion degree.  

5.3 Summary 

According to the reviewed experimental results on mechanical performance of corroded 

reinforced concrete beams, the following conclusions could be drawn: 

1．Corrosion type (natural corrosion or accelerated corrosion) and corrosion rate are critical 

parameters affecting mechanical performance of reinforced concrete beams. Natural corrosion 

is a very slow process, the corrosion rate normally ranges from 1 to 10 μA/cm2. Impressed 

current was usually used in the laboratory in order to complete corrosion process within a 

reasonably period. So until now, most of the investigations focused on the impact of corrosion 

on mechanical performances of reinforced concrete beams were accelerated with impressed 

current. However, it should be noted that, corrosion rate affects mechanical performance of 
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reinforced concrete beams considerably, even though their corrosion degree was the same. It has 

been confirmed by Mangat et al. [97]. More experimental results on the mechanical performance 

of corroded reinforced concrete beams should be obtained under natural corrosion so as to 

provide more reliable guidance for constructions in field. Poursaee et al. [67] also suggested that 

“accelerating the corrosion by applying an anodic current to rebar should be avoided unless the 

goal is to assess circumstances in which this happens in practice, such as stray current corrosion.” 

2．In order to predict the mechanical performance of corroded reinforced concrete beams 

accurately, it is very important to build up a correlation between the mechanical performance of 

corroded reinforced concrete beams and corrosion degree. Nowadays, different parameters are 

being used to define corrosion degree, for example, average corrosion depth, average cross-

sectional loss, maximum corrosion depth and maximum cross-sectional loss. More attention 

should be paid on the correlation between corrosion degree based on different parameters and 

residual mechanical performance of corroded beams.  

Mechanical performance of corroded beams also depends on a lot of other factors, such as 

configuration of reinforcements, performance of raw materials, dimensions of the beams and so 

on. Due to different load transform mechanisms in deep beams (a/d<2.5), shear failure of 

reinforced concrete beams has not been understood well. The impact of corrosion on mechanical 

performance of deep beams should attract more attention. 

6. References 

[1] P. Ghods, O. Burkan Isgor, F. Bensebaa, D. Kingston, Angle-resolved XPS study of carbon steel passivity 
and chloride-induced depassivation in simulated concrete pore solution, Corros. Sci. 58 (2012) 159–167. 
doi:10.1016/j.corsci.2012.01.019. 

[2] P. Ghods, O.B. Isgor, G.J.C. Carpenter, J. Li, G.A. McRae, G.P. Gu, Nano-scale study of passive films 
and chloride-induced depassivation of carbon steel rebar in simulated concrete pore solutions using 
FIB/TEM, Cem. Concr. Res. 47 (2013) 55–68. doi:10.1016/j.cemconres.2013.01.009. 

[3] P. Ghods, O.B. Isgor, G.A. McRae, J. Li, G.P. Gu, Microscopic investigation of mill scale and its 
proposed effect on the variability of chloride-induced depassivation of carbon steel rebar, Corros. Sci. 
53 (2011) 946–954. doi:10.1016/j.corsci.2010.11.025. 

[4] J.R. Mackechnie, Predictions of reinforced concrete durability in the marine environment, Ph.D thesis, 
University of Cape Town, 1996. 



 

80 

[5] H. Bohni, Corrosion In Reinforced Concrete Structures, Woodhead pub., 2005. 
[6] S. Jinjie, S. Wei, Recent research on steel corrosion in concrete, J. Chin. Ceram. Soc. 38 (2010) 1753–

1764. 
[7] M.B. Otieno, The development of empirical chloride-induced corrosion rate prediction models for 

cracked and uncracked steel reinforced concrete structures in the marine tidal zone, Ph.D thesis, 
University of Cape Town, 2014.  

[8] Z.-T. CHANG, Corrosion Rate of Steel Reinforcement in Concrete in Seawater and Influence of 
Concrete Crack Width, Ph.D thesis, The University of New South Wales, 2007.  

[9] K.Z. Kahhaleh, E. Vaca-Cortés, J.O. Jirsa, H.G. Wheat, R.L. Carrasquillo, Corrosion performance of 
epoxy-coated reinforcement-macrocell tests, technical report, 1998. 

[10] T.D. Marcotte, Characterization of chloride-induced corrosion products that form in steel-reinforced 
cementitious materials, Ph.D thesis, University of Waterloo, 2001. 

[11] L. Tang, L.-O. Nilsson, P.A.M. Basheer, Resistance of Concrete to Chloride Ingress: Testing and 
modelling, Taylor & Francis, 2011. 

[12] D.P. Bentz, E.J. Garboczi, Y. Lu, N. Martys, A.R. Sakulich, W.J. Weiss, Modeling of the influence of 
transverse cracking on chloride penetration into concrete, Cem. Concr. Compos. 38 (2013) 65–74. 
doi:10.1016/j.cemconcomp.2013.03.003. 

[13] S.Y. Jang, B.S. Kim, B.H. Oh, Effect of crack width on chloride diffusion coefficients of concrete by 
steady-state migration tests, Cem. Concr. Res. 41 (2011) 9–19. doi:10.1016/j.cemconres.2010.08.018.M. 
Şahmaran, Effect of flexure induced transverse crack and self-healing on chloride diffusivity of 
reinforced mortar, J. Mater. Sci. 42 (2007) 9131–9136. doi:10.1007/s10853-007-1932-z. 

[14] D.R. Lide, Handbook of Chemistry and Physics, 81th ed.CRC Press, Washington, D.C., 2000. 
[15] M. Şahmaran, Effect of flexure induced transverse crack and self-healing on chloride diffusivity of 

reinforced mortar, J. Mater. Sci. 42 (2007) 9131–9136. doi:10.1007/s10853-007-1932-z.A. Djerbi, S. 
Bonnet, A. Khelidj, V. Baroghel-bouny, Influence of traversing crack on chloride diffusion into concrete, 
Cem. Concr. Res. 38 (2008) 877–883. doi:10.1016/j.cemconres.2007.10.007. 

[16] M. Ismail, A. Toumi, R. Francois, R. Gagne, Effect of crack opening on the local diffusion of chloride 
in cracked   mortar samples, Cem. Concr. Res. 38 (2008) 1106–1111. 
doi:10.1016/j.cemconres.2008.03.009. 

[17] S.-S. Park, S.-J. Kwon, S.H. Jung, Analysis technique for chloride penetration in cracked concrete using 
equivalent diffusion and permeation, Constr. Build. Mater. 29 (2012) 183–192. 
doi:10.1016/j.conbuildmat.2011.09.019. 

[18] A. Djerbi, S. Bonnet, A. Khelidj, V. Baroghel-bouny, Influence of traversing crack on chloride diffusion 
into concrete, Cem. Concr. Res. 38 (2008) 877–883. doi:10.1016/j.cemconres.2007.10.007.J. Wang, S.V. 
Nanukuttan, P.A. Basheer, Y. Bai, Influence of Micro and Macro Cracks Due to Sustained Loading on 
Chloride-Induced Corrosion of Reinforced Concrete Beams, in: 2014.  

[19] J. Wang, S.V. Nanukuttan, P.A. Basheer, Y. Bai, Influence of Micro and Macro Cracks Due to Sustained 
Loading on Chloride-Induced Corrosion of Reinforced Concrete Beams, in: 2014. 

[20] L. Marsavina, K. Audenaert, G. De Schutter, N. Faur, D. Marsavina, Experimental and numerical 
determination of the chloride penetration in cracked concrete, Constr. Build. Mater. 23 (2009) 264–274. 
doi:10.1016/j.conbuildmat.2007.12.015. 



 

81 

[21] A. Konin, R. Francois, G. Arliguie, Penetration of chlorides in relation to the microcracking state into 
reinforced ordinary and high strength concrete, Mater. Struct. 31 (1998) 310–316. 
doi:10.1007/BF02480672. 

[22] S. Jacobsen, J. Marchand, L. Boisvert, Effect of cracking and healing on chloride transport in OPC 
concrete, Cem. Concr. Res. 26 (1996) 869–881. doi:10.1016/0008-8846(96)00072-5. 

[23] S. Mu, G.D. Schutter, B. Ma, Non-steady state chloride diffusion in concrete with different crack 
densities, Mater. Struct. 46 (2013) 123–133. doi:10.1617/s11527-012-9888-0. 

[24] C. Lim, N. Gowripalan, V. Sirivivatnanon, Microcracking and Chloride Ion Diffusion of Concrete Under 
Sustained Uniaxial Compression, ACI Spec. Publ. 221 (2004).  

[25] A. Castel, Chloride diffusion in reinforced concrete beam under sustained loading, ACI Spec. Publ. 200 
(2001).  

[26] Francois, R., & Maso, J. C. (1988). Effect of damage in reinforced concrete on carbonation or chloride 
penetration. Cem. Concr. Res. 18(6), 961-970. 

[27] N. Gowripalan, V. Sirivivatnanon, C.C. Lim, Chloride diffusivity of concrete cracked in flexure, Cem. 
Concr. Res. 30 (2000) 725–730. doi:10.1016/S0008-8846(00)00216-7. 

[28] H. Wang, C. Lu, W. Jin, Y. Bai, Effect of External Loads on Chloride Transport in Concrete, J. Mater. 
Civ. Eng. 23 (2011) 1043–1049. doi:10.1061/(ASCE)MT.1943-5533.0000265. 

[29] A. Ababneh, M. Sheban, Impact of mechanical loading on the corrosion of steel reinforcement in 
concrete structures, Mater. Struct. 44 (2011) 1123–1137. doi:10.1617/s11527-010-9688-3. 

[30] W. Zhong, W. Yao, Influence of damage degree on self-healing of concrete, Constr. Build. Mater. 22 
(2008) 1137–1142. doi:10.1016/j.conbuildmat.2007.02.006. 

[31] S.Z. Qian, J. Zhou, E. Schlangen, Influence of curing condition and precracking time on the self-healing 
behavior of Engineered Cementitious Composites, Cem. Concr. Compos. 32 (2010) 686–693. 
doi:10.1016/j.cemconcomp.2010.07.015. 

[32] M. Şahmaran, Effect of flexure induced transverse crack and self-healing on chloride diffusivity of 
reinforced mortar, J. Mater. Sci. 42 (2007) 9131–9136. doi:10.1007/s10853-007-1932-z. 

[33] K. Tuutti, Corrosion of steel in concrete, Swedish Cement and Concrete Research Institute, 1982. 
[34] R. François, G. Arliguie, G. Escadeillas, O. Francy, Optimisation des structures en béton armé vis-à-vis 

de la corrosion, Rev. Fr. Génie Civ. 2 (1998) 949–968. doi:10.1080/12795119.1998.9692221. 
[35] François R, Arliguie G, Maso J-C, Durabilité du béton armé soumis à l’action des chlorures, in: 1994: 

pp. 1–48. 
[36] R. Francois, I. Khan, N.A. Vu, H. Mercado, A. Castel, Study of the impact of localised cracks on the 

corrosion mechanism, Eur. J. Environ. Civ. Eng. 16 (2012) 392–401. 
doi:10.1080/19648189.2012.667982. 

[37] B. Elsener, Macrocell corrosion of steel in concrete – implications for corrosion monitoring, Cem. Concr. 
Compos. 24 (2002) 65–72. doi:10.1016/S0958-9465(01)00027-0. 

[38] A. Castel, R. François, Modeling of steel and concrete strains between primary cracks for the prediction 
of cover-controlled cracking in RC-beams, Eng. Struct. 33 (2011) 3668–3675. 
doi:10.1016/j.engstruct.2011.08.001. 

[39] R.I. Gilbert, Flexural Crack Control for Reinforced Concrete Beams and Slabs: An Evaluation of Design 
Procedures, in: Sydney, Balkema, Rotterdam, 1999: pp. 175–180. 



 

82 

[40] R. Francois, J. Maso, Effect of Damage in Reinforced-Concrete on Carbonation or Chloride Penetration, 
Cem. Concr. Res. 18 (1988) 961–970. doi:10.1016/0008-8846(88)90033-6. 

[41] V.H. Dang, R. François, Influence of long-term corrosion in chloride environment on mechanical 
behaviour of RC beam, Eng. Struct. 48 (2013) 558–568. doi:10.1016/j.engstruct.2012.09.021. 

[42] P. Schießl, and R. Michael, Laboratory studies and calculations on the influence of crack width on 
chloride-induced corrosion of steel in concrete, ACI Materials Journal 94.1 (1997). 

[43] C.M. Hansson, A. Poursaee, A. Laurent, Macrocell and microcell corrosion of steel in ordinary Portland 
cement and high performance concretes, Cem. Concr. Res. 36 (2006) 2098–2102. 
doi:10.1016/j.cemconres.2006.07.005. 

[44] Y. Ji, W. Zhao, M. Zhou, H. Ma, P. Zeng, Corrosion current distribution of macrocell and microcell of 
steel bar in concrete exposed to chloride environments, Constr. Build. Mater. 47 (2013) 104–110. 
doi:10.1016/j.conbuildmat.2013.05.003. 

[45] Y. Ji, Y. Hu, L. Zhang, Z. Bao, Laboratory studies on influence of transverse cracking on chloride-
induced corrosion rate in concrete, Cem. Concr. Compos. (2015). 
doi:10.1016/j.cemconcomp.2015.12.006. 

[46] U. Angst, M. Büchler, On the applicability of the Stern–Geary relationship to determine instantaneous 
corrosion rates in macro-cell corrosion, Mater. Corros. 66 (2015) 1017–1028. 
doi:10.1002/maco.201407997. 

[47] UM Angst, M Büchler, Corrosion rate measurements in concrete: a closer look at the linear polarization 
resistance method, in: Concr. Repair Rehabil. Retrofit. IV, CRC Press, 2015: pp. 893–900. 
http://www.crcnetbase.com/doi/abs/10.1201/b18972-126. 

[48] K. Hornbostel, The role of concrete resistivity in chloride-induced macro-cell corrosion, Norwegian 
University of Science and Technology, Ph.D thesis, 2015. 

[49] L. Yu, R. François, V.H. Dang, V. L’Hostis, R. Gagné, Development of chloride-induced corrosion in 
pre-cracked RC beams under sustained loading: Effect of load-induced cracks, concrete cover, and 
exposure conditions, Cem. Concr. Res. 67 (2015) 246–258. doi:10.1016/j.cemconres.2014.10.007. 

[50] R. Francois, G. Arliguie, Reinforced concrete: correlation between cracking and corrosion, ACI Spec. 
Publ. 126 (1991).  

[51] A. Scott, M.G. Alexander, The influence of binder type, cracking and cover on corrosion rates of steel 
in chloride-contaminated concrete, Mag. Concr. Res. 59 (2007) 495–505. 
doi:10.1680/macr.2007.59.7.495. 

[52] J. Torres, C. Andrade, Influence of Crack Width on Long Term Degradation of Concrete Structures, in: 
C. Andrade, J. Gulikers, R. Polder (Eds.), Durab. Reinf. Concr. Compos. Prot., Springer International 
Publishing, 2015: pp. 87–98.  

[53] S.J. Jaffer, C.M. Hansson, The influence of cracks on chloride-induced corrosion of steel in ordinary 
Portland cement and high performance concretes subjected to different loading conditions, Corros. Sci. 
50 (2008) 3343–3355. doi:10.1016/j.corsci.2008.09.018. 

[54] C. Li, Initiation of Chloride-Induced Reinforcement Corrosion in Concrete Structural Members—
Experimentation, ACI Struct. J. 98 (2001). doi:10.14359/10293. 

[55] R. Zhang, A. Castel, R. François, The corrosion pattern of reinforcement and its influence on 
serviceability of reinforced concrete members in chloride environment, Cem. Concr. Res. 39 (2009) 



 

83 

1077–1086. doi:10.1016/j.cemconres.2009.07.025. 
[56] F. Paradis, Influence de la fissuration du béton sur la corrosion des armatures: caractérisation des produits 

de corrosion formés dans le béton, Ph.D thesis, Université Laval, 2009. 
[57] A. Michel, A.O.S. Solgaard, B.J. Pease, M.R. Geiker, H. Stang, J.F. Olesen, Experimental investigation 

of the relation between damage at the concrete-steel interface and initiation of reinforcement corrosion 
in plain and fibre reinforced concrete, Corros. Sci. 77 (2013) 308–321. doi:10.1016/j.corsci.2013.08.019. 

[58] R. François, G. Arliguie, Influence of Service Cracking on Reinforcement Steel Corrosion, J. Mater. Civ. 
Eng. 10 (1998) 14–20. doi:10.1061/(ASCE)0899-1561(1998)10:1(14). 

[59] K. Pettersson, O. Jorgenson, P. FidjestolI, The effect of cracks on reinforcement corrosion in high-
performance concrete in a marine environment, ACI Spec. Publ. 163 (1996).  

[60] T. Mohammed, N. Otsuki, M. Hisada, T. Shibata, Effect of Crack Width and Bar Types on Corrosionof 
Steel in Concrete, J. Mater. Civ. Eng. 13 (2001) 194–201. doi:10.1061/(ASCE)0899-
1561(2001)13:3(194). 

[61] A.W. Beeby, Cracking, cover and corrosion of reinforcement, Concr. Int. 5 (1983) 35–40. 
[62] M.G. Alexander, M.B. Otieno, H.-D. Beushausen, Corrosion in cracked and uncracked concrete – 

influence of crack width, concrete quality and crack reopening, Mag. Concr. Res. 62 (2010) 393–404. 
doi:10.1680/macr.2010.62.6.393. 

[63] M. Otieno, H. Beushausen, M. Alexander, Towards incorporating the influence of cover cracking on 
steel corrosion in RC design codes: the concept of performance-based crack width limits, Mater. Struct. 
45 (2012) 1805–1816. doi:10.1617/s11527-012-9871-9. 

[64] M. Sahmaran, I.O. Yaman, Influence of transverse crack width on reinforcement corrosion   initiation 
and propagation in mortar beams, Can. J. Civ. Eng. 35 (2008) 236–245. doi:10.1139/L07-117. 

[65] B. Sangoju, R. Gettu, B. Bharatkumar, M. Neelamegam, Chloride-Induced Corrosion of Steel in Cracked 
OPC and PPC Concretes: Experimental Study, J. Mater. Civ. Eng. 23 (2011) 1057–1066. 
doi:10.1061/(ASCE)MT.1943-5533.0000260. 

[66] C. Arya, F.K. OforiDarko, Influence of crack frequency on reinforcement corrosion in concrete, Cem. 
Concr. Res. 26 (1996) 345–353. doi:10.1016/S0008-8846(96)85022-8. 

[67] A. Poursaee, C.M. Hansson, The influence of longitudinal cracks on the corrosion protection afforded 
reinforcing steel in high performance concrete, Cem. Concr. Res. 38 (2008) 1098–1105. 
doi:10.1016/j.cemconres.2008.03.018. 

[68] O. Vennesland, O.E. Gjoro, Effect of Cracks in Submerged Concrete Sea Structures on Steel Corrosion, 
Mater. Perform. 20 (1981) 49–51. 

[69] O. Gautefall, O. Vennesland, Effects of cracks on the corrosion of embedded steel in silica-concrete 
compared to ordinary concrete, Nord. Concr. Res. 2 (1983) 17–28. 

[70] Y. Yuan, Y. Ji, S.P. Shah, Comparison of two accelerated corrosion techniques for concrete structures, 
Aci Struct. J. 104 (2007) 344–347. 

[71] Y. Yuan, Y. Ji, Modeling corroded section configuration of steel bar in concrete structure, Constr. Build. 
Mater. 23 (2009) 2461–2466. doi:10.1016/j.conbuildmat.2008.09.026. 

[72] H.S. Wong, Y.X. Zhao, A.R. Karimi, N.R. Buenfeld, W.L. Jin, On the penetration of corrosion products 
from reinforcing steel into concrete due to chloride-induced corrosion, Corros. Sci. 52 (2010) 2469–
2480. doi:10.1016/j.corsci.2010.03.025. 



 

84 

[73] F. Tang, Z. Lin, G. Chen, W. Yi, Three-dimensional corrosion pit measurement and statistical mechanical 
degradation analysis of deformed steel bars subjected to accelerated corrosion, Constr. Build. Mater. 70 
(2014) 104–117. doi:10.1016/j.conbuildmat.2014.08.001. 

[74] [67] X. Wang, W. Zhang, X. Gu, H. Dai, Determination of residual cross-sectional areas of corroded 
bars in reinforced concrete structures using easy-to-measure variables, Constr. Build. Mater. 38 (2013) 
846–853. doi:10.1016/j.conbuildmat.2012.09.060. 

[75] Y.G. Du, L.A. Clark, A.H.C. Chan, Residual capacity of corroded reinforcing bars, Mag. Concr. Res. 57 
(2005) 135–147. doi:10.1680/macr.2005.57.3.135. 

[76] G. Malumbela, M. Alexander, P. Moyo, Variation of steel loss and its effect on the ultimate flexural 
capacity of RC beams corroded and repaired under load, Constr. Build. Mater. 24 (2010) 1051–1059. 
doi:10.1016/j.conbuildmat.2009.11.012. 

[77] R. Francois, I. Khan, V.H. Dang, Impact of corrosion on mechanical properties of steel embedded in 27-
year-old corroded reinforced concrete beams, Mater. Struct. 46 (2013) 899–910. doi:10.1617/s11527-
012-9941-z. 

[78] W. Zhu, R. François, Corrosion of the reinforcement and its influence on the residual structural 
performance of a 26-year-old corroded RC beam, Constr. Build. Mater. 51 (2014) 461–472. 
doi:10.1016/j.conbuildmat.2013.11.015. 

[79] J.A. González, C. Andrade, C. Alonso, S. Feliu, Comparison of rates of general corrosion and maximum 
pitting penetration on concrete embedded steel reinforcement, Cem. Concr. Res. 25 (1995) 257–264. 
doi:10.1016/0008-8846(95)00006-2. 

[80] J. Rodriguez, L. Ortega, J. Casal, Load carrying capacity of concrete structures with corroded 
reinforcement, Constr. Build. Mater. 11 (1997) 239–248. doi:10.1016/S0950-0618(97)00043-3. 

[81] C.A. Apostolopoulos, S. Demis, V.G. Papadakis, Chloride-induced corrosion of steel reinforcement – 
Mechanical performance and pit depth analysis, Constr. Build. Mater. 38 (2013) 139–146. 
doi:10.1016/j.conbuildmat.2012.07.087. 

[82] A. Torres-Acosta, M. Martı´nez-Madrid, Residual Life of Corroding Reinforced Concrete Structures in 
Marine Environment, J. Mater. Civ. Eng. 15 (2003) 344–353. doi:10.1061/(ASCE)0899-
1561(2003)15:4(344). 

[83] J. Cairns, G.A. Plizzari, Y. Du, D.W. Law, C. Franzoni, Mechanical properties of corrosion-damaged 
reinforcement, ACI Mater. J. 102 (2005).  

[84] J. Harnisch, Zum zeitabhängigen Verhalten elektrochemischer und morphologischer Kenngrößen bei der 
chloridinduzierten Korrosion von Stahl in Beton, Ph.D thesis, Hochschulbibliothek Rheinisch-
Westfälische Technischen Hochschule Aachen, 2012. 

[85] M. Maslehuddin, I.A. Allam, G.J. Al-Sulaimani, A. Al-Mana, S.N. Abduljauwad, Effect of rusting of 
reinforcing steel on its mechanical properties and bond with concrete, ACI Mater. J. 87 (1990).  

[86] I.M. Allam, M. Maslehuddin, H. Saricimen, A.I. Al-Mana, Influence of atmospheric corrosion on the 
mechanical properties of reinforcing steel, Constr. Build. Mater. 8 (1994) 35–41. doi:10.1016/0950-
0618(94)90006-X. 

[87] C.A. Apostolopoulos, V.G. Papadakis, Consequences of steel corrosion on the ductility properties of 
reinforcement bar, Constr. Build. Mater. 22 (2008) 2316–2324. doi:10.1016/j.conbuildmat.2007.10.006. 

[88] C.A. Apostolopoulos, M.P. Papadopoulos, S.G. Pantelakis, Tensile behavior of corroded reinforcing steel 



 

85 

bars BSt 500s, Constr. Build. Mater. 20 (2006) 782–789. doi:10.1016/j.conbuildmat.2005.01.065. 
[89] J. Xia, W. Jin, Y. Zhao, L. Li, Mechanical performance of corroded steel bars in concrete, Proc. ICE - 

Struct. Build. 166 (2013) 235–246. doi:10.1680/stbu.11.00048. 
[90] W. Zhu, R. François, Effect of corrosion pattern on the ductility of tensile reinforcement extracted from 

a 26-year-old corroded beam, Adv. Concr. Constr. 1 (2013) 121–136. 
[91] W. Zhu, R. François, Experimental investigation of the relationships between residual cross-section 

shapes and the ductility of corroded bars, Constr. Build. Mater. 69 (2014) 335–345. 
doi:10.1016/j.conbuildmat.2014.07.059. 

[92] W. Zhu, Effect of Corrosion on the Mechanical Properties of the Corroded reinforcement and the 
Residual Structural Performance of the Corroded beams, Ph.D thesis, INSA-Toulouse, 2014. 

[93] R. Palsson, M.S. Mirza, Mechanical response of corroded steel reinforcement of abandoned concrete 
bridge, ACI Struct. J. 99 (2002). 

[94] A. Castel, R. Francois, G. Arliguie, Mechanical behaviour of corroded reinforced concrete beams - Part 
2: Bond and notch effects, Mater. Struct. 33 (2000) 545–551. doi:10.1007/BF02480534. 

[95] V.H. Dang, R. François, Prediction of ductility factor of corroded reinforced concrete beams exposed to 
long term aging in chloride environment, Cem. Concr. Compos. 53 (2014) 136–147. 
doi:10.1016/j.cemconcomp.2014.06.002. 

[96] C.Q. Li, R.E. Melchers, Time-dependent risk assessment of structural deterioration caused by 
reinforcement corrosion, Aci Struct. J. 102 (2005) 754–762. 

[97] P.S. Mangat, M.S. Elgarf, Flexural strength of concrete beams with corroding reinforcement, Aci Struct. 
J. 96 (1999) 149–158. 

[98] A.K. Azad, S. Ahmad, B.H.A. Al-Gohi, Flexural strength of corroded reinforced concrete beams, Mag. 
Concr. Res. 62 (2010) 405–414. doi:10.1680/macr.2010.62.6.405. 

[99] Torres-Acosta AA, Navarro-Gutierrez S, Terán-Guillén J. Residual flexure capacity of corroded 
reinforced concrete beams. Eng Struct 2007;29:1145–52. 
http://dx.doi.org/10.1016/j.engstruct.2006.07.018. 

[100] S. Yoon, K.J. Wang, W.J. Weiss, S.P. Shah, Interaction between loading, corrosion, and 
serviceability of reinforced concrete, Aci Mater. J. 97 (2000) 637–644. 

[101] Castel A, François R, Arliguie G. Mechanical behaviour of corroded reinforced concrete beams – 
Part 1: experimental study of corroded beams. Mater Struct 2000;33:539–44. 
http://dx.doi.org/10.1007/BF02480533. 

[102] Zhang R, Castel A, François R. Serviceability limit state criteria based on steel–concrete bond loss 
for corroded reinforced concrete in chloride environment. Mater Struct 2009;42:1407–21. 
http://dx.doi.org/10.1617/s11527-008-9460-0. 

[103] Zhu W, François R. Structural performance of RC beams in relation with the corroded period in 
chloride environment. Mater Struct 2014;47:1–13. http://dx.doi.org/10.1617/s11527-014-0270-2. 

[104] I. Khan, R. Francois, A. Castel, Structural performance of a 26-year-old corroded reinforced 
concrete beam, Eur. J. Environ. Civ. Eng. 16 (2012) 440–449. doi:10.1080/19648189.2012.667992. 

[105] V.H. Dang, R. François, Influence of long-term corrosion in chloride environment on mechanical 
behaviour of RC beam, Eng. Struct. 48 (2013) 558–568. doi:10.1016/j.engstruct.2012.09.021. 

[106] Y. Du, L.A. Clark, A.H.C. Chan, Impact of reinforcement corrosion on ductile behavior of 



 

86 

reinforced concrete beams, Aci Struct. J. 104 (2007) 285–293. 



 

87 

III. Experimental program 



 

88 



 

89 

1. Introduction 

The research in this thesis concerns three experimental programs, which were started in 

1984, 2010 and 2013 respectively. In the following sections, some details of the three 

experimental programs are presented. 

2. Experimental program started in 1984 

In order to study the corrosion process of reinforcement in concrete exposed in chloride 

environment and the influence of loading on corrosion process, in 1984 an experimental 

program was carried out by François at Laboratoire Matériaux et Durabilité des Constructions 

(L.M.D.C.) in Toulouse, southwest of France. 

A series of full-scale RC beams were cast and stored in the chloride environment 

continually. This section presents a detailed description of the test specimens built for this 

research program. The characteristics of the materials, the conservation conditions and the 

corroded situations are introduced. 

2.1 Specimens 

In this program, seventy-two RC beams were cast. Thirty-six beams were loaded and then 

stored in a chloride environment with a spray of salt fog, they were named corroded beams. 

Another 36 beams with the same materials and compositions, the same configurations were 

stored in the normal laboratory conditions, which were considered to be the non-corroded beams 

(control beams).  

Configurations: 

All the beams were cast with the dimension of 3000 × 280 × 150 mm. These beams were 

divided into two groups (group A and group B) according to their configurations of 

reinforcements. The A beams had a concrete cover depth of 40 mm and the B beams 10 mm 

(Figure III-1). In the A beams, the tensile bars had a diameter of 16 mm, while that of the 
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compressive bars and stirrups was 8 mm. In the B beams, the tensile bars had a diameter of 12 

mm, and that of the compressive bars and stirrups was 6 mm.  
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Figure III-1 Layout of the reinforced concrete beams cast in 1984 (all dimensions in mm) 

Materials: 

Table III-1 provides the concrete composition. The water/cement ratio was finely adjusted 

to obtain a slump of 70 mm.  
Table III-1 Concrete composition 

Mix Composition 
Rolled gravel (silica + limestone) 5-15 mm 1109 kg/m3 
Sand 0-5 mm 745 kg/m3 
Portland cement: OPC (high performance)  364 kg/m3 
Water  182 kg/m3 

According to the compression tests on the cylindrical specimens, the average compressive 

strength of the concrete was 45 MPa. The elastic modulus was 32 GPa. The tensile strength was 

4.7 MPa, which was tested by splitting test on the cylindrical specimens. The porosity was about 

15.2%. 

Casting directions: 

The casting direction of all the beams was the same as the exposure direction. For type A 

beams, tensile bars were cast on top. For type B beams, compressive bars were cast on top. 
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2.2 Loading system 

A three-point loading system was applied to the beams according to coupling a beam of 

Type A and a beam of Type B together. The loading system consisted of two steel brackets, two 

threaded rods and four nuts as presented in Figure III-2. Loading was applied by tightening the 

nuts on the threaded rods indicated in Figure III-2. There were two strain gauges on each 

threaded rod, which were used to calculate the applied load. 

Two levels of the load were applied: the moment at the mid-span of the beams was 13.5 

kN·m which corresponded to the maximum load versus durability in an aggressive environment 

for the beams in Type A and the maximum load versus resistance for the beams in Type B 

according to former French code (B.A.E.L., 1983, French regulations for reinforced concrete 

structures). The load was marked as level 1 and the beams under level 1 were named A1 and B1 

respectively; the moment at the mid-span was 21.2 kN·m which corresponded to the maximum 

load versus resistance for the beams in Type A and 80% of the failure load and equal to twice 

the design service load in aggressive environment. The beams loaded in level 2 were named A2 

and B2 respectively. 

steel bracket

threaded rod

nut

strain gauge

 

Figure III-2 Schematic of the loading system 

It should be noted that, in each group type B beam was located on top while type A beam 

was located on bottom.  
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2.3 Exposure environment: 

The control beams were kept in a laboratory room, with R.H. of 50% and a temperature of 

20°C throughout the program. 

The corroded beams were stored in a chloride environment and the exposure environment 

at different stages is presented in Table III-2. In the first 6 years, the beams were exposed in 

continuous salt fog spraying. A salt fog made by a solution of 35 g/l NaCl was generated by four 

sprays located in top corner of the confined room as shown in Figure III-3.  

 
Figure III-3 Storage of loaded RC beams in a chloride environment 

Having been stored in the saline fog for 6 years, the corroded beams were transferred to 

wetting-drying cycles (Table III-2) so as to accelerate the corrosion process. Each cycle 

contained two days of wetting and two weeks of drying. In the first 9 years, the temperature of 

the confined room was always controlled at around 20°C . From the 9th year to right now, the 

temperature is not controlled and is the same as the natural outdoor environment of southwest 

France, with monthly average temperatures ranging from 5.1°C to 21.3°C. 

After 19 years of storage, it was decided to perform mechanical tests on the beams, the 
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loading system was removed.  
Table III-2 Wetting-drying cycles of the corroded beams 

Period 

(years) 
Spraying state 

Loading 

conditions 

Conservation 

conditions 
Temperature 

0-6 Continuous spraying Loaded Confined room About 20 °C  

6-9 Wetting/drying cycles Loaded Confined room About 20 °C  

9-19 Wetting/drying cycles Loaded Confined room 5.1-21.3°C  

19-26 No spraying Unloaded Confined room 5.1-21.3°C  

26-present Wetting/drying cycles Unloaded Confined room 5.1-21.3°C  

3.3 Experimental program started in 2010 

In order to study the effect of exposure conditions on the corrosion process, a new set of 

reinforced concrete beams were cast in 2010 by Dang.  

3.1 Specimens 

Twelve new beams were cast in this program, six beams of type A and six beams of type 

B. All the beams have a dimension of 3000 × 280 × 150 mm, the same as old beams cast in 

1984. Type A beams in this program were named As beams while type B beams in this program 

were named Bs beams. 

Configurations: 

The configurations of reinforcement in both type A and type B beams were the same as old 

beams which were cast in 1984. The water/cement ratio was finely adjusted to obtain a slump 

of 70 mm. The average compressive strength of the concrete (tested on 110 × 220 mm cylindrical 

specimens) was 45 MPa at 28 days. 

Materials: 

The composition of concrete was also the same as that used in the old experimental 

program. It is presented in Table III-1.  
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Casting directions: 

The casting direction of all the beams was the same as the exposure direction. For type A 

beams, compressive bars were cast on top. For type B beams, tensile bars were cast on top. 

3.2 Loading system 

The loading system used in this experimental program and the loading levels are the same 

as those in the old experimental program.  

It should be noted that, the locations of type A beams and type B beams were different from 

that in the old experimental program started in 1984. In this program, type A beam was located 

on top and type B beam was located on bottom. The locations of the beams in the two programs 

are presented in Figure III-4.  
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Figure III-4 Location of the beams cast in 1984 and 2010 

3.3 Exposure environment: 

After being loaded together, the beams were exposed in a chloride environment. From 2010 

to now, the exposure condition is always wetting and drying cycles. Each cycle contains two 

days of wetting followed by two weeks of drying. During the wetting period, a salt fog (35 g/L 

of NaCl, equivalent to the salt concentration of seawater) was generated by four spray nozzles 
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located at each upper corner of the chloride chamber. The door of the chloride chamber is opened 

during the drying period, the temperature is the same as the natural outdoor environment of 

southwest France, with monthly average temperatures ranging from 5.1°C to 21.3°C. 

4. Experimental program started in 2013 

Four beams with the same concrete cover depth were cast in 2013 so as to study the impact 

of top-casting-induced defects on corrosion process. These beams were named type C beams.  

4.1 Specimens 

The dimension of all the beams in this program was 3000 × 280 × 150 mm. 

Configurations: 

Each beam was reinforced with two 12 mm bars deformed in tension with a cover of 26 

mm, and two 6 mm bars deformed in compression also with a cover of 26 mm. The stirrups had 

a diameter of 6 mm, and the space between two stirrups was 220 mm (Figure III-5). 
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Figure III-5 Dimension of type C beams cast in 2013 (all dimensions in mm) 

Materials: 

The composition of concrete was also the same as that used in the old experimental 

program. It is presented in Table III-1. The water/cement ratio was finely adjusted to obtain a 

slump of 70 mm. The average compressive strength of the concrete (tested on 110 × 220 mm 

cylindrical specimens) was 45 MPa at 28 days. 

Casting directions: 

The four beams were divided into two groups: beam C1 and beam C2 were in Group 1 

while beam C3 and beam C4 were in Group 2. The casting direction is presented in Figure III-6. 

Compressive bars were cast on top in Group 1 while tensile bars were cast on top in Group 2. 
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Figure III-6 Casting direction and location of the beams 

4.2 Loading system 

The bending moment applied on Group 1 was Mser1 = 21.2 kN.m (corresponding to a point 

load of 30.7 kN) and that on Group 2 was Mser2 = 14.1 kN.m (corresponding to a point load of 

20.5 kN). Mser1 corresponds to about 80% of the failure load and was chosen to obtain crack 

width largely higher that is required by EuroCode2. Mser2 corresponds to about 50% of the 

failure load and matches the Ultimate Limit State design in a non-aggressive environment 

according to EuroCode2. 

4.3 Exposure environment: 

The exposure environment in this program is completely the same as that in the program 

started in 2010. The location of the beams is presented in Figure III-6.  

5. Beams concerned in this thesis 

There are a lot of beams concerned in this thesis, including four beams cast in 1984, four 

beams cast in 2010 and four beams cast in 2013. Some detailed information about these beams 
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is presented in Table III-3.  
Table III-3 Detailed information about the beams concerned in the thesis 

Beam Type Cast year Test year Corrosion duration Loading level 

Bs03 Corroded 2010 2013 19 months 13.5 kN·m 

As06 Corroded 2010 2013 19 months 13.5 kN·m 

Bs04 Corroded 2010 2013 27 months 21.2 kN·m 

Bs02 Corroded 2010 2013 36 months 13.5 kN·m 

C1 Corroded 2013 2015 29 months 21.2 kN·m 

C2 Corroded 2013 2015 29 months 21.2 kN·m 

C3 Corroded 2013 2015 29 months 14.1 kN·m 

C4 Corroded 2013 2015 29 months 14.1 kN·m 

B2T Control 1984 2011 26 years 21.2 kN·m 

B2T3 Control 1984 2013 28 years 21.2 kN·m 

B2Cl2 Corroded 1984 2011 26 years 21.2 kN·m 

B2Cl3 Corroded 1984 2013 28 years 21.2 kN·m 
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IV. Corrosion development in cracked concrete 

under sustained loading in a chloride environment
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1. Introduction 

The first objective of the thesis is to study the development of corrosion in cracked concrete. 

In this chapter, some experiments were conducted to investigate the first objective of the Ph.D 

project and the main findings have been written in 4 articles, which are introduced briefly in this 

section. The full papers are presented in Section 2 to Section 5 of this chapter. 

1.1 Effect of concrete cover depth, load-induced crack and exposure condition 

on corrosion development 

Concrete cover protects the reinforcement against corrosion from both physical and 

chemical perspectives. The depth is a major parameter influencing the protective performance 

of concrete cover. In cracked concrete, easy accesses for aggressive agents are provided by the 

cracks. Under this situation, more studies on the role of concrete cover depth are needed. 

As reviewed in Section 2 of chapter II, it has been accepted broadly that, transverse cracks 

accelerate corrosion initiation. However, their impact on corrosion rate is still under debate.  

Generally, cracks resulting from bending load are located on the bottom part of the 

reinforced concrete elements, while sometimes the situation is inverse. It is mentioned in fib 

Bulletin No. 34 that top tensioned surface is the worst situation for steel reinforcement corrosion. 

Until now, almost no published research has focused on how cracking orientation affects the 

corrosion process. 

Some experiments were conducted in order to answer the above questions. Two types of 

RC beams, type A beam and type B beam with concrete cover depth of 10 and 40 mm 

respectively, were cast. One type A and one type B beam were loaded together and exposed to 

a cyclic chloride environment. The cracking maps, corrosion maps, chloride profiles, and cross-

sectional loss of steel bars in the two beams were studied. Corrosion rate in the form of corrosion 

current density was calculated from the mass loss of the corroded steel bars. The results were 
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compared with those obtained from some beams with the same dimensions, the same materials 

but different casting direction and different exposure direction in the chloride room, in order to 

highlight the impact of exposure condition on corrosion development. Meanwhile, the effect of 

concrete cover depth and load-induced damage on corrosion development is also discussed. 

More details about the experiment and the results are presented in Section 2 of this chapter, 

which is an article published in the journal of Cement and Concrete Research.  

Title: Development of chloride-induced corrosion in pre-cracked RC beams under 

sustained loading: effect of load-induced cracks, concrete cover, and exposure conditions 

Authors and affiliation: 

1. Linwen Yu, INSA-Toulouse and Université de Sherbrooke; 

2. Raoul François, INSA-Toulouse; 

3. Vu Hiep Dang, Hanoi Architectural University; 

4. Valérie L’Hostis, CEA-Saclay; 

5. Richard Gagné, Université de Sherbrooke. 

Date of acceptance: 3 October 2014 

1.2 Effect of top-casting-induced defects in steel-concrete interface on 

corrosion development 

Normally, the interface of steel-concrete has a higher porosity, which could be seemed as 

defects, under the horizontal steel bars due to the bleeding, segregation and settlement of fresh 

concrete. The defects increase with increasing depth of concrete under the horizontal bars. When 

the depth is lower than a critical value, it can be considered that there are no macro-defects under 

the horizontal bars.  

There are some water and oxygen in the macro-defects in the bottom part of steel-concrete 

interface. Moreover, the macro-defects alter microenvironment around the steel bars, and a 

potential gradient is generated. All these factors are beneficial for corrosion initiation, and a lot 

of studies have confirmed that the macro-defects in steel-concrete interface facilitate corrosion 
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initiation. However, the effect of macro-defects in steel-concrete interface on corrosion 

propagation is still not clear.  

Four 3000 × 280 × 150 mm beams were cast. The concrete cover depth is 20 mm and the 

height of the beams is 280 mm. Some macro-defects are expected to form under the top bars, 

and are named top-casting-induced defects. In order to investigate the effect of top-casting-

induced defects on corrosion development, the four beams were cast in different directions with 

respect to their exposure directions. They were corroded in a chloride environment under 

sustained loading. Cracking patterns and cracking maps were recorded at different stages during 

the corrosion process. The effect of top-casting-induced defects at the steel-concrete interface 

under the horizontal steel bars on corrosion development is discussed. 

More details about the experiment and the results are presented in Section 3 of this chapter, 

which is an article published in the journal Materials and Structures. 

Title: Influence of steel-concrete interface defects induced by top-cast on development of 

chloride-induced corrosion in RC beams under sustained loading 

Authors and affiliation: 

1. Linwen Yu, INSA-Toulouse and Université de Sherbrooke; 

2. Raoul François, INSA-Toulouse; 

3. Richard Gagné, Université de Sherbrooke. 

Date of acceptance: 13 March 2016 

1.3 Effect of self-healing on corrosion development 

Small cracks in cementitious materials can be blocked due to self-healing, which is caused 

by further hydration of unhydrated cementitious materials, formation of calcite and ettringite, 

deposition of small particles and expansion induced by water absorption. A number of 

publications have indicated that self-healing of cracks reduces the permeability of cracked 

concrete and decreases corrosion risk of steel. There are some quantitative studies on the impact 

of self-healing on permeability of concrete, however, according to the author’s knowledge no 
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quantitative research on the effect of self-healing on corrosion development is found.  

In order to discuss the impact of self-healing of transverse cracks on corrosion development, 

a type of disk-shaped sample was used in the experiments. An expansive core was used to 

generate cracks with desired width. The cracked samples were cured in a humidity room 

(R.H=100%) for different durations in order to obtain variant self-healing degrees. Then the 

samples were subjected to wetting/drying cycles in a chloride environment so as to accelerate 

corrosion process. Some corroded samples were broken at different stages to check the corrosion 

situation, and the impact of self-healing on corrosion process is discussed. 

More details about the experiment and the results are presented in Section 4 of this chapter, 

which is a paper in preparation. 

1.4 Corrosion distribution and pitting factors of corroded bars 

Corrosion induced by chloride in concrete is heterogeneous and irregular both aound 

circumference and along the length of steel bar. According to the published papers, maximum 

cross-sectional loss is a good parameter for estimating the residual load-bearing capacity of 

corroded beams. Some non-destructive methods can be used to evaluate corrosion degree, but 

only average corrosion degree is measured with these methods. Until now, it is impossible to 

measure the maximum cross-sectional loss of corroded bars with non-destructive method in 

structures in service. So it is important to have an idea of the ratio between the maximum loss 

of cross-section and the average loss of cross-section, which is called the “pitting factor” to be 

able to predict their residual load-bearing capacity and the associated safety factor of corroded 

RC structures. 

This study was based on three beams exposed to accelerated natural corrosion for 19 to 36 

months. Steel bars were extracted from the corroded beams, their cross-sectional losses were 

measured after cleaning with Clarke’s solution (ISO 8407). Then we studied the corrosion 

distribution along a steel bar and the ratio between maximum cross-sectional loss and average 

cross-sectional loss of the steel bar. 
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More details about the experiment and the results are presented in Section 5 of this chapter, 

which is an article published in journal Construction and Building Materials.  

Title: Distribution of corrosion and pitting factor of steel in corroded RC beams 

Authors and affiliation: 

1. Linwen Yu, INSA-Toulouse and Université de Sherbrooke; 

2. Raoul François, INSA-Toulouse; 

3. Vu Hiep Dang, Hanoi Architectural University; 

4. Valérie L’Hostis, CEA-Saclay; 

5. Richard Gagné, Université de Sherbrooke. 

Date of acceptance: 14 July 2015 
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2. Development of chloride-induced corrosion in pre-cracked RC 

beams under sustained loading: effect of load-induced cracks, 

concrete cover, and exposure conditions 

2.0 Abstract 

This paper deals with corrosion initiation and propagation in pre-cracked reinforced concrete 

beams under sustained loading during exposure to a chloride environment. Specimen beams that 

were cast in 2010 were compared to specimens cast in 1984. The only differences between the 

two sets of beams were the casting direction in relation to tensile reinforcement and the exposure 

conditions in the salt-fog chamber. The cracking maps, corrosion maps, chloride profiles, and 

cross-sectional loss of one group of two beams cast in 2010 were studied and their calculated 

corrosion rates were compared to that of beams cast in 1984 in order to investigate the factors 

influencing the natural corrosion process. Experimental results show that, after rapid initiation 

of corrosion at the crack tip, the corrosion process practically halted and the time elapsing before 

corrosion resumed depended on the exposure conditions and cover depth. 

Key words: C: corrosion; D: chloride; D: reinforcement 

2.1 Introduction  

Steel corrosion constitutes the main durability issue resulting in the deterioration of 

reinforced concrete structures. Corrosion can result in loss of cross-section of the steel bar, loss 

of bond between the steel bar and concrete, and cracking and spalling of the concrete cover [1]. 

While many factors affect the durability of reinforced concrete structures, chloride 

contamination stands out as one of the most important causes of steel corrosion, especially in 

structures in contact with sea-water or de-icing salts [2].  

Numerous studies have been published on the factors affecting chloride-induced corrosion. 
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Reinforcement corrosion depends not only on concrete properties such as permeability and pore 

solution pH [3-5], but also on the applied load [6] and concrete cover cracking. Cracking, an 

inherent characteristic of concrete members, can occur due to shrinkage, creep, freeze/thaw 

cycles, external loads, and so on [7]. How cracks affect the corrosion process is not completely 

understood. The main questions concern the effect of cracks on the corrosion process and 

whether this occurs on the long or short term. Studies [6,8-10] confirm that cracks accelerate 

the initiation of corrosion by creating preferential pathways for aggressive agents (oxygen, 

chlorides, and water) to reach the surface of steel bars. Michel et al. [11] report that interfacial 

damage (slip and separation between reinforcement and concrete) indicates the risk of corrosion 

initiation and could be seen as an indicator of reinforcement susceptibility to early corrosion 

initiation. Whether the corrosion propagation period is affected by crack width, however, is still 

under debate. Otieno et al. [10] consider that cracks accelerate chloride-induced corrosion by 

increasing concrete penetrability, and that the corrosion rate also increases with increased crack 

width in the propagation stage. The same authors show, in [12], that crack width, cover depth, 

and concrete quality have interrelated effects on the chloride-induced corrosion rate. Other 

researchers [6,13-15], however, hold the view that crack width has no effect on corrosion 

propagation time. 

Crack characteristics include density (or crack frequency) and orientation, in addition to 

width. Arya and OforiDarko [9] studied the effect of crack frequency on reinforcement corrosion 

in concrete. fib Bulletin No. 34 [16] mentions that corrosion occurs most severely in the case of 

horizontal concrete surfaces in which both cracks and chloride attack occur from the top. It is 

worth noting that hardly any published research has focused on how cracking orientation affects 

the corrosion process, particularly when the specimens are exposed to a salt-fog environment. 

Normally, cracks resulting from bending occur on the bottom part of concrete members, and the 

tensioned horizontal cracked surface is the bottom face. Sometimes, the conditions are quite the 

opposite and bending cracks occur on the top part of concrete beams. The effects of chloride 

surface concentration and gravity on the penetration of aggressive agents under the two sets of 
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conditions would be quite different, and this fact should be taken into consideration. 

The results and analyses of the side effects induced by the design of the experimental 

program set up in 1984 at LMDC [6,17] provided the basis for a new program in 2010. The 

main changes were the exposure conditions of beams in the salt-fog chamber and the casting 

direction for both types of beams with respect to the location of tension reinforcement. The main 

objective was to understand how having a top surface corresponding to the tension-cracked 

surface would affect corrosion development. In the work presented herein, the specimens were 

exposed to wetting/drying cycles in a confined room with a chloride environment, in which the 

corrosion process was natural with no impressed electrical current. The results for two beams 

cast in 2010 were compared to those of 29-year-old beams in order to discuss how factors such 

as exposure conditions, cover depth, and damage caused by a flexural load would affect the 

corrosion process in reinforced concrete beams. 

2.2 Experimental context 

The research work was started in 1984 at Laboratoire Matériaux et Durabilité des 

Constructions (LMDC) in Toulouse, France, to study the corrosion process in reinforced 

concrete beams under the combined effect of load and a chloride environment. Thirty-six 

3000 × 280 × 150 mm beams—that is, of a size sufficient to be representative of the actual 

service conditions of reinforced concrete structures—were cast in 1984 and stored in a chloride 

chamber under service load to model structures in service. These beams were divided into two 

groups (group A and group B) according to their cross- sections; the details will be provided in 

the following sections. 

In order to study the effect of exposure conditions on the corrosion process, a batch of new 

beams with the same dimensions and concrete were cast in 2010. In this paper, we named the 

type A and type B beams cast 29 years ago old A beams and old B beams, while the type A and 

type B beams cast in 2010 were named As beams and Bs beams. The main changes were the 

location of the type A and type B beams in the salt-fog chamber and the casting direction for the 
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two types of beams based tension-reinforcement location. Unlike the situation in the previous 

program, the As beams were at the top and the Bs beams at the bottom of the loading device. 

The top bars in the Bs beams were tensile bars instead of compressive bars, and the top bars in 

the As beams were compressive bars. 

The main research reported on herein concerned two new beams (named As06 and Bs03); 

their results are compared with those from the old beams. 

2.2.1 Reinforced concrete specimens 

The two groups of beams, labeled A beams and B beams, had different reinforcement but 

the same ordinary reinforcement steel (yield strength = 500 MPa). The A beams had a concrete 

cover depth of 40 mm and the B beams 10 mm (Figure IV-1). In the A beams, the tensile bars 

had a diameter of 16 mm, while that of the compressive bars and stirrups was 8 mm. In the B 

beams, the tensile bars had a diameter of 12 mm, and that of the compressive bars and stirrups 

was 6 mm. Table IV-1 provides the concrete composition. The water/cement ratio was finely 

adjusted to obtain a slump of 70 mm. The average compressive strength of the concrete (tested 

on 110 ×  220 mm cylindrical specimens) was 45 MPa at 28 days. 
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Figure IV-1 Layout of the reinforced concrete beams (all dimensions in mm) 

Table IV-1 Concrete composition 
Mix Composition 
Rolled gravel (silica + limestone) 5/15 mm 1109 kg/m3 
Sand 0/5 mm 745 kg/m3 
Portland cement: OPC (high performance)  364 kg/m3 
Water  182 kg/m3 
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2.2.2 Load and exposure conditions 

Beams As06 and Bs03 were loaded together with a three-point loading system; the bending 

moment was Mser = 13.5 kN·m (corresponding to a point load of 20 kN). Beam As06 was located 

on top of beam Bs03. It is worth noting that, in the old groups, the old A beam was located 

underneath the old B beam (Figure IV-2). The upper surface of all the beams under loading 

conditions corresponded to the top surface with respect to the casting direction. 

The beams were exposed to a saline environment. A salt fog (35 g/L of NaCl, equivalent 

to the salt concentration of seawater) was generated by four spray nozzles located at each upper 

corner of a sealed chamber (Figure IV-2). As shown in Figure IV-2, chloride ponding during the 

wetting period led to different chloride concentrations on the beams’ surfaces. The exposure 

condition was wetting/drying cycles with two days of spraying followed by two weeks of drying. 

The temperature was the same as the natural outdoor environment of southwest France, with 

monthly average temperatures ranging from 5.1°C to 21.3°C. 
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2.3 Experimental programs 

2.3.1 Cracking maps 

Initial cracking maps were drawn after the beams were loaded. To monitor the propagation 

of the corrosion-induced cracks, cracking maps were drawn after 12, 17, and 19 months of 

chloride exposure. Crack width was measured with a video microscope with an accuracy of 

0.01 mm and magnification ranging from 25 times to 175 times. On the cracking maps, the black 

lines represent cracks induced by bending loading, while the red lines represent corrosion cracks. 

2.3.2 Chloride profiles 

Once the 19-month cracking maps had been recorded, the beams were cut to obtain samples 

for chloride concentration testing. Twelve positions were selected on each beam for sampling: 

6 positions on the tensile surface and 6 on the compressive surface (Figure IV-3). Each sample 

position corresponded to different concrete stress intensities in tension or compression. In 

addition, all the samples were taken at least 10 cm from any flexural crack, so as to avoid the 

effect of bending cracks on the chloride profile. Nevertheless, some corrosion-induced cracks 

on the tensile surface could not be avoided in certain samples from beam Bs03. 

At each location, concrete powder was collected by dry drilling with a Germann 

Instruments profile grinder using a 30-mm-diameter disk (about twice the maximum size of the 

coarse aggregate). Each sample corresponding to 4 mm in depth was obtained with a 

representative quantity of concrete powder. Chloride ions were extracted with nitric acid at 80°C 

and the chloride contents were determined by potentiometric titration with AgNO3. The chloride 

profile was plotted up to a depth of 46 mm from the concrete surface. In this study, the total 

chloride content per unit weight of cement was determined. 
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Figure IV-3 Schematic diagram of sample positions for chloride profile (6 samples were extracted from the 

bottom face and 6 from the top face) 

2.3.3 Corrosion maps 

The steel bars embedded in the beams were extracted after the samples had been obtained for 

the chloride profile. The corrosion distributions on the steel bars were described in detail; pitting 

corrosion areas and general corrosion areas were marked with different stamps. 

2.3.4 Cross-sectional loss  

The corroded steel bars were cleaned with Clark’s solution (ISO 8407) to remove the 

corrosion products. The residual cross-section was quite irregular when pitting corrosion 

dominated, making it difficult to measure the diameter with vernier calipers. Therefore, the 

weight loss of the steel bars was used to calculate the loss of cross-section. The steel bars were 

cut into short pieces of different length according to corrosion pattern (pitting or general 

corrosion) and corrosion detail. The length of each section depended on the corrosion condition 

along the steel bar and was measured with vernier calipers with a precision of 0.02 mm. Each 

short section was weighed on a balance with a precision of 0.01 g; the loss of cross-section was 

then calculated with Equation IV-1. The original mass of the short sections can be calculated 

with Equation IV-2. 

ΔA𝑠 =
𝑚0−𝑚

𝑚0
∙ 𝐴𝑠     Equation IV-1 

𝑚0 = 𝜌 ∙ 𝐴𝑠 ∙ 𝐿       Equation IV-2 
where ρ (g/cm3) is the density of the steel bar, considered to be 7.85 g/cm3; 

L (mm) is the length of each short section; 

ΔAs (mm2) is the average loss of cross-section of the corroded bars over the short section 
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length; 

As (mm2) is the nominal cross-section of the steel bars; 

m (g) is the residual mass of the short sections of corroded bar; and 

M0 (g) is the nominal mass of the steel bars. 

2.4 Experimental results and discussion 

2.4.1 Cracking maps 

The beams were checked carefully once a week to see whether corrosion-induced cracks 

occurred after they were put into the sealed chamber. Figure IV-4 presents the initial cracking 

map after loading and the 19-month cracking map for beam As06. This beam evidenced some 

transverse cracks generated by bending load, but no corrosion-induced cracks (longitudinal 

cracks) were observed. The widths of these transverse cracks ranged from 0.02 mm to 0.20 mm. 

The first corrosion-induced longitudinal crack was observed in beam Bs03 after 12 months 

of exposure to the aggressive environment. The initial cracking map after loading and the 

cracking maps at 12, 17, and 19 months were drawn (Figure IV-5). It was impossible to describe 

crack distributions on the tensile (top) surface at 12 months and 17 months, because the loading 

system was still in place when the cracking maps were recorded. 

The widths of flexural cracks in beam Bs03 resulting from three-point flexural loading 

ranged from 0.02 mm to 0.16 mm, while the widths of corrosion-induced longitudinal cracks 

ranged from 0.06 mm to 1.00 mm. 

The corrosion-induced longitudinal cracks occurred adjacent to the transverse cracks after 

12 months of exposure; most were located at beam mid-span. Five months later (17 months), 

the corrosion-induced cracks had increased in length and more had occurred on both the front 

and back surfaces. It is noteworthy that most of the corrosion cracks generated between 12 

months and 17 months were near the beam ends. The figures reveal that corrosion-induced 

cracks formed and spread along the longitudinal steel bars where the steel intersected with 
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flexural cracks. At 19 months, the corrosion-induced cracks were interconnected, whereas, two 

months earlier, they were independent. Most of the corrosion-induced cracks on the front surface 

were located in the middle part of the beam, while the corrosion-induced cracks on the back 

surface were distributed uniformly along the beam. It appears that the generation rate was 

greater from 17 months to 19 months than from 12 months to 17 months. The formation of 

corrosion-induced cracks changed the environmental conditions in the vicinity of the rebars, 

where chlorides, oxygen, and humidity became readily available and led to generalized 

corrosion. 
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Figure IV-5 Cracking maps of beam Bs03 (all crack widths are in micrometers) 
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2.4.2 Chloride profiles 

Figure IV-6 and Figure IV-7, respectively, provide the results of total chloride content of 

beams As06 and Bs03 at different depths. The codes used in the figures contain three parts: 

beam reference, sample position, and surface location. To illustrate, As06-1-t means beam As06, 

sample position 1 (Figure IV-3), top surface. 

The surface chloride content of each sample was curve fitted according to Equation IV-3; 

then an estimation of the surface concentration could be made, even though the chloride 

penetration due to the exposure conditions was not a pure diffusion process. Table IV-2 provides 

the surface chloride content on each surface of beams As06 and Bs03.  





















tD
xerfCtxC s 2

1),(             Equation IV-3 

where x is the depth; 

t is the exposure time; 

D is the apparent chloride diffusion coefficient; 

Cs is the surface chloride content; and 

C(x,t) is the chloride concentration at depth x and time t. 

For beam Bs03 at 19 months, the chloride concentration at the depth of the reinforcement 

was about 1.25% by weight of cement, which exceeds the usual critical value for depassivation 

(Figure IV-7). It should be noted that the critical chloride content in reinforced concrete 

proposed by different standards and researchers varies considerably. The threshold value 

proposed by ACI committee 222 [18] is 0.2% by mass of cement content. RILEM [19] 

considered that a chloride content in the range 0.3%–0.5% could indicate a low corrosion risk 

in most cases. Angst et al. [20] reviewed the reported critical chloride content and found a large 

overall scatter, the published critical chloride content values ranging from 0.04 to 8.34% total 

chloride by weight of cement. Garcia et al. [21] found that the critical chloride content had an 

average value of 0.8% by mass of cement, with a standard deviation of 0.2% for concrete made 

with Portland cement.  
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For beam As06, which was located on top when the beams were loaded, the chloride 

concentration penetrating from the top surface (compressive surface) at a given depth was 

greater than that at the same depth penetrating from the bottom surface (tensile surface). For 

beam Bs03, the chloride concentration at a given depth from the top surface (tensile surface) 

was slightly greater than that at the same distance from the bottom surface (compressive surface). 

Several reasons can account for the differences in chloride penetration. First, tensile stress 

and compressive stress could have affected chloride penetration differently. Gowripalan et al. 

[22] immersed specimens in a chloride solution and studied the chloride diffusion coefficients 

on the tensile and compressive surfaces. The results revealed that the apparent chloride diffusion 

coefficient in the tensile zone was higher than that in the compressive zone. François and Maso 

[8] also indicated that damage at the aggregate/paste interface in the tensile zone of bending 

beams led to increased chloride diffusion, while compressive stress could cause some capillary 

pores to partially close and impede chloride ingress into the concrete [23]. Second, the top 

surface received more salt solution during the spraying period because of the exposure 

conditions. The four spray nozzles were located at each top angle of the fog chamber, so more 

solution could penetrate into the beam from the top surface by gravity. After the wetting period, 

some chloride solution remained on the top surface, so that chloride salt could form there during 

the drying period, thus increasing the surface concentration during the next wetting period. The 

surface chloride contents in Table IV-2 also point to this. Lastly, the chloride diffusion rates 

through the top and bottom faces could also differ because of the casting direction [24]. 

Beam As06 was located on top and, when the top surface corresponded to a compressive 

surface, the stress would lead to smaller chloride concentrations on the top surface. The second 

and third reasons mentioned above would result in greater chloride concentrations on the top 

surface. François et al. [25] show that the difference in diffusion coefficient between the top and 

bottom faces is very small. The results in Table IV-2 reveal that the surface chloride 

concentration on the top surface of beam As06 was 4.3% by mass of cement, which is much 

higher than the 2.4% found for the bottom surface. So, the exposure condition (top horizontal 
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surface) was the most important factor affecting chloride concentration. Nevertheless, in the 

sealed chamber, beam Bs03 was sheltered from the salt spray by beam As06, located just above 

it. Therefore, the exposure condition on the top surface of beam Bs03 was less unfavorable than 

for beam As06. As a result, the chloride concentration measured on the top face of beam Bs03 

was less than that at the same position on beam As06. This can be called a “sheltering effect.” 

There is no correlation between surface chloride concentration and tensile/compressive state, 

because the first-order parameter is the exposure conditions: i.e., top or bottom surface. 

Comparing Figure IV-6 (b) with Figure IV-7 (a) revealed that the chloride concentration at 

a certain depth from the top surface of beam Bs03 was higher than that at the same distance 

from the bottom surface of beam As06. Both were tensile surfaces and the surface chloride 

concentrations were nearly the same. So, the difference in chloride concentration at this depth 

must have been due to the effect of casting direction on concrete porosity and to the penetration 

direction, which was favorable for chloride penetration when the gravity effect was added to the 

other transport phenomena. 
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(a) Chloride profiles on the top (compressive) surface 

 
(b) Chloride profiles on the bottom (tensile) surface 

Figure IV-6 Chloride profiles for beam As06 
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(a) Chloride profiles on the top (tensile) surface 

 
(b) Chloride profiles on the bottom (compressive) surface 

Figure IV-7 Chloride profiles for beam Bs03 
 

Table IV-2 Surface chloride concentration 
Beam Surface Cs  (%) 

As06 
Top (compressive) 4.3-(Ctop2) 
Bottom (tensile) 2.4-(Cbott) 

Bs03 
Top (tensile) 2.7-(Ctop) 

Bottom (compressive) 2.3-(Cbott) 
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2.4.3 Corrosion maps and stirrup loss of diameter 

The beams were destroyed to extract the steel bars and the corrosion maps were drawn 

from the upward-looking direction (bottom surface with respect to the casting direction) and 

downward-looking direction (top surface with respect to the casting direction). Vernier calipers 

were used to measure stirrup diameter loss. 

Back bar
Front bar

P

Downward-looking direction

Upward-looking direction

 
Figure IV-8 Corrosion map of tensile bars in beam As06 (View from upward-looking direction) 

 
Figure IV-9 Pitting corrosion on a tensile bar in beam As06 

There was no corrosion on beam As06’s compressive bars or stirrups, but several corroded 

zones were observed on the bottom surface of the tensile bars.  

Figure IV-8 shows the corrosion map of beam As06’s tensile bars from the upward-looking 

direction and the flexural cracks induced by loading. The corrosion zones appear in blue shading. 

There is no corrosion map in the downward-looking direction because there was no corrosion 

on the top face of the bars. Cleaning with Clark’s solution made it obvious that all the corrosion 

was of the pitting type, corresponding to a macro-cell corrosion process. All the pits were 

located near flexural cracks. Figure IV-9 shows the details of a representative pit. 

Based on the chloride profiles of beam As06 (Figure IV-6), the total chloride concentration 

at the reinforcement depth in a non-cracked zone was less than the usual threshold value [18-
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21]. So, the parts of the steel bars protected by non-cracked concrete were still in a passivation 

state. Beam As06’s corrosion map (Figure IV-8) clearly shows that most of the corrosion pits 

were located near flexural cracks. These cracks allowed chloride to penetrate the concrete more 

easily [26,27] and the chloride concentration then rapidly increased. When the chloride 

concentration exceeded the limit value [28], the passive film on the steel bar broke down and 

corrosion started. This confirms the important role played by flexural cracks in the initiation of 

corrosion [29]. The parts of the steel near flexural cracks acted as anodes, while other parts acted 

as cathodes, resulting in macro-cell corrosion. The flexural cracks provided ample space for the 

deposition of corrosion products, thus avoiding the formation of corrosion cracks. Cracks could 

have healed due to the deposition of corrosion products and repassivation of the steel bar at the 

crack tips due to pH buffering provided by the concrete as well as an equilibrium in chloride 

content around the crack path. There was no relationship between the width of flexural cracks 

and the locations where corrosion occurred. This is in agreement with results of François and 

Arliguie [30] and Schiessl and Raupach [13], who considered that the significant parameter in 

reinforcement corrosion initiation was crack existence, not width. The compressive bars were 

located in the compressive zone without flexural cracks and were protected by sound concrete. 

These steel bars were in a passive state, so no corrosion occurred on the compressive bars in 

beam As06. 

Front bar

Back bar

Front bar

Back bar

P

Upward-looking direction

Downward-looking direction

 (a) View from downward-looking direction (upper part)

 (b) View from upward-looking direction (bottom part)
Pitting corrosion General corrosion  

Figure IV-10 Corrosion map of tensile bars in beam Bs03 

Beam Bs03’s compressive bars evidenced no corrosion. Figure IV-10 provides the 
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corrosion maps for the tensile bars in beam Bs03 from the downward- and upward-looking 

directions. Pitting corrosion in the figure appears in blue shading and general corrosion in hatch 

lines. The corrosion zones appear randomly distributed along the bars and the corrosion area of 

the back bar is greater than that of the front bar. For each tensile bar, the corrosion area on the 

lower side of the steel bar was larger than that on the upper side, despite the fact that the upper 

part of the steel was closer to the concrete surface and exposed to chloride penetration first. This 

could be attributed to the differences in the volume of voids between the two zones. As 

mentioned above, this beam was cast with top-cast tensile bars, which were thus exposed to the 

well-known “top-bar effect” [31]. As the result of segregation, settlement, and bleeding of fresh 

concrete [32] voids formed under the horizontal reinforcement embedded in the top part of the 

structural members. The micro-environment of steel in contact with voids was quite different 

from that in regions protected by concrete. The alkaline products of concrete hydration buffered 

the decrease in pH value due to the consumption of OH- in the anodic reactions [33,34]. Water 

and air present in the voids also played quite an important role in the corrosion initiation process. 

At the same time, potential gradients were set up on the steel surface due to differences in the 

micro-environment [35]. Therefore, the steel areas within voids were more likely to act as 

anodes, while the regions surrounded by concrete acted as cathodes. 

Another surprising result was the absence of corrosion on compressive bars despite the 

significant amount of chloride, which ranged from 1.2% to 1.5% by mass of cement and 

exceeded the limit value proposed by ACI Committee 222 [18], RILEM recommendations [19], 

and Garcia et al.’s [21] results, as shown in Figure IV-7. One explanation could be the good 

quality of the interface between the steel and concrete due to the fact that the compressive bars 

were the bottom bars in the casting process. Another explanation could be that the compressive 

bars acted as cathodes in the macro-cell corrosion process and so no micro-cell corrosion 

occurred on compressive bars at that time. 

 

Figure IV-11 shows the percentage of stirrup diameter loss at various positions. Clearly, 
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most of the corrosion appeared on the top legs of the stirrups (corresponding to the beam Bs03’s 

tensile surface) and some corrosion was concentrated on the top half of side legs. The maximum 

loss of diameter was 35%. It is interesting to note that, although the stirrup corrosion was nearly 

the same as or even more serious than in the tensile bars, there were no corrosion-induced cracks 

near the stirrups (Figure IV-5). The cover-controlled cracking [36] (shown in Figure IV-12) 

played a critical role in corrosion-induced cracking. Castel and François [37] observed that some 

micro-cracks formed between two bending cracks in the tensile zone of the beams cast in 1984. 

When the stress applied to the tensile bars exceeded a limit value, steel–concrete interfacial 

damage occurred and cover-controlled cracking started at the location of a steel rib [37]. During 

the corrosion process, the corrosion products generated on the tensile bars were transported 

along the cover-controlled cracking. As more and more rust was produced, some micro-cracks 

formed by cover cracking propagated due to the stress caused by the volumetric expansion of 

corrosion: extending existing cracks is easier than creating new ones. This has already been 

shown by Dang et al. [38] for corrosion induced in pre-cracked carbonated RC specimens. The 

situation was quite different for the stirrups. No cover-controlled cracking could take place 

around the stirrups because there was no stress on them. 
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Figure IV-11 Stirrup diameter loss (%) 
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Figure IV-12 Cover-controlled cracking [36]  

2.4.4 Loss of cross-section 

There were only 6 corrosion pits on the tensile bars embedded in beam As06; the maximum 

cross-sectional loss was about 1.8%.  

Figure IV-13 presents the cross-sectional loss at the different positions along the tensile 

bars in beam Bs03. The maximum cross-sectional losses on the front and back tensile bars were 

16.1% and 16.8%, respectively. The average cross-sectional losses in the two bars were 5.7% 

and 6.3%, respectively.  

The bending cracks divided the central part of beam Bs03 into several parts; Figure IV-13 

provides the zone series numbers. It is interesting to note that, after the beginning of the 

propagation period all along beam Bs03’s tensile bars, the cross-sectional loss was distributed 

randomly along the bars. For example, the maximum cross-sectional loss of the front bar in zone 

1 occurred in the middle of the zone. For the back bar in zone 1, the maximum cross-sectional 

loss was near the flexural crack. As mentioned in Section 2.4.3, corrosion always initiated at the 

intersections between flexural cracks and steel bars, and propagated quickly in the area between 

cracks. It could be concluded, however, that when the propagation phase began in a non-cracked 

zone, the effect of accelerated corrosion initiation at flexural cracks tended to disappear, as has 

been found in past studies [39,40]. 
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Figure IV-13 Cross-sectional loss of the tensile bars in beam Bs03 

2.5 Phenomenological study of the corrosion process 

Tuutti [41] considered that the corrosion process could be divided into two stages: the 

initiation stage and the propagation stage. This definition is not suitable, however, for cracked 

concrete. François et al. proposed another model, which is suitable for corrosion in cracked 

concrete [17,42] (Figure IV-14). In this model, the corrosion of the steel bar is divided into four 

phases: incubation, initiation, induction, and propagation. During the incubation phase, the 

transverse cracks caused by the bending load provide easy access, allowing aggressive ions to 

reach the reinforcement. As a result, the passive film on the steel bars around the transverse 

cracks is destroyed first. Corrosion always very shortly initiates around a flexural crack (a few 

weeks) [29], whatever its width. When the initiation phase begins, chloride concentration at the 

depth of the reinforcement in zones located between two flexural cracks would not be sufficient 

to break down the passive film. Parts of steel bars without a passive film act as anodes, while 

others, well protected by concrete, act as cathodes. Since anodic and cathodic areas are separate, 

steel bars corrode in the form of macro-cell corrosion during this period [43]. Due to the high 

ratio between the cathodic area and anodic area, and because aggressive agents enter through 
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preferential paths created by flexural cracks, the corrosion process in this time is controlled by 

concrete resistivity, which governs the flux of ions between anode and cathode. The first 

corrosion products fill the crack tip and limit the access of chloride ions, which leads to a 

repassivation of the steel bar. Then, the induction phase begins, when chloride ions have had 

time to penetrate the concrete cover and reach the steel reinforcing bar in a uncracked area. 

During the induction phase, the corrosion process continues very slowly, restricted by the 

cathode reaction. Exposure conditions are very important in this phase, corresponding to the 

ingress of chloride ions into concrete porosity. A horizontal surface under tension could also be 

very prejudicial, since cracks could be filled by chloride solution due to ponding and gravity, 

increasing chloride penetration with time. According to François et al.’s model, the induction 

phase is shorter than the initiation phase in cases of uncracked concrete due to the fact that 

concrete located between cracks is under tension and therefore subject to mechanical damage, 

such as cover-controlled cracking [37,44]. That leads to a higher rate of chloride ingress [8,22] 

and interface damage that allows corrosion to spread more freely along the rebar [45]. 

 
Figure IV-14 Phenomenological models for corrosion process in concrete Tuuti,1982 [41] and for cracked 

structures, François et al., 1994 [17] 

When the chloride threshold was reached by parts of the steel bar located between cracks, 

the corrosion restarted and then the factor controlling the corrosion rate changed from concrete 

resistivity to cathodic reaction. Micro-cell corrosion resulted in corrosion occurring anywhere 
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along the steel bars, and longitudinal cracks caused by corrosion products also appeared in 

places other than the areas adjacent to flexural cracks. This corresponds to the beginning of the 

propagation phase according to François et al.’s model. In the propagation phase, corrosion 

spreads along the steel bar and corrosion rates increase rapidly after corrosion induced cracks 

occur. 

The chloride profile of beam Bs03 (Figure IV-7) confirms that sufficient chloride ions 

reached the reinforcement and led to the development of new corrosion areas corresponding to 

micro-cell corrosion. 

2.5.1 Corrosion rate 

All the experimental conditions of the two sets of beams (old A and B beams and new As 

and Bs beams) were nearly the same. The main difference was beam location. For the beams 

cast in 2010, the As beam was located on top of the Bs beam in each group. The tensile surface 

in the Bs beam was the top surface with respect to the casting direction. The opposite 

arrangement was used for the beams cast 29 years ago. Several factors influencing corrosion 

rate are discussed herein. 

The relation proposed by Rodriguez et al. [46] was used to calculate the theoretical 

corrosion of reinforcement described by current flow: 

Φ=Φ0-α·0.0115·Icorr·t    Equation IV-4 

where Φ is the residual diameter; 

Φ0 is the nominal diameter; 

α is a coefficient. For general corrosion, α=2 and, for pitting corrosion, α ranges from 4 to 

8. Only pitting corrosion is discussed in this paper, so α is always assumed to be 8. 

Icorr is the average value of the natural corrosion rate in µA/cm2 during time t [46]. 

Below, Equation III-4 is used to calculate the average (time averaged) value of the 

corrosion rate from the measurement of the residual diameter made at different times. The 

corrosion rate is calculated for the maximum loss of diameter recorded for the reinforcement 
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(tensile or compressive). The calculated value of Icorr will thus be the time of the average 

corrosion rate based on the maximum pit depth. This should give the order of magnitude of the 

corrosion kinetics during the propagation phase. 

As shown in Section 2.4.1, the first corrosion crack in beam Bs03 started after 12 months’ 

exposure to the chloride environment. While no corrosion-induced cracks occurred in beam 

As06, some corrosion pits were found at the intersections between mechanical cracks and tensile 

bars after 19 months of chloride exposure. Therefore, it is considered that the corrosion process 

in beam As06 still occurred in the induction phase, while, in beam Bs03, it occurred in the 

propagation phase, and the starting time of propagation in beam Bs03 was taken to be 0.8 year. 

The diameter losses in tensile bars at 0.5 year and 0.8 year were estimated, while the results at 

1.6 years were calculated by the measured experimental results. Figure IV-16 and Figure IV-15 

show the relationships between the loss of diameter in steel bars and exposure time for beams 

As06 and Bs03. 

Published research results [39,45,47,48] report the relationship between diameter loss and 

the exposure time of the old beams. The relationships for tensile bars and compressive bars for 

the type-B old beams are shown in (a) and (b), respectively, in Figure IV-17. Figure IV-18 

provides the results for type-A old beams. Table IV-3 provides the corrosion-process parameters, 

the propagation-phase starting time, and the maximum corrosion rate. 
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Figure IV-15 Pitting corrosion in relation to exposure time: beam Bs03 

 

 
Figure IV-16 Pitting corrosion in relation to exposure time: beam As06 
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(a) Tensile bars 
 

 
(b) Compressive bars 

Figure IV-17 Pitting corrosion in relation to exposure time for old B beams 
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(a) Tensile bars 

 

 
(b) Compressive bars 

Figure IV-18 Pitting corrosion in relation to exposure time for old A beams 
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Table IV-3 Corrosion process in different beams 

Bar Type Beam Type 
Propagation 

Starting Time 
(years) 

Icorr Time Averaged Corrosion 
Rate based on Maximum Pit Depth 

(µA/cm2) 

Tensile bars 

As - 0 
Bs 0.8 14.3 

Old-A 6.0 2.0 
Old-B 5.0 1.8 

Compressive 
bars 

As No corrosion (19 months) 
Bs No corrosion (19 months) 

Old-A 15.0 1.8 
Old-B 4.0 2.3 

Table IV-3 shows a very high corrosion rate for Bs03 at 19 months of exposure to the 

chloride environment. This occurs rarely in in-service structures, as pointed out by Alonso et al. 

[49] and Gonzalez et al. [50]. A possible explanation is given below. 

Several factors, such as exposure conditions, crack orientation, cover depth, and degree of 

damage, significantly affect the corrosion process (including corrosion initiation time and 

corrosion rate).  

2.5.2 Effect of cover depth 

The corrosion process of tensile bars in beam As06 was in the induction phase and the 

corrosion rate was unknown but negligible, while beam Bs03 entered the propagation phase 

after 0.8 year of exposure. The corrosion rate corresponding to the deepest pit was 14.3 µA/cm2. 

As previously mentioned, beam Bs03 and old A beams were located at the bottom during storage 

in the salt-fog chamber; the exposure condition can be considered the same for them all. The 

cover depths of type-A and type-B beams were 40 mm and 10 mm, respectively, so cover depth 

was the main reason for the different propagation starting times and corrosion rates. Nowadays, 

on-site concrete structures exposed to wetting/drying in a chloride environment would be 

designated as class XD3 in Eurocode 2 [51]; minimum cover depth is 45 mm for structural class 

4. Chloride concentration at reinforcement depth was effectively reduced by the increased 

concrete cover depth, so the reinforcement was well protected. Even though the passive film is 
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destroyed over time, the corrosion rate can be restricted by increasing the concrete cover depth, 

because the oxygen ingress needed by the cathodic reaction is still limited. 

2.5.3 Effect of damage to concrete cover due to mechanical loading and casting direction 

The corrosion of beam Bs03’s tensile bars and compressive bars proceeded differently. As 

shown in Table IV-3 and Figure IV-15, the maximum corrosion rate of the tensile bars in beam 

Bs03 was 14.3 µA/cm2. No trace of corrosion was found on the compressive bars and the 

corrosion rate was thus 0 µA/cm2. The concrete cover protecting the tensile bars and the 

compressive bars had the same depth, so what led to so great a difference? 

The first reason was the casting direction, which can lead to lower interface quality due to 

the top-bar effect, with more porous concrete [31] and lower Portlandite content [34] at the 

bottom part of the interface. Both of these phenomena favor corrosion onset. The second reason 

is the damage caused by the sustained flexural load on the concrete cover in the beam’s tensile 

zone, which includes flexural cracks and cover-controlled cracking. As mentioned above, both 

types of damage provide particular access for aggressive agents, so corrosion proceeds faster on 

tensile bars. 

Vertical rebars (stirrup parts), which are not affected by load-induced damage or by casting-

induced damage, did not exhibit corrosion, despite the fact that the chloride content was higher 

than the usual critical threshold. The same phenomenon (no corrosion) was observed on beam 

Bs03’s compressive longitudinal bars, despite the fact that the chloride concentration at the 

depth of the tensile bars and compressive bars in that beam was nearly the same, and exceeded 

the usual critical value. Because compressive bars corresponded to the bottom bars according 

to casting direction, these bars were not affected by load-induced damage or casting-induced 

damage. In contrast, the tensile longitudinal bars in beam Bs03 were highly corroded and led to 

corrosion-induced cracks after only 12 months of exposure in the salt-fog environment. This 

was due to the fact that tensile bars are affected by both load-induced damage and casting-

induced damage. This was confirmed by the difference with the old B beams, in which the first 



 

135 

corrosion crack started after about 6 years of exposure. Moreover, the casting-induced damage 

located at the bottom side of the tensile bars in beam Bs03 leads to more serious corrosion than 

on the upper side. Thus, during the beginning of the propagation of corrosion on tensile bars, 

the compressive bars and vertical parts of the stirrups were protected by the sound interface 

quality, which kept them acting as cathodes. 

Recent experimental research by A. Michel et al. [11] has indicated a strong correlation 

between corrosion development and damage at the concrete-steel interface. This supports the 

results presented in this paper. 

2.5.4 Effect of exposure condition and top-tensioned cracking surface 

As presented in Figure IV-15 and Figure IV-17(a), the corrosion of tensile bars in beam 

Bs03 entered the propagation phase after 0.8 year of exposure and the corrosion rate was 14.3 

µA/cm2. The corrosion of tensile bars in old B beams entered the propagation phase after 5 years 

of exposure and the average corrosion rate was 1.8 µA/cm2. 

The main difference between the two bar types was the exposure condition, especially for 

the tensioned cracked surface, which was located at the top in beam Bs03 and at the bottom in 

the old B beams. Otieno et al. [10] and the CEB–FIP model code [36] state that the top tensioned 

surface is subject to the worst corrosion conditions and needs special protection to avoid 

corrosion development. Experimental results based on natural corrosion confirm that the 

horizontal cracked surface—being located at the top or the bottom—leads to very different 

corrosion initiation times and corrosion rates. On one hand, the exposure condition results in 

different chloride concentrations at the depth of tensile steel bars. In comparison with the tensile 

surface of an old B beam, that surface in the new B beam receives more salt solution. On the 

other hand, the locations of cracks in the beams are also quite significant. There were many 

visible cracks and micro-cracks caused by the bending load on the tensile surface of the beams. 

Nevertheless, the cracks in the old B beams ran from the bottom towards the top and those on 

new B beams ran from the top downward. Chloride penetration may have increased due to 
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ponding and gravity effect when the cracks were oriented downward, so that the chloride 

penetration in the new B beam would occur much faster than in the old B beams. 

2.5.5 Effect of crack width on the corrosion process 

Most standards give a crack-width threshold to limit the risk of corrosion: 0.2 to 0.3 mm 

in a chloride environment, depending on the standard [7,51-55]. Both the origin and the values 

of this crack width limit are questionable, as was so well stated by Helland [56]: “Intuitively we 

assume that cracked structures will deteriorate faster than un-cracked structures. However, 

neither the fib nor the ISO committee was able to come up with any general model to take this 

effect into account.” Only ACI 318 [55] has suppressed this limitation for two main reasons: 

- The opening of cracks in concrete structures varies greatly from one structure or structural 

element to the next. It is therefore pointless to try to control it. 

- The role of cracks in reinforcement corrosion is controversial. 

For beams As06 and Bs03 studied in this paper, the crack widths measured on the concrete 

surface were below the most conservative threshold of 0.2 mm. After 19 months, As06 was not 

in the propagation phase of corrosion, although Bs03 was. It could be argued that limiting crack 

width worked in one case, but not in the other. More seriously, this confirms the value of Otieno 

et al.’s proposal [12]: the concept of performance-based crack-width limits could be the best 

solution if the effect of exposure conditions and interface damage were added to the actual 

concrete quality and cover depth parameters used. 

2.6 Conclusion 

The cracking maps, corrosion maps, chloride profiles, and cross-sectional loss of one group 

of beams cast in 2010 were studied and then the corrosion rate calculated was compared with 

that of beams cast 29 years ago and stored in a different location. This provided the basis for 

discussing the factors influencing the natural corrosion process. The following conclusions can 

be drawn. 
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- The quality of the steel-concrete interface plays a significant role: load-induced damage 

and/or casting-induced damage. As a result, despite the same concrete cover, bars that are not 

affected by load-induced damage or casting-induced damage remain in a passive state, while 

bars affected by casting-induced damage (top-bar effect) and/or load-induced damage (tensile 

bars) are in an active state. Results show that a sound steel-concrete interface allows bars to act 

as cathodes, while defects at the steel-concrete interface promote anodic behavior. 

- The surface exposure condition is also an important parameter. In the case of severe 

chloride exposure on horizontal surfaces, chloride surface concentration increases and leads to 

higher chloride penetration from the upper surface. If the upper surface is also the horizontal 

top-tensioned surface, worse exposure conditions and worse interface damage act together and 

lead to faster propagation of corrosion. 

- A phenomenological model for cracked concrete proposed by François et al. in 1994 could 

model the development of the corrosion process in pre-cracked RC beams. A decrease in the 

time before corrosion propagation was introduced as a result of load-induced damage. 

Much work remains to be done in order to consider reduction of propagation time in the 

same way as cases of casting-induced damage or the exposure conditions on a horizontal 

tensioned surface. It must be kept in mind that only one concrete composition was tested herein 

and that higher concrete quality could limit the effect of casting-induced damage. 
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3. Influence of steel-concrete interface defects induced by top-cast 

on development of chloride-induced corrosion in RC beams under 

sustained loading 

3.0 Abstract 

This paper discusses the effect of defects in a steel-concrete interface under horizontal top-cast 

steel bars on the development of corrosion in reinforced concrete beams under sustained loading 

exposed to a chloride environment. The work was based on four beams exposed to climate 

accelerated natural corrosion for 29 months. The corrosion-induced cracking patterns were 

drawn after 8 months and 24 months of exposure to the chloride environment and cracking maps 

with crack widths were recorded at 29 months. The experimental results show that corrosion-

induced cracks always developed much more quickly along the top-cast steel bars due to the 

existence of top-casting-induced defects. Such defects formed at the steel-concrete interface 

under horizontal top-cast bars due to bleeding, segregation and settlement of fresh concrete, and 

they were favorable for both initiation and propagation of corrosion.  

Key words: corrosion; chloride; defects; steel-concrete interface; load-induced damage 

3.1 Introduction 

Corrosion of steel bars is one of the major threats to reinforced concrete structures exposed to a 

chloride environment. The service life of reinforced concrete structures is significantly 

decreased by corrosion through the following effects [1]: cracking or even spalling of concrete 

cover resulting from expansive corrosion products, cross-sectional loss of steel bars, reduction 

of bond between steel bars and concrete, and brittleness of steel bars due to corrosion.  

The importance of corrosion of reinforced concrete structures has led many researchers to 

investigate the factors influencing steel corrosion in concrete in recent decades [2-14]. It has 

been realized that the quality of concrete and the concrete cover depth are the most influential 



 

143 

factors for steel corrosion in uncracked concrete [5,7,10]. In cracked concrete, the cracks 

provide paths that facilitate the penetration of aggressive substances and subsequently speed up 

corrosion initiation [12-14] but the effect of cracks on the corrosion propagation phase is still 

under debate. Recently, Michel et al. [10] proposed that, rather than surface crack width, damage 

caused by loads at the concrete-steel interface is a more fundamental indicator of the 

susceptibility of reinforcement to early corrosion initiation. 

Some researchers [15,16] have observed that corrosion is more likely to initiate on the side 

of the steel bars that is lowest with respect to the casting direction, independently of the chloride 

penetration direction. Horne et al. [17] used backscattered electron imaging to compare the 

microstructure of the steel-concrete interface above and under horizontal bars. They found that 

there was more porosity and less Ca(OH)2 under the horizontal bars than above. It was 

speculated that higher porosity under horizontal bars was a favorable factor for corrosion 

initiation. Ryou and Ann [6] also found that corrosion started in the voids at the steel-concrete 

interface, regardless of whether the chlorides were of external or internal. This confirmed the 

hypothesis that voids (defects) in the interface between concrete and steel facilitated corrosion 

initiation.  

Soylev and François [18] divided defects in the steel-concrete interface into two types, 

macro-defects and micro-defects. Gaps formed under horizontal bar as a result of bleeding, 

segregation and settlement of fresh concrete were defined as macro-defects while defects that 

could not be identified by visual inspection were defined as micro-defects. They found that 

macro-defects had a direct effect on corrosion while micro-defects had no notable effect. Hartt 

and Nam [19] also found that corrosion initiated preferentially at air voids of diameter larger 

than 2.5 mm. Zhang et al. [20] and Soylev and François [21] found that the defects of steel-

concrete interface at the bottom part of steel increased in relation to the depth of concrete under 

the steel and that, when the depth was not greater than 15 cm, the interfacial quality was perfect. 

Mohammed et al. [8] also observed that gaps were only found under horizontal bars cast in the 

top part of reinforced elements and not under those cast in the bottom part. So far, it has been 
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confirmed that gaps in the interface under horizontal top-cast bars facilitate corrosion initiation. 

However, hardly any study has been found on the effect of defects in steel-concrete interface on 

corrosion development in a long term.  

The objective of this investigation is to study the impact of defects in steel-concrete 

interface on corrosion propagation in a relatively long term. In the work reported here, four 

beams of sizes typically used in the construction industry were investigated. They were corroded 

in a chloride environment under sustained loading and cracking patterns and cracking maps 

were recorded at different stages up to 29 months. The effect of top-casting-induced defects at 

the steel-concrete interface under the horizontal steel bars on corrosion development is 

discussed in this paper. 

3.2 Experiment 

3.2.1 Specimens  

Four reinforced concrete beams 50 mm wide, 280 mm high and 3000 mm long (Figure 

IV-19) were used in this study. Each beam was reinforced with two 12 mm deformed bars in 

tension with a cover of 26 mm, and two 6 mm deformed bars in compression also with a cover 

of 26 mm. The stirrups had a diameter of 6 mm, and the space between two stirrups was 220 

mm. The composition of the concrete is presented in Table IV-4. The water/cement ratio was 

finely adjusted in order to obtain a slump of around 70 mm. The fresh concrete was placed in 

the framework in two layers, each approximately half of the height of the mould. An internal 

vibrator was used to compact concrete. Each layer was compacted about 15 seconds until a thin 

film of mortar appeared on the surface. Finally the surface was finished with a trowel. The 

average compressive strength of the concrete at 28 days (tested on 110 × 220 mm cylindrical 

specimens) was 45 MPa. 
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Figure IV-19 Dimension of reinforced concrete beams 
Table IV-4 Concrete composition 

Mix composition 
Rolled gravel (silica+limestone) 5-15 mm 1109 kg/m3 
Sand 0-5 mm 745 kg/m3 
Portland cement: OPC (high performance)  364 kg/m3 
Water  182 kg/m3 

3.2.2 Loading and exposure conditions 

After casting, the beams were covered with a plastic sheet in order to avoid any shrinkage 

cracking, then they were cured in laboratory at ambient temperature for 28 days. Two beams 

were loaded together by means of a three-point loading system consisting of two steel brackets, 

two threaded rods and four nuts as presented in Figure IV-20. Loading was applied by tightening 

the nuts on the threaded rod indicated in Figure IV-20. There were two strain gauges on each 

threaded rod, which were used to adjust the applied load.  

The four beams were divided into two groups, beam C1 and beam C2 were in Group 1 

while beam C3 and beam C4 were in Group 2. The bending moment applied on Group 1 was 

Mser=21.2 kN·m (corresponding to a point load of 30.7 kN) and that on Group 2 was Mser=14.1 
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kN·m (corresponding to a point load of 20.5 kN). Mser1 corresponds to about 80% of the failure 

load and is about two times the Serviceability Limit State design to be exposed to chloride 

environment according to the former French standard [22]. Mser2 corresponds to about 50% of 

the failure load and matches the Ultimate Limit State design in a non-aggressive environment 

according to former French standard. 

Some transverse cracks induced by loading were found on the beams, their patterns were 

described in black in Figure IV-22 and their width on tensile surface ranged from 65 to 830 μm. 

The width of loading-induced cracks was not indicated on the cracking maps. Because it has 

been confirmed in the previous studies, which were carried out on the beams had the same 

concrete, same reinforcements, same layout and same loading level, that corrosion is affected 

by the presence of cracks rather than their width on surface [12]. 

In Group 1, beam C1 was located on top of beam C2. According to the casting direction, 

the tension bars were in the lower part of the two beams. As shown in Figure IV-21, the tensile 

bars of beam C1 were located at the bottom position during concrete casting and the tensioned 

surface due to the sustained load was also the bottom surface (Figure IV-21). For beam C2, the 

tensile bars were located at the bottom position during concrete casting while the tensioned 

surface due to sustained load was the top surface (Figure IV-21). In Group 2, beam C3 was 

located on top of beam C4. According to the casting direction, the tension bars were in the top 

part of both beams. Tensile bars of beam C3 were located at the top position during concrete 

casting while tensioned surface due to sustained load was the bottom surface (Figure IV-21). 

For beam C4, the tensile bars were located at the top position during concrete casting and the 

tensioned surface due to sustained load was also the top surface (Figure IV-21). 

After being loaded together, the beams were exposed to an aggressive chloride environment 

with a salt fog (35g/L of NaCl, corresponding to the salt concentration of sea water) generated 

by four sprays located in the upper corners of a sealed chamber (Figure IV-20). They were 

exposed to wetting-drying cycles with two days of spraying followed by two weeks of drying 

and the temperature was the ambient outdoor temperature of southwest France, with monthly 
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averages ranging from 5.1°C to 21.3°C. 
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Figure IV-20 Loading system and exposure conditions 
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Figure IV-21 Location of the beams exposed in chloride chamber 

3.2.3 Corrosion-induced cracking 

During exposure in the chloride chamber, visual inspections were carried out periodically 

to check if they showed any cracks induced by corrosion. Normally, cracks wider than 50 μm 

could be observed by naked eyes.  

After 29 months of exposure to the chloride environment, connective corrosion-induced 
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cracks were found on the beams. Corrosion-induced cracking of the four beams was mapped 

and the crack widths were measured with a video microscope having an accuracy of 0.01 mm 

and a magnification ranging from 25 times to 175 times. 

3.3 Results and discussion 

3.3.1 Development of corrosion-induced cracks 

After 8 months of exposure in the chloride environment, some corrosion-induced cracks 

were observed on the surfaces of the beams. Figure IV-22 presents a diagram of the cracking 

situation on the beams after 8 months of exposure. In the Figure IV-22 and Figure IV-23, red 

lines indicate that there were some corrosion cracks, while red crosses show that there were no 

cracks induced by corrosion. The black arrows indicate the casting direction and the triangles 

the loading direction. 

 
Figure IV-22 Schematic of cracking situation on the beams (8 months) 

In Group 1, some cracks induced by corrosion were found along the compressive bars of 

beam C1, and they were on the top part of the beam C1 according to both the casting direction 

and the exposure direction. No corrosion cracks were found on the other parts of beams in Group 

1. In Group 2, the situation was very different. For beam C3, which, like beam C1, was located 

on top, corrosion cracks were found along the tensile bars. The corrosion cracks were in the 

bottom part of the beam according to the exposure direction but they were in the top part of the 
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beam according to the casting direction, as in beam C1. For beam C4, corrosion cracks were 

distributed along the tensile bars, on the top part of the beam according to both casting direction 

and exposure direction. 

 
Figure IV-23 Schematic of cracking situation on the beams (24 months) 

The cracking situation on the beams after 24 months of exposure is presented in Figure 

IV-23. After 24 months of exposure in the chloride chamber, some tiny cracks induced by 

corrosion were found on beam C2. These cracks were along the tensile bars of beam C2, in the 

bottom part according to the casting direction and the top part according to exposure direction. 

A lot of connective corrosion-induced cracks formed in the beams after 29 months of 

exposure to the chloride chamber, crack width was measured and the cracks were mapped.  The 

cracking maps of the four beams are shown in Figure IV-24(a)-(d). The black lines in the maps 

represent cracks induced by the flexure load prior to exposure, while red lines represent cracks 

induced by corrosion and red numbers indicate the width of corrosion-induced cracks. The 

arrows in these figures indicate the casting direction.  
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Figure IV-24 Cracking maps after 29 months of exposure in chloride environment (crack widths in μm) 
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In addition to the cracking pattern of beam C1 recorded after 24 months of exposure, some 

tiny cracks appeared around the tensile bars after 29 months of exposure. The newly appeared 

cracks were located on the bottom part of the beam according to the casting direction and the 

exposure direction. Most of them were unconnected and very narrow. The maximum crack 

width was only 0.14 mm. Around the compressive bars of beam C1, there were numerous 

connected corrosion-induced cracks on the top part of the beam according to the casting 

direction and the exposure direction. Most of the cracks were wider than 0.10 mm and the 

maximum crack width was about 0.68 mm.  

For beam C2, some new corrosion-induced cracks were found along the compressive bars, 

on the bottom part according to the casting direction or the top part according to the exposure 

direction. The cracks were also very narrow, the maximum crack width being 0.13 mm. The 

cracks around tensile bars were slightly wider and the maximum crack width was about 0.58 

mm. It is worth noting that some corrosion-induced cracks were found on the tensioned surface. 

It was difficult to measure the crack width because there was another beam located on top. 

For beams C3 and C4, the cracking patterns at 29 months did not change compared with 

those at 24 months. All the corrosion-induced cracks were around tensile bars, located on the 

top according to the casting direction. The maximum crack widths of beams C3 and C4 were 

0.86 mm and 1.55 mm respectively. 

 
Figure IV-25 Cracks induced by corrosion on beam C1 

Figure IV-25 shows a crack induced by corrosion on beam C1 after 8 months of exposure. 

Phase 1: Corrosion induced crack without visible 

corrosion products 

 

Phase 2: Corrosion induced crack filled by corrosion 

products, visible on the surface 
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This corrosion crack could be divided into two parts according to its appearance: one part 

without visible corrosion products and the other part filled by corrosion products that were 

visible on the surface of the beam. It is speculated that the formation of corrosion cracks could 

be divided to two phases. In the first phase, stress caused by the expansion of corrosion products 

exceeded the tensile strength of the concrete and cracks form along the steel bar. In the second 

phase, some corrosion products are transported to the surface of the concrete. This process could 

be linked to the motion of salt solution during wetting and drying periods. After some time, 

corrosion products deposit on the concrete surface and become visible. At present, all the four 

beams are still under load and are exposed in the chloride chamber, so it is impossible to break 

the beams to take some samples to verify this assumption. However, we obtained a sample from 

another beam (beam Bs03), which was cast with the same concrete and the same steel bar, the 

only difference being that the concrete cover depth was 16 mm. More information about this 

beam can be found in reference [16]. After beam Bs03 had been exposed in the chloride chamber 

for 19 months, it was cut into small pieces. A cylindrical sample with a diameter of 50 mm and 

a height of 80 mm was obtained along the tensile bar, the tensile bar was in the middle of the 

cylindrical sample. X-ray computed tomography (X-ray CT) test was performed on the sample 

to check the corrosion of steel bar and the cracking of concrete. An image obtained by X-ray 

CT technique on a typical cross-section is presented in Figure IV-26.  

 



 

153 

 
Figure IV-26 A typical X-ray CT image 

As shown in Figure IV-26, there were two major cracks induced by corrosion. They are 

marked as crack 1 and crack 2 on the image, and both of them run from the steel surface to the 

external surface of the cylindrical sample. It is obvious that crack 1 is filled with corrosion 

products while crack 2 is empty without corrosion products. Zhao et al. [22] also studied the 

distribution of corrosion products in concrete. They concluded that, firstly, corrosion products 

created expansive pressure on the surrounding concrete and led to cracking of the concrete. 

Before the crack reached the concrete surface, the corrosion products could neither penetrate 

into concrete nor fill the cracks. Then, when the cracks completely crossed the concrete cover, 

corrosion products moved along the cracks and fill them.  

3.3.2 Effect of top-cast induced defects on corrosion development 

Many researchers [6,8,17-20,23-25] have confirmed that a larger amount of voids (higher 

porosity) could form in the steel-concrete interface under top-cast horizontal bars, due to 

bleeding, segregation and settlement of fresh concrete.  

Zhang et al. [20] and Soylev and François [21] found that the defects in the steel-concrete 

Corrosion pit 

Corrosion induced crack filled with 
corrosion products 

Corrosion induced crack 
without corrosion products 

Corrosion in bleeding-induced defect 

Casting direction 
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interface at the bottom of steel increased in relation to the depth of concrete below the steel, and 

was also related to the total height of concrete. As a result, bottom bars with a concrete depth 

not greater than 15 cm exhibited no defects at the steel-concrete interface. In this paper, the 

height of top bars and bottom bars (according to the casting direction) was 24.2 cm and 2.6 cm 

respectively. So the interfaces between the bottom bars and the concrete could be considered to 

have no defects, whereas some defects should be found in the interfaces between the top bars 

and the concrete, which would affect the corrosion process significantly. It should be noted that 

the corrosion process of the four beams studied in this paper are still being followed, so the 

steel-concrete interface is not characterized in this paper. However, Dang and François [27] 

observed significant defects under the top-cast steel bars in a beam, which had the same 

dimension and the same concrete. 

Yu et al. [16] stated that a lot of factors, such as concrete cover depth, exposure location 

and load induced damage, could affect corrosion development in concrete. In order to highlight 

the impact of casting induced defects under the top-cast bars on corrosion development, the 

corrosion-induced cracking situations of steel bars in the same exposure condition at different 

periods were summarized and compared. From the previous studies [12,28], it has been 

confirmed that, for the two loading levels used in this work, the corrosion process was not 

affected much by loading level in both short and long terms. So the corrosion processes of all 

the beams in the two groups with different loading level are compared together and the effect of 

loading level is ignored. 
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C1

C3

Tensile bar

Tensile bar Top-cast induced damage

 
(a) tensile bars of beam C1 and C3, same exposure conditions 

C1

C3

Compressive bar Top-cast induced damage

Compressive bar

 
(b) compressive bars of beam C1 and C3, same exposure conditions 

C2

C4

Tensile bar

Tensile bar Top-cast induced damage

 
(c) tensile bars of beam C2 and C4, same exposure conditions 

C2

C4

Compressive bar

Compressive bar Top-cast induced damage

 
(d) compressive bars of beam C2 and C4, same exposure conditions 

Figure IV-27 Four groups of steel bars under the same exposure and loading conditions 
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As presented in Figure IV-21, beams C1 and C3 were located on top while beams C2 and 

C4 were located at the bottom in each group. So the tensile bars in beams C1 and C3 were under 

the same exposure conditions and all of them were loaded in tension (presented in Figure 

IV-27(a)) with the presence of load-induced cracks and load-induced damage at the steel-

concrete interface. The only difference was that some casting defects existed in the steel-

concrete interface under the tensile bars in beam C3 in relation to the casting direction (top-bars 

according to casting direction), whereas the steel-concrete interface around the tensile bars in 

beam C1 only exhibited load-induced damage (bottom bars according to casting direction). The 

red lines in Figure IV-27 show the location of the defects induced by top-casting. Similarly, the 

compressive bars in beams C1 and C3 (Figure IV-27(b)), the tensile bars in beams C2 and C4 

(Figure IV-27(c)), and the compressive bars in beams C2 and C4 (Figure IV-27(d)) were also 

under the same exposure and loading conditions, and the only difference lay in the top-casting-

induced defects.  

3.3.2.1. Case of tensile bars at the BOTTOM according to exposure conditions 

The corrosion-induced cracking situations around the tensile bars in beams C1 and C3 at 

different stages are summarized in Table IV-5. It can be seen that corrosion-induced cracks 

emerged around the tensile bars of beam C3 at 8 months. But for beam C1, only some short, 

discontinuous corrosion-induced cracks were found up to 29 months. At 29 months, connected 

corrosion-induced cracks were seen all along the tensile bars of beam C3. 
Table IV-5 Corrosion induced cracking situations along tensile bars in beam C1 and C3 

Exposure 

durations 
Tensile bars in beam C1 Tensile bars in beam C3 

8 months No corrosion induced cracks Corrosion induced cracks 

24 months No corrosion induced cracks Corrosion induced cracks 

29 months 
Some discontiguous corrosion induced 

cracks 

Connected corrosion induced cracks all 

along the bars 

It must be highlighted that, despite the presence of load-induced cracks and load-induced 

damage, there was no evidence of propagation of corrosion (attested by corrosion-induced 
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cracks) in beam C1 during at least 2 years of exposure to wetting-drying cycles of salt solution. 

In contrast, in the case of beam C3, corrosion was already in propagation phase after 8 months 

and generalized all along the tensile bars at 29 months. 

3.3.2.2. Case of compressive bars at the TOP according to exposure conditions 

The compressive bars of beams C1 and C3 were obviously not subjected to load-induced 

damage. The cracking situations along the compressive bars in beams C1 and C3 at different 

stages are presented in Table IV-6. For beam C1, some corrosion-induced cracks had started 

along the compressive bars at 8 months and the cracks were contiguous nearly all along the 

compressive bars at 29 months. For beam C3, however, no corrosion-induced cracks were found 

around the compressive bars even after 29 months of exposure in the chloride environment. 
Table IV-6 Corrosion-induced cracking situations along compressive bars in beam C1 and C3 

 Compressive bars in beam C1 Compressive bars in beam C3 

8 months Corrosion induced cracks No corrosion induced cracks 

24 months Corrosion induced cracks No corrosion induced cracks 

29 months Connected corrosion induced cracks No corrosion induced cracks 

From Table IV-6, it can be concluded that for same concrete, for the same concrete, same 

cover, same steel, and same exposure, there is rapid propagation of corrosion (less than 8 months) 

in presence of top-cast defects, while there is no evidence of corrosion after 29 months without 

top-cast defects. 

3.3.2.3. Case of tensile bars at the TOP according to exposure conditions 

The tensile bars in beam C2 were under the same exposure and loading condition as the 

tensile bars in beam C4. For both beams, the tensioned surface affected by load-induced cracks 

and load-induced damage was the TOP surface according to exposure conditions. This thus 

corresponds to the worst case in terms of exposure according to Comité Euro- International du 

Béton (CEB) [26] and fib Model Code 2010 [27]. The corrosion induced cracking situations 

along tensile bars in beam C2 and C4 are presented in Table IV-7. For beam C2, the corrosion-

induced cracks along tensile bars were found after 24 months of exposure, and the cracks were 

discontiguous at 29 months. For beam C4, the corrosion-induced cracks along tensile bars 
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emerged at 8 months and were quite connected at 29 months.  
Table IV-7 Corrosion-induced cracking situations along tensile bars in beam C2 and C4 

 Tensile bars in beam C2 Tensile bars in beam C4 

8 months No corrosion induced cracks Corrosion induced cracks  

24 months Some tiny corrosion induced cracks Corrosion induced cracks 

29 months 
Some discontinuous corrosion induced 

cracks 
Connected corrosion induced cracks 

From Table IV-7, it can be concluded that top-bars exposure with casting defects and load-

induced damage leads to fast propagation of corrosion as is also the case with casting defects 

(Table IV-6). Differently, top-bar exposure with load-induced damage but NO casting defects 

shows only a beginning of corrosion propagation after 2 years of exposure which is slightly less 

(few months) than bottom-bars exposure (Table IV-5). 

3.3.2.4. Case of compressive bars at the BOTTOM according to exposure conditions 

The compressive bars of beams C2 and C4 were clearly not subjected to load-induced 

damage. Table IV-8 presents the corrosion-induced cracking situations along the compressive 

bars in beams C2 and C4. Until 24 months, no corrosion-induced cracks were found along the 

compressive bars of either beam C2 or beam C4. At 29 months, some discontinuous corrosion-

induced cracks emerged along the compressive bars of beam C2, but there were still no 

corrosion-induced cracks along compressive bars of beam C4. 
Table IV-8 Corrosion induced cracking situations along compressive bars in beam C2 and C4 

 Compressive bars in beam C2 Compressive bars in beam C4 

8 months No corrosion induced cracks No corrosion induced cracks  

24 months No corrosion induced cracks No corrosion induced cracks 

29 months 
Some discontinuous corrosion induced 

cracks 
No corrosion induced cracks 

Bottom exposure for steel bars without casting defects does not lead to any sign of 

corrosion. However, the existence of casting defects (beam C2) led to corrosion propagation 

after 29 months of chloride exposure. 
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3.3.2.5 Comparison on corrosion along tensile and compressive bars of beam C2 

As presented in Figure IV-24(b), there were more corrosion-induced cracks around the 

compressive bars than the tensile bars of beam C2. It means the corrosion rate of compressive 

bars was remarkably higher than the tensile bars. For the tensile zone of beam C2, some 

transverse cracks and cover-controlled cracking [16] formed due to the tensile load. Additionally, 

it was exposed on top according to the exposure direction. All these conditions favored corrosion 

development. For the compressive bars of beam C2, only top-casting-induced defects were 

favorable for corrosion development. So it can be concluded that the influence of top-casting-

induced defects on corrosion development is stronger than the combined effect caused by load-

induced damage (including transverse cracks and cover controlled cracking) and top exposure. 

3.3.2.6 Summary 

According to the cracking situations summarized in Table IV-5 to Table IV-8, corrosion-

induced cracks always developed much more quickly along the top-cast steel bars. The reason 

for the faster corrosion development along the top-cast bars is partly that defects in the steel-

concrete interface under horizontal top-cast steel bars are favorable to both corrosion initiation 

and corrosion propagation.  

The facilitation effect of defects at the steel-concrete interface on corrosion initiation can 

be contributed to the following two reasons [15,25]. On the one hand, the existence of defects 

at the steel-concrete interface leads to a potential gradient at different positions along the steel 

bars [15]. The micro-environment around steel in contact with concrete is quite different from 

that around steel within air voids, e.g. the relative humidity and the pH value at different 

positions are quite different. A potential gradient forms due to the difference in micro-

environment, thus macro-cell corrosion is expected to occur. On the other hand, compared with 

steel areas well bonded with concrete, the areas within air voids have a higher possibility of 

being contaminated by aggressive substances, such as water, oxygen and chlorides. Yu et al. [25] 

confirmed that the rapid accumulation of aggressive agents at the defects in the steel-concrete 

interface resulted in higher risk for earlier corrosion initiation. 
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Meanwhile, defects under horizontal top-cast bars are also beneficial for corrosion 

propagation. On the one hand, these voids in the steel-concrete interface provide better access 

for aggressive agents (chlorides, oxygen and water) to the steel bars. On the other hand, the 

transportation of ions between anode and cathode is facilitated by the existence of the voids in 

the interface when they are saturated or partially saturated [28]. 

3.4 Conclusion 

Two groups of beams with the same concrete cover depth but different casting directions 

and exposure directions were investigated. The cracking patterns of the four beams were 

described at 8 months and 24 months respectively. At 29 months, the cracking maps of these 

beams were recorded and the crack widths were measured. In order to highlight the effect of 

top-casting-induced damage on corrosion development, the steel bars in the four beams were 

divided into four groups. In each group, the exposure and loading conditions were identical and 

the only difference was top-casting-induced defects. The corrosion-induced cracking situations 

at different periods were compared and the following conclusions were drawn: 

- Some defects were formed in the steel-concrete interface under horizontal top-cast bars 

due to bleeding, segregation and settlement of fresh concrete. Because of the existence 

of top-cast induced defects, corrosion-induced cracks always developed much more 

quickly along the top-cast steel bars.  

- The influence of top-casting-induced defects on corrosion development is significant. 

It is stronger than the combined effect caused by transverse cracks, cover controlled 

cracking and top exposure. 

- Top-casting-induced defects in the steel-concrete interfaces created some differences 

in the micro-environments along steel bars, and facilitated the transportation of 

aggressive agents and ions between anode and cathode during corrosion process. So 

top-casting-induced defects are favorable for corrosion initiation and corrosion 

propagation. 
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It should be noted that only one type of concrete was used in this investigation. Considering 

that concrete quality has a significant effect on the defects in the steel-concrete interface under 

horizontal steel bar and given the important effect of defects in the steel-concrete interface on 

both corrosion initiation and propagation, more attention should be paid to this research topic in 

order to understand the mechanisms better. 
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4. Effect of self-healing on corrosion in a chloride environment 

4.1 Research significance 

This research aims at investigating the impact of self-healing on corrosion of steel bars in 

cracked mortar samples. In order to investigate the effect of crack self-healing on the corrosion 

process, it is very important to quantify the degree of self-healing. Disk-shaped reinforced 

mortar samples are used in this study. We use air permeability to quantify the self-healing degree 

of cracks with this type of samples [1]. Moreover, air permeability could also reflect the 

penetrability of chlorides and oxygen along the cracks, which is an important factor impacting 

corrosion process. 

Mortar samples were cured in a humidity room (RH 100%, 20±2°C) for 28 days, then an 

expansive core was inserted into the central hole of the mortar sample to induce width-controlled 

cracks. The imposed crack widths were about 50, 100 and 150 μm. The cracked samples were 

separated into 5 groups, Group A, B, C, D and E. Cracked samples in Group D were exposed to 

wetting drying cycles with 2 days wetting in chloride solution and 5 days drying in a confined 

room, where RH was 50±10% and the temperature was 20±2°C. Samples in Group E were 

exposed to wetting drying cycles with 2 days wetting in tap water and 5 days drying in a confined 

room the same as that in Group D. Samples in Group A, B and C were cured in humidity room 

(RH 100%, 20±2°C) for 1, 3 and 6 months respectively in order to get different degrees of self-

healing in the cracks. Then the samples were exposed to the same wetting drying cycles as 

Group D. 
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Figure IV-28 Process of experiments on disk-shaped mortar samples 

The corrosion state of steel and air permeability of the samples was tracked during the 

wetting drying cycles. Finally, steel rings were extracted out from the mortar samples to check 

corrosion degree. The experimental process is presented in Figure IV-28. 

4.2 Experiment methods 

4.2.1 Materials and mortar composition 

The cement used in all the samples is a Canadian general use (GU) Portland cement (similar 

as type I cement in ASTM C150 [2]) that satisfied all the requirements of the current CSA 

standard (CSA A3001-13 [3]). The content of C3S, C2S, C3A and C4AF was 54.0%, 19.0%, 7.2% 

and 7.4% respectively. The Blaine fineness of the cement was 397 m2/kg.  

The sand used in the mortar was a type of standard Ottawa sand, which meets all the 

requirements in ASTM C778-13 [4]. The maximum size was 1.18 mm, while its fineness 

modulus was 2.65. The mortar composition was chosen according to ASTM C109 [5], the water 

to cement ratio was 0.485, while the sand to cement ratio was 2.75. The compressive strength 

at 28 days was about 35 MPa. 
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4.2.2 Preparation and curing of the mortar samples 

The dimension of disk-shaped sample is presented in Figure IV-29. The external and 

internal diameter of the disk-shaped sample is 150 and 50 mm respectively while the thickness 

is 50 mm. A 50-mm-diameter Teflon cylinder was installed in the center of the mould so as to 

produce a doughnut-shaped sample after demoulding. The central opening was used to insert an 

expansive core to induce cracks with controlled crack widths. A ring-shaped reinforcing bar 

with an internal diameter of 95.2 mm was placed in the mould using polyethylene fiber fishing 

line. An installed mould is presented in Figure IV-30. Two types of reinforcing steel rings were 

used in this study, one was made with plain bar while the other was made with deformed ribbed 

bar. The nominal diameter of plain bar was 5 mm while that of deformed bar was 6 mm.   

 
Figure IV-29 Dimension of disk-shaped samples 
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Figure IV-30 An installed mould with a Teflon cylinder and a steel ring 

The mould was filled in two layers. Each layer was compacted by placing the moulds on a 

vibrating table for 30 seconds. The surface of the mortar sample was finished with a metalic 

float. The fresh mortar samples were covered with a plastic sheet. After 24 hours, the samples 

were demoulded carefully to avoid any cracking, and then stored in a confined room at 20±2oC 

and 100% relative humidity for 28 days. During the curing period, the top surface in relation to 

casting direction was polished to benefit the measurement of crack width in the following 

experiment steps. 

4.2.3 Cracking of the samples 

A series of devices, including an expansive core, a cylindrical PVC jacket, an annular steel 

pedestal with steel bolt and a nut, was used to crack the samples. The expansive core consists 

of a conical hardened-steel cylinder and six conical hardened-steel petals. All parts of the device 

are presented in Figure IV-31. 
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(a) Schematic of the expansive core cracking setup 

 
(b) Expansive core cracking setup installed on a specimen 

 
(c) Cracking  

Figure IV-31 Schematic of cracking samples 

After 28 days of curing in a humidity room, a PVC jacket was inserted into the central hole 
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of the mortar sample. Afterwards, six conical steel petals were put inside of the PVC jacked and 

a conical steel cylinder was plugged in. Then the mortar sample together with a set of expansive 

cores was put on the annular steel pedestal and the steel bolt threads through the conical steel 

cylinder. A nut was screwed down to force the conical cylinder against the petals. This process 

resulted in an increase in the diameter of the PVC jacket, which induced deformation of the 

internal diameter of the mortar sample. When the crack width reached the targeted value, the 

nut was removed but the expansive core remained in place in order to avoid partial closure of 

the cracks. 

Crack width was measured with a video microscope having an accuracy of 0.01 mm and a 

magnification ranging from 25 times to 175 times. Each crack was measured 12 times at 

different positions along the crack on top and bottom surface respectively, the average value of 

the 24 measurements was defined as the width of this crack. 

It should be noted that, there were although more than 4 cracks on each sample, only 3 

cracks were chosen to be followed in the following steps. The cracks were chosen based on two 

principles. Firstly, the crack width was most close to the desired value, 50, 100 and 150 μm 

respectively. Secondly, the value measured on the top surface and bottom surface was not very 

different.  

4.2.4 Measurement of air permeability 

A gas permeability cell (Figure IV-32) was specifically designed for the mortar samples 

with an expansive core. The setup allows the direct measurement of air flow through a single 

crack under controlled conditions (temperature, upstream and downstream pressures, crack 

opening).  
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Figure IV-32 Air-flow measurement setup 

Once the desired crack width was obtained, an impermeable aluminum adhesive paper was 

applied on the top surface of the sample and only a small area around the crack was left 

uncovered. A prepared sample is presented in Figure IV-33. 

 
Figure IV-33 A prepared sample 

In the air permeability system, a pressure regulator is used to maintain the upstream gage 

pressure at 50 kPa. The downstream pressure is the atmospheric pressure. A thin porous plastic 

disk distributes the flow of air over the entire sample surface. Lateral air tightness is achieved 

by applying 200 kPa of air pressure to compress a thick latex membrane against the sides of the 
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sample. The downstream volumetric air flow (L/min) was measured with a digital air flow meter. 

Prior to the air permeability test, the samples were subjected to drying at 40 oC for 24 hours so 

as to evaporate the water contained in the cracks and eliminate its impact on air flow test. 

4.3 Results and discussion 

4.3.1 Corrosion in samples without self-healing 

In this section, we discuss the corrosion situation of samples in Group D. In this group, 

cracked samples were exposed to wetting/drying cycles directly without any curing in humidity 

room, it means no self-healing occurred in these cracks. Two types of reinforcing steel bar were 

tested, plain bar and deformed bar. 

For the samples with plain bar, more than 4 cracks were formed in the samples and 3 of 

them were monitored in terms of crack width and air permeability. For the samples with 

deformed bar, in order to exclude the effect of crack density on corrosion, only one crack was 

monitored, and the other cracks were sealed with epoxy resin. It 

4.3.1.1 Samples with plain bar 

Samples in different groups were broken at different stages to check the corrosion situation 

of steel bars embedded. Four samples with plain bar in Group D (no self-healing prior to 

wetting/drying cycles), D-0-1, D-0-2, D-0-3 and D-0-4, were broken after 2, 20, 35 and 46 

cycles respectively to check the corrosion situation. The results are shown in Table IV-9. 

. 
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Table IV-9 Corrosion situation of samples with plain bar in Group D 

Label Cycles Cracks 
Crack width 

(μm) 

Air permeability (L/min) 
Corrosion situation 

Initial Before broken 

D-0-1 2 

1 144 8.97 11.93 No corrosion 

2 118 6.56 7.71 No corrosion 

3 177 12.53 12.71 No corrosion 

D-0-2 20 

1 85 5.13 3.41 No corrosion 

2 110 4.58 4.02 Some corrosion under crack 

3 94 4.65 2.43 No corrosion 

D-0-3 35 

1 68 2.94 1.52 Some corrosion under crack 

2 80 3.59 0.98 No corrosion 

3 74 2.79 1.39 No corrosion 

D-0-4 46 

1 89 3.25 2.12 Some corrosion under crack 

2 133 3.92 1.94 No corrosion 

3 104 4.62 4.27 No corrosion 

No corrosion was found on the steel bar embedded in the Sample D-0-1, which was broken 

after only 2 wetting/drying cycles. Although cracks provided facilitative paths for chlorides and 

the steel under cracks became active, two weeks is too short to generate enough corrosion rust 

which could be observed by naked eyes. Another sample (D-0-2) was broken after 20 cycles, 

some corrosion rust was found in the area under Crack 2. As presented in Figure IV-34, the 

corrosion area was limited in a small area adjacent to the crack. The length of corroded area was 

smaller than 20 mm. The corrosion degree was so light that almost no corrosion rust transported 

along the crack surface (presented in Figure IV-34 (c)).  
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(a) Corrosion close to crack      (b) Corrosion along interface    (c) Corrosion along crack 

Figure IV-34 Corrosion situation in Sample D-0-2 

Sample D-0-3 was broken after 35 wetting/drying cycles, some corrosion was found 

adjacent to two load-induced cracks, Crack 1 and another crack (labeled as Crack 4). The width 

and air permeability of Crack 4 was not followed in this study. 

 
Figure IV-35 Corrosion adjacent to Crack 1 of Sample D-0-3 
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Figure IV-36 Corrosion adjacent to Crack 4 of Sample D-0-3 

As presented in Figure IV-35, a small corroded area (length shorter than 10 mm) was found 

around Crack 1. Due to the light corrosion degree, no corrosion rust transportation along the 

crack surface was found. The corrosion degree, in terms of length of corroded area and corrosion 

depth, in the area around Crack 4 (Figure IV-36) was a little more severe. The length of corroded 

area was about 20 mm. Due to the more serious corrosion, some rust was found on the crack 

surface.  

After 46 wetting/drying cycles, steel ring was extracted from Sample D-0-4 to check the 

corrosion situation. The photos of the broken are presented in Figure IV-37.  

 

Figure IV-37 Corrosion situation of Sample D-0-4 

It is evident that the corrosion area of steel ring in sample D-0-4 is considerably larger than 

in other samples. In this sample, corrosion almost covered one third of the steel ring. In the 

corroded area, there were two cracks induced by expansive core, Crack 1 and a discarded crack 
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labeled as Crack 4, whose crack width and air permeability was not followed in our research. 

From Figure IV-37, we can observe that more corrosion rust transported along Crack 4 than 

Crack 1.  

At the end of drying phase, samples were dried in an oven at 40 oC for 24h, and then air 

flow of each crack was measured. The results of all the four samples are shown in Figure IV-38. 

In the figures, the legend covered by a red box means some corrosion occurred around this crack. 

 

 

 

 

 

 

 
(a) D-0-1                                     (b) D-0-2 

 

 
 
 
 
 
 

 
(c) D-0-3                                         (d) D-0-4 

Figure IV-38 Air permeability at different times 

From Figure IV-38 (a), we can find that the air flow did not change a lot in the first 28 days. 

For other samples exposed to long term of wetting and drying cycles, the variation of air flow 

was more complicated. It could be divided into three phases. In the first phase, the air flow 

decreased comparing with initial values. In the second phase, the air flow did not change much 

and kept stable. In the third phase, the air flow also decreased with the increase of wetting/drying 

cycles. The decrease of air flow in the first phase could be caused by the carbonation of 

hydration products. The surface of Crack 1 was examined with SEM, and the image is presented 
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in Figure IV-39. We can find that a lot of CaCO3 particles were formed on the crack surface. 

The samples in Group D were cured for only 28 days before being cracked. According to the 

conclusions in [6], after 28 days curing at 20oC, a considerable amount of cement had not 

hydrated. After being cracked, the unhydrated cement contact with much water in the wetting 

period and hydrated further. Both new and old hydrated products contacted with carbon dioxide 

during the drying period, and a lot of calcium carbonate was formed on the crack surface. It 

explains why air flow decreased in the first phase.  

 
Figure IV-39 SEM image of Crack 1 in sample D-0-2 

It is worth noting that, the air flow of cracks in sample D-0-3 fluctuated in the first phase, 

especially in the first 42 days. The cracks trended to close in the wetting period due to the 

absorption of water. On the contrary, they tend to open in the drying period due to evaporation 

of absorpt water. The cyclic opening and closing resulted in the fluctuating results of air flow at 

different times. 

In the second phase, air flow along cracks was relatively stable. According to the author’s 

knowledge, it is still difficult to explain the decrease of air flow in the third phase.  
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4.3.1.2 Samples with deformed bar 

Only one sample (D-0-5) with deformed bar in Group D was broken to check the corrosion 

situation. It was broken after 22 wetting/drying cycles. The pictures of broken sample are 

presented in Figure IV-40.  

 

Figure IV-40 Corrosion of sample D-0-5 

A small corroded area was found close to the crack, the length of corroded area was about 

25 mm. It should be noted that, the crack width was 132 μm, the initial air permeability was 

4.32 L/min. The air flow values of sample D-0-5 measured at different times are presented in 

Figure IV-41. The value at 35 days was lower than the initial value, and then it did not change 

much at 154 days. The trend was similar to that observed in samples with plain bars. 

Corrosion on the top surface Corrosion on the bottom surface 
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Figure IV-41 The air flow of sample D-0-5 

4.3.1.3 Relationship between corrosion and crack width or air flow 

After exposure to wetting/drying cycles, corrosion was found in all the samples except D-

0-1. In samples D-0-2, D-0-3 and D-0-5, corrosion concentrated in small areas close to cracks. 

In sample D-0-2, corrosion was found around Crack 2, the width was 110 μm and the air flow 

was 4.58 L/min. In sample D-3, corrosion was found around Crack 1 and Crack 4. The width of 

Crack 1 was 68 μm and the air flow was 1.52 L/min. For Crack 4, the width and air flow were 

unknown. In sample D-0-5, there was only one crack in the sample and corrosion concentrated 

in a small area close to this crack. The crack width was 132 μm and the air flow value was 4.32 

L/min. Due to long period of exposure in wetting/drying cycles, the corroded area in sample D-

0-4 was much larger, almost one third of the steel ring.  

According to the results, we can conclude that: 

1. In case of that there was only one crack in the sample, corrosion initiated in an area 

close to the crack. Because the crack provided easy access for aggressive ions to reach 

the reinforcement. As a result, the passive film on the steel bars around the cracks was 

destroyed first. It has been confirmed by a lot of other researchers [7-10].  

2. In case of multi-cracks existed in the sample, it seems the position of corrosion was 

random. For sample D-0-2, corrosion initiated under the crack with maximum width 
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while corrosion in sample D-0-3 initiated under the crack with minimum width. There 

is no correlation between crack width and corrosion initiation. This is in agreement 

with results of François et al. [11,12] and Schiessl and Raupach [13], who considered 

that the significant parameter in reinforcement corrosion initiation was crack existence, 

not width. 

4.3.2 Corrosion in samples with one month of self-healing 

In order to study the effect of self-healing of cracks prior to exposure in chloride 

environment on corrosion of steel bars, some cracked samples were cured in humidity room 

(R.H=100%) for one month, three months and six months respectively after being cracked.  

4.3.2.1 Samples with plain bars 

After being cracked, samples A-1-1 and A-1-2 were cured for one month in order to obtain 

some self-healing in the cracks. The two samples were broken after 6 cycles and 33 cycles 

respectively. No corrosion was found in both the two samples. The results of air flow of the two 

samples are presented in Figure IV-42. 
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(a) A-1-1 

 
 (b) A-1-2 

Figure IV-42 Air flow of samples with one month of self-healing 

The air flow through the cracks in the two samples decreased significantly after 28 days 

curing in humidity room, except Crack 1 in sample A-1-2. The decrease of air flow through the 

cracks could have been contributing to self-healing that occurred in the cracks. The research of 

Gagne et al. [1] and Fattahi [14] confirmed that self-healing reduced air flow along cracks. 

After 6 wetting and drying cycles, sample A-1-1 was cut to expose the two internal planes 

of Crack 2 in this sample. The crack plane was observed with SEM. According to the 
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observation, we can find two typical micro structures on the plain of Crack 2 (Figure IV-43).  

 
(a) Typical microstructure in the inner zone of a crack plane 

 
 (b) Typical micro structure in the outer zone of a crack plane 

Figure IV-43 Micro structure in the plane of Crack 2 of sample A-1-1 
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Figure IV-44 Crack plane, inner zone and outer zone 

As presented in Figure IV-44, the crack plane could be divided into an inner zone and an 

outer zone. In the inner zone, a lot of ettringite (C6Al2(SO4)3(OH)12·26H2O) was found. While 

in the outer zone, the main product was calcium carbonate. It could be explained by an easier 

availability of carbon dioxide in the outer zone.  

As presented in Figure IV-42, the air flow increased with the increase of wetting/drying 

cycles. Each cycle contains two days of wetting and five days of drying, the drying period was 

longer than the wetting period. On the one hand, some drying shrinkage occurring during the 

drying period led to the increase of air permeability. On the other hand, the self-healing products 

were dried and their volume decreased, then the air permeability increased. 

4.3.2.2 Sample with deformed bar 

A sample with deformed bar, A-1-3, was broken after 19 wetting/drying cycles. Some 

corrosion rust was found on the steel bar close to the crack. The picture is presented in Figure 

IV-45. The air flow through the crack at different ages is presented in Figure IV-46. 
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Figure IV-45 Corrosion in Sample A-1-3 

 
Figure IV-46 Air flow through the crack in sample A-1-3 

The air flow through the crack decreased a lot due to 28 days of self-healing in a humidity 

room. Subsequently, the air flow kept relatively stable in the wetting and drying period. It is 

different from the situation of samples with plain bar, where the air flow increased a little in the 

wetting and drying period. 

4.3.3 Corrosion in samples with three months of self-healing 

Two cracked samples, B-3-1 and B-3-2, were cured in a humidity room (R.H=100%) for 

three months. After that, the two samples were subjected to wetting/drying cycles. Finally, they 
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were broken after 25 and 41 cycles respectively. No corrosion was found in sample B-3-1, while 

some corrosion rust was found on the steel ring in sample B-3-2. The pictures are presented in 

Figure IV-47. 

 
Figure IV-47 Corrosion situation in sample B-3-2 

We can find that corrosion spreaded between Crack 2 and Crack 3, and some rust 

transported along the planes of the two cracks. The results of air flow of the two samples are 

presented in Figure IV-48.  
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(a) B-3-1 

 
 (b) B-3-2 

Figure IV-48 Air flow of samples with three months of self-healing 

Due to three months of self-healing, air flow through the cracks decreased considerably. 

During the wetting/drying cycles, air flow fluctuated a lot. Until now, it is difficult to explain.  

4.3.4 Corrosion in samples with six months of self-healing 

There was one sample, C-6-1, which was cured in the humidity room for six months 

following with exposure in wetting/drying cycles. Sample C-6-1 was broken after 30 

0

0.5

1

1.5

2

2.5

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280

A
ir

 fl
ow

 (L
/m

in
)

Time (d)

Crack1-113

Crack2-84

Crack3-44

0

1

2

3

4

5

6

7

8

0 50 100 150 200 250 300 350 400

A
ir

 fl
ow

 (L
/m

in
)

Time (d)

Crack1-81

Crack2-142

Crack3-152

Self-healing period Wetting/drying period 

Wetting/drying period 

Self-healing period 



 

186 

wetting/drying cycles, and no corrosion was found on the steel ring in this sample. Figure IV-49 

presents the results of air flow at different ages. Self-healing resulted in a decrease of air flow 

along cracks. 

 
Figure IV-49 Air flow of samples with six months of self-healing 

4.3.5 Relationship between corrosion and self-healing 

For the samples with plain bars exposed to more than 20 cycles, corrosion was found in all 

the samples without self-healing. But for the samples with self-healing, corrosion was found in 

only one sample (B-3-2). The results of air flow of sample B-3-2 were compared with those of 

samples D-0-3 and A-1-2 (Normally, it was considered that self-healing of cracks reduced the 

crack width and the permeability of the cracks, thus the penetration of chlorides, water, carbon 

dioxide and oxygen along the cracks was blocked and the risk of corrosion was reduced. If only 

permeability of the cracks impact corrosion development, the results of air flow measured before 

the sample exposed to wetting/drying cycles could reflect the corrosion risk of these samples. 

However, we found that the values of air flow along cracks in sample A-1-2 measured after self-

healing period and before wetting/drying cycles were much higher than the values in samples 

D-0-3 and B-3-2. But no corrosion was found in sample A-1-2 while some corrosion was found 

in sample D-0-3. So there must be some other factors affecting corrosion development. 
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Table IV-10). 

Normally, it was considered that self-healing of cracks reduced the crack width and the 

permeability of the cracks, thus the penetration of chlorides, water, carbon dioxide and oxygen 

along the cracks was blocked and the risk of corrosion was reduced. If only permeability of the 

cracks impact corrosion development, the results of air flow measured before the sample 

exposed to wetting/drying cycles could reflect the corrosion risk of these samples. However, we 

found that the values of air flow along cracks in sample A-1-2 measured after self-healing period 

and before wetting/drying cycles were much higher than the values in samples D-0-3 and B-3-

2. But no corrosion was found in sample A-1-2 while some corrosion was found in sample D-

0-3. So there must be some other factors affecting corrosion development. 
Table IV-10 Relationship between air permeability and corrosion 

Label Cycles Cracks 
Crack width 

(μm) 

Air permeability (L/min) 
Corrosion situation 

Initial Before W/D 

D-0-3 35 

1 68 2.94 2.94 Some corrosion under crack 

2 80 3.59 3.59 No corrosion 

3 74 2.79 2.79 No corrosion 

A-1-2 33 

1 164 7.64 8.50 No corrosion 

2 114 10.48 3.83 No corrosion 

3 175 10.05 7.16 No corrosion 

B-3-2 41 

1 81 4.11 1.95 No corrosion 

2 142 6.12 2.21 Some corrosion under crack 

3 152 7.38 2.29 Some corrosion under crack 

Definitely, we can only say that, for samples with plain bars, self-healing of cracks before 

exposure in chloride environment could reduce corrosion risk, because only one of five samples 

with self-healing was corroded.  

For the samples with deformed bar, the situation was different. Sample A-1-3, which had 

one month of self-healing, was also corroded after 19 cycles. 
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4.4 Conclusions 

According to the tests carried out, the following conclusions could be drawn: 

1. If cracked samples were cured in a humidity room with 100% R.H, significant self-

healing occurred in the cracks. It should be noted that all the cracks studied in the current 

research was narrower than 200 μm. The main self-healing product in the outer zone of a crack 

plane was calcite, and ettringite was the main product in the inner zone. Self-healing reduced 

air flow through the cracks significantly. 

 2. Corrosion initiation is more related to existence of crack but not crack width. No 

correlation between crack width and corrosion initiation was found. In case of multi-cracks 

existed in the sample, it is difficult to predict the position of corrosion.  

3. For the samples with plain steel bars, self-healing before exposure in chloride 

environment reduced corrosion risk, only one of five samples with self-healing was corroded in 

this study. For the samples with deformed bars, the effect of self-healing on corrosion was not 

significant. The sample with one month of self-healing was also corroded after only 19 

wetting/drying cycles.  
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5. Distribution of corrosion and pitting factor of steel in corroded 

RC beams 

5.0 Abstract  

The purpose of this work was to study the corrosion distribution along a steel bar in beams of 

sizes typically used in the construction industry and the ratio between maximum cross-sectional 

loss and average cross-sectional loss of the steel bar. This work was based on three beams 

exposed to accelerated natural corrosion for 19 - 36 months. The cracking maps and crack widths 

were recorded. After the steel bars had been extracted from the beams and cleaned with Clarke’s 

solution, cross-sectional losses were measured. The experimental results show that average 

cross-sectional loss of the steel bar correlated well with maximum corrosion crack width. The 

pitting factors of steel bars were mainly between 2.5 and 5.0, and decreased with the increase 

of average cross-sectional loss. More measurements would be desirable in further research on 

the pitting factor before this factor is used for predicting the residual mechanical performance 

of corroded structures. 

Key words: reinforcement; corrosion; concrete; pitting 

5.1 Introduction 

It has been widely reported that corrosion is the primary reason for the degradation of 

reinforced concrete structures [1-5], especially for those exposed to an oceanic environment or 

de-icing salt. Initially, steel bars are protected by a passive film composed of oxides and 

hydrated oxides of iron [6]. This passive film becomes unstable in the presence of a sufficient 

amount of chlorides [7,8] or when the concrete surrounding the reinforcement is carbonated [9]. 

Corrosion begins after the passive film is destroyed. Corrosion in a chloride environment 

appears to be quite different from corrosion induced by carbonation [10]. Corrosion is more 

likely to exist in the form of pitting corrosion in marine environments while general corrosion 
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likely to occur due to carbonation of the surrounding concrete. The volume of corrosion products 

is greater than that of the original steel, which results in tensile stress in, or even cracking of, 

the cover concrete. The load-bearing capacity of reinforced concrete structures is also affected 

by the loss of cross-section of the steel bars and the bond between concrete and steel is reduced 

[11,12]. 

Precise prediction of the load-bearing capacity and serviceability of corroded reinforced 

concrete structures could lead to savings in the cost of the maintenance and repair necessary to 

ensure human safety. Many publications have focused on the relationship between the degree of 

corrosion of the steel bars and the load-bearing capacity of the corresponding reinforced 

concrete elements. Yoon et al. [13] studied the effect of corrosion on the residual loading 

capacity of corroded beams and found that the residual flexural strength of corroded beams 

decreased with increasing average percentage weight loss of the steel bar when the degree of 

steel corrosion exceeded a certain degree. Mangat and Elgarf [11] calculated corrosion degree 

with Faraday’s law and developed a relationship between the degree of reinforcement corrosion 

and the residual flexural strength of corroded beams. At a corrosion degree of 10%, the residual 

capacity of the flexural strength a corroded beam was reduced to 25% of that of the control 

beam. Azad et al. [14] proposed a two-step approach to predict the residual flexural strength of 

a corroded beam based on the average reduction in the cross sectional area of corroded bars. Xia 

et al. [15] used a direct current to accelerate corrosion and obtained a designated corrosion level, 

then tested the flexural strength of the corroded beams. It is worth noting that all these works 

are based on the hypothesis that corrosion is distributed uniformly along the whole length of a 

beam and that the average cross-sectional loss can be used to evaluate the residual flexural 

strength of the corroded beams. 

However, corrosion is distributed quite heterogeneously and irregularly in most structures 

corroded in situ. The load-bearing capacity would be overestimated by using average cross-

sectional loss because load-bearing capacity is dependent on the properties of a beam at the 

point of failure rather than the global properties [4]. Torres-Acosta et al. [16] found that residual 
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load-bearing capacity of corroded beams correlated better with maximum pit depth than with 

average radius loss. According to the research of Malumbela et al. [4], 1% maximum cross-

sectional loss of the corroded bar corresponds to 0.7% reduction in the ultimate load capacity. 

Zhu and François [5] studied the residual yield and ultimate capacity of beams corroded 

simultaneously under sustained load and chloride environment for a long period. It was found 

that 1% maximum cross-sectional loss of the tensile bars corresponded to about 1% reduction 

in yield capacity and 0.8% decrease in ultimate capacity of the corroded beams. Therefore, 

maximum cross-sectional loss appears to be a good parameter to use when estimating the 

residual load-bearing capacity of corroded beams. 

For in-service structures, however, it is impossible to measure maximum cross-sectional 

loss directly. Although some models [17-19] have been proposed to correlate the local loss of 

cross-section in relation to the width of corrosion-induced cracks measured on the concrete outer 

surface, it has also been demonstrated [20] that corrosion-induced cracks modify the corrosion 

pattern by providing a new path for oxygen and humidity. The width of corrosion-induced cracks 

recorded on the concrete surface may thus be better correlated with the average loss of cross-

section over the corrosion-induced crack length. Measuring corrosion rate on site for reinforced 

concrete structures on the basis of electrochemical techniques is still a challenge as, depending 

on the device used, significant differences can be observed in the measured values [21]. 

Therefore, it is still important to develop simple approaches based on visual assessment realized 

on case studies or on corroded structures on site to propose a range of average corrosion rates 

for a given type of RC structures in relation to their design (e.g. the cover concrete), environment 

(e.g. exposure conditions) and so on. It is then important to have an idea of the ratio between 

the maximum loss of cross-section and the average loss of cross-section, which is called the 

“pitting factor” to be able to predict their residual load-bearing capacity and the associated safety 

factor. 

Some published papers consider the ratio between maximum corrosion depth and average 

corrosion depth. Tuutti [22] used an external voltage source to accelerate the corrosion process 
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over a period of two years and found that the maximum pitting depth was about 4-10 times the 

average corrosion depth. Gonzalez et al. [23] investigated the ratio between maximum corrosion 

depth and average corrosion depth in both natural and accelerated corrosion tests. The results 

ranged from 2.7 to 8.9 in natural corrosion and from 5.9 to 16.1 in corrosion accelerated by 

impressed current. Rodriguez et al. [24] added calcium chloride to the concrete and applied a 

current of 100 µA/cm2 to accelerate corrosion. They found that the ratio between maximum and 

average corrosion depths ranged from 2.4 to 4.3. Most of the results were around 4.0. 

Apostolopoulos et al. [25], stored samples with 8-mm-diameter steel bars in a laboratory salt 

spray exposure chamber for one year. The average mass loss was 2.41%, corresponding to an 

average corrosion depth of 0.048 mm. The maximum pit depth was 0.599 mm. In this 

experiment, the ratio between maximum corrosion depth and average corrosion depth was 12.5. 

Torres-Acosta et al. [26] found that this value was about 7.16 in their research. In these studies, 

maximum corrosion depth was measured with caliper or micrometer, or with a digital image 

processing method, or determined from the displacement of an optical microscope objective 

focusing the external surface and the bottom of the pit.  

In the work presented here, steel bars were extracted from concrete beams with 16 mm 

cover depth, the corrosion distribution along the steel bars was studied and the pitting factor was 

calculated. In this paper, pitting factor is defined as the ratio between maximum cross-sectional 

loss and average cross-sectional loss. Pitting depth is not considered in this paper for two reasons, 

firstly, it is difficult to measure the pitting depth precisely especially for the cases with large 

depth and small aperture diameter. Secondly, the load-bearing capacity of corroded RC beams 

was related to maximum cross-sectional loss but not maximum corrosion depth as mentioned 

before. 

5.2 Experiment 

The research was started in 1984 at the Laboratoire Matériaux et Durabilité des 

Constructions (LMDC) in Toulouse, France. In 2010, a new batch of beams was cast. All beams 
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in the experimental program were divided into two groups (group A and group B) according to 

their reinforcement configurations. 

5.2.1 Specimen details 

The experiment reported here was carried out on three type B beams cast in 2010. The 

beam size was 3000 × 280 × 150 mm, a size sufficient to be representative of the actual service 

conditions of reinforced concrete structures. The concrete cover depth was 16 mm. Each beam 

was reinforced with two 12-mm deformed bars in tension and two 6-mm deformed bars in 

compression. The diameter of stirrups was 6 mm. Figure IV-50 presents the reinforcement 

configuration of the type B beam. 
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Figure IV-50 Layout of the reinforced concrete beams (all dimensions in mm) 

All beams were cast in concrete with the composition given in Table IV-11. It should be 

noted that the water/cement ratio was finely adjusted in order to obtain a slump of 70 mm. The 

average compressive strength of the concrete (tested on 110 × 220 mm cylindrical specimens) 

at 28 days was 45 MPa. 
Table IV-11 Concrete composition 

Mix composition 
Rolled gravel (silica+limestone) 5-15 mm 1109 kg/m3 
Sand 0-5 mm 745 kg/m3 
Portland cement: OPC (high performance)  364 kg/m3 
Water  182 kg/m3 

5.2.2 Loading and exposure conditions 

After curing in the laboratory environment for 28 days, one type A beam and one type B 

beam were loaded together with a three-point loading system. As presented in Figure IV-51, the 

loading system consists of two steel brackets, two threaded rods and four nuts. Loading was 
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applied by tightening the nuts on the threaded rod indicated in Figure IV-51. There were two 

strain gauges on each threaded rod, which was used to indicate the applied load. There were two 

levels of loading, for which the bending moments were Mser=13.5 kN·m (corresponding to a 

point load of 20 kN) and Mser=21.2 kN·m (corresponding to a point load of 30 kN). It is worth 

noting that in the old experimental program set up in 1984, the old A beams were located below 

the old B beams. Whereas, in the new experimental program set up in 2010 a beam of type A 

was located on top of a beam of type B. The upper surface of all the beams under loading 

conditions corresponded to the top surface with respect to the casting direction. 

The beams were exposed in an aggressive chloride environment with a salt fog (35g/L of 

NaCl, corresponding to the salt concentration of sea water) generated by four sprays located at 

each upper corner of a sealed chamber (Figure IV-51). They were exposed to wetting-drying 

cycles with two days of spraying followed by two weeks of drying and the temperature was the 

ambient outdoor temperature of southwest France, with monthly averages ranging from 5.1°C 

to 21.3°C. 
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Figure IV-51 Loading system and exposure conditions 

5.2.3 Cross-sectional loss  

The corroded steel bars were cleaned with Clark’s solution (ISO 8407) to remove the 
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corrosion products. The residual cross-section was quite irregular when pitting corrosion 

dominated, making it difficult to measure the diameter with a vernier caliper. Therefore, the 

weight loss of the steel bars was used to calculate the loss of cross-section. The steel bars were 

cut into short pieces of different lengths according to the corrosion pattern (more or less 

localized) and corrosion details. The length of each section depended on the corrosion condition 

along the steel bar and was measured with a vernier caliper with a precision of 0.02 mm. Each 

short section was weighed on a balance with a precision of 0.01 g; the loss of cross-section was 

then calculated with Equation IV-5. The original mass of the short sections was calculated with 

Equation IV-6:  

ΔA𝑠 =
𝑚0−𝑚

𝑚0
∙ 𝐴𝑠   Equation IV-5 

𝑚0 = 𝜌 ∙ 𝐴𝑠 ∙ 𝐿     Equation IV-6 
where ρ (g/cm3) is the density of the steel bar, taken to be 7.85 g/cm3; 

L (mm) is the length of each short section; 

ΔAs (mm2) is the average loss of cross-section of the corroded bars over the short section 

length; 

As (mm2) is the nominal cross-section of the steel bars; 

m (g) is the residual mass of the short sections of corroded bar; and 

M0 (g) is the nominal mass of the steel bars. 

5.3 Results and discussion 

5.3.1 Cracking maps 

After 19 months of exposure in the chloride environment, beam Bs03 was taken out of the 

chamber and the cracking map was drawn for each surface. The same thing was also done for 

beam Bs04 after 27 months of exposure. For beam Bs02, the exposure time was 36 months. The 

cracking maps of beams Bs03, Bs04, and Bs02 are shown in Figure IV-52-Figure IV-54.  



 

197 

217 271 381 180
513 165

251 98 198 381
95 392

176 239
175

85 28 30 52
276

75

127 482 766 592 212 35 695 375 46 119 144 163519860
999

70513517778

235 614 131 209 289 116Front surface

Back surface

Top (tensile) surface

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000  
Figure IV-52 Cracking map of Bs03 (19 months) 
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Figure IV-53 Cracking map of Bs04 (27 months) 

152

258

25178 296
597 148186

131
157295

86
780

243
7507901290101

430 219

121
294185

559 199

11001870

171

1270
136075029443531589446

396656406

398 322

132
176

55 101 77 47
120 100

290 250 100
120 360 590

520 270 75 17785 102 123

490
630

810
900

400 470 390 520 430 138 24 75 640

720

101 144
1360 1580

1580

180

111

320 470 61 92 54

Front surface

Back surface

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000  
Figure IV-54 Cracking map of Bs02 (36 months) 

In the cracking maps, black lines represent cracks induced by the bending load and red 

lines represent cracks induced by corrosion. Due to the relatively short exposure time, the 

corrosion cracks on beam Bs03 were shorter than those on beam Bs02 and beam Bs04. 
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According to the method of calculating the sum of crack widths resulting from the same 

corroded area of a bar proposed by Vidal et al. [18], there were three regions with crack widths 

greater than 1.1 mm on beam Bs03. The regions were at 300-500 mm, 1200-1400 mm and 2300-

2500 mm. All three regions were caused by corrosion of the back tensile bar. 

There were more corrosion cracks on beam Bs04 than beam Bs03. Two regions with crack 

widths greater than 1.4 mm occurred near to the front tensile bar. The crack width was 1.4 mm 

in the region 100-300 mm and 1.7 mm in the region 1400-1600 mm. For beam Bs02, which was 

corroded for 9 more months than beam Bs04, the length of the corrosion cracks did not seem to 

increase but the maximum crack width was significantly greater. The crack width in the 1700 -

1900 mm region was 2.9 mm. The corrosion crack width in the 1000-1200 mm region was 1.9 

mm. Both regions were around the front tensile bar. 

5.3.2 Cross-sectional loss distribution 

After the tensile bars had been extracted from the three beams, cross-sectional loss was 

measured with the method described in Section 2.2.3. The distribution of cross-sectional loss is 

presented in Figure IV-55-Figure IV-57.  

 
Figure IV-55 Cross-sectional loss of the tensile bars in beam Bs03 showing zones without corrosion-induced 

cracks and those with the widest corrosion-induced cracks 

No crack  

Widest cracks 
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Figure IV-56 Cross-sectional loss of the tensile bars in beam Bs04 showing zones without corrosion-induced 

cracks and those with the widest corrosion-induced cracks 

 
Figure IV-57 Cross-sectional loss of the tensile bars in beam Bs02 showing zones without corrosion-induced 

cracks and those with the widest corrosion-induced cracks 

On the three figures, it is clear that cross-sectional loss varied along the steel bars. In other 

words, corrosion on the steel bar was distributed quite heterogeneously. For beam Bs03, the 

average cross-sectional losses of the front and back bars were 5.7% and 6.3% respectively. For 

beam Bs04, the average cross-sectional losses of the front bar and back bar were 7.8% and 6.9% 

respectively. For beam Bs02, the values for the front and back bars were 7.5% and 4.7% 
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respectively. 

In order to reflect the distribution of corrosion degree more quantitatively, the results were 

analyzed statistically. We took a 10-mm piece of steel bar as a unit, and calculated the number 

of units in different intervals of cross-sectional loss. The histograms of the cross-sectional loss 

are shown in Figure IV-58-Figure IV-60.  

 
Figure IV-58 Frequency histogram of cross-sectional loss (Bs03) 

 
Figure IV-59 Frequency histogram of cross-sectional loss (Bs04) 
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Figure IV-60 Frequency histogram of cross-sectional loss (Bs02) 

From the histograms, it was found that:  

The loss of cross-section did not follow a normal law (confirmed by Shapiro-Wilk test). 

Despite the fact that the RC beams had the same geometry, the same concrete composition, 

the same exposure conditions and the same loading conditions (but not the same intensity), there 

was no similarity in either the cross-section loss along the beam length or the distribution of loss 

of cross-section. 

In contrast, and despite different corrosion times, the average losses of cross-section on the 

tensile bars were similar for all the beams: 6.0% for Bs03, 7.4% for Bs02 and 6.1% for Bs04 

(Figure IV-61). 
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Figure IV-61 Evolution of the loss of cross-section in terms of average value on both tensile bars, maximum loss 

on one bar and maximum loss for both tensile bars, versus exposure time 

In the plots of loss of cross section due to corrosion for the 3 beams Bs03, Bs04 and Bs02 

versus time, only the maximum mass loss calculated for both tensile re-bars shows a continuous 

increase with time which, a priori, seems to be the intuitive result. Neither maximum local mass 

loss on one re-bar nor average mass loss is correlated with exposure time, which confirms that 

it would be very challenging to define or predict the degree of corrosion.  

5.3.3 Relationship between corrosion crack and cross-sectional loss 

In Figure IV-55-Figure IV-57, zones without corrosion cracks and with the widest corrosion 

cracks are marked with different boxes. A blank box means there is no corrosion crack in this 

zone, while a hatched box means that the widest cracks occurred in this area. Box color indicates 

the front bar (red) or back bar (green). 

According to the cracking map of beam Bs03, more corrosion cracks were induced around 

the back bar. Coincidentally, the average cross-sectional loss of the back bar was greater than 

that of front bar, 6.3% compared with 5.7%. If the results are analyzed in detail, some different 

conclusions can be drawn. Figure IV-55 clearly shows that the steel parts on the front bar of 

beam Bs03 with maximum cross-sectional losses were located in the areas without any corrosion 

cracks. For the back bar, the steel part with maximum cross-sectional loss was located in one of 
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the areas with widest corrosion cracks. The degree of steel corrosion in the other two zones with 

widest cracks was much lower.   

For beam Bs04, there were six points on the front bar with significantly greater cross-

sectional loss than other regions. From Figure IV-56, it is clear that only one of the six points 

was located in the zone with widest corrosion cracks.  

The situation on beam Bs02 was quite different. There was only one section with much 

greater cross-sectional loss on the front bar and one on the back bar. Both the sections were in 

the middle, and thus different from the regions where the maximum crack width occurred.  

According to the comprehensive analysis based on the three beams, corrosion was 

distributed randomly along the beam. The most corroded zone rarely coincided with the zone of 

maximum corrosion crack width. As a result, it would be quite difficult to predict the position 

of the most corroded zone in beams under loading in a natural chloride environment according 

to a visual diagnosis based on width of corrosion-induced cracks.  

5.3.4 Relationship between average cross-sectional loss and maximum crack width 

In reinforced concrete structures in situ, it is impossible to measure the cross-sectional loss 

directly with a nondestructive testing method and the possible use of measurements of corrosion 

crack width was therefore considered to evaluate the corrosion degree of concrete structures. 

However, because the width of corrosion-induced cracks (measured on concrete surface) and 

local loss of cross-section are hardly correlated according to the results of this paper or other 

research [19], a simpler indicator is tested in this section: the average cross-sectional loss and 

its relation with the maximum crack width. Besides the experiment presented in this paper, 

Castel et al. [27], Zhang et al. [28], and Zhu and François [5] have also studied the cracking 

maps and corrosion distribution of beams (B1CL1, B2CL1, B2CL2 and B2CL3 ) that were the 

same as the beams used here. Results on 14 tensile bars in the 7 corroded beams: 3 beams (Bs03, 

Bs04, and Bs02) cast in 2010 and 4 beams (B1CL1, B2CL1, B2CL2, and B2CL3) cast in 1984, 

are presented below. For one tensile bar in beam B2CL3, most of the concrete cover had spalled 
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and it was impossible to measure the maximum crack width. So we have 13 results from 7 

corroded beams.  

 
(a) Crack width obtained by the sum of two surfaces 

 
(b) Crack width obtained directly  

Figure IV-62 Correlation between average cross-sectional loss and maximum crack width 

We used two methods to define the maximum crack width. In the first method, crack width 

was the sum of crack widths on the tensile horizontal surface and the side surface in a given 

section (same as the method proposed by Vidal et al. [18]), then the maximum value was 

obtained. In the second method, we used the maximum crack width on the tensile horizontal 
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surface or on the side surface directly. The correlations between average cross-sectional loss and 

maximum crack width obtained by the first and second methods are presented in Figure IV-62 

(a) and (b) respectively. 

As discussed in the foregoing sections, the most corroded zones did not necessarily 

correspond to the zones with maximum corrosion cracks. Nevertheless, it is interesting to note 

that average cross-sectional loss of the tensile bar increased with the increase of maximum crack 

width, and the correlation between maximum crack width and average cross-sectional loss was 

quite good. The correlation coefficient was about 0.8.  

5.3.5 The ratio between maximum cross-sectional loss and average cross-sectional loss 

The pitting factor is defined as the ratio between maximum cross-sectional loss and average 

cross-sectional loss. The average value of the pitting factors of two tensile steel bars in a given 

beam is identified as the pitting factor of that beam. Table IV-12 gives the average cross-

sectional loss, maximum cross-sectional loss, pitting factor of each tensile bar, and pitting factor 

of each beam.  

Figure IV-63 presents the relationship between average loss of cross-section and pitting 

factor. 

For the 14 tensile bars, pitting factors ranged from 2.5 to 10.0 and were quite scattered. 

When the average cross-sectional loss of steel bar was lower than 5.0%, the corresponding 

pitting factors were very scattered. In contrast, the pitting factors were concentrated between 

2.5 and 5.0 when the average cross-sectional loss of the steel was greater than 5.0%. In Figure 

IV-63, the average pitting factor value for the two tensile bars in a given beam is defined as the 

pitting factor of this beam. Only one of the seven beams had an average cross-sectional loss less 

than 5%. The pitting factors of the other six beams ranged from 2.8 to 5.4.  

The pitting factor tends to decrease with increasing average cross-sectional loss. At the 

beginning, corrosion of the steel in cracked or uncracked reinforced concrete members is always 

macrocell corrosion. In relation to the high cathode to anode ratio (the first corrosion spot 
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occurred at steel-concrete defects), the pitting factor would be quite high. Corrosion products 

generated at corrosion pits lead to pressure on the concrete cover and then to corrosion-induced 

cracks, which change the exposure environment since they allow easier access of chloride, 

oxygen and humidity and thus induce more generalized corrosion along the steel bar where 

corrosion induced cracks exist [12]. Under these circumstances, the corrosion process is very 

similar to that of steel exposed directly to the atmospheric environment because a large area of 

the steel bar is in direct contact with the air.  

Apostolopoulos et al. [25] confirmed that pitting corrosion on steel bars embedded in 

concrete was much more severe than in bare bars exposed directly to the corrosive medium. 

This explanation is also suitable for the situation when concrete cover is spalled due to more 

severe corrosion. 
Table IV-12 Corrosion parameters obtained by different methods 

Beam 
Steel-

bar 
Loss of cross-section (%) 

Pitting factor 
Average 

pitting factor 
Time 

(years) Average Maximum 

Bs02 
Front 7.5 26.8 3.57 

5.40 3.0 
Back 4.7 34.0 7.23 

Bs04 
Front 7.8 39.0 5.00 

4.50 2.3 
Back 6.9 27.6 4.00 

Bs03 
Front 5.7 16.1 2.82 

2.75 1.6 
Back 6.3 16.8 2.67 

B2CL2 
Front 12.0 52.2 4.35 

4.55 26 
Back 10.0 47.4 4.74 

B2CL3 
Front 14.0 46.9 3.35 

2.92 28 
Back 16.0 39.8 2.49 

B1CL1 
Front 3.0 14.2 4.72 

7.36 14 
Back 3.0 30.0 10.00 

B2CL1 
Front 10.6 40.7 3.83 

3.62 23 
Back 8.9 30.1 3.40 
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Figure IV-63 Relationship between average cross-sectional loss and pitting factor 

 
Figure IV-64 Pitting factor varies with corrosion time 

Figure IV-64 presents the variation of pitting factor over time. There is no obvious 

correlation between pitting factor and corrosion time. But for the four beams cast in 1984, pitting 

factor decreased over time. Due to the different exposure conditions, the corrosion rate of beams 

cast in 2010 was much greater than that of beams cast in 1984 [29]. The corrosion degree 

(average cross-sectional loss) of new beams after about 3 years of exposure was nearly the same 

as that of old beams after more than 23 years of exposure. Cao [30] built a 3-D computational 
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model of corrosion in a chloride environment and he also found that the pitting factor decreased 

in the dynamic corrosion process. It can be concluded that pitting factor is affected not only by 

corrosion time, but also by many other factors which lead to different corrosion rates.   

5.4 Conclusions 

According to the corrosion map and cross-sectional loss distribution of the three beams 

studied in this paper, it can be concluded that corrosion degree along the steel bar is random and 

it is quite impossible to predict the position of the most corroded zones in the beams under 

simultaneous loading and natural chloride environment according to a visual diagnosis based on 

width of corrosion-induced cracks.  

Even though the most corroded zone did not always occur at the same place as the 

maximum corrosion crack width, there was fairly good correlation between the maximum 

corrosion-induced crack width and the average cross-sectional loss. The correlation efficiency 

was about 0.8. For in-situ corroded structures, maximum corrosion crack width can be used to 

predict the average corrosion degree of the steel bars quickly and conveniently.  

Pitting factor decreased with the increase of corrosion damage expressed in terms of 

average loss of cross-section due to corrosion. When the average cross-sectional loss of steel 

was greater than 5.0%, the pitting factors of steel bars were concentrated between 2.5 and 5.0. 

Except for one beam with an average cross-sectional loss less than 5%, the pitting factors of the 

other six beams ranged from 2.8 to 5.4. Pitting factor is affected not only by corrosion time, but 

also by many other factors that lead to different corrosion rates. Reduction of pitting factor with 

corrosion damage is a beneficial effect for the safety of corroding structures since the brittle 

behavior of steel re-bars is favored by high pitting factor. 

The pitting factor is an important parameter of corrosion since it gives an idea of the 

reliability of predictions of capacity based on average corrosion prediction. In the study 

presented here, a relatively small range, between 2.8 and 5.4, was found. It should be noted that 

this paper only focused on one type of beam, with the same reinforcements, the same concrete, 
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the same cover depth, and corroded in the same environment. Further research on the pitting 

factor will be needed to provide more numerous measurements. 
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V.  Effect of corrosion on mechanical performance of 

reinforced concrete beams 
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1. Introduction 

The second objective of the thesis is to study the mechanical performance of corroded RC 

beams in terms of yield capacity, ultimate capacity and ductility. In this chapter, some 

experiments were conducted to investigate the second objective of the thesis and the main 

findings have been written in 2 articles, which are introduced briefly in this section. The full 

papers are presented in Section 2 and Section 3 of this chapter. 

1.1 Flexural performance of corroded RC beams 

Corrosion of reinforcement reduces serviceability of reinforced concrete structures from 4 

aspects. Firstly, cracking or even spalling of concrete cover is caused by the expansion of 

corrosion products. Secondly, the bonding between concrete and steel bars is reduced due to 

expansive products. Thirdly, load capacity of reinforced concrete structures decreases because 

of the reduction of cross-sectional area of reinforcements. Lastly, ductility of reinforced concrete 

structures reduces due to the brittleness of corroded steel bars.  

A lot of studies have been conducted on the mechanical performance of corroded reinforced 

concrete elements. However, most them used impressed current to accelerate the corrosion 

process. It should be noted that the characteristics of corrosion accelerated by impressed current 

are quite different from that of natural corrosion, which may cause different structural behaviors 

of the corroded reinforced concrete members. 

In order to supply some reliable information to predict mechanical performance of 

corroded RC structures in the field, corrosion in our study is accelerated by wetting/drying 

cycles in a chloride environment without any impressed current or chloride admixture into 

concrete, and sustained loading was applied on the beams during the whole corrosion process. 

The mechanical performance, including load capacity and ductility, of one control beam and 

two corroded beams were tested. Corroded bars in the beams were extracted for tensile tests and 

the cross-sectional losses were measured. The experimental results were compared with those 
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obtained in a previous long-term aging program in a chloride environment.  

More details about the experiment and the results are presented in Section 2 of this chapter, 

which is an article published in the journal of Engineering Structures. 

Title: Structural Performance of RC Beams Damaged by Natural Corrosion under 

Sustained Loading in a Chloride Environment 

Authors and affiliation: 

1. Linwen Yu, INSA-Toulouse and Université de Sherbrooke; 

2. Raoul François, INSA-Toulouse; 

3. Vu Hiep Dang, Hanoi Architectural University; 

4. Valérie L’Hostis, CEA-Saclay; 

5. Richard Gagné, Université de Sherbrooke. 

Date of acceptance: 1 April 2015 

1.2 Shear performance of corroded RC beams 

Generally, slender beams are expected to fail in a flexural mode while there is a greater 

possibility of shear failure in deep beams. In recent decades, the mechanical performance of 

corroded reinforced concrete beams has been studied a lot but most of them have focused on 

slender beams. More attention needs to be paid on the shear performance of deep beams 

damaged by corrosion.  

There are also several studies on shear behavior of corroded RC beams, but corrosion was 

concentrated on a part of the main reinforcement or only on stirrups. Moreover, corrosion was 

usually accelerated with impressed current. For the corrosion damaged RC structural elements 

in service, corrosion always occurs on both stirrups and longitudinal bars simultaneously and 

has different corrosion distribution comparing with that accelerated with impressed current. 

In this work, four deep beams (span to effective depth ratio <2.5) were sawn from two 

slender beams, which were corroded in a natural environment accelerated by wetting/drying 

cycles. Loading tests were applied on the four deep beams, and loading-deflection curves and 
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slip of tensile bars were recorded during the loading test. After that cross-sectional loss of tensile 

bars and diameter loss of stirrups were examined. Finally, we discussed the effect of corrosion 

on shear performance (including the failure mode, load capacity and ultimate deflection) of 

reinforced concrete beams. 

More details about the experiment and the results are presented in Section 3 of this chapter, 

which is an article submitted to the European Journal of Environmental and Civil Engineering. 

Title: Mechanical performance of deep beams damaged by corrosion in a chloride 

environment 

Authors and affiliation: 

1. Linwen Yu, INSA-Toulouse and Université de Sherbrooke; 

2. Raoul François, INSA-Toulouse; 

3. Richard Gagné, Université de Sherbrooke; 

Date of submission: 28 December 2015 
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2. Structural Performance of RC Beams Damaged by Natural 

Corrosion under Sustained Loading in a Chloride Environment 

2.0 Abstract 

This paper discusses the effect of corrosion on the load-bearing capacity and ultimate deflection 

of corroded beams exposed to wetting-drying cycles in a chloride environment under sustained 

loading without impressed current. The mechanical performance of one control beam and two 

corroded beams was tested. Corroded bars in the beams were extracted for tensile tests and the 

cross-sectional losses were measured. The experimental results were compared with those 

obtained in a previous long-term aging program in a chloride environment.  

The experimental results confirmed that corrosion of the reinforcement modified the failure 

mode of reinforced concrete beams. The control beam failed due to crushing of the concrete in 

the compressive zone, while deteriorated beams failed due to the rupture of one tensile bar. As 

a result, the maximum cross-sectional loss on tension bars allows the residual yielding and 

ultimate capacity to be predicted as 1% reduction in cross-section corresponds to 1% reduction 

in yielding capacity and ultimate capacity. 

The results also show the importance of the initial ductility of the steel bars. Corrosion 

leads to more brittle behavior of steel bars in tension but the influence of corrosion on the 

ductility of RC beams depends on the initial steel bar ductility. Highly ductile steel bars 

belonging to class C according to Eurocode2 could prevent brittle collapse of corroded RC 

beams because of sufficient residual ductility of the corroded steel bars. 

Keywords: Corrosion; Reinforced concrete; Chloride; Load-bearing capacity; Ultimate 

deflection 
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2.1 Introduction 

Corrosion is one of the dominant reasons for premature degradation of reinforced concrete 

structures, especially for those exposed to de-icing salt or a marine environment. Every year, 

more than 100 billion dollars are spent on the maintenance and repair of reinforced concrete 

structures suffering from corrosion [1]. If the cost of maintaining corroded reinforced concrete 

structures is to be reduced, their structural performance needs to be understood more completely. 

Comprehensive knowledge concerning their residual mechanical performance could help 

engineers to decide on the usage and maintenance of corroded structures more accurately. The 

serviceability of reinforced concrete structures is degraded by reinforcement corrosion in 

different ways. On the one hand, corrosion reduces the cross-sectional area of steel bars and 

results in a reduction of the load-bearing capacity and ductility of structures. On the other hand, 

the volumetric expansion of corrosion products leads to cracking or even spalling of concrete 

cover, affecting the integrality of reinforced concrete members.  

A number of studies have been carried out on the effect of reinforcement corrosion on the 

structural performance and serviceability of corroded reinforced concrete elements. Rodriguez 

et al. [2] added 3% (by mass of cement) CaCl2 into concrete and applied an impressed current 

of 100μA/cm2 to beam samples to accelerate the corrosion process and then studied the effect 

of corrosion on the mechanical performance of reinforced concrete beams. It was found that 

corrosion increased both deflection and crack widths at the service load and reduced the ultimate 

strength. At the same time, the failure mode of corroded beams was also modified. In the 

research of Mangat and Elgarf [3], 1% NaCl (by mass of cement) was added into the concrete 

mixture. Different levels of external current, 1000, 2000, 3000, and 4000 μA/cm2 were applied 

to accelerate the corrosion process. When the corrosion degree was relatively small (<4%), the 

corrosion rate showed a slight effect on flexural load capacity. However, the flexural load 

capacity decreased significantly with increasing corrosion rate when the degree of corrosion 

was greater than 5%. Azad et al. [4], Du et al. [5] and Torres-Acosta et al. [6] also used similar 

methods to induce corrosion in reinforced concrete beams and studied the effect of corrosion on 
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their mechanical performance.  

All the works mentioned above have two aspects in common: the corrosion process was 

accelerated by the addition of chloride or impressed current or both, and all the specimens were 

corroded to an expected extent firstly in the absence of loading before the mechanical test was 

applied. However, in-situ structures are always under service load and the effect of this load 

must be considered. Yoon et al. [7], Ballim and Reid [8] and Malumbela et al. [9] carried out 

some investigations on concrete beams that were subjected to simultaneous loading and 

reinforcement corrosion. They all used impressed current to accelerate the corrosion process. It 

is particularly worth noting that the characteristics of corrosion accelerated by impressed current 

are quite different from that of natural corrosion. Yuan et al. [10] compared the distribution of 

corrosion accelerated with a galvanostatic method and corrosion in an artificial climate 

environment. It was found that the whole surface of the steel bar was corroded when the 

impressed current technique was used, while corrosion was located mainly on the surface facing 

the concrete cover under an artificial climate environment. This difference in the corrosion 

distribution on the surface of the bars may cause different structural behaviors of the corroded 

reinforced concrete members. 

In order to gain an overall understanding of the residual structural behavior of reinforced 

concrete beams corroded in a natural environment, François et al. started a long term-

experimental program at Laboratoire Matériaux et Durabilité des Constructions (L.M.D.C.) in 

Toulouse in 1984. The specimens were stored in confined salt environment. Wetting-drying 

cycles were used to accelerate the corrosion process. A sustained loading was applied to the 

beams during the first 19 years of the corrosion process. The beams of this experimental program 

have served in much research. The previous results obtained in this experimental program is 

summarized here. Castel et al. [11] studied the structural performance of a beam corroded for 

14 years. At the same time, the structural performance of a control beam under sustained loading 

but without the chloride environment was also studied to highlight the effect of corrosion on the 

structural performance of reinforced concrete beams. Zhang et al. [12] studied the mechanical 
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performance of another beam which was corroded under simultaneous chloride environment 

and sustained loading for 23 years. At the same time, they also sawed local notches on tensile 

bars of the control beam to simulate the effect of pitting corrosion on the mechanical 

performance of a RC beam. Zhu and François [13] studied the structural performance of two 

beams corroded in a chloride environment under sustained loading, one for 26 years and the 

other for 28 years. Some details of the above mentioned research are listed in Table V-1. It is 

worth noting that, because of the heterogeneity of corrosion induced by the climate accelerated 

conditions, with a pitting factor (a ratio of maximum cross-sectional loss to average cross-

sectional loss) ranging between 3 and 8, the corrosion damage is defined as the maximum local 

cross-sectional loss measured at the failure location of tensile steel bars during the bending test. 

It is thus different from corrosion damage in the case of impressed current accelerated tests, 

which is defined as the average value of cross-sectional loss along the length of the bars acting 

as the anodes in the accelerated corrosion process. 
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Table V-1 Summary of research work on the mechanical behavior of RC beams cast in 1984 at L.M.D.C 

Authors Time 

 

Reference 

of beam 

Environment 

Maximum 
local loss of 
cross-section 

at failure 
location close 
to mid-span 

Loss in 
yield 

capacity 

Loss in 
ultimate 
capacity 

Loss in 
ultimate 

deflection 

Castel et 

al. [11] 
2000 B1CL1 

Chloride environment, 

14 years under 

sustained loading 
20% 19.0% 16.7% 70.7% 

Zhang et 
al. [12] 

2009 

B2CL1 
Chloride 

environment, 23 
years 

36% 38.3% 27.5% 52.7% 

B2T 

Lab environment, 23 
years 

Corrosion 
simulation through 

notches 

30% 30.0% 26.5% - 

Zhu et al. 
[13]  

2013 

B2CL2 
Chloride 

environment, 26 
years 

34% 34.4% 27.3% 50.2% 

B2CL3 
Chloride 

environment, 28 
years 

43% 43.1% 39.9% 73.2% 

* All the tests list in this table were carried out under the same arrangement. Three-point loading equipment 
was used, the distance between the loading point and each support was 1400 mm. 

The correlations between maximum cross-sectional loss and yield capacity or ultimate 

capacity are shown in Figure V-1 and Figure V-2 respectively. It was found that yield capacity 

and ultimate capacity could be deduced from the maximum cross-sectional loss of the tensile 

bars. A 1% maximum cross-sectional loss of tensile bars corresponded to 1% reduction in yield 

load capacity or 0.85% reduction in ultimate load capacity. Because the actual yield stress of 

both corroded and non-corroded bars is the same, it is quite logical that 1% reduction in 

maximum cross-sectional loss should lead to 1% reduction in yield capacity. The 0.85% ratio 

found in the case of the reduction of ultimate capacity could be explained by the fact that the 

reference ultimate capacity of RC beams corresponded to the failure induced by crushing of 
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compressive concrete while corroded beams failed due to the failure of tensile bars if the 

reduction of cross-section was higher than 9% as shown by Zhu and François [13]. Taking this 

factor into account, the "shift of 1% decline line for best fit with experimental results" line in 

Figure V-2 shows that, 1% maximum cross-sectional loss also corresponded to 1% reduction in 

ultimate capacity when failure of a corroded beam was due to the failure of corroded tensile 

bars. 

 
Figure V-1 Correlation between maximum cross-sectional loss and yield capacity of corroded beams 

 
Figure V-2 Correlation between maximum cross-sectional loss and ultimate capacity of corroded beams 

Based on the results obtained in the experimental program conducted in 1984, a new 

experimental program was set up in 2010 in order to investigate the effect of exposure conditions 

on the corrosion process. The dimension, reinforcement arrangement and concrete compositions 
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of the beams in the new experimental program are the same as those in the old experimental 

program. The main change concerned the exposure conditions of beams in the salt fog chamber 

and also the casting direction for the two types of beams according to the location of the tension 

reinforcement. As shown in the following section, tensile bars of new Bs beams were located at 

the top position during concrete casting (Figure V-3) and tensioned surface due to sustained load 

was also the top surface (Figure V-4). While for old B beams, the tensile bars were located at 

the bottom position during concrete casting and tensioned surface due to sustained load was also 

the bottom surface. Both the changes lead firstly to defects at the interface between tensile steel 

bars and concrete (as well-known as top-bar effect [14]) and secondly higher chloride surface 

concentration. As a result, the detrimental effects of top-bar location and top tensioned surface 

lead to a strong change in corrosion rate [29]. The aim of this paper is to discuss the effect of 

corrosion on the serviceability of corroded beams under different exposure conditions. 

2.2 Experimental context 

In the experimental program conducted in 1984, two types of beams (type A and type B) 

were cast with the same dimensions, 3000×280×150mm, which is a sufficient size to be 

representative of the actual operating conditions of reinforced concrete structures. In 2010, 

another batch of new beams with the same dimensions, reinforcement arrangement and concrete 

were cast. In this paper, we named the type A and type B beams cast 29 years ago old A beams 

and old B beams, while the type A and type B beams cast in 2010 were named As beams and Bs 

beams.  

Three beams of type B (two corroded beams and one control beam) in the new experimental 

program are studied in the current article. Two corroded beams, Bs02 and Bs04, were stored in 

the chloride environment for 36 and 27 months respectively, while the control beam was cured 

in the ordinary laboratory environment without corrosion. 
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2.2.1 Fabrication of samples 

The two groups of beams had different reinforcement but the same ordinary reinforcement 

steel (yield strength = 500 MPa). The A beams had a concrete cover depth of 40 mm and the B 

beams 10 mm (Figure V-3). The A beams were reinforced with two 16-mm diameter tensile bars, 

while the diameter of the compressive bars and stirrups was 8 mm. The B beams were reinforced 

with two 12-mm diameter tensile bars, while the diameter of the compressive bars and stirrups 

was 6 mm. The concrete composition is shown in Table V-2. The actual water/cement ratio was 

finely adjusted in order to obtain a slump of 70 mm. The average compressive strength of 

concrete was 45 MPa in a test on cylindrical specimens (110×220mm) at 28 days.  
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Figure V-3 Layout of the reinforced concrete beams (all dimensions in mm) 

Table V-2 Concrete composition 
Mix composition 
Rolled gravel (silica+limestone) 5-15 mm 1109 kg/m3 
Sand 0-5 mm 745 kg/m3 
Portland cement: CEM I 52.5  364 kg/m3 
Water  182 kg/m3 

2.2.2 Load and exposure conditions 

One type A beam and one type B beam were loaded together with the loading system shown 

in Figure V-4. For beam Bs02, the bending moment was Mser =13.5 kN•m (corresponding to a 
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point load of 20 kN), while the bending moment of Bs04 was Mser =21.2 kN•m (corresponding 

to a point load of 30 kN).  

It is worth noting that in the old experimental program set up in 1984, the old A beams 

were located below the old B beams. Whereas, in the new experimental program set up in 2010 

a beam of type A was located on top of a beam of type B. The upper surface of all the beams 

under loading conditions corresponded to the top surface with respect to the casting direction. 

The exposure conditions are shown in Figure V-4. The design of the sustained loading system 

leads to a upper and a bottom beam: for upper beam the load correspond to classical loading 

direction (downwards) but for bottom beam the load correspond to opposite direction (upwards). 

Nevertheless, for mechanical tests the new Bs beams were reversed to be loaded from upwards 

as usual. 
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Figure V-4 Loading system and exposure conditions 

The beams were exposed to a saline environment. Salt fog (35g/L of NaCl, corresponding 

to the salt concentration of sea water) was generated by four spray nozzles located at each upper 

corner of a sealed chamber (Figure V-4). The exposure condition was a wetting-drying cycle 

with two days of spraying and then 2 weeks of drying, and the temperature was the same as the 

natural environment of south west France, with monthly-average temperatures ranging from 

5.1°C to 21.3°C. During the drying period, the door of this chamber (3.5 m in width and 2 m in 
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height) was open, the relative humidity was also the same as the natural environment. 

2.3 Experimental program  

2.3.1 Mechanical test on beams  

Three-point loading equipment was used to test the mechanical performance of the beams. 

Each beam was supported at both ends and the distance between the loading point and each 

support was 1400 mm. To determine its failure load, a beam was loaded at a constant rate of 0.5 

kN/s until its rupture. A digital sensor with an accuracy of 0.01 mm was placed on the bottom 

part in the middle of the beam in order to record the mid-span deflection. 

2.3.2 Tensile test on steel bars 

Four pieces of steel bars showing significant pitting corrosion extracted from the tensile 

bars of beam Bs04 were used in the tensile test to evaluate their mechanical properties. A 250-

kN-capacity machine was used to carry out the tensile test, the loading rate was 0.5 kN/s. The 

deformation of the steel bars was recorded with two LVDTs, the base length of each steel bar 

was 100 mm (Figure V-5). Load and deformation data were recorded with a computerized 

acquisition system until the steel bars ruptured.  

 
Figure V-5 Experimental set-up for the tensile test on steel reinforcement 
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2.3.3 Loss of cross-section  

The steel bars embedded in the beam were extracted then cleaned with Clarke’s solution 

(ISO 8407) after the mechanical test on the beam. After the steel bars had been cleaned, it was 

found that corrosion around the bar was quite irregular and there were many corrosion pits on 

the steel bars. As it was difficult to use a vernier caliper to measure residual diameter directly, 

the mass loss of the steel bars was used to calculate the cross-sectional loss. As a result of the 

non-uniform distribution of corrosion, the steel bars were cut into short pieces of different 

lengths, which depended on the corrosion distribution. The short pieces were weighed on a 

balance with an accuracy of 0.01g and the cross-sectional loss was calculated using the Equation 

V-1. The original mass of the short pieces could be calculated from  Equation V-2.  

ΔA𝑠 =
𝑚0−𝑚

𝑚0
∙ 𝐴𝑠  Equation V-1 

𝑚0 = 𝜌 ∙ 𝐴𝑠 ∙ 𝐿   Equation V-2 
where: ρ is the density of the steel bar, considered to be 7.85g/cm3; ΔAs is the average loss 

of cross-section of the corroded bars over the length of the short piece; As is the nominal cross-

section of the steel bars; m is the residual mass of the short pieces of the corroded bars; m0 is 

the nominal mass of the steel bars; and L is the length of each short piece. 

2.4 Experimental results and discussion 

2.4.1 Mechanical performance of beams 

2.4.1.1 Failure mode 

The pictures of control B beam after the bending test are shown in Figure V-6. When the 

mechanical test was carried out on the control B beam, two cracks (cracks 1 and 2) developed 

parallel to the stirrups with the load increased. One crack (crack 3) appeared midway between 

the two stirrups and another crack (crack 4) on the left of crack 1 was also formed. All the four 

cracks extended from the tensile zone of the beam to the compressive zone. Finally the concrete 

under the loading point in the compressive zone was crushed, followed by rupture of both the 
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tensile bars at the location of crack 3, which was in the middle of the beam.  

 
Figure V-6 Crushing of compressive concrete followed by failure of the tensile bars (control beam) 

As the load applied to beam Bs04 increased, the flexural cracks in the middle part of the 

beam developed from the bottom surface (tensile surface) to the upper surface (compressive 

surface), and the crack width increased rapidly. Spalling of concrete cover along the tensile 

reinforcement occurred during the loading process. The load was applied continuously and the 

beam finally failed due to rupture of one tensile bar (Figure V-7). The rupture occurred on the 

middle part of the front tensile bar, which was 1575 mm from the left end. The failure mode of 

Bs02 was the same as that of Bs04. It is obvious that corrosion of the tensile bars modified the 

failure mode of reinforced concrete beams.  

 
Figure V-7 Spalling of concrete cover and failure of tensile bar (beam Bs04) 

2.4.1.2 Load-bearing capacity 

The load-deflection curves of the control beam and two corroded beams were drawn after 
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the bending tests and are shown in Figure V-8. The yield load of the control beam was about 

46.2 kN and the ultimate load was 50.5 kN. Even though the beams Bs04 and Bs02 were 

damaged, with reduction of the cross-section of the tensile bars and disbonding between the 

reinforcement and the concrete after several months of exposure to the chloride environment, 

the bending capacity of the two corroded beams was still higher than the design load according 

to the ULS design requirement in Eurocode 2 [15] which corresponds to a load of 20 kN.  

 
Figure V-8 Load-deflection curves 

2.4.1.3 Ductility 

As shown in Figure V-8, the ultimate deflection of corroded beams decreased from 147 

mm (control beam) to 71 mm (Bs04) or 52 mm (Bs02). In addition to the significant effect of 

corrosion on the load-bearing capacity, ductility was also affected. Ductility of reinforced 

concrete members is quite an important indicator of serviceability and it is often quantified by 

a ductility index, which is defined as the ratio of the total deformation at failure to the elastic 

deformation. The ductility index was 14.3 for the control beam, 10.3 for Bs04 and 5.7 for Bs02. 

It is clear that corrosion led to a reduction of ductility index.  

2.4.2 Mechanical performance of steel bars 

One control bar (not corroded) and four pieces of corroded bars extracted from beam Bs04 
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(two on the front tensile bar and another two on the back tensile bar) were subjected to the tensile 

test. The locations of the four corroded bars in beam Bs04 are presented in Figure V-9, and the 

load-elongation curves are shown in Figure V-10. The locations of the four steel pieces were far 

away from the mid-span and the failure points in the bending experiments on the corroded beam. 

It is assumed that none of the four steel pieces suffered plastic deformation during the bending 

test of the beam which allowed a relevant measurement on the properties of corroded steel. After 

the tensile test, the mass loss at each failure point was measured and the cross-sectional loss was 

calculated. The details are listed in Table IV-3.  
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Figure V-9 Locations of the tensile samples from beam Bs04 

 
Figure V-10 Load-strain curves of steel bars 
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Table V-3 Loss of cross-section, load capacity and elongation 
Steel bar Control bar 2F 2B 5F 6B 

Average cross-sectional loss 

(%) 
0 6.28 6.46 7.69 4.97 

Maximum cross-sectional loss 
(%) 

0 23 28 35 27 

Strain  0.210 0.083 0.104 0.096 0.095 
Reduction of strain (%) 0 60.1 50.0 52.9 54.3 

Nominal yield strength (MPa) 542 430 480 465 479 
Actual yield strength (MPa) 542 511 597 635 585 
Nominal ultimate strength 

(MPa) 
631 535 600 552 584 

Actual ultimate strength 
(MPa) 

unknown 693 829 846 796 

The load-elongation curves of corroded and non-corroded bars were nearly the same at the 

beginning of the loading test. During the tensile test, almost all the corroded bars failed at a 

location with an obvious corrosion pit. This could be attributed to the significant reduction of 

cross-sectional area resulted from corrosion pits. Thus the corroded bars reached yield strength 

at a lower load. Another significant difference between the curves of corroded bars and sound 

bar is that the load-elongation curve of the control bar shows a yield plateau, where the load 

applied exceeded the yield stress of steel bar, while the yield plateau disappeared for the 

corroded bars. The corroded bars shifted directly from the elastic stage to the hardening stage.  

It is worth noting that because of the necking effect due to ductile failure of control bar, the 

actual cross-section is unknown and then the actual ultimate strength of control bar is also 

unknown (Table IV-3). 

In the old experimental program, Zhu and François [16] studied the tension behavior of 

both control and corroded bars in old B beams. The mechanical properties of control bars in the 

new and old programs are compared in Table IV-4. The yield capacity and ultimate capacity of 

the two types of control bars are nearly the same, while the ultimate strain of the new control 

bar is nearly three times that of old ones. Although both the steel bars used in the old B beams 

and in the new Bs beams had a diameter of 12 mm, they were produced in different decades, in 
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the 1980s and in the 2000s respectively. Chemical analysis of both steel bars and metallographic 

observation does not allow to find some difference in chemical composition (carbon content of 

both steel bars was less than 0.02%), same repartition and pattern between ferrite and lamellar 

pearlite. The only difference seems to be the shape of the ribs. It is then not possible to explain 

the reason which leads to such remarkably difference between ultimate strains. 
Table V-4 Mechanical properties of control bars in the new and old programs 

Steel bar Yield capacity (MPa) Ultimate capacity (MPa) Ultimate strain 
New 542 631 0.210 
Old-1 532 592 0.070 
Old-2 539 601 0.080 

2.4.2.1 Effect of corrosion on yield and ultimate capacity 

Due to cross-sectional loss caused by corrosion, the load-bearing capacities of all the 

corroded bars diminished significantly. The cross-sectional loss should be taken into account 

when the actual yielding strength and actual ultimate strength are calculated. All the results 

concerning cross-sectional loss, elongation, actual and nominal strength are listed in Table IV-

3. It was found that the actual yielding strength and ultimate strength of corroded steel samples 

were greater than control bar. There are a lot of publications focused on the effect of corrosion 

on strength of steel bar. François et al. [17] and Zhu and François [16] found that the actual yield 

strength of corroded steel bars was nearly constant with that of non-corroded bar, and the actual 

ultimate strength of corroded bars was greater than that of control bar. Cairns et al. [18] reported 

that the increasing reinforcement corrosion resulted in the increase of actual yield strength and 

ultimate strength. Du et al. [19] and Almusallam [20] stated that the actual yield strength and 

ultimate strength decreased with the increase of corrosion degree. Apostopopoulos et al. [21-23] 

investigated the tensile performance of corroded bars BSt500s and BSt400 of DIN488-1. They 

found that the actual yield and ultimate strength of corroded bar BSt500s decreased with 

corrosion degree [21,22], while the actual yield strength of corroded bar BSt400 was constant 

whatever the corrosion degree [23]. Different conclusions were drawn in these publications, 

because it is not only a complicated issue related to a lot of factors, such as the type of steel, 

corrosion environment, corrosion method, but also it is difficult to evaluate precisely the actual 
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cross-section at failure location. A systematic research need to be carried out to clarify how 

corrosion affects the strength of steel bar in the future. However, all the research aforementioned 

found that corrosion resulted in a relatively modest change of strength but a significant loss of 

ductility. 

The ultimate strain of corroded bar was significantly lower than that of control bar. The 

reduction of ultimate strain ranged from 50.0% to 60.1%. Corroded steel bars always ruptured 

at the weakest points where large corrosion pits were located. However, almost no correlation 

was found between cross-sectional loss and load-bearing capacity or elongation; it can be 

assumed that the load-bearing capacity and elongation of corroded bars were dependent not only 

on the size of corrosion pits but also on their shape. Dang and François also came to a similar 

conclusion [24]. 

2.4.2.2 Effect of corrosion on ultimate strain 

The results of the ultimate strain of control and corroded bars in the two experimental 

programs are presented in Figure V-11. According to the ultimate strain limitation in Eurocode 

2 [15], the ultimate strain of steel bars classified as Class A, Class B and Class C should not be 

less than 0.025, 0.050 and 0.075 respectively. In the old program, the ultimate strain of two 

control bars was 0.070 and 0.082, close to the border between Class B and Class C. The ultimate 

strain of most of the old corroded bars was less than 0.025, which corresponds to the threshold 

of Class A. The corroded steel bars are thus not acceptable in current design. The steel bars used 

in the new experimental program were quite different from the old bars. The ultimate strain of 

non-corroded bars was 0.210, three times the ultimate strain of old non-corroded bars. Even 

though the steel bars were severely corroded (cross-sectional loss range from 23% to 35%), the 

ultimate strains were always greater than 0.075. This means that all the corroded bars in the new 

experimental program could still be classified as Class C according to Eurocode 2 [15].  
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Figure V-11 Evolution of ultimate strain versus corrosion degree 

The ductility index, the ratio of the ultimate strain of corroded bar to the ultimate strain of 

non-corroded bar, tended to decrease as the corrosion degree increases. The correlation between 

cross-sectional loss and the ductility index of steel bars is shown in Figure V-12. Castel et al. 

[25] proposed a model to predict the ultimate strain of corroded bars by using the loss of cross-

section. The model was described by: 
𝜀𝑢𝑐𝑜𝑟𝑟

𝜀𝑢
= 𝑒−0.1𝑐%     c%≤15%      (Equation V-3) 

𝜀𝑢𝑐𝑜𝑟𝑟

𝜀𝑢
= 0.2    c%>15%     (Equation V-4) 

where 𝜀𝑢𝑐𝑜𝑟𝑟 is the ultimate strain of the corroded bar, 𝜀𝑢 is the ultimate strain of the 

non-corroded bar, c% is the percentage cross-sectional loss. The model is not completely 

suitable for the corroded bars in the new program, where the ductility index of corroded bars is 

about 0.45, which is significantly higher than the value 0.2 proposed by Castel et al. [25] and 

the experiment results of Zhu and François [16]. It could be concluded that the ductility of steel 

bars in the old experimental program and in the new experimental program was significantly 

different and then additional research is requested to propose a modification on the model of 

Castel et al.  
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Figure V-12 Correlation between loss of cross-section and ductility index of steel bars 

2.4.3 Effect of corrosion on mechanical performance of corroded beams 

2.4.3.1 Effect of cross-sectional loss on load-bearing capacity of corroded beams 

The cross-sectional loss in tensile bars embedded in the Bs04 beam is presented in Figure 

V-13. As mentioned above, the steel bars were cut into short pieces and then weighed. In Figure 

V-13, the length of each horizontal line represents the length of a short piece of steel bar, while 

the value on the vertical axis is the percentage of cross-sectional loss. The average cross-

sectional loss of the front tensile bar was 7.8% while that of the back tensile bar was 6.9%. Six 

serious corrosion pits (loss of cross-section >20%) were found on the front tensile bar while 

only 2 were located on the back tensile bar. The maximum cross-sectional loss on the front and 

back bars was 39% and 28% respectively.  
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Figure V-13 Cross-sectional loss in tensile bars – Bs04 

 
Figure V-14 Cross-sectional loss in tensile bars – Bs02 

Figure V-14 presents the cross-sectional loss of tensile bars in Bs02. It is obvious that the 

degree of corrosion on the front tensile bar is more serious than on the back bar. The average 

0

5

10

15

20

25

30

35

40

0 500 1000 1500 2000 2500 3000

C
ro

ss
-s

ec
tio

n 
lo

ss
 (%

)

Position (mm)

front bar

back bar

0

5

10

15

20

25

30

35

40

0 500 1000 1500 2000 2500 3000

C
ro

ss
-s

ec
tio

n 
 lo

ss
 (%

)

Position (mm)

front bar

back bar



 

238 

cross-sectional loss along the front tensile bar was 7.5%, which is much greater than the value 

along the back tensile bar, 4.7%. The maximum cross-sectional losses of the front and back 

tensile bars were 27% and 34% respectively. Both of the maximum loss areas were near to the 

central zone of the beam, where the bending moment was maximum. During the bending test, 

the beam failed because of failure of the front bar at the maximum cross-sectional loss point. It 

is worth noting that the maximum corrosion pits in the front bar and back bar were not on the 

same section of beam. The average cross-sectional loss on the failed section was 19%. This 

value was 24% for beam Bs04. 

The relationship between maximum cross-sectional loss and loss of yield or ultimate 

capacity for the new beams is shown in Figure V-15 and Figure V-16 respectively.  

 
Figure V-15 Correlation between maximum cross-sectional loss and yield capacity 
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Figure V-16 Correlation between maximum cross-sectional loss and ultimate capacity 

As mentioned in Section 2.1 of this chapter, for B beams in the old program started in 1984, 

1% loss of cross-section corresponded to 1% reduction of yield capacity and 0.85% reduction 

of ultimate capacity relative to the control beams. However, since the corrosion degree was 

higher than 9%, the reduction of 1% in cross-section matched a reduction of 1% in ultimate 

capacity. This conclusion also applies to the Bs beams in the new program (Figure V-15 and 

Figure V-16), even though the corrosion rate of the tensile bars was quite different in the two 

experimental programs. Both of the corroded beams studied here failed due to yielding and 

rupture of a tensile bar. It could be concluded that the failure of corroded beams was controlled 

by the mechanical performance of the embedded steel bars. The yield and ultimate capacity of 

bars were few affected by corrosion, thus the load capacity of corroded bars was proportional to 

the residual cross-section of their tensile bars.  

El Maaddawy et al. [26] and Malumbela et al. [27] used impressed current to accelerate 

corrosion process and studied the ultimate load of corroded beams. Instead of using the average 

cross-sectional loss along the whole steel anode to calculate the corrosion degree, they measured 

the mass loss on small steel pieces. The length of small steel pieces were 30–50 mm in the 

research of El Maaddawy et al. [26] and 100 mm in the work of Malumbela et al. [27]. The 

method they used to assessing corrosion degree is close to the one used in this study, then we 
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present their results also in Figure V-16. As a result, it appears that the reduction in ultimate load 

is related to the maximum cross-sectional loss whatever the technique used to accelerate 

corrosion: impressed current or climate accelerated. 

2.4.3.2 Effect of corrosion duration on load-bearing capacity of corroded beams 

The exposure durations of beams Bs02 and Bs04 were 36 months and 27 months 

respectively. In the propagation stage, the cross-sectional loss increases with corrosion time. As 

discussed in another article [12], corrosion of tensile bars embedded in the old type B beams 

started after 5 years of exposure to the chloride environment. Thus the yield load and ultimate 

load of corroded beams started to decrease, with reduction of cross-section of tensile bars, from 

the 5th year. For the type B beams in the new program (Bs beams), corrosion cracks appeared 

after 13 months’ exposure, so we suppose that corrosion started after one year of exposure to 

chloride and the mechanical performance began to degrade at this time. The correlation between 

the relative yield capacity of corroded beams and the corrosion duration is shown in Figure V-

17 (a), while the correlation between relative ultimate capacity and corrosion duration is shown 

in Figure V-17 (b).  

 

 

 

 



 

241 

 
(a) Yield capacity  

 
(b) Ultimate capacity 

Figure V-17 Relative yield/ultimate capacity versus corrosion duration 

Rodriguez [28] proposed a relationship (Equation IV 5) between corrosion degree, 

corrosion time and corrosion rate. 

Φ=Φ0-α·0.0115·Icorr·t   (Equation V-5) 

where Φ is the residual diameter, Φ0 is the nominal diameter; α is a coefficient. For general 
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corrosion, α=2 and, for pitting corrosion, α ranges from 4 to 8. The maximum cross-sectional 

loss is used in this paper, so α is always assumed to be 8 here. Icorr is the average value of the 

natural corrosion rate in µA/cm2 during corrosion time t. 

From this relationship, local corrosion rate at maximum cross-sectional loss could be 

calculated. The cross-sectional loss at the failure section of beam Bs02 and Bs04 was 19% and 

24% respectively, and the exposure time was 3.0 and 2.25 years respectively. According to 

Equation 6, the local corrosion rate at maximum cross-sectional loss on tensile bars of beam 

Bs02 and Bs04 was 6.5 and 13.6 μA/cm2 respectively. The average value of the two beams was 

10.1 A/cm2. As presented in the previous research [13], the local corrosion rate at maximum 

cross-sectional loss on tensile bars of the old B beams was 1.4 μA/cm2. 

The local corrosion rate could be used to calculate the maximum cross-sectional loss at 

different time. As aforementioned, 1% maximum cross-sectional loss corresponds to 1% loss of 

yield load and 1% loss of ultimate load. So the local corrosion rate could also be used to predict 

the yield load and ultimate load of corroded beams. The local corrosion rate of the old B beams 

and the new Bs beams was 1.4 and 10.1 μA/cm2 respectively. According to the corrosion rates 

of the tensile bars, the ultimate capacity of B beams in the old experimental program is predicted 

to fall below the design load (ultimate limit state in Eurocode 2 [15]) at the 38th year, while the 

time for a new Bs beam to reach the same state is about 5.5 years. The service life of the old B 

beams is thus significantly longer than that of the new Bs beams. In the new experimental 

program, the tensioned surface of the B beams was on top. The corrosion rate was quite fast, 

due to the exposure conditions of top tensioned surface, which resulted in the effects of load-

induced damage, casting induced damage and the influence of gravity being combined [29]. It 

can be concluded that the exposure conditions have considerable influence on the service life of 

reinforced concrete beams exposed to a chloride environment.  

A same calculation method was implemented on the results obtained in the research of El 

Maaddawy et al. [26] and Malumbela et al. [27]. Impressed current was applied in both the 

experiments, the applied current was 153 A/cm2 in reference [26] and 189 A/cm2 in reference 
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[27]. It was assumed that corrosion initiated immediately after the impressed current was applied. 

We found the calculated results fitted well with the experimental results when the corrosion rate 

was about 40 μA/cm2. But it should be noted that, the actual corrosion rate calculated from mass 

loss was significantly different from the applied current. In the research of El Maaddawy et al., 

the calculated corrosion current ranged from 33.5 to 63.1 μA/cm2, the average value was 43.9 

μA/cm2. While in the research of Malumbela et al., the calculated corrosion current ranged from 

18.3 to 74.6 μA/cm2, the average value was 39.7 μA/cm2. So the accuracy of corrosion rate used 

for predicting load capacity of corroded beams is very important.  

2.4.3.3 Effect of corrosion on ductility of corroded beams 

All the results concerning the ultimate deflection of non-corroded and corroded beams in 

the two experimental programs are shown in Figure V-18. Unlike yield capacity and ultimate 

capacity, ultimate deflection of corroded beams has no explicit correlation with the cross-

sectional loss of tensile bars. The ultimate deflection of control beams in the old experimental 

program ranges from 74 mm to 81 mm, but in the new experimental program, it is 147 mm, 

nearly twice the value of the old control beams. Like the control beams, the corroded beams in 

the new program show ultimate deflections that are also significantly larger than the corroded 

beams in the old experimental program.  

The ultimate strain of steel bars in the new experimental program is more than twice that 

of steel bars in the old program (0.210 versus 0.080). Moreover the decrease in ductility of new 

steel bars is also smaller: the ductility index of new steel bars is around 0.45 while its value is 

0.2 for old steel bars. Because of the combined effect of the two factors aforementioned, the 

ultimate deflections of beams in the new experimental program are higher than those in the old 

program.  
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Figure V-18 Ultimate deflection and ductility factor in relation to the maximum loss of cross-section due to 

corrosion 

The ductility factor of corroded beams was calculated with the method proposed by Dang 

and François [30] to characterize the change of ductility caused by corrosion, and the results are 

also shown in Figure V-18. The ductility factor of beam Bs02 is 0.35, distinctly lower than the 

ductility index of the steel bar used in the new experimental program. Meanwhile, the ductility 

factors of beam B2CL1 and beam B2CL2 are 0.48 and 0.49 respectively. They are considerably 

higher than 0.2, the ductility index of the steel bar used in the old experimental program. It is 

quite important to realize that residual ductility of corroded RC beams does not depend only on 

the ductility of the corroded steel bars in these beams. 

The cross-sectional loss of tensile bars is not the only element impacting the mechanical 

performance of reinforced concrete beams [18,31]. As corrosion propagates, many other factors 

also change the mechanical performance of corroded RC beams, such as concrete quality, the 

concrete cross-section, the bond between the concrete and the steel bars, etc.  

2.4.3.4 Serviceability of the corroded beams 

The results list in Figure V-18 and in the references [11-13] clearly show that, the load-

carrying capacity of all the corroded beams is still in accordance with Eurocode 2. We can also 

find in Figure V-18 that, the mid-span deflection at the design load of the corroded B beams in 

this investigation is less than 5 mm, which does not exceed span/250. For all the old corroded 
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beams [11-13], this value was also less than 5 mm. It could be concluded that the stiffness of all 

the corroded beams still meet the requirement of serviceability of Eurocode 2. However, there 

is no clear ductility limitation for RC beams given in current norms. It should also be noted 

particularly that, after exposed in chloride environment for 26 years, the ductility of corroded 

bars in the old experimental program was lower than the critical value acceptable in Eurocode 

2.  

Some other factors concerning serviceability of reinforced concrete structures are also very 

important, for example, the visual appearance of corroded structures and the width of corrosion 

induced crack width. After exposed in the chloride environment for 27 months, the maximum 

width of corrosion induced crack on beam Bs04 was 1.8 mm. There was no concrete spalling 

occurred on the beam. For beam Bs02, the maximum corrosion induced crack width was 1.9 

mm after exposed in the chloride environment for 36 months. Furthermore, a small piece of 

concrete spalled at one end of the beam. The crack widths of old B beams were also tracked, the 

results are presented in Table IV-5. After 14 years’ exposure in the chloride environment, the 

maximum crack width on different beams was 1.2 mm or 2.0 mm, but not much spalling of 

concrete cover was observed. When the exposure time reached 26 years, severe spalling of 

concrete cover was found on the corroded beams. In DuraCrete Final Technical Report [32], 

spalling is considered as a criteria of serviceability limit state. Because it endangers human life 

and limb even though it does not necessarily lead to collapse of the structure. According to 

Duracrete, spalling is supposed to occur when a crack width of about 1.0 mm has been reached.  

The mechanical performances of the corroded concrete beams investigated in the current 

paper can still meet the design requirements of Eurocode 2, but there is high risk of spalling of 

the concrete cover which affects the serviceability of the corroded beams.  
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Table V-5 The maximum width of corrosion induced crack on old B beams 

Beam reference Time (years) 
Maximum crack width 

(mm) 
Notes 

B1CL1 [11] 14 1.2 - 

B2CL2 [12] 
14 2.0 - 
19 2.7 - 
23 3.2 Some spalling 

B2CL2 [12,33] 

14 1.2 - 
17 2.4 - 
23 3.3 - 
26 3.3 Severe spalling 

B2CL3 [33] 28 4.4 Severe spalling 

2.5 Conclusions 

Experimental tests were carried out on two beams corroded by wetting-drying in a chloride 

environment under sustained loading without any impressed current and on one non-corroded 

control beam. Loss of cross-sectional area, failure mode, load-bearing capacity and ductility 

were studied in the present paper. These experimental tests were compared with previous 

experimental results for corroded reinforced concrete beams exposed to long-term aging in a 

chloride environment.  

The experimental results confirm that corrosion of the reinforcement modifies the failure 

mode of reinforced concrete beams. The control beam failed due to crushing of the concrete in 

the compressive zone followed by rupture of both tensile bars, while deteriorated beams failed 

by collapse of the concrete cover and failure of one tensile bar. 

Corrosion did not reduce the yield or ultimate strength of steel bars, while the ultimate 

strain of the steel bars decreased significantly. The corrosion leads to more brittle behavior of 

steel bars in tension. Nevertheless the influence of corrosion on the ductility of RC beams 

depends on the initial ductility of the steel bar. As a result, highly ductile steel bars belonging to 

class C according to Eurocode2 could prevent corroded RC beams from brittle collapse thanks 

to the sufficient residual ductility of the corroded steel bars, which still belong to class C. The 

ductility index of corroded bars in the new experimental program was about 0.45, which is much 
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higher than 0.2, the value found in the old experimental program. 

The maximum cross-sectional loss on tension bars allows the residual yielding capacity to 

be predicted since 1% reduction in cross-section corresponds to 1% reduction in yielding 

capacity. When failure of corroded beams is due to the rupture of tensile corroded bars at 

maximum cross-sectional loss, the reduction in ultimate capacity is also proportional to the 

maximum cross-sectional loss. The same correlation between maximum cross-sectional loss and 

ultimate capacity is also suitable for electrical current accelerated corrosion when maximum 

cross-sectional loss is recorded from gravimetric measurement. 

The decrease of ultimate or yielding capacity of corroded RC beams trends to be linear 

with the maximum cross-sectional loss over time. Such a trend allows the service life of 

corroded beams to be predicted since the corrosion rate can be evaluated at any given time. 

The main difficulty remaining is to know how to predict the maximum cross-sectional loss 

due to corrosion. The results presented in this paper show that corrosion resulting from natural 

causes is distributed in a very non-uniform, irregular manner, which makes it quite 

“unpredictable”, with a high pitting corrosion factor. 
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3. Mechanical performance of deep beams damaged by corrosion 

in a chloride environment 

3.0 Abstract 

Two full-scale beams with dimensions 3000×280×150 mm were exposed in a chloride 

chamber for 27 and 36 months, corrosion of the reinforcement in the beams was accelerated by 

wetting and drying cycles. Two deep beams were taken from each full-scale beam. Loading tests 

were carried out on the four deep beams, and loading-deflection curves and slip of tensile bars 

were recorded during the tests. Then the cross-sectional loss in the tensile bars and diameter loss 

in the stirrups were examined. The results showed that corrosion distribution was not uniform 

along the tensile bars. The correlation between cross-sectional loss of steel bar and surface crack 

width was weak. Serious pitting corrosion on the tensile bars changed the failure mode of deep 

beams from shear to flexure. The failure mode of corroded deep beams depends not only on 

span to effective depth ratio and degree of corrosion of the tensile bars, but also on the corrosion 

degree of stirrups.  

Key words: Corrosion; chloride; deep beam; shear; load 

3.1 Introduction 

Corrosion due to chloride penetration is the greatest threat to the durability of reinforced 

concrete structures exposed to a marine environment. Corrosion is a volumetric expansion 

process that results in cracking or even spalling of concrete cover, and reinforced concrete 

members can be entirely damaged. The bond between steel bars and concrete is also reduced by 

the expansive corrosion products and corrosion results in a decrease of the cross-sectional area 

of the steel bars. All three of these aspects impact the structural performance of reinforced 

concrete beams.  

The mechanical performance of corroded reinforced concrete beams has been the subject 
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of many studies in recent decades [1-5] but most of them have focused on slender beams, having 

a span to effective depth (a/d) greater than 2.5. Load transfer mechanisms in slender beams 

(a/d>2.5) and deep beams (a/d<2.5) are significantly different. Generally, slender beams are 

expected to fail in a flexural mode while there is a greater possibility of shear failure in deep 

beams. Shear failure is a complex phenomenon especially in reinforced concrete that is not yet 

well understood despite decades of research [6-8]. More attention needs to be paid on the shear 

performance of deep beams damaged by corrosion. 

Wang et al. [9,10] studied the shear behavior of reinforced concrete beams damaged by 

partial length corrosion on tensile reinforcement. Azam et al. [5] investigated the effect of 

corrosion of longitudinal bars on structural performance of deep beams. Xia et al. [11], Wang et 

al. [12] and Higgins et al. [4] carried out some experiments on the shear performance of beams 

damaged by corrosion on the stirrups. However, corrosion normally occurs on both stirrups and 

longitudinal bars simultaneously in the corrosion damaged RC structural elements in service. 

Moreover, corrosion in the aforementioned investigations was accelerated with impressed 

current. Yuan et al. [13] found that, when the impressed current was used to accelerate corrosion 

process, the whole surface of the steel bar was corroded. But for the corrosion under an artificial 

climate environment, corrosion was located mainly on the surface facing the concrete cover. 

This difference in the corrosion distribution of the bars may result in different structural 

behaviors of the corroded reinforced concrete members. 

Zhu and François [14,15] studied the mechanical performance of deep beams corroded in 

a climate accelerated environment. At the same time, the mechanical performance of uncorroded 

beams was also tested to highlight the impact of corrosion on the mechanical performance of 

deep beams. The cracking pattern after failure, the failure mode and span to effective depth ratio 

of all the beams are presented in Table V-6.  
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Table V-6 Experiment results of Zhu and François 
Beam 
Ref. 

Cracking pattern after 
bending test 

Failure mode a/d 

B2Cl2-1 A vertical crack in mid-span 
Flexural failure (Failure of two tensile bars in 

mid-span.) 
1.84 

B2Cl2-2 
An inclined crack with 

slight angle and a vertical 
crack 

Flexural failure (Rupture of one tensile bar in 
mid-span and concrete spalling.) 

1.84 

B2T-1 
An inclined crack with 

slight angle 
Shear compression failure (No tensile bar nor 

stirrups failed.) 
1.84 

B2T-2 
An inclined crack with 

slight angle 
Shear failure (Rupture of one tensile bar and 

two stirrups.) 
1.84 

B2Cl3-1 A vertical crack 
Flexural failure (Two tensile bars failed in the 
mid-span, and concrete spalling in the middle) 

1.94 

B2Cl3-2 A vertical crack 
Flexural failure (One tensile bar failed in the 

mid-span, and concrete spalling in the middle.) 
1.63 

B2T3-1 
An inclined crack with 

slight angle 
Shear failure (Two tensile bars ruptured.) 1.59 

B2T3-2 
An inclined crack with 

slight angle 
Shear failure (One stirrup ruptured.) 1.59 

In this paper, four deep beams were extracted from two full-scale beams (3000×280×150 

mm), which were corroded in the same environment as that in the studies of Zhu and François 

[14,15]. Then the mechanical performance of beams with different span to effective depth ratios 

(1.55, 1.94 and 2.03) and different corrosion degrees were studied in order to enrich the 

experimental results and try to identify the failure mechanisms of deep beams damaged by 

corrosion.  

3.2 Experimental context 

A set of beams with dimensions 3000×280×150 mm, a sufficient size to be representative 

of beams in real structures, were cast at Laboratoire Matériaux et Durabilité des Constructions 

(L.M.D.C.) in Toulouse in 2010. All the beams were divided into two groups named type As 

and type Bs according to the different reinforcement layouts. The beams were stored under 

service load in a confined chamber with chloride fog so as to simulate real structures in service. 

After a certain period of corrosion, the corroded beams were taken out of the chamber and a 
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bending test was performed on the full scale beams. During the bending test, the broken section 

and cracks induced by bending were mainly concentrated in the middle of the full scale beams. 

No macro-cracks formed on the two ends of the full scale beams during the bending test, so the 

ends of the full scale beams were considered to be undamaged and they were cut to form two 

short span beams for the study of shear performance of corroded beams. In this study, four short 

span beams, extracted from two beams of type Bs (Bs02 and Bs04), were investigated. 

3.2.1 Reinforced concrete beams 

The beams of type Bs were reinforced with ordinary steel (yield strength = 500 MPa). The 

concrete cover was 10 mm and the arrangement of steel is shown in Figure V-19. The diameter 

of tensile bars was 12 mm while that of compressive bars and the stirrups was 6 mm. It is worth 

noting that there were no hooks at the ends of the longitudinal bars. The composition of the 

concrete is shown in Table V-7. The actual water/cement ratio was finely adjusted so as to obtain 

a slump of 70 mm. The average compressive strength of concrete was measured at 45 MPa by 

tests on cylindrical specimens (110×220 mm) at 28 days. 
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Figure V-19 Layout of the reinforced concrete beam Bs (all dimension in mm) 
Table V-7 Concrete composition and cement composition 

Mix composition 
Rolled gravel (silica+limestone) 5-15 mm 1109 kg/m3 
Sand 0-5 mm 745 kg/m3 
Portland cement: OPC (CEM I)  364 kg/m3 
Water  182 kg/m3 

3.2.2 Loading of the beams 

One type As beam and one type Bs beam were loaded together with the loading system 

shown in Figure V-20. The beams were loaded at two different levels. Level 1 loading 
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(Mser=13.5 kN•m) was designed according to the serviceability limit state (SLS) requirements 

in an aggressive environment based on an indirect limitation of crack width. Level 2 loading 

(Mser=21.2 kN•m) was designed according to ultimate load limit state (ULS) in a non-

aggressive environment. For beam Bs02, the bending moment was Mser=13.5 kN•m 

(corresponding to a point load of 20kN), while the bending moment of Bs04 was Mser=21.2 

kN•m (corresponding to a point load of 30kN).  
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Bs
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Spray nozzles

Loading system

3.5m

2m

2m

new beams

old beams

 

Figure V-20 Loading system and exposure condition 

3.2.3 Exposure environment 

Once the beams were loaded, they were stored in a confined chamber as shown in Figure 

V-20. Salt fog (35g/L of NaCl, corresponding to the salt concentration of sea water) was 

generated by four spray nozzles located at each upper corner of the chamber. The exposure 

condition was a wetting-drying cycle with two days of spraying and then 2 weeks of drying, and 

the temperature was the same as the natural environment of southwest France, with monthly-

average temperatures ranging from 5.1°C to 21.3°C. 
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3.3 Experimental results and discussion 

Beam Bs02 and beam Bs04 were taken out of the confined chamber after being exposed to 

the chloride environment for 36 and 27 months respectively. Corrosion maps were drawn, and 

a bending test was then carried out on the two full scale beams.  

3.3.1 Dimension of the short span beams 

As stated in the previous section, only the middle parts were damaged during the bending 

tests of the full scale beams. The damaged middle parts were discarded and the two ends of each 

full scale beam were cut into short span beams. In order to consider the effect of different 

span/effective depth ratios on the mechanical performance of corroded RC beams, short-span 

beams with different span lengths were extracted. The length of both short-span beams extracted 

from beam Bs04, named Bs04-A and Bs04-B, was 1200 mm. The net span was 1000 mm and 

the span/effective depth ratio was 1.94. Then two short-span beams extracted from beam Bs02 

were named Bs02-A and Bs02-B. The lengths were 1250 and 1000 mm respectively. The net 

spans were 1050 and 800 mm respectively and the span/effective depth ratios were 2.03 and 

1.55 respectively. The dimensions of the four short-span beams are presented in Figure V-21. 

The hatched zones indicate the parts that were damaged in the bending tests and were discarded.  
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Figure V-21 Dimensions of the four short span beams (in mm) 

3.3.2 Cracking maps of short span beams 

Full scale beams Bs04 and Bs02 were taken out of the chloride chamber after 27 and 36 

months of exposure respectively. Cracking maps of the two full scale beams were drawn before 

the bending test and are presented in Figure V-22 and Figure V-23. A video microscope was 

used to measure the widths of cracks, including transverse cracks and longitudinal cracks, in the 

beams. The accuracy of the video microscope was 0.01 mm and the magnification was between 

25 and 175 times. On the cracking maps, the black lines represent bending cracks and the red 

lines represent corrosion cracks. The standard lines represent cracks of width smaller than 1.0 

mm while the bold lines represent cracks wider than 1.0 mm. Spalling of the concrete cover 

occurred in a small zone on the right end of beam Bs02-B (the green hatched zone in Figure V-

23).  



 

257 

Back surface Bs04-A

Front surface Bs04-A

153 272
64

81
247

119 62 55 73 36

83
295 127

54

311

97 95

239

211

201

216 86

509 289 1361 944 151 199 457 328 236 60
111

671
836

676

424
140

64

137
110

95
34

62

43 49 9267 190 375 626 685
642 48749 81

73

144

78

197

94

fail point 590mm (front bar)

108

334 286 72

124 143

108

321 409

214

73
194

187

140

294

44
80

278

236

123188
65

124
152

84 181 138 105

860 217 173 455 233 382
211

149 906 740 427 120 166
179

85

52

245

106

103

81

143

219 148 611 902 209 260 571
354

281 575 239
182

307 608 454 390
88

118188

98

124

87

61

fail point 570mm (front bar)

Bs04-A Bs04-B

Back surface Bs04-B

Front surface Bs04-B

Tension surface

 

Figure V-22 Cracking maps of Bs04-A and Bs04-B 

11001870

171

1270 136075029443531589446
396656406

398 322
31 271

217
60 99 260

58 157 68132
176

55 101 77
91

36 31 47

320 52 56
64

59
490

630
810

900
400 470 390 520 430 138 24 75 640

57

Front surface-BS02-A

Back surface-BS02-A

152

258

25178 296
597 148186

131
157295

86
780

113

190
219

141 193

270 75 68 75
230

17785 102 123

61 92 54 478

107

39807126

Front surface-BS02-B

Back surface-BS02-B

Bs02-A Bs02-B
  

Figure V-23 Cracking maps of Bs02-A and Bs02-B (all crack widths are in μm) 

On beam Bs04-A, there were more corrosion cracks around the front tensile bar, although 

the exposure environment and the designed concrete cover depth were the same for the front bar 

and the back bar. This was probably caused by a minor difference in concrete cover depth that 

occurred during the fabrication of the reinforcement cage or during the casting period. For most 

of corrosion-induced cracks, the crack width was smaller than 1.0 mm. The widest crack was 

about 1.4 mm wide and was located near the left end of the beam. For beam Bs04-B, there was 

little difference in the crack distribution around the front bar and the back bar. The maximum 

crack width was about 0.9 mm, for a crack located in the middle of the front bar and on the left 

end of the back bar. The locations with maximum crack width are indicated with blue ellipses 
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in Figure V-22 and Figure V-23. 

There were many more corrosion-induced cracks on the front side of beam Bs02-A than on 

the back. The widest crack was located on the right side, close to the central part of the original 

full scale beam. And the maximum crack width was about 1.9 mm. There were far fewer 

corrosion-induced cracks on beam Bs02-B than on beam Bs02-A. Most of the cracks were 

distributed on the tensioned surface. There were hardly any corrosion-induced cracks on the 

central part of beam Bs02-B. It is particularly worth noting that some spalling occurred on the 

right end of beam Bs02-B. 

3.3.3 Corrosion maps 

After the mechanical test, tensile bars were extracted from the beams and cleaned with 

Clark’s solution (ISO 8407) to remove the corrosion products. The corrosion distributions on 

the tensile bars were described in detail. General corrosion and pitting corrosion areas were 

depicted with different stamps. General corrosion areas were indicated by black hatched lines 

while pitting corrosion areas were indicated by solid black zones. The red points on the steel 

bars of beam Bs04-A and Bs04-B stand for the failure point during the mechanical tests.  
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Figure V-24 Corrosion maps of beam Bs04-A and Bs04-B 
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Figure V-25 Corrosion maps of beam Bs02-A and Bs02-B 

As presented in Figure V-24, almost the whole surface of the tensile bar was corroded in 
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beams Bs04-A and Bs04-B. The situation of beam Bs02-A and Bs02-B was quite different 

(Figure V-25): there were some non-corroded zones on the back tensile bar of beam Bs02-A and 

Bs02-B, despite the fact that the exposure time of beam Bs02-A and Bs02-B was a bit longer 

than that of beams Bs04-A and Bs04-B. They corresponded to the areas without corrosion cracks 

in Figure V-23.  

3.3.4 Cross-sectional loss of tensile bars and diameter loss of stirrups 

A gravimetric method was used to determine the cross-sectional loss of corroded steel bars. 

Because of the irregular distribution of corrosion, steel bars were cut into short pieces of 

different lengths according to the corrosion pattern. The length of each piece was measured with 

vernier calipers with a precision of 0.02 mm. The weight was measured on a balance with a 

precision of 0.01 g. The loss of cross-section was then calculated with Equation V-6. The 

original mass of the short sections can be calculated with Equation V-7:  

ΔA𝑠 =
𝑚0−𝑚

𝑚0
∙ 𝐴𝑠  Equation V-6 

𝑚0 = 𝜌 ∙ 𝐴𝑠 ∙ 𝐿   Equation V-7 

where ρ (g/cm3) is the density of the steel bar, considered to be 7.85 g/cm3; L is the length 

of each short section; ΔAs is the average loss of cross-section of the corroded bars over the short 

section length; As is the nominal cross-section of the steel bars; m is the residual mass of the 

short sections of corroded bar; and M0 is the nominal mass of the steel bars. 
The cross-sectional losses of tensile bars embedded in beam Bs04-A and Bs04-B are 

presented in Figure V-26(a) and (b) respectively. Figure V-27(a) and (b) show the cross-sectional 

losses of tensile bars in beams Bs02-A and Bs02-B. The red crosses in Figure V-26(a) and (b) 

show the failure points of the tensile bars in the bending test.  
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(a) Bs04-A 

 
(b) Bs04-B 

Figure V-26 Cross-sectional loss of beam Bs04-A and Bs04-B 
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(a) Bs02-A 

 
(b) Bs02-B 

Figure V-27 Cross-sectional loss of beam Bs02-A and Bs02-B 
Table V-8 presents the average cross-sectional loss and maximum cross-sectional loss of 

each tensile bar in the four beams. The pitting factor was also calculated as the ratio of 

maximum cross-sectional loss to average cross-sectional loss according to [16].  

 

 

 



 

262 

Table V-8 Cross-sectional loss and pitting factor 

Beam Steel bar Loss of cross-section (%) Pitting factor Average Maximum 

Bs04-A Front 6.57 36.72 5.59 
Back 6.63 27.63 4.17 

Bs04-B Front 7.63 38.99 5.11 
Back 6.27 26.66 4.25 

Bs02-A Front 7.96 15.19 1.91 
Back 3.37 10.30 3.06 

Bs02-B Front 4.42 13.43 3.03 
Back 4.41 10.04 2.27 

For beam Bs04-A, the maximum cross-sectional loss was 36.7%, at a point located on the 

front bar and about 560 mm from the left end. It corresponded to the failure point of this beam 

during the mechanical test. In Figure V-22, the corrosion crack with maximum crack width on 

beam Bs04-A is found on the left end. The position of maximum crack width does not 

correspond to that of maximum cross-sectional area loss. The situation of beam Bs04-B is 

similar: the maximum cross-sectional loss is 39.0% and is located on the front bar, about 560 

mm from the right end. It also corresponds to the failure point during the mechanical test. And 

the correlation between maximum crack width and maximum cross-sectional loss is also weak.  

The cross-sectional loss of front bar in beam Bs02-A was much higher than that of back 

bar, which agrees with the cracking maps. In Figure V-22, it can be seen that there are many 

more corrosion cracks around the front bar than the back bar, and the location of maximum 

crack width coincides with the position of maximum cross-sectional loss. It can be concluded 

that corrosion cracks reflect the corrosion degree to some extent. The maximum cross-sectional 

loss of tensile bar in beam Bs02-B was about 13.4%. Unlike the situation for beams Bs04-A and 

Bs04-B, the maximum cross-sectional loss was not in the middle of the beam but was close to 

the right end. However, the maximum crack width was on the left end of this beam. Considering 

the four short-span beams, it was concluded that the maximum crack width rarely corresponded 

to maximum cross-sectional loss, the correlation between maximum crack width and maximum 

cross-sectional loss being weak.  
The stirrups in the beams were also corroded. A vernier caliper was used to measure their 

residual diameters, then the percentage diameter loss was calculated. The results are presented 

in Figure V-28 and Figure V-29. It is obvious that corrosion was concentrated on the top parts 
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of all the stirrups. There are three possible explanations for this phenomenon. Firstly, salt fog 

was generated by nozzles located in the top corners of the confined room, so more chloride 

solution was deposited on the top surface of the beams, resulting in higher surface chloride 

concentration. According to Fick’s second law, higher surface chloride concentration would 

result in higher chloride concentration at a given depth, then corrosion initiated earlier on the 

top parts of the stirrups. Secondly, the top surface was tensioned during the storage. The 

transverse cracks induced by loading created easy paths for chloride penetration. They also 

facilitated water and oxygen access to steel bars, thus corrosion rate in the propagation phase 

increased. Transverse load-induced cracks were parallel to the stirrups, creating a situation that 

was different from that of the tensile bars and corresponded to a more severe environment. 

Concrete in the tensile zone was also damaged by the tensile load, thus the top surface was 

more permeable to chloride. Thirdly, casting defects appeared under the top parts of stirrups 

due to settlement and bleeding of fresh concrete [17,18], which favored corrosion development.  
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Figure V-28 Diameter loss of stirrups in beam Bs04-A and Bs04-B (in percentage) 
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(b) Bs02-B 

Figure V-29 Diameter loss of stirrups in beam Bs02-A and Bs02-B (in percentage) 

3.3.5 Mechanical responses of beams 

Short span beams were tested in three-point loading using a hydraulic actuator with a 

capacity of 200 kN. The beams were supported simply and loaded with one concentrated point 

in the middle-span at a constant rate of 0.5 kN/s until failure. The mid-span deflection was 

recorded with a digital sensor having an accuracy of 0.01 mm. Other four digital sensors with 

the same accuracy were placed on each end of the two tensile bars to record the slip during the 

mechanical test and the readings were recorded by a data acquisition system. The anchorage 

length of all the beams was 100 mm. The clear span in the three-point bending test varied with 

the different lengths of the short beams. A schematic of the test setup is presented in Figure V-

30. The load-deflection curves are presented in Figure V-35 and Figure V-36.  
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Figure V-30 A schematic of mechanical test setup 

3.3.5.1 Cracking patterns after bending test 
The load-induced cracking patterns of beams Bs04-A and Bs04-B after the bending test are 

presented in Figure V-31(a) and (b) respectively. In beam Bs04-A, cracking began with the 

appearance of a flexural crack (Crack 1) in the middle of the beam, directly under the 

concentrated load. When the applied load reached 90 kN, an inclined crack (Crack 2) formed. 

Another diagonal crack (Crack 3) from the right support to the loading point appeared when 

the load reached 100 kN. Subsequently, when the applied load exceeded 120 kN, the width of 

Crack 1 increased rapidly and then the beam failed suddenly due to the rupture of one tensile 

bar at the location of Crack 1. In beam Bs04-B, the first crack (Crack 1) also formed in the 

middle part of the beam, as in beam Bs04-A. With the increase of applied load, two inclined 

cracks (Crack 2 and Crack 3) appeared when the load exceeded 90 kN. When the load reached 

120 kN, the deflection of beam Bs04-B and the opening of Crack 1 both increased rapidly. 

Finally the beam also failed due to the rupture of one tensile bar at Crack 1.  
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Figure V-31 Cracking patterns of beams Bs04-A and Bs04-B after bending test 
The cracking patterns of beams Bs02-A and Bs02-B after bending test are presented in 

Figure V-32(a) and (b) respectively.  

Crack 1
Crack 3

Crack 2
Cutting end

 
(a) Bs02-A 

Crack 1
Crack 2

Crack 3

Cutting end

 
(b) Bs02-B 

Figure V-32 Cracking patterns of beams Bs02-A and Bs02-B after bending test 

In beam Bs02-A (a/d=2.03), the first crack (Crack 1) initiated in the middle span of the 
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beam when the load reached 70 kN. When the load was 90 kN, an inclined crack (Crack 2) was 

found on the left half of the beam. With increasing applied load, another inclined crack (Crack 

3), with a slight angle, appeared on the right part of the beam when the load exceeded 105 kN. 

Subsequently, when the applied load exceeded 125 kN, some concrete cover on the right part of 

the beam spalled. Meanwhile, the width of Crack 3 increased rapidly and then the beam failed 

suddenly due to the rupture of two stirrups. One failed stirrup was located at the root of Crack 

3, and the other one was close to the right support. In beam Bs02-B (a/d=1.55), the first crack 

(Crack 1) was inclined at a small angle from the root of the first stirrup in the right part towards 

the loading point. It was observed when the load reached 80 kN. When the applied load 

increased to 100 kN, the second crack (Crack 2) formed and propagated in a straight line along 

the second stirrup in the left part of the beam. When the load exceeded 130 kN, Crack 2 did not 

propagated straight along the stirrup but towards the loading point, and the third crack (Crack 

3) was found mid-way between Crack 1 and Crack 2. When the applied load reached 170 kN, 

the corrosion-induced cracks indicated in Figure IV-23 became wider and some new cracks 

appeared along the tensile bars. The concrete cover started to fall off when the load exceeded 

190 kN. Finally, beam Bs02-B failed due to spalling of a large area of concrete cover and 

premature slip of the tensile bars. 

3.3.5.2 Failure mode of the corroded beams 

Both beams Bs04-A and Bs04-B failed in a flexural mode. The pictures of beam Bs04-A 

and Bs04-B after the mechanical test are shown in Figure V-33(a) and (b) respectively. There 

was a difference between beam Bs04-A and Bs04-B, some concrete cover in the middle span 

spalled before the failure of beam Bs04-B, while no concrete delamination occurred on beam 

Bs04-A. Before the loading test, the maximum crack width of corrosion-induced cracks in the 

middle of beam Bs04-B was 0.9 mm, which was greater than the value on beam Bs04-A, of 0.46 

mm. The higher loss of bond between concrete and steel in beam Bs04-B led to the spalling of 

the concrete cover during bending test.  
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(a) Bs04-A 

 
(b) Bs04-B 

Figure V-33 Failure of beam Bs04-A and Bs04-B 

Zhu et al. [14] studied the mechanical responses of two control beams not affected by 

corrosion. The a/d ratio of both control beams was 1.84, which is close to the a/d ratio of beams 

Bs04-A and Bs04-B (1.94). They found that both control beams failed in a shear mode. Although 

inclined cracks were found on both beams Bs04-A and Bs04-B, the beams finally failed in a 

flexural mode. Severe cross-sectional loss of tensile bars in the middle span was the primary 

reason for the change of failure mode. Figure V-26(a) and (b) show the maximum cross-sectional 

losses of tensile bars in beams Bs04-A and Bs04-B were 36.7% and 39.0% respectively, and 

both of them were located in the middle span. During the bending test, a compressive strut was 

formed between the loading point and one support while the tensile bars acted as ties. The large 

cross-section loss of tensile bars in the middle span resulted in premature yielding of tensile bars 

at this point, leading to the failure of beams Bs04-A and Bs04-B. 

Figure V-34(a) and (b) show photographs of beam Bs02-A and Bs02-B after the mechanical 

Failure of tensile bar 

Failure of tensile bar 
and spalling of 
concrete 
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test. 

 
(a) Bs02-A 

 
(b) Bs02-B 

Figure V-34 Failure of beam Bs02-A and Bs02-B 

Beam Bs02-A failed due to rupture of two stirrups and debonding between concrete and 

steel. During the bending test, an arch effect led to the spread of inclined cracks, which could 

not be controlled by the presence of the stirrups embedded in the beam as the large cross-

sectional loss in the stirrups resulted in insufficient capacity to arrest inclined cracking, and the 

stirrups thus failed. As presented in Figure V-29 (a), the maximum diameter loss of stirrups No.5 

and No.6 was 42% and 31% respectively.  

As described in the previous section, beam Bs02-B failed due to the debonding between 

the concrete cover and the steel reinforcement, in a type of anchorage failure. Because the span 

was short, a very large tensile stress was generated on the tensile bar. Moreover, corrosion-

induced cracks led to a decrease in the confinement of the tensile bars and to decreased bonding 

between the concrete and the steel bars, so the anchorage ability was insufficient. This was 

confirmed by the slip test (Figure V-39). 

Failure of two stirrups 

Spalling of concrete cover 
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cover 
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Although beam Bs02-A had a greater span to effective depth ratio than beam Bs04-A and 

beam Bs04-B, it failed in a shear failure mode while beams Bs04-A and Bs04-B failed in a 

flexural mode. This could be attributed to the different corrosion degree of the tensile bars. As 

presented in Figure V-26(a), (b) and Figure V-27(a), the corrosion on the tensile bars in beams 

Bs04-A and Bs04-B was more severe than on beam Bs02-A. The maximum cross-sectional 

losses of tensile bars in beam Bs04-A and Bs04-B were 26.6% and 22.8% respectively, and both 

occurred close to the mid-span of the beams. The maximum cross-sectional loss of tensile bars 

in beam Bs02-A was only 8.8% and the load bearing capacity did not decrease as much as in 

Bs04-A and Bs04-B. Due to the serious corrosion on tensile bars of beam Bs04-A and Bs04-B, 

the tensile bars yielded before the formation of diagonal cracks. Finally the two beams failed 

due to rupture of tensile bars in a flexural mode. 

Although the maximum cross-sectional loss of tensile bars was almost the same in beams 

Bs02-A and Bs02-B, at 8.8% and 9.2% respectively, they failed in different modes. Beam Bs02-

A failed due to the rupture of two stirrups while Bs02-B failed due to premature slipping of the 

tensile bars. On the one hand, the span to effective depth ratios of the two beams were different. 

On the other hand, the degree of stirrup corrosion differed in the two beams. For beam Bs02-A, 

the maximum diameter loss of stirrup was 42%, while it was only 28% for beam Bs02-B. 

It is difficult to predict the failure mode of corroded deep beams, because it depends on a 

lot of factors, such as span to effective depth ratio, corrosion degree, corrosion distribution of 

reinforcements (including tensile bars and stirrups) and so on. In this study, it was found that a 

serious corrosion pit locating on the tensile bars at mid-span resulted in a greater chance of 

flexural failure. 

3.3.5.3 Loading-deflection curves 

The loading-deflection curves of beams Bs04-A and Bs04-B are presented in Figure V-35, 

and those of beams Bs02-A and Bs02-B in Figure V-36.  
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Figure V-35 Load-deflection curves of beam Bs04-A and Bs04-B 

 
Figure V-36 Load-deflection curves of beam Bs02-A and Bs02-B 

It is worth noting that, although beams Bs04-A and Bs04-B had the same dimensions, 

showed similar maximum cross-sectional loss of tensile bar and failed in the same bending 

mode, there was a remarkable difference in their ultimate deflection. Following the bending 

test, we found that the geometry of the failure point of beam Bs04-A was quite different from 

that of beam Bs04-B. As presented in Figure V-37, there was a large pit at the failure point of 

beam Bs04-A. Meanwhile, the corrosion distribution at the failure point of beam Bs04-B was 

more regular around the circumference. Zhu and François [19,20] confirmed the residual 
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ductility of steel bars depended on both the degree of corrosion and the geometry of the residual 

cross-section. Beams Bs04-A and Bs04-B failed in a flexural mode, so the ultimate deflection 

was significantly affected by the ductility of the tensile bars. Thus it can be concluded that the 

ductility of corroded reinforced concrete beams depends on both cross-sectional loss and the 

corrosion distribution around the perimeter of the tensile bars when the RC beams fail in a 

flexural mode. A similar conclusion was drawn for slender beams in [21].  

 
Figure V-37 Geometry of failure points of beams Bs04-A and Bs04-B 

3.3.5.4 Slip of tensile bars 
The slip of tensile bars recorded by digital sensors during bending test was plotted. Figure 

V-38 shows the loading-slip curves of beams Bs04-A and Bs04-B, Figure V-39 shows the 

results for beams Bs02-A and Bs02-B. 
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(a) Bs04-A 

 
(b) Bs04-B 

Figure V-38 Slip of tensile bars in beams Bs04-A and Bs04-B 
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(a) Bs02-A 

 
(b) Bs02-B 

Figure V-39 Slip of tensile bars in beams Bs02-A and Bs02-B 
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load exceeded 90 kN, while no slip occurred on the back bar. It should be noted that the left end 

of the beam was damaged during preparation of the loading test, some concrete cover along the 

front bar spalled. For beam Bs04-B, there was no slip before yielding of the tensile bars.  

The situations of beams Bs02-A and Bs02-B (Figure V-39) were quite different from beams 

Bs04-A and Bs04-B. For beam Bs02-A, both tensile bars started to slip when the load reached 

90 kN. For beam Bs04-B, the slip of both tensile bars started at 130 kN. There was a remarkable 

slip of tensile bars for both beams Bs02-A and Bs02-B. It could be attributed to the spalling of 

a large area of concrete cover during the loading test. 

3.4 Analytical investigation and discussion 

In this section, several theories were used to calculate theoretical ultimate capacity of the 

corroded beams. Due to the flexural failure mode of beams Bs04-A and Bs04-B, the classical 

bending theory based on Eurocode 2 was used to calculate the ultimate capacity of the beams. 

Furthermore, all the beams tested in this work were classified as short reinforced concrete beams 

or deep beams according to ACI 318-14 [22] and Eurocode 2 [23], because the clear span to 

total depth ratio was <4 and the span to effective depth ratio was <2.5. So some frequently-used 

shear capacity theories were used to calculate the theoretical capacity of the corroded beams. 

The theories involved in this paper are the conventional sectional method (CSM) based on 

Eurocode 2, a modified strut and tie model (STM) [24] and the arch effect model [25].  
As mentioned before, the compressive strength of concrete at 28d was 45 MPa. The age 

of beams Bs04-A and Bs04-B was 27 months, while the age of beams Bs02-A and Bs02-B was 

36 months. So the compressive strength of concrete used in the calculations was set at 50 MPa. 

According to previous research [20,21], the ultimate strength of corroded bars was 770 MPa. 

The ultimate capacity of stirrups was set at 660 MPa. In the calculation based on conventional 

sectional method, both critical cross-sectional area and average cross-sectional area of the 

stirrups were used. The critical area of stirrups could be calculated using the results presented 

in Figure V-28 and Figure V-29, while the average cross-sectional loss was set at 8%. The 

calculated results based on different theories are presented in Table IV-9.  
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Table V-9 Calculated ultimate capacity based on different theories 

Lable ΔAs 
(%) 

Span 
(mm) 

Experimental 
value (kN) 

Theoretical results (kN) 

Bending CSM 
(Critical) 

CSM 
(Average) STM Arch 

Bs04-A 26.6 500 130.3 137.3 99.4 140.9 149.7 142.7 
Bs04-B 22.8 500 145.0 143.9 103.4 142.1 158.3 149.9 
Bs02-A 8.8 525 130.1 160.3 103.1 146.3 173.1 166.1 
Bs02-B 9.2 400 200.0 214.4 116.5 146.2 221.7 243.0 
Figure V-40 shows a comparison between the experimental and analytical values. In the 

calculation based on conventional sectional method, both the critical and average cross-sectional 

areas of stirrups were used. According to Figure V-40, the theoretical values calculated with the 

critical cross-sectional area of stirrups underestimated the load bearing capacity of corroded 

deep beams, while the values calculated with the average cross-sectional area of the stirrups 

overestimated it. Perhaps the conventional sectional method is unsuitable for predicting the 

ultimate capacity of corroded deep beams. 

 
Figure V-40 Comparison between experimental and analytical values 

For beams Bs04-A and Bs04-B, which failed in a flexural mode, the theoretical results 

based on classical bending theory fit the experimental results well. The ratio between theoretical 

and experimental value of beams Bs04-A and Bs04-B was 1.05 and 0.99 respectively. Zhu et al. 

[24] studied mechanical responses of four corroded deep beams that had the same dimensions 

and the same type of concrete. All the four corroded deep beams failed in a flexural mode. The 
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ratios of calculated values based on bending theory to experimental values of the 4 beams 

studied in [21] and the beams Bs04-A and Bs04-B, which all failed in a flexural mode, are 

presented in Figure V-41. For all the beams failed in flexural mode, the differences between 

calculated and experimental values were smaller than 10%. It can be concluded that the 

predictions of the ultimate capacity of corroded beams with classical bending theory are quite 

reliable when the beams fail in a flexural mode. However, the greatest challenge is to predict 

the failure mode of corroded deep beams because it depends on many factors, e.g. the 

dimensions of steel bars (including tensile bars and stirrups), the strength of concrete, and the 

degree of corrosion on tensile bars and stirrups. 

 
Figure V-41 Ratios between calculated values based on bending theory and experimental values of corroded 

beams failed in flexural mode 
For all the corroded deep beams, the theoretical values based on classical bending theory 

and arch effect were close to the experimental values. This indicates that the behaviour of 

corroded deep beams during the bending test involved both arch action and beam action. 

It was found that that CSM models did not give suitable prediction on the load capacity of 

corroded deep beams, but the theoretical values based on bending theory, arch effect and strut 

and tie model were close to experimental ones. The location and intensity of corrosion are really 

important on failure mode of corroded deep beams and that is the reason why it is difficult to 

predict the failure mode of corroded deep beams. The span to effective depth ratio would be 

used to predict the failure mode of control beams based on arch effect model, but for corroded 

beams, span to effective depth ratio is not the only important parameter affecting failure mode, 

the location of maximum pitting corrosion and the maximum cross-sectional loss could also 
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lead to a change in failure mode. 

3.5 Conclusions 

In this paper, beams were exposed to wetting/drying cycles and corrosion was generated 

on their longitudinal bars and stirrups. Four corroded deep beams were tested to failure under 

a three-point load. Cross-sectional loss of tensile bars and diameter loss of stirrups were 

examined, and cracking development during the loading test, loading-deflection curves and 

slip of the tensile bars were also recorded. The following conclusions can be drawn: 

1. Corrosion distribution along the reinforcements was not uniform, the correlation 

between cross-sectional loss and corrosion-induced crack width was weak.  

2. Serious pitting corrosion on tensile bars could change the failure mode of the deep 

beams from shear to flexure. The maximum cross-sectional losses of tensile 

reinforcements in beams Bs04-A and Bs04-B were 26.6% and 22.8% respectively. 

They led to the flexural failure of both beams. 

3. Although beams Bs04-A and Bs04-B had the same dimensions, underwent similar 

maximum cross-sectional loss of tensile bar, and failed in the same mode, there was a 

remarkable difference in their ultimate deflection. The ductility of corroded reinforced 

concrete beams depends on both the cross-sectional loss and the corrosion distribution 

around the perimeter of the tensile bars when the RC beams fail in a flexural mode. 

4. It is difficult to predict the failure mode of corroded deep beams, because it depends 

on a lot of factors, such as span to effective depth ratio, corrosion degree, corrosion 

distribution of reinforcements (including tensile bars and stirrups) and so on. 
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1. General conclusions 

This study concerns the corrosion development in cracked concrete, in relation to concrete cover 

depth, load-induced damage, exposure condition, top-casting-induced defects and self-healing 

of cracks, and mechanical performance of corroded reinforced concrete beams, in relation to 

failure mode, the yield load capacity, ultimate load capacity and ductility. According to the 

experimental study, the following conclusions can be drawn: 

1. Transverse cracks induced by loading accelerate corrosion initiation. At the beginning stage 

of corrosion, all the corrosion pits were located around cracks induced by loading. Cracks 

provided easy access for aggressive agents and the passive film on the steel bars under 

loading-induced cracks broke down, while the passive film on the other parts of the steel 

bars was still in good condition. So macro-cell corrosion formed in cracked concrete at the 

early stage. It should be noted that corrosion initiation is related to the presence of loading-

induced cracks, but not their width. 

2. Due to the early formation of corrosion at intersections between loading-induced cracks and 

longitudinal steel bars, earliest corrosion-induced cracks formed there and then spreaded 

along the longitudinal steel bars. 

3. The corrosion rate of tensile bars in type Bs beams was 14.3 μA/cm2, while that value of 

tensile bars in old A beams was about 2.0 μA/cm2. The only difference was concrete cover 

depth, 10 mm in type Bs beams and 40 mm in old A beams. Increasing the concrete cover 

depth can restrict the corrosion rate, because the oxygen ingress needed by the cathodic 

reaction is limited.  

4. The surface exposure condition is an important parameter influencing corrosion 

development. In the case of severe chloride exposure on horizontal surfaces, chloride 

surface concentration increases and leads to higher chloride penetration from the upper 

surface due to the combinational effect of ponding and gravity. If the upper surface is also 
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the horizontal toptensioned surface, worse exposure conditions and worse interface damage 

act together and lead to faster propagation of corrosion. 

5. Some defects, named top-casting-induced defects, formed in the steel-concrete interface 

under horizontal top-cast bars due to bleeding, segregation and settlement of fresh concrete. 

They created some differences in the micro-environments along the steel bars, and 

facilitated the transportation of aggressive agents and ions between the anode and cathode 

during the corrosion process. Top-casting-induced defects are favorable to corrosion 

initiation and corrosion propagation. 

6. Self-healing occurred in the cracked samples stored in a humidity room (RH=100%) and it 

resulted in a significant decrease in air permeability along the cracks. The main product of 

self-healing in the outer zone of a crack plane was calcite, while ettringite in the inner zone. 

For the samples reinforced with plain steel bars, self-healing before exposure to chloride 

environment reduced corrosion risk. But it was still difficult to find a clear correlation 

between corrosion and crack width, whatever the width before or after self-healing.  

7. Corrosion distributed randomly and irregularly both around the circumference and along 

the length of steel bars. The corroded zone with maximum cross-sectional loss did not 

always coincided with maximum width of corrosion-induced cracks, so it is quite difficult 

to predict the position of the most corroded zones according to a visual diagnosis based on 

width of corrosion-induced cracks.  

8. Pitting factor, the ratio of maximum to average cross-sectional loss, was found in the range 

between 2.8 and 5.4 in this study. It is more related to corrosion degree in terms of average 

loss of cross-section rather than corrosion duration.  

9. Corrosion of the reinforcements modified the failure mode of slender beams from crushing 

of the concrete in the compressive zone of control beam to rupture of tensile bars and 

collapse of the concrete cover of corroded beams. 

10. Corrosion did not reduce the yiled strength or the ultimate strength of the steel bars, so 1% 

reduction in cross-sectional loss corrensponded approximately to 1% reduction in yielding 
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load capacity. When the corrosion degree was greater than 9%, the failure of reinforced 

concrete beams was controlled by the failure of tensile bars. Under this situation, 1% 

reduction in cross-sectional loss also corresponded to 1% reduction in ultimate load capacity. 

11. Corrosion decreased ductility of reinforced concrete beams significantly, however, the 

influence of corrosion on the ductility of RC beams depended on the initial ductility of the 

steel bar. After 36 months of corrosion in a natural environment, high ductile steel bars 

belonging to Class C according to Eurocode 2 could prevent corroded RC beams from brittle 

collapse thanks to the sufficient residual ductility of the corroded steel bars, which still 

belong to Class C. 

12. Serious corrosion on tensile bars could change the failure mode of the deep beams from 

shear to flexure. After 27 months of corrosion in a natural environment, the maximum cross-

sectional losses of tensile reinforcements in beams Bs04-A and Bs04-B were 26.6% and 

22.8% respectively. They led to the flexural failure of both beams.  
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2. Recommendations for future research 

This study has achieved the main objectives listed in Chapter I of the thesis. Due to the limited 

scope of the study, further research work should be carried out in the following areas: 

1. In order to understand the corrosion development, what factors and how they influence 

corrosion in cracked concrete, it is important to study the portion of macrocell and 

microcell respectively. The major difficulty is the lack of a reliable technique to measure 

the microcell corrosion in a small anode area. 

2. The quantitative research on the influence of self-healing of cracks on corrosion 

development need to be studied further. And it is still not clear on the corrosion initiation 

in cracked samples with multiple cracks. Furthermore, the impact of top-casting-defects on 

corrosion development was studied in only one type of concrete, further study should be 

conducted on different types of concrete. 

3. The distribution of corrosion accelerated with impressed current is quite different from 

natural corrosion. It results in significantly various mechanical performances of corroded 

RC beams. So in the furture work, accelerating corrosion by impressed current should be 

avoided. 

4. A clear relationship between corrosion degree and residual mechanical performance of 

corroded RC beams is very important for evaluating the residual performance of reinforced 

concrete structures in-service. In the studies collected from publications, different 

parameters have been used to characterize corrosion degree, such as maximum corrosion 

depth, average corrosion depth, maximum cross-sectional loss, average cross-sectional loss, 

etc. In this study, there were two tensile bars in each beam, so the average value of the 

cross-sectional losses of two tensile bars in the section of failure was used as the parameter 

of corrosion degree and a good correlation was found between this parameter and residual 

load capacity. Due to the limited tests, more compares should be conducted on the 

relationship between residual mechanical performance of corroded RC structures and 

corrosion degree expressed with different parameters in the future research. 


