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Abstract 

The corrosion of reinforcing steel has led to the premature deterioration of many 
concrete bridges in countries throughout the World, such as Libya, before their 
design life is attained. This has placed tremendous financial burden on such 
countries and local transportation organizations in their attempts to halt ongoing 
reinforcing steel corrosion in the existing structures that are still functional and 
to replace those structures that have already deteriorated to the point that it does 
not make any economic sense to keep on maintaining them. In addition, badly 
deteriorated bridges have considerable adverse effects on the nation’s economic 
output and also place the safety of motorists at risk. In this study the effects of 
several factors on the corrosion behavior of steel have been studied. These 
factors are chloride ion concentrations and environmental variables such as 
temperature and relative humidity. The interactions of chloride ion 
concentration, temperature, and relative humidity on the corrosion behavior of 
steel are complex. In addition, the effect of the concrete mix components, such 
as water/cement ratio and proper selection of cement type, mineral admixture, 
and fine aggregate, coarse aggregate, and air content on the corrosion rate of 
reinforcing steel are studied. 
Keywords:  reinforcing steel corrosion, reinforced concrete bridges, corrosive 
environment, corrosion of reinforcing steel, corrosion of steel reinforcement in 
concrete. 

1 Introduction 

Reinforcing steel bars are placed in regions of low tension in concrete bridges.  
     Concrete has a tendency to crack eventually if proper curing is not observed. 
The resistance of mild steel bars to corrosion can not be significantly improved 
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by just modifying its composition, grade, or the level of stress. Therefore, to 
prevent corrosion of steel reinforcement in concrete located in corrosive 
environment either the conventional mild steel reinforcement must be coated 
with an effective and economical barrier to prevent contact with chloride, 
moisture, and oxygen, or reinforcement made of corrosion-resistant materials 
must be used as mentioned by Glasser and Sagoe-Crentsil [1], Hime [2], Baboian 
[3], Virmani and Clemena [4] and Thompson and Lamkard [5]. Among the 
above two options, application of a suitable coating on the mild steel 
reinforcement may be the most economical. The coated reinforcing steel bars 
must be resistant to damage during transport from a plant to a construction site, 
storage at construction site, and placement in the structure. It must also be 
durable in severe service environment and capable of maintaining its structural 
function throughout the service life of the structure, and be economical. 

2 Corrosion control in new concrete constructions 

Corrosion control of reinforcing steel bars in new concrete constructions, such as 
bridges, buildings exposed to the marine environments, and wastewater 
treatment tanks, require the use of a combination of different measures, such as: 
adequate depth of concrete cover, quality of concrete, corrosion inhibitors 
admixture and corrosion-resistant reinforcement. At least 50 mm of concrete 
cover reduces the ability of corrosive agents to penetrate the concrete and 
corrode the reinforcing steel bars. The most common cause of corrosion staining 
on concrete decks is poor placement of the reinforcing steel bars.  

3 Quality of concrete 

The quality of concrete is of utmost importance in determining the durability of 
reinforced concrete bridge members exposed to chlorides and subjected to 
intermittent wetting. Concrete contains a network of capillary channels that 
allows water and oxygen, both important to steel bars corrosion, to permeate into 
the concrete. Corrosion occurs because a salt solution, or water and carbon 
dioxide, penetrate the concrete. Lowering the porosity and the permeability of 
the concrete reduces the chances of contamination. At a low  (W/C) ratio  of     
0.5 and good consolidation lead to low porosity in the concrete, which can lead 
to reduced permeability (hydraulic conductivity) coefficient of the concrete. 
Reduced permeability leads to reduction in the amount of chloride ions carried 
by water into the concrete. At a (W/C) ratio of 0.5, carbonation will penetrate    
10 mm in ten years. A low (W/C) ratio also offers higher strength to the 
concrete, which would extend the time before stresses resulting from steel 
corrosion cause the concrete to crack. If the strength is low (20.7 MPa) 
carbonation can reach 25 mm in seven years. Strong concrete with a low (W/C) 
ratio will have a low permeability and be less susceptible to corrosion as 
mentioned by Gu et al [6].  The occurrence of corrosion of steel bars in concrete 
bridges can be avoided by investigation into how concrete material and mix 
variables affect the corrosion behavior of steel bars. The environmental factors of 
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chloride concentration, temperature and humidity significantly affect the 
corrosion behavior of steel bars in concrete. A localized corrosion was noted at a 
location where the reinforcement had been exposed previously. In concrete with 
0.50 (W/C) ratio, when galvanized bars are used, the corrosion rate was about 
30% and the corresponding metal loss was 22%, in comparison to black steel. 
And, in the same concrete, when galvanized steel bars were used only in the top 
mat, the corrosion rate was twice of that observed when only black steel bars 
were used in both mats. Essentially, these results suggested that the use of 
galvanized steel  bars would not provide extra benefit over black steel bars, if 
(W/C) ratio in the concrete is kept low as mentioned by McDonald et al [7, 8], 
Baboian [9], Thompson et al [10], Clear [11], Smith and Virmani [12], 
McDonald et al [13], Dagher and Kulendran [14] and Hussain et al [15]. 

4 Adequate concrete cover and chloride content 

Chloride ion is the main corrosive agent. When chlorides penetrate concrete from 
external sources, such as de-icing salts and seawater, carbon steel bars corrode 
and rust forms; occupying a volume about three to seven times that of the 
original steel resulting in the surrounding concrete cracking as mentioned by 
Pettersson [16] and Virmani [17]. If a concrete structure is to be durable in a 
corrosive environment, it is necessary to provide an adequate depth of concrete 
cover over the first layer of reinforcing steel bars so that it would not be easy for 
chloride ions to reach the steel bars. 

5 Case study – the model of the transient diffusion of chloride 
through a porous concrete 

The adequate depth of concrete cover over the first layer of reinforcing steel bars 
can be determined by application of Fick’s Second Law of diffusion, which 
adequately models the transient diffusion of chloride through a porous material, 
such as concrete. A closed – form solution of Fick’s Second Law (a second- 
order differential equation) can be expressed as  
 

C(x,t)  = Co { 1 – erf (y) }                                         (1) 
                                                                      
where 
 

2. .c

xy
D t

=                                                    (2) 

and 

C (x,t) =  Measured chloride concentration at the desired depth x, for purposes of 
service life estimates, assumed to equal the chloride threshold, i.e. the 
chloride content that will initiate corrosion, (p.p.m.). 
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Dc    = Chloride molecular diffusion coefficient (mm2/year). It is a function of 
the concrete permeability, environmental factors, and the presence of 
cracks. 

x      = Depth of reinforcing  steel bars (mm). 
C0    = Constant mean surface chloride concentration measured at 12 mm 

below the deck surface (p.p.m.).  
t       = Time to reach the corrosive chloride threshold, i.e. the time for the 

chloride to reach the depth of reinforcing steel bars,  (year). 

Eqn  (1) can be rewritten as 

erf (y) = 1 – { C(x,t) / Co }                                         (3)   

Also, Eq. (2) may be rewritten as 

2

2(4 . )c

xt
y

=
D

                                                 (4) 

     Eqn (3) is applicable to concrete structures where the chloride ions enter from 
one direction, such as concrete bridge decks and piers. Using relationships (3) 
and (4), the time t required to reach the corrosive chloride threshold may be 
computed for a certain concrete cover, x and a known chloride concentration 
C(x,t) which corresponds to the onset of steel reinforcement corrosion. Repeating 
this process for different values of x and plotting the time t versus the concrete 
cover x shows the general trend of the relationship between the two variables. 
From such a plot, one can determine the minimum concrete cover required to 
prevent the onset of steel corrosion before the desired service life of the structure 
is reached. 
      For a known chloride concentration C(x,t), the value of erf (y) may be 
calculated using Eq. (3). The corresponding value of y may be interpolated from 
the table “Error function values y for the argument of y” given in Appendix A of 
Hussain [18] or from other suitable references. Eq. (4) is used to calculate the 
time of threshold of chlorides corresponding to a certain concrete cover x.   
      In this work it has been found that the chloride molecular diffusion 
coefficient Dc (the rate at which chloride permeates through concrete) is 32.26 
(mm2/year), the constant mean surface chloride concentration in the bridges C0 
was  8300 (p.p.m.) and the typical chloride threshold for uncoated steel bars is 
700  (p.p.m.). 
     Using these data items, and starting with x = 50 mm, Eq. (3) may be used to 
find the value of erf(y) as: 
 

( ) 1Erf y =  - 700 0.9157
8300

=  
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Next, from the table mentioned above the corresponding value of y is 
interpolated to be 1.2228. Using Eq. (4) the time t is calculated as:  
 

 
 
 
 

     Repeating this process for values of x of 55 mm, 60 mm, 65 mm, 70 mm, 75 
mm and 80 mm and plotting the results as in Figure 1, we notice the relationship 
is almost linear. If we assume that the service life of the structure is about 25 
years, we may conclude from the Figure that the minimum concrete cover should 
be about 68 mm. Note that Figure 1 applies to uncoated steel bars only. Once 
Figure 1 has been constructed, it serves as a quick way to estimate the required 
concrete cover for a certain service life of the structure.  
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Figure 1: Relationship between concrete cover and time of corrosive chloride 

threshold. 

      However, even with adequate concrete cover, corrosion of reinforcement can 
still occur because, invariably, concrete will crack. In addition, presence of 
variances in the concrete cover and in the density of the placed concrete across a 
structure will eventually create corrosion micro-cells (consisting of cathodes and 
anodes), which drive steel corrosion. Therefore, other supplementary protective 
measures also need to be adopted in a new construction. Figure 2 provides a 
photograph of this damage.  This explains why the problem of reinforcing steel 
bars corrosion is considerably more severe in the marine environment of Libya’s 
northern cities, such as Al-Khoms, Tripoli and Musrata (because of high 
humidity) than in the other cities situated in the south. Figure 3 shows a 
photograph of corrosion-induced concrete spalling on a bridge piling. 

t = 
502 

4(1.2228)2.(3226) 
__________________ =13 
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6 Results 

The following are the most important findings resulting from this study: 
1. Chloride concentrations higher than 700 p.p.m  can produce a wide range  

of corrosion behavior of reinforcing steel bars in concrete.  
2. The interactions of chloride ion concentration and  environmental 

variables, such as, temperature and relative humidity on the corrosion 
behavior of reinforcing steel bars are complex.  

3. The corrosion rate of reinforcing steel bars can vary significantly based on 
the concrete mix components. The most significant beneficial effects were 
obtained from use of low (W/C) ratio and proper selection of cement type, 
mineral admixture and fine aggregate.  

 

 

Figure 2: Corrosion of an exposed reinforcing bar. 

4. Bridge utilizing epoxy powder-coated reinforcing steel bars revealed some 
problems, such as damage to the coating during transport and handling 
and the cracking of coating (in the bend areas) arising from the bending of 
bars at construction sites. To eliminate these problems, measures such as 
bending the steel bars before coating, increasing bar  supports during 
shipping (to prevent abrasion between bars) and using padded bundling 
bands and nylon slings during loading and unloading were adopted. 

5. A small exposed area of reinforcing steel bars would be susceptible to 
intense corrosion and require patching or repair of the coating damages. 
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This led to a decrease in the cost of epoxy-coated reinforcing steel bars 
and their wider use in bridges by many countries. 

6. Some aspects, such as bar size, deformation pattern, grade of steel, and 
slab design used has effects on the occurrence of corrosion. 

7. In general, the corroded reinforcing steel bars are placed in locations in 
the structures where concrete cover was relatively shallow, the chloride 
contents were high and there were cracks in the concrete.  

 

 

Figure 3: Photograph of a cracked and spalled marine bridge piling. 

7 Conclusions 

The following conclusions can be made on the performance of reinforcing  steel 
bars in the bridge decks:  
1. Some cases of corrosion in bridge decks were centered at a construction 

joint.  
2. Most cases of corrosion reinforcing steel bars were attributed to 

superficial corrosion that was already present on the reinforcing steel 
bars at the time of construction. 

3. The use of quality concrete and adequate cover, proper finishing and 
curing of concrete, and proper manufacturing and handling of epoxy-
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coated reinforcing steel bars are important in ensuring effective 
corrosion protection in concrete bridge decks. 

4. Cracks in the concrete allow moisture and chloride an easy and direct 
access to the reinforcing steel bars as opposed to the normally slow 
diffusion process through sound concrete. The cracks probably allow 
the bars to remain wet longer than normal and they corrode. 

5. Application of a suitable, stable organic coating, including  epoxies (in 
both liquid and powder forms), on the reinforcing steel bars is the more 
economical solution to serve as a barrier for isolating the reinforcing 
steel bars from moisture, chloride ions, and oxygen, thereby preventing 
corrosion and keep many concrete bridges away from  the premature 
deterioration. 

6. To control the major causes of corrosion of reinforcing steel bars in 
concrete, the concrete must block the ability of salt to make contact 
with the steel bars and retard the progression of carbonation. To do this, 
the following ten ways should be considered: (1) -Reduce the 
permeability of the concrete. (2) - Ensure at least 50 mm of concrete 
cover the reinforcing steel bars. (3) - Coat the reinforcing steel bars 
with epoxy. (4) - Use a corrosion inhibitor in the concrete.  (5) -Use 
cathodic protection. (6) - Keep the concrete dry. (7) - Use a blended 
cement in the concrete. (8) - Use a water-reducing agent; low-, mid-, or 
high-range. (9) - Cure the concrete properly. (10) - Use other special 
treatments. 
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