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Abstract 

Corrosion of chloride contaminated reinforced concretes exposed to outdoor conditions and to six 

controlled environmental conditions was followed within a five year study. Corrosion was evaluated 

four times a year performing visual observations (rust, cracks, delamination) and electrochemical 

measurements from which corrosion rates were calculated. These latter values were converted in 

cumulative steel thickness loss versus cumulative time in order to propose a mathematical relation for 

simulating corrosion in the propagation phase. It was found that a mathematical power relation fitted 

the experimental data better than a linear relation.  
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Highlights 

 Intensive and long term experimental program on corrosion of reinforced concrete in its 

propagation phase 
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 Controlled and outdoor environmental conditions 

 Database for further numerical studies 

 Mathematical relation of cumulative steel thickness loss with time  

 Reliability in simulating / predicting the corrosion of reinforced concrete and its durability 

 

1. Introduction 

Reinforced concrete is a composite engineering material widely used in the construction industry 

(buildings, bridges, tunnels, nuclear plants, historical monuments, etc.). One of the major factors 

responsible for the deterioration of these structures is the corrosion of the reinforcement [1-6] which 

may result in damages in the form of rust spots, cracking and even delamination of the concrete cover 

(risk for end-users). In addition, the structural damage may consist in loss of a reinforcement cross-

sectional area and loss of bond between reinforcement and concrete, resulting in loss of serviceability 

and structure safety. 

Experimental study of the rebar's corrosion in concrete is a difficult task because of the high number of 

parameters that are involved [7]. They can be gathered in three interactive groups: (i) concrete states, 

(ii) environmental conditions and (iii) corrosion tests. Concerning the concrete states, the presence of 

chloride ions has been extensively studied [8-10] for the determination of the chloride level threshold 

that initiates corrosion and this is still in discussion today. The concrete formulation also interacts with 

the corrosion process: Bouteiller have studied the corrosion initiation due to chloride ions on pre-cast 

components made with either ordinary Portland cement or Portland cement with 70% blast furnace 

slag [11]. Reinforced concrete specimen size is another relevant parameter [12]. The influence of the 

environmental conditions (controlled temperature and relative humidity or natural weathering) has 

been studied [13-19]. Moreover, under laboratory control, different authors have studied the corrosion 

process related to the oxygen content [20-22]. At last, depending on the investigation method, the 

testing device, the experimental condition (laboratory or in situ), corrosion results can also be difficult 

to compare [23-29].  

Studying the corrosion of rebar in concrete requires electrochemical characterizations that rely upon 

half-cell potential, resistance or resistivity and linear polarisation resistance. For several decades, the 

civil engineering diagnosis has relied upon half-cell potential mapping [30]. With some care this 

technique can be used quite successfully to identify areas of the structure which may be suffering from 
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corrosion attack. However it gives no information about the rate at which corrosion may be occurring. 

The measurement of concrete resistivity is also a qualitative technique [31]. It has been suggested 

that the presence of a low concrete resistivity in the regions indicated as being actively corroding by 

half-cell potential mapping can be used as an indicator that the rate of corrosion in probably quite high. 

The linear polarization resistance (LPR) technique can provide quantitative information on the 

corrosion rate of reinforcing steel [27]. This technique has seen a growth in popularity in recent years 

and is beginning to see more widespread use as an effective non-destructive test for the evaluation of 

reinforced concrete structures at risk for corrosion attack [18, 23, 25-28, 32-38]. When the technique is 

to be used in situ, there is concern about the variability of measurements and the influence of 

fluctuations due to environmental conditions. 

As reported in the literature [39, 40], modelling and/or predicting the durability of reinforced structures 

highlight the lack of experimental studies dealing with the corrosion in its propagation phase.  

The aim of this paper is to propose a mathematical relationship between cumulative steel thickness 

loss and time, in the propagation phase of the corrosion. Therefore reinforced concretes contaminated 

by chloride ions (in the mix or by wetting/drying cycles) were exposed to different environmental 

conditions (controlled and outdoor) and their corrosion was studied during a five year period.  

 

2. Materials and methods 

2.1. Concrete states 

Reinforced concrete slabs (300x300x50mm with 5 parallel rebars) which concrete composition is 

given in Table 1 had a 30 MPa compressive strength. Water to cement ratio was chosen equal to 0.7 

which is of course very high for new constructions but that was usually used decades ago in structures 

from historical monuments or civil engineering. These ancient structures are the ones that are 

corroding today. Slabs were casted and/or aged to study three different states. Slabs "T" were sound 

reinforced concrete (used as reference). Slabs "G" were contaminated with 5% of NaCl by weight of 

cement added in the mix. Slabs "I" contained chlorides that have penetrated by wetting and drying 

cycles (salted pond NaCl 35g/L, during 12 months).  
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Table 1: Concrete composition (kg/m3).  
 
Cement (CEM I 52.5 N CE CP2 NF) 275 
Water 192 
Palvadeau aggregates 149 277 180 170 57 324 265 473 

(size mm) 0/0.315 0.315/1 0.5/1 1/4 2/4 4/8 8/12 12.5/16 

 

2.2. Reinforced concrete prisms 

Specimens of the study were reinforced concrete prisms that were sawed from the slabs described 

previously (10 prisms per slab). The prisms T, G and I (which dimensions were 150x50x50 mm) 

contained a central rebar with an uninsulated steel surface area equal to 18.85 cm² (length 100 mm 

and diameter 6 mm). More details for describing the specimens can be found in [17]. Total [41] and 

free [42] chloride contents (in g% by weight of cement) were respectively equal to 2.7 and 1.4 for 

prism n°639-G and to 4.8 and 3.1 for prism n°664-I. For both chloride contaminations, the chloride 

content was higher than 0.4% by weight of cement (this ratio usually refers to a condition for which 

corrosion is likely to occur [43]) and therefore rebar's corrosion was considered to be in the 

propagation phase. Five reinforced concrete prisms per state were exposed to seven environmental 

conditions meaning a total of 105 studied specimens.  

 

2.3. Environmental conditions 

Six controlled environmental conditions were considered based on two temperatures (20°C and 45°C) 

and three relative humidities (60%, 80% and 92%). The outdoor condition consisted in the suburb of 

Paris where temperature and relative humidity recorded from September 2008 to January 2014 

respectively varied within a range of -10 to +30°C and of 29 to 91%RH (Figure 1). Precipitations varied 

from 0 to 4cm/day except for 20th December 2009 (12cm). These ranges were coherent with the 

French climate (except for the high precipitations in December 2009).  

 

2.4. Measurement termed points 

The following of the corrosion of the reinforced concrete prisms (visual observations and 

electrochemical characterizations) was carried out 4 times a year from 2008 to 2014 (except for 45°C 

and 80% RH because the chloride contaminated prisms were delaminated after 12 to 18 months).  
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Figure 1: Temperature and relative humidity values from September 2008 to January 2014 in the 
suburb of Paris. Temperature and relative humidity at the measurement termed points are also 

indicated.  
 

2.5. Visual inspections of prisms 

A visual inspection of each prism was carried out with time to ascertain corrosion signs such as rust 

spots, rust leaching, cracks or delaminations. More than 3 000 pictures were taken and comments 

were added to the database.  

 

2.6. Electrochemical tests  

In order to calculate the corrosion rate of the prism's rebar, three non-destructive techniques were 

used: half cell potential (HCP) monitoring, electrochemical impedance spectroscopy (EIS) and linear 

polarization resistance (LPR). Twenty four hours before measurements, the prisms were taken out of 

their environmental conditions and were placed in the laboratory conditions (20°C and 60% RH). 

Then, all the measurements were performed the same day. The electrochemical system was 

composed of three electrodes: the working electrode was the steel rebar, the reference electrode was 

a KCl (potassium chloride) saturated calomel electrode (SCE, E(NHE)=242 mV) and the counter 

electrode was a titanium/platinum-based grid. The electrical contact was provided by a wetted (tap 

water) sponge. The measurements were conducted using a multichannel Bio-Logic potentiostat 

(VMP2Z model) and the EC-Lab 10.12 software. For the sound concrete prisms T a low current 

capability was used because the current values were in the nanoAmpere range.  

The Ecorr value (mV, SCE), was determined as the HCP measurement after a 10 min period which 

was long enough to obtain a stabilized signal. EIS measurements were performed using a 10 mV 

amplitude sine wave signal in the frequency range between 100 kHz and 100 µHz with five points per 
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decade and the Re value (Ohm) was determined at high frequency. For LPR measurements, a 

potential variation (±10 mV around the half-cell potential Ecorr using a sweep rate of 2.5 mV/min) was 

imposed and the current was recorded. The slope of the curve which is equal to (1/Re+Rp) was 

determined from the values obtained between 0 and +10 mV around Ecorr. The polarization 

resistance of the steel rebar, Rp (Ohm), was then calculated knowing the Re value (previously 

determined by EIS). Finally, corrosion current density icorr (µA/cm²) also named corrosion rate was 

calculated from the Stern and Geary equation [44]: icorr=B/Rp.S where B is a constant (considered as 

26 mV [32], Rp the polarization resistance (ohm) taking into account the ohmic drop and S the steel 

surface area of the rebar (18.85 cm² in this study)). For each concrete state (T, G and I) corrosion rate 

was calculated as the average of the five prisms per environmental conditions (or less if autopsy or 

delaminated prisms) and analysed considering the four levels of corrosion suggested by the RILEM 

[27]: negligible (icorr<0.1 µA/cm²), low (0.1-0.5 µA/cm²), moderate (0.5-1 µA/cm²) and high (icorr>1 

µA/cm²). Performing electrochemical measurements became impossible when the cracks became too 

important or when the prism was delaminated.  

 

2.7. Calculations of cumulative steel thickness loss versus cumulative time 

The values of icorr were calculated four times per year. Then the mass loss and the steel thickness loss 

(which is more useful than corrosion rates for civil engineers) were calculated using the following 

equations:  

݉  :ሻݓ݈ܽ	ݏ′ݕܽ݀ܽݎܽܨሺ	ݏݏ݋݈	ݏݏܽܯ ൌ
ெ

ி௭
 ݃ሻ	ሺ݅݊															 ݐ݅

Where ܯ = atomic weight of iron (55.8 g/mol), ܨ = Faraday's constant (96500 C.mol-1), ݖ = ionic 

charge of metal (z=2; FeFe2+ + 2e-), ݅ = current (A) calculated as the average of icorr in between two 

measurement termed points and ݐ = duration (s) in between two measurement termed points.  

݈ݐݏ										:ݏݏ݋݈	ݏݏ݄݁݊݇ܿ݅ݐ	݈݁݁ݐܵ ൌ ܴ െ  ݎ

where R and r are respectively the initial radius of the rebar and the radius at time t 

݉												ሻݕݎݐ݁݉݋ሺ݃݁	ݏݏ݋݈	ݏݏܽܯ ൌ .ߨ .ܮ ሺܴଶ	ߩ െ ଶሻ ൌݎ .ߨ	 .ܮ .ߩ 2. ܴ. ݈ݐݏ ൌ 	ܵ. .ߩ  ݈ݐݏ

ൌൌ൐ ݏݏ݋݈	ݏݏ݄݁݊݇ܿ݅ݐ	݈݁݁ݐܵ	 ∶ ݈ݐݏ																 ൌ 	
10	000݉

ܵߩ
		ሺ݅݊	μ݉ሻ 

Where ߩ= density of metal (7.874 g/cm3 for steel) and ܵ= surface of steel area (18.85 cm²).  

Finally the cumulative steel thickness loss (µm) was plotted versus the cumulative time (days).  
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3. Results 

3.1. Visual inspections 

Sound reinforced concrete prisms (T) showed no sign of corrosion during the five year study. For the 

chloride contaminated prisms, time for the appearance of first visual corrosion signs (rust, cracks, 

delamination) and prisms state after 60 month are gathered in Table 2 depending on the environment 

conditions. The evolution of visual corrosion signs for G prisms (at 15, 24, 45 and 60 months) is 

illustrated in Figure 2. Although the five prisms exposed to one environment were all similar (same 

ageing), visual signs of corrosion did not appear after the same duration: for example, at 20°C and 

80% RH only one out of five G prisms showed small cracks after 45 months, then 2/5 after 54 months 

and at 60 months two prisms showed no sign of corrosion, 1 prism showed rust and 2 prisms showed 

small cracks (Figure 2). At 20°C, signs of corrosion for G prisms appeared later on compared to I 

prisms (Table 2) and this could be explained by the higher chloride content in I prisms (§ 2.2). 

However, this trend was not confirmed for 45°C. Higher temperature and/or higher relative humidity 

lead to a higher degradation. The most detrimental environmental conditions were 45°C and 80%RH, 

and 45°C and 92%HR. In this latter condition, all the G prisms were delaminated after 12 months (33 

months for I prisms). For prisms exposed to outdoor conditions (Table 2 and Figure 2), small cracks 

were noticed after 24 months on one out of five G prisms and after 18 months on one out of five I 

prisms. After 60 months, for G prisms, two prisms showed small cracks and two prisms showed 

cracks. For I prisms, one prism showed no sign of corrosion and three others showed small cracks.  

 

Table 2: First visual sign of corrosion (time in months for the appearance, number of impacted prisms 
and description of corrosion) and situation after 60 months (or less if mentioned).  

 
 I G 

Environmental  
condition 

First corrosion  
sign 

After 60 months 
(x prisms out of 5) 

First corrosion  
sign 

After 60 months*)

(x prisms out of 5) 
20°C, 60% RH 45; 1/5; (sc) 2 (sc) - 5 (n) 
20°C, 80% RH 15; 1/5; (sc)  1 (n); 3 (r + sc); 1 (sc) 45; 1/5; (sc) 2 (n); 1 (r); 2 (sc) 
20°C, 92% RH 54; 1/5; (rl) 2 (a); 2 (n); 1 (r + sc) 57; 1/5, (sc) 2(a); 1 (n); 2 (sc) 
45°C, 60% RH 15; 1/5; (sc) 57 months: 5 (d) 45;1/5, (sc) 1 (n); 3 (c); 1 (d) 
45°C, 80% RH 15; 1/5; (sc) 18 months: 5 (d) 6; 1/5; (c) 12 months: 5 (d) 
45°C, 92% RH 15; 1/5; (r) 33 months: 2 (a); 3 (d) 6; 1/5; (c) 12 months: 1 (a); 4 (d) 
Outdoor 18; 1/5; (sc) 1 (a); 1 (n); 3 (sc) 24; 1/5; (sc) 1 (a); 2 (sc); 2 (c) 
n: no corrosion sign; r:rust; rl: rust leaching; sc: small crack; c: crack; a:autopsy; *) as illustrated in 
Figure 2.  
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Figure 2: Evolution of visual corrosion signs for G prisms depending on environmental conditions (n: 
no corrosion sign; r: rust; sc: small crack; c: crack; d: delaminated; a: autopsy) 

 
3.2. Database 

A database (with more than 3 000 values) gathered the whole measured and calculated 

electrochemical characterizations together with the comments from visual inspections. Table 3 is an 

extract of the database which presents the information for prism 612-G exposed to outdoor conditions.  
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Table 3: Extract of the database (prism 612-G exposed to outdoor conditions).  
 

Termed 
points  

(months) 

Measurement 
date  

(yyyy/dd/mm) 

Ecorr  
(mV, SCE) 

Re+Rp= 
1/slope 
(Ohm) 

Linear 
regression 

Re 
Nyquist 
(Ohm) 

icorr  
(µA/cm²) 

Comments 

0 2008/09 -410 7 608 1.00 857 0.20 - 
3 2008/19/12 -388 3 097 1.00 407 0.51 - 
6 2009/21/04 -373 4 115 1.00 729 0.41 - 
9 2009/23/06 -328 5 256 0,98 1 110 0.33 - 
12 2009/23/09 -337 3 111 1.00 1 986 1.23 - 
15 2010/15/01 -408 2 255 1.00 934 1.04 - 
18 2010/09/04 -387 3 333 1.00 1 417 0.72 - 
21 2010/11/06 -405 2 445 0.99 1 204 1.11 - 
24 2010/17/09 -435 2 487 1.00 1 479 1.37 small cracks 
27 2011/25/01 -450 2 048 1.00 1 026 1.35 small cracks 
30 2011/21/06 -368 3 686 1.00 1 774 0.72 small cracks 
33 2011/29/09 -395 3 173 1.00 2 224 1.45 small cracks 
36 2011/20/12 -456 1 770 1.00 1 166 2.28 small cracks 
39 2012/29/03 -379 4 369 1.00 2 943 0.97 small cracks 
42 2012/06/07 -299 4 138 1.00 2 796 1.03 small cracks 
45 2012/18/09 -356 5 101 1.00 4 383 1.92 small cracks 
48 2012/16/11 -370 3 365 1.00 2 540 1.67 small cracks 
51 2013/15/03 -339 4 996 1.00 3 947 1.32 small cracks 
54 2013/05/07 -280 7 676 1.00 6 984 1.99 small cracks 
57 2013/26/09 -299 6 925 1.00 6 298 2.20 small cracks 
60 2014/16/01 -319 5 882 0.98 5 168 1.93 small cracks 

 
3.1. Corrosion rates, icorr 

Corrosion rates versus the measurement termed points are presented in Figure 3 and in Figure 4 for 

specimens exposed to controlled environmental conditions and in Figure 5 for specimens exposed to 

outdoor conditions. The corrosion rate is an instantaneous value (represented by a histogram bar) 

which corresponds to a concrete state, an environmental condition and a measurement termed point. 

The first white histogram bar corresponds to the corrosion state of the prisms before being placed in 

the environmental conditions and therefore it cannot be compared directly with the other bars.  
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 (a) 

 (b) 

 (c) 

 

Figure 3: Corrosion rates versus measurement termed points for the reinforced concretes (T, I and G) 
exposed to controlled environmental conditions at 20°C and 60%RH (a), 80%RH (b) and 92%RH (c). 

The dotted lines represent the corrosion levels as indicated in [27]. 
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 (a) 

 (b) 

 (c) 

 

Figure 4: Corrosion rates versus measurement termed points for the reinforced concretes (T, I and G) 
exposed to controlled environmental conditions at 45°C and 60%RH (a), 80%RH (b) and 92%RH (c). 

The dotted lines represent the corrosion levels as indicated in [27]. 
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Figure 5: Corrosion rates versus measurement termed points for the reinforced concretes (T, I and G) 
exposed to outdoor environmental conditions. The dotted lines represent the corrosion levels as 

indicated in [27].  
 

In sound reinforced concrete T, as expected, rebars remained passive (with icorr values below 

0.01µA/cm² [27]) through the five year study whatever the environmental conditions were (controlled 

or not). At 20°C, corrosion of chloride contaminated reinforced concretes were in the ranges negligible 

to moderate for a relative humidity of 60% and in the ranges moderate to high for relative humidities of 

80 and 92% RH. These results showed that the corrosion process cannot only be attributed to a 

chloride content (which is quite high (§ 2.2)) but also to an environmental condition and these two 

parameters need to be considered together. Increases of temperature from 20 to 45°C lead to a more 

severe corrosion with higher icorr values and the occurrence of cracks or even delamination. In outdoor 

environmental conditions (Figure 5), icorr values were in the moderate to high corrosion levels. 

Depending on the measurement termed points, they showed small fluctuations which could be 

explained by the evolution of corrosion as well as by the temperature and relative humidity changes 

(Figure 1). Studies in outdoor conditions have demonstrated as general trends that corrosion results 

usually follow the day/night cycles or the year-seasonal cycles, sheltered or unsheltered conditions 

[16]. The influence of a rain event has also been mentioned [15].  

 

 

4. Discussion 

Prediction of the durability of a reinforced concrete over several decades of years is usually calculated 

considering one single icorr value (because of the unique diagnosis) and considering that the corrosion 

is linear with time. The aim of this work is to propose a mathematical relation of cumulative steel 
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thickness loss with time related to the propagation phase of corrosion for reinforced concrete 

contaminated with chlorides. This relation was expressed as the cumulative steel thickness loss 

because for civil engineering calculations steel thickness is more useful than corrosion rate. In this 

discussion section, three items are pointed out: (i) the search of a mathematical relation that best fitted 

the obtained experimental results in order to simulate the corrosion, (ii) the reliability of the evaluation 

of steel thickness loss depending on the input icorr value and the mathematical relation assumption and 

(iii) the steel thickness loss that induced cover cracking.  

 

4.1. Mathematical relation of cumulative steel thickness loss with time  

Based on the corrosion rate values, cumulative steel thickness loss were calculated and plotted 

versus time. In order to fit the whole series of experimental points for the five year period, two 

mathematical relations were tested: a linear (graphs are not represented here) and a power (Figure 6, 

Figure 7 and Figure 8). Table 4 gathers the equations together with the regression coefficients. In all 

cases, the power relation was more satisfactory than the linear one. The obtained α value was higher 

than one and indicated that in presence of chloride ions at the rebar level, once the corrosion has 

begun it increases. The increase could not be directly linked to the appearance of cracks (as an 

example, G prisms exposed to 20°C and 60%RH did not crack and still their corrosion increased). 

Moreover, as the prisms were not submitted to a chloride exposure the increase could not be 

attributed to a migration of chloride ions through the cracks. Therefore, the reaction probably became 

self-catalytic. Results also highlighted that when temperature increased corrosion increased and so 

did the α value. Focusing on the reinforced concrete prisms exposed to 45°C and a 60% RH, the 

experimental points rather showed two or three segments as if the corrosion process was undergoing 

different stages. The results reported herein suggest an acceleration of the corrosion with time for 

reinforcements in concretes contaminated by chloride ions. They are not in agreement with the 

attenuation of the corrosion (alpha value being smaller than one) found for bare steel in marine 

environments [45]. The discrepancy of both results can probably be explained by the availability of 

oxygen and moisture that are different in atmospheric conditions or in concrete containment.  

Another possibility of analyzing the data would have been to consider two linear segments: in the first 

segment the corrosion rates would have been representative of the specimens taking some time to be 

conditioned in their environment and after that, the corrosion rates change would have been 
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representative of the corrosion in its propagation phase. Both approaches (power relation or two linear 

segments) will be discussed in a future paper with the aim of predicting the durability of reinforced 

concrete structures and the values obtained for longer times (tests are ongoing) will be helpful to 

identify the most likely. Literature on long term-corrosion will also provide some clues [10, 46].  

 

 
 

Figure 6: Experimental data points and power fitting curves of the cumulative steel thickness loss 
versus time for chloride contaminated reinforced concretes (I and G) exposed at 20°C. 

 

 
 

Figure 7: Experimental data points and power fitting curves of the cumulative steel thickness loss 
versus time for chloride contaminated reinforced concretes (I and G) exposed at 45°C. 

 

 
 

Figure 8: Experimental data points and power fitting curves of the cumulative steel thickness loss 
versus time for chloride contaminated reinforced concretes (I and G) exposed outdoor. 
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Table 4: Mathematical relations (linear and power) of the cumulative steel thickness loss versus time 
for chloride contaminated reinforced concretes (I and G) depending on the environmental conditions. 

 
Environmental I linear I power G linear G power 

conditions y=at R² y=atα R² y=at R² y=atα R² 
20°C, 60%RH 0.009t 0.96 0.0121t0.96 0.99 0.0027t 0.95 0.0207t0.72 0.99 
20°C, 80% RH 0.0579t 0.89 0.0020t1.45 0.99 0.0319t 0.88 0.0002t1.72 0.99 
20°C, 92% RH 0.0278t 0.99 0.0026t1.33 0.99 0.0368t 0.96 0.0006t1.6 0.99 
45°C, 60% RH 0.0238t 0.86 0.0004t1.58 0.95 0.036t 0.64 1E-7t2.64 0.78 
45°C, 80% RH 0.2089t 0.92 0.0007t1.91 0.99 0.2079t 0.88 2E-05t2.59 0.97 
45°C, 92% RH 0.1353t 0.81 3E-5t2.16 0.96 0.1613t 0.92 0.0007t1.92 0.99 

Outdoor 0.0467t 0.99 0.003t1.38 0.99 0.0392t 0.94 0.0008t1.53 0.99 
y = cumulative steel thickness loss (µm); t = cumulative time (days) 

 
 

4.2. Reliability of the evaluation of steel thickness loss depending on input icorr value and 

mathematical relation assumption  

For G prisms exposed to outdoor environmental conditions, Figure 9 illustrates the cumulative steel 

thickness loss versus time considering three scenarios (i) the minimum value of icorr (0.4 µA/cm² at 6 

months, Figure 5) and a linear relation, (ii) the maximum value of icorr (2.7 µA/cm² at 36 months, Figure 

5) and a linear relation and (iii) the whole set of icorr values and a power relation. After five years, 

based on the third scenario, the steel thickness loss was equal to 80 µm. This value is to be compared 

to the one obtained considering a single icorr value and a linear relationship for five years (as done in 

practice) which corresponded to 20 µm for the minimum value of icorr and to 160 µm for the maximum 

value of icorr (an eightfold increase !). For I prisms contaminated by chlorides that penetrated through 

wetting/drying cycles and which were therefore more similar to what happens on-site, the steel 

thickness losses were 97 µm (whole set of icorr values), 31 µm (icorr min=0.53 µA/cm² at 6 months) and 

150 µm (icorr max=2,56 µA/cm² at 36 months) (graph not shown).  

These results demonstrate that considering only one icorr value can result in an under-estimation or an 

over-estimation of the corrosion process as mentioned in [47]. A frequent measurement or even a 

monitoring of the corrosion rate is necessary for providing reliable data that will undoubtedly be very 

useful for prediction issues.  
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Figure 9: Cumulative steel thickness loss versus time for G prisms exposed to outdoor environmental 
conditions for prediction purpose (considering the maximum or the minimum icorr value and a linear 

relation or considering the whole set of icorr values and the power relation).  
 

4.3. Steel thickness loss that induced concrete cover cracking 

For bridge owners, concrete cover cracking is an indicator of corrosion.  

Table 5 presents the steel thickness loss that induced the concrete cover cracking. It was determined 

using the first crack appearance time from the visual inspections and the mathematical power 

relations. From these figures a steel thickness loss value close to 20 µm could be proposed. However 

the volume increase of the corrosion products also participates to the concrete expansion and 

ultimately the cover cracking [48].  

 

Table 5: Steel thickness loss that induced concrete cover cracking (determined from first crack 
appearance time and the mathematical power relation).  

 
 I G 

Environmental 
condition 

tcrack from visual 
inspection 
(months) 

Steel thickness 
loss  
(µm) 

tcrack from visual 
inspection 
(months) 

Steel thickness 
loss  
(µm) 

20°C, 60% RH 45 16 -  
20°C, 80% RH 15 14 45 50 
20°C, 92% RH - - 57 79 
45°C, 60% RH 15 6 45 19 
45°C, 80% RH 15 84 6 14 
45°C, 92% RH 18 25 6 15 

Outdoor 18 18 24 22 
 

 

5. Conclusions  

Results obtained through this intensive and quite long-term experimental program (105 reinforced 

concrete prisms, 3 concrete states, 7 environmental conditions, 4 times per year measurements, more 
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than 5 year study) were gathered in a database consisting on non-destructive electrochemical 

measurements, calculations of corrosion rates and visual observations. Based on the corrosion rate 

values, it was found that a mathematical power relation of cumulative steel thickness loss with time, 

for each concrete state and for each environmental condition, fitted the experimental values better 

than a linear relation. The alpha power value was larger than one, indicating that once the corrosion 

begins, the reaction becomes self-catalytic. It was demonstrated that frequent measurements or even 

monitoring should be used in order to increase the reliability of the simulation and/or the prediction of 

the durability of reinforced concrete. After a five year study, figures of steel thickness loss for 

reinforced concrete contaminated with chloride in the mix exposed to outdoor conditions were 80µm 

based on 20 measurements compared to 20µm or 160µm based on a single measurement (min icorr or 

max icorr respectively). Finally, based on the visual observations and the power relations, it was 

possible to calculate the steel thickness loss responsible for the concrete cover cracking. This 

information would be useful for numerical studies for example.  

The mathematical relations reported in this paper belong to a particular experimental program and 

should be validated on other cases and on real structures. This study is still ongoing and future results 

will be analysed to confirm that the power relation (or the two linear segments) can correctly describe 

the long-term corrosion of chloride contaminated reinforced concretes.  
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