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Abstract: Corrosion of steel reinforcement in concrete is the most common cause of deterioration of reinforced concrete structures which 

ultimately leads to structural failure. Maintenance and repair of concrete structures exposed to corrosion of reinforcement causes high costs 

worldwide. The simplest and at the same time practical mathematical model of corrosion degradation of reinforced concrete structures is to 
determine the remaining diameter of reinforcing bars based on the depth of corrosion penetration. The real depth of corrosion penetration 

differs from the corrosion depth that can be determined from the measured corrosion rates. To establish a relationship between the 

corrosion depths determined from measured corrosion rates and real depths of corrosion penetration, it is necessary to determ ine the so-
called pitting factor. This paper will present the values of pitting factors for hot rolled and cold worked steel reinforcement bars embedded in 

concrete beam and slab specimens, using the galvanostatic pulse method and GalvaPulse measuring equipment. 
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1. Introduction 

Corrosion of reinforcement in concrete is an electrochemical 

process that occurs when the following conditions are met: 
difference in potential on the steel surface, electrolytic bonding of 

steel surface parts with different potentials, active state on anode 
parts where reinforcement is damaged and sufficient oxygen 

binding electrons released on cathode parts steel fittings [1]. The 
first condition is mostly satisfied due to the inhomogeneous 

structure of steel and inhomogeneous contact of concrete and steel 
in reinforced concrete. Concrete usually has enough free and 

absorption-bound water to serve as an electrolyte. However, under 

normal conditions, steel reinforcement in concrete does not corrode. 
The reason for this is the presence of a passive (protective) layer of 

iron oxide on the surface of the reinforcement. The passive layer 
can be destroyed by carbonation of concrete and/or due to the 

presence of chloride ions in the reinforcement environment. The 
mechanism of ion penetration into concrete is most often described 

by the second Fick’s law of diffusion, but there can be other 
mechanisms and their combination with diffusion, i.e. capillary 

absorption and flow of fluid under pressure through the porous 

structure of concrete [2]. 

Chlorides locally destroy the passive layer around the 
reinforcement bars, causing pitting or localized corrosion [3]. It 

follows from the above that the process of corrosion of 
reinforcement in concrete is influenced by several factors that are 

randomly distributed, in space and in time. 

The most important parameter used in mathematical models of 

deterioration of reinforced concrete structures in a corrosive 
environment is the corrosion rate [4-6]. The corrosion rate depends 

on changes in humidity and temperature during the year and on the 
arrangement and width of cracks in the concrete. 

The influence of pitting corrosion induced by chlorides on the 

reduction of reinforcement diameter is usually considered by 
introducing the so-called "pitting factor" which is defined as the 

ratio of real reduction of corroded reinforcement diameter and 

average depth of corrosion penetration into reinforcement [4, 5, 7]. 
However, the “pitting factor” defined in this way can, depending on 

the degree of corrosion and other circumstances such as the 
cracking of concrete, vary within wide limits [4, 5, 7]. 

The average corrosion penetration depth can be determined 

from the mass of the corroded bar [7] or calculated from the results 
of corrosion rate measurements [4, 5, 6, 8]. 

The measured corrosion rates refer to the part of the reinforcing 

bar covered by the measuring range of the sensor [9], while the data 

of the corrosion between the discretely arranged measuring points 
are not known. The magnitudes of the measured corrosion rates are 

significantly influenced by the applied corrosion rate measurement 

technique [10]. Two commonly used techniques in portable 
corrosion measurement equipment are the linear polarization 

method (LPR technique) and the galvanostatic pulse method (GPM 

technique) [10]. It was found, however, that regardless of the 
applied measuring technique the magnitude of measured corrosion 

rates in the observed period on the same structure differ mainly in 
intensity but not qualitatively, i.e. corrosion rates differ for scalar 

throughout the measurement period [10].  

In this paper, the values of pitting factors for hot rolled and cold 
worked reinforcement embedded in concrete samples of beams and 

slabs are determined using the galvanostatic pulse method and 

GalvaPulse measuring equipment. 

2. Relationship between pitting factor and residual 
cross-sectional area of corroded reinforcing bars 

The remaining cross-sectional area of corroded reinforcement is 

defined differently depending on whether it is homogeneous or 
localized, i.e. pitting corrosion. Homogeneous corrosion occurs 

under conditions of carbonation of concrete, while chloride ions 
cause localized corrosion known as pitting corrosion which causes a 

significant reduction in reinforcement cross section [4, 5]. 

In the case of homogeneous corrosion, corrosion penetrates 
uniformly into the reinforcement over the entire surface of the bars, 

so the average depth of corrosion penetration in the measuring 

range of the sensor can be calculated from the results of measuring 
the corrosion rate according to [11, 12]: 

                             

ini

i,corr corr11,6 d
t
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   ,             (1) 

where Pi,corr is the mean corrosion depth in microns, icorr is the 

corrosion rate in A/cm2 measured at time t, ( - tini) is the duration 

of corrosion in years, tini is the time of corrosion initiation  and   is 

time in which Pcorr is calculated. 

According to the conservative model [4, 5], the residual cross-
sectional area of the reinforcement can be estimated on the basis of 

the residual diameter of the corroded reinforcement , which is 

determined by the following expression: 

                                  
0 i,corrP    ,                (2) 

where  is the so-called pitting factor which takes into account 

the type of corrosion of the reinforcement. In the case of 

homogeneous corrosion, the value of  is 2, and in the case of 

localized corrosion, the coefficient  can reach the value of 10 

when the corrosion rate is measured by the linear polarization 

method [4, 5, 7] (Fig. 1). 
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Fig. 1 Cross-section of corroded reinforcement (left: homogenous 
corrosion, right: pitting corrosion) [4, 5] 

Fig. 1 shows that the pitting factor  in Equation 2 can be 

defined as the ratio of the maximum depth of reinforcement 
corrosion at the position of local damage (i.e. “pit”) and the mean 

value of the depth of corrosion. 

The cross-sectional area of the corroded reinforcement 
determined from the remaining bar diameter obtained according to 

Equation 2 is a conservative value, as can be seen in Fig. 1 (shaded 
area on the cross-section of the bar, left). For a more realistic 

determination of the remaining cross-sectional area of corroded 

reinforcement, based on the depth of the "pit" it is necessary to 
assume the shape of the pit. In the articles [13–15] and in 

LIFECON-Service Life Models [16], a circular shape of “pits” in 
cross-section of bars is assumed (Fig. 2). 

 

Fig. 2 The assumed circular shape of the pit - pit depth is denoted by p(t) 
[16] 

However, the simplified assumption of the residual cross-
sectional area Ares of corroded reinforcement cannot cover all cases 

of localized corrosion along reinforcing bars. For example, the form 
of localized corrosion (pitting) can manifest in different shapes, 

dimensions and depths of reinforcement damage [17-19]. 
Nevertheless, we believe that the value of the pitting factor related 

to the corrosion rate measurement technique is useful for the 

condition assessment of reinforced concrete structures exposed to 
reinforcement corrosion. 

3. Experimental Program 

A comprehensive experimental research was conducted, where 

data about advancement of chloride corrosion of reinforcement, and 
damaging effects of corrosion on reinforced concrete elements 

simultaneously exposed to sustained load was collected [11, 12]. 
The beam specimens had a cross-section of 8×12 cm and length of 

200 cm. Slab specimens had a cross-section 50×8 cm, and length of 

200 cm. The concrete cover to the reinforcement was 1,0 cm (Fig. 1 
and Fig. 2).  

Reinforcing bars of 6 mm nominal diameter were of cold 

worked ribbed reinforcing steel, while the ones of nominal diameter 
of 8 mm were of hot rolled ribbed reinforcing steel. 

Material properties were determined by testing. Mean values of 

tested specimens are hereby specified: yielding strength of 589 

MPa, tensile strength of 684 MPa and strain at maximum force of 
6,38% were determined for hot rolled reinforcing steel while 

yielding strength of 573 MPa, tensile strength of 607 MPa and 
strain at maximum force of 2,13% were determined for cold worked 

reinforcing steel. Compressive strength of 28 day-old concrete was 
tested on concrete cubes with edge length of 150 mm, and mean 

value of testing results was 35,2 MPa. 

Testing determined the mean value of the coefficient of 
capillary absorption of concrete is 0,62 kgm-2h2 and mean value of 

specific coefficient of gas permeability is 1,353·10-13cm2. 
Resistance to penetration of chloride ions is evaluated [13] over the 

quantity of electricity which passed through the rolled specimens of 

nominal diameter of 102 mm and nominal high of 51 mm. Mean 
quantity of passing electricity through the specimens was 1249 

coulombs. Results of testing show that the specimens of beams and 
slabs were composed of concrete of mean quality according to 

transport-related properties [20, 21].  
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Fig. 3 Beam specimen [11, 12] 
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Fig. 4 Slab specimen [11, 12] 

Three levels of reinforcement corrosion were foreseen in the 
experimental programme. First level of reinforcement corrosion is 

determined as Pi,corr  0,05 mm, second level as 0,1 mm  Pi,corr <  

0,2 mm and third level as Pi,corr > 0,2 mm. 

For each level of corrosion, a series of four specimens of 

reinforced concrete beams and slabs were foreseen (a total of 16 
beams and 16 slabs).  

Initiation and acceleration of reinforcement corrosion in 

reinforced concrete beams and slabs was conducted in 
environmental chamber by repeating the 3-day cycles of wetting 

specimens by spraying with salt water and drying them [12]. The 
concentration of sodium-chloride (NaCl) in salt water used to spray 

specimens was 3,8% in relative to the water mass. The total 

duration of corrosion process in environmental chamber last for 383 
days (109 cycles). 

Specimens of beams and slabs were exposed to constant 

sustained loading in steel frames during the exposure to 
reinforcement corrosion. Sustained loading of specimens caused 

cracks in concrete with average width of 0,1 mm.  

Periodically, the reinforcement corrosion parameters (corrosion 
rate, half-cell potential and electrical resistance), were measured on 

specimens of reinforced concrete beams and slabs. After reaching 

each degree of reinforcement corrosion - one specimen of beams 
and slabs from the series were destroyed, the reinforcement was 

removed to conduct a detailed examination, measuring and testing 
of corroded reinforcement. Other specimens were tested by loading 

to failure to establish the bearing capacity of beams and slabs 
subjected to reinforcement corrosion (not in focus of this paper). 
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4. Measuring of Reinforcement Corrosion 

Parameters 

During the exposure of beam and slab specimens to 
reinforcement corrosion a total of 18 phases of measurements of 

corrosion parameters were conducted. GalvaPulseTM device based 

on galvanostatic impulse method was used for the measurements 
[11, 12].  
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Fig. 3 Beam specimens in the testing frame and corrosion measurement 
points [11, 12] 
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Fig. 4 Slab specimens in the testing frame and corrosion measurement 
points [11, 12] 

The corrosion parameters were measured at two points on the 
upper surface and at five points on the bottom surface of each beam 

specimen. On the slab specimen, corrosion was measured at 12 
points on the bottom surface of the slabs. The position of beam and 

slab specimens in the testing frames and the points of corrosion 

measurements are shown in Fig. 3 and Fig. 4. 

The measured values of corrosion parameters (corrosion rate, 

half-cell potential and electrical resistance) are presented in detail in 
paper [12].  

5. Determination of the pitting factor 

Loss of mass and depth of corrosion penetration into the 

reinforcement were determined on corroded reinforcing bars 
extracted from concrete specimens, after each reinforcement 

corrosion level reached (a total of three corrosion levels, as 

mentioned previously). The depth of corrosion at the pit position 
Ppit was measured with a point micrometer at the position of the 

greatest corrosion damage of the corroded reinforcement sample. 
Corrosion depths Pi,corr based on GPM technique corrosion 

measurements were determined using expression (1) and numerical 
integration. The length of the measuring range of the sensor 

(GalvaPulse) is 70 mm. Pitting factor   is determined by the 

following expression: 

    
pit

,corri

P

P
               (3) 

5.1 Hot rolled longitudinal beam reinforcement 

From the specimens of beams that reach the first, second and 

third level of corrosion, five reinforcing bar samples were taken, the 
order of which (from 1 to 5) corresponds to the position of 

corrosion measuring points along the beams (Fig. 3). 

The labelling of an individual beam specimen consists of mark 
GI, GII or GIII which denote series of beams in which the different 

level of reinforcement corrosion was reached (levels I, II and III) 
and label 1 to 4 representing the position of the beam specimen in 

the test frame (Fig. 3). 

Tables 1 to 3 show the mass losses, the corrosion depth at the 

pit position Ppit and the corrosion depths determined from the 
corrosion measurement results Pi,corr. The following notations are 

additionally used in the tables: 
L - the length of the corroded reinforcement sample (mm) 

M - mass of corroded reinforcement sample (g) 
m - length mass of corroded reinforcement (g/mm), m = M/L 

m0 - initial length mass of uncorroded reinforcement (g/mm) 

m - loss of length mass determined by reinforcement weighing 

(g/mm), m = m0 – m. 

 The initial length mass of uncorroded reinforcement m0 is 

0,4264 g/mm for nominal diameter of bars of 8 mm, 

Table 1: Weight loss and pitting factor, beam specimen GI-4 

Bar 
sample 

L  
[mm] 

M         
[g] 

m        
[g/mm] 

m 
[g/mm] 

m/m0 
[%] 

Ppit  

[mm] 

Pi,corr 

[mm] 
a 

1 395,49 162,2300 0,4102 0,0162 3,80 0,31 0,037 8,53 

2 391,20 160,1964 0,4095 0,0169 3,96 0,28 0,065 4,35 

3 384,50 158,1833 0,4114 0,0150 3,52 0,30 0,055 5,48 

4 395,04 161,8479 0,4097 0,0167 3,92 0,24 0,055 4,41 

5 389,40 159,2257 0,4089 0,0175 4,10 0,22 0,044 5,10 

Table 2: Weight loss and pitting factor, beam specimen GII-3 

Bar 
sample 

L  
[mm] 

M         
[g] 

m        
[g/mm] 

m 

[g/mm] 

m/m0 

[%] 

Ppit  

[mm] 

Pi,corr 

[mm] 
a 

1 391,83 154,3844 0,3940 0,0324 7,60 0,35 0,113 3,12 

2 390,31 153,6916 0,3938 0,0326 7,65 0,37 0,155 2,41 

3 390,14 153,4614 0,3933 0,0331 7,75 0,37 0,197 1,90 

4 394,71 155,4118 0,3937 0,0327 7,66 0,33 0,205 1,62 

5 395,30 156,2034 0,3952 0,0312 7,33 0,34 0,112 3,08 

Table 3: Weight loss and pitting factor, beam specimen GIII-3 

Bar 
sample 

L  
[mm] 

M         
[g] 

m        
[g/mm] 

m 

[g/mm] 

m/m0 

[%] 

Ppit  

[mm] 

Pi,corr 

[mm] 
a 

1 365,00 144,4748 0,3958 0,0306 7,17 0,50 0,147 3,42 

2 409,85 161,2990 0,3936 0,0328 7,70 0,67 0,246 2,74 

3 365,37 143,4460 0,3926 0,0338 7,93 0,61 0,245 2,50 

4 415,45 163,4729 0,3935 0,0329 7,72 0,59 0,289 2,05 

5 415,51 164,1946 0,3952 0,0312 7,33 0,44 0,159 2,79 
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The correlation between corrosion depth Pi,corr and pitting factor 

 for corroded hot rolled reinforcement in beam specimens can be 

established as it can be seen in Fig. 5. 
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Fig. 5 Relation between corrosion depth Pi,corr and pitting factor  for hot 
rolled beam reinforcement 

In the case of beam specimen reinforced with hot rolled steel 

bars, the pitting factor decreases with the progression of 
reinforcement corrosion. The highest value of pitting factor of 8,53 

is in case of low corrosion of the reinforcement. With further 
progress of reinforcement corrosion, the pitting factor decreases 

rapidly, and its value is approximately 2 for significant 
reinforcement corrosion. 

5.2 Cold worked longitudinal slab reinforcement 

From the specimens of slab that have reached the first, second 

and third levels of corrosion, three reinforcing bar samples are taken 
out, the order of which (from 1 to 3) corresponds to the position of 

corrosion measuring points along the slab specimen (Fig. 4). Marks 

PI, PII, PIII denote series of slabs in which the different level of 
reinforcement corrosion were reached (levels I, II and III). The 

labelling of an individual slab specimen consists of the mark PI, PII 
or PIII and numbers 1 to 4 representing the position of the specimen 

in the test frame (Fig. 4). 

Tables 4 to 6 show the mass losses, the corrosion depth at the 
pit position Ppit and the corrosion depths determined from the 

corrosion measurement results Pi,corr. The initial length mass of 
uncorroded reinforcement m0 is 0,2082 g/mm for nominal diameter 

of bars of 6 mm, 

Table 4: Weight loss and pitting factor, slab specimen PI-2 

Bar 
sample 

L  
[mm] 

M         
[g] 

m        
[g/mm] 

m 
[g/mm] 

m/m0 
[%] 

Ppit  

[mm] 

Pi,corr 

[mm] 
a 

1 396,57 82,2411 0,20738 0,00082 0,393 0,40 0,044 9,13 

2 494,91 102,6230 0,20736 0,00084 0,405 0,41 0,058 7,04 

3 342,52 69,8981 0,20407 0,00413 1,984 0,05 0,037 1,35 

Table 4: Weight loss and pitting factor, slab specimen PII-3 

Bar 
sample 

L  
[mm] 

M         
[g] 

m        
[g/mm] 

m 

[g/mm] 

m/m0 

[%] 

Ppit  

[mm] 

Pi,corr 

[mm] 
a 

1 444,99 91,5336 0,20570 0,00250 1,202 0,99 0,079 12,48 

2 356,35 72,3063 0,20291 0,00529 2,542 1,72 0,148 11,61 

3 356,30 73,6161 0,20661 0,00159 0,762 0,00 0,068 0,00 

Table 4: Weight loss and pitting factor, slab specimen PIII-1 

Bar 

sample 

L  

[mm] 

M         

[g] 

m        

[g/mm] 
m 

[g/mm] 
m/m0 

[%] 

Ppit  

[mm] 

Pi,corr 

[mm] 
a 

1 361,23 74,3715 0,20588 0,00232 1,112 0,29 0,153 1,90 

2 354,56 71,6718 0,20214 0,00606 2,909 0,77 0,272 2,83 

3 450,87 90,9239 0,20166 0,00654 3,140 0,27 0,136 1,99 

 

 As it is shown in Figure 6, there is no corelation between 

corrosion depth Pi,corr and pitting factor  for corroded cold worked 

reinforcement of slabs. The values of pitting factor vary from 0 to 
12,48. Roughly and on the safe side it can be accepted for Pi,corr ≤ 

0,15 mm the pitting factor is  = 12, and for Pi,corr > 0,15 mm the 

pitting factor is  = 3. 
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Fig. 6 Relation between corrosion depth Pi,corr and pitting factor  for cold 

worked slab reinforcement  

5. Conclusion 

This paper presents the values of pitting factors for hot rolled 
and cold worked steel reinforcement bars embedded in concrete 

beam and slab specimens exposed to accelerated corrosion of 
reinforcement in the salt environmental chamber using the 

galvanostatic pulse method and GalvaPulse measuring equipment. 

The corrosion depths are firstly calculated from the measured 
values of reinforcement corrosion rates. The corrosion depths 

determined form corrosion rate measurement are the mean values of 

the corrosion depths within the measuring range of the GalvaPulse 
measuring device. Since chloride corrosion of reinforcement by its 

nature is localised corrosion („pitting“), the actual corrosion depths 
at the pit location differ from the corrosion depths determined based 

on corrosion rate measurements. Therefore, measurements of 
corrosion depths at the pit location on reinforcing bars extracted 

from corroded samples of beams and slabs were performed. The 
relation between measured corrosion depth at the pit position and 

calculated corrosion depth using measured values of reinforcement 

corrosion rates is defined as pitting factor.The pitting factor should 
be determined for each measuring technique and measuring device.  

The results presented in this paper, in the case of applying the 

galvanostasis pulse method using the GalvaPulse measuring device, 
show the following:  

 The correlation between the corrosion depth calculated from the 

measured corrosion rates and the pitting factor can be established 
for hot rolled reinforcement in beam specimens. 

 The pitting factor for hot rolled reinforcement in beams decreases 

with the progress of corrosion, i.e. it decreases with increasing of 
reinforcement corrosion.  

 For cold worked reinforcement in slab specimens the correlation 

between the corrosion depth calculated from the measured 
corrosion rates and the pitting factor cannot be established. 

 It is proposed to use two values of the pitting factor for cold 

worked reinforcement in slabs depending on the value of the 
corrosion depth determined based on the corrosion rate 

measurement. 
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