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Abstract 
This report presents the results from a research project financed by the Swedish National 
Road Administration.  
 
In this project an instrument composed of computerised galvanostatic supplier and data 
acquisition system has been developed at SP for electrochemical measurement. With the 
help of this instrument, different measurement conditions and parameters could be 
evaluated and many electrochemical measurement data could be collected for later 
analysis. A numerical model based on a 2-D FEM (2-Dimensional Finite Element 
Method) has been established for modelling the corrosion measurement. With the help of 
this model, the measurement parameters could be optimised and the effectively confined 
current could be evaluated. Based on the results of numerical modelling and the studies 
on the small and big reinforced concrete slabs, a rapid method for measuring corrosion 
rate has been developed. The method involves a short time galvanostatic pulse 
measurement followed with the numerical calculation for correcting the preset 
polarisation current from the measured data, so as to produce “true” resistance values 
related to the confined area. Owing to its rapidity (in a few seconds per measurement), 
this method provides a useful tool for mapping corrosion rate of reinforcement steel in 
concrete structures. The results from a comparative measurement on both small and big 
reinforced concrete slabs show that the corrosion rate measured by the new rapid method 
is quite comparable with that measured by Gecor, which uses the modulated confinement 
technique. The results from the field measurements on two old concrete bridges also 
show that the corrosion extent measured by the new rapid method is in good agreement 
with the visual observations.  
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Preface 
In Sweden, there are more than 14200 highway bridges, which are exposed to a severe Nordic 
climate with deicing salt used in the winter. The corrosion damage is one of the big problems 
and the cost of repairs is a considerable part of the annual budget of the Swedish National 
Road Administration. The engineers need a rapid method to accurately map the corrosion of 
steel in the concrete structures in order to make a proper plan for repair and maintenance 
work. There exist limited types of commercial instruments for the field measurement of 
corrosion rate, but different instruments give different corrosion rates and the differences can 
sometimes be larger than one or two orders of magnitude! With such large differences it is 
difficult for engineers to practically use these commercial instruments in the inspection work.  
 
Recently several Swedish partners including research institute, university, construction 
companies, and governmental authorities participated in the EC Innovation project 
CONTECVET, which resulted in a validated user manual for assessing the residual service 
life of concrete structures. A rapid method is also needed to implement the CONTECVET 
manual for assessing the corrosion-affected concrete structures. 
 
Therefore, there is a need to evaluate the state-of-the-art test methods for corrosion rate 
measurement and further develop a reliable rapid method for mapping corrosion of steel in 
concrete structures. SP carried out such a project under the financial support from the 
Swedish National Road Administration. This is the final technical report of the project. 
 
 
 
Tang Luping 
 
Borås, December 2002 
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1 Introduction 
Corrosion of steel in reinforced concrete structures is a serious problem around the whole 
world. According to the conservative estimates, in the developed countries one-half of 
highway bridges are deteriorating due to the corrosion of reinforcement. Every year a lot of 
money was spent for repairs of highway bridges due to the corrosion damage. In the United 
States, annual cost of rebar corrosion was estimated at $150 to 200 billion (Fasullo, 1992). In 
the United Kingdom, the Highways Agency’s estimate of salt induced corrosion damage is a 
total of £616.5 million on motorway and trunk road bridges in England and Ales alone 
(Wallbank, 1989). In Sweden, there are more than 14200 highway bridges and the cost of 
repairs is a considerable part of the annual budget of the Swedish National Road 
Administration. In addition to the direct economic losses, the failure of expensive 
infrastructures can be tragedies and can have serious economic, environmental and social 
consequences.  
 
If corrosion of reinforcement could be detected at an early age, proper measures could be 
taken to prevent or delay the corrosion damage, thus great amount of labour and money could 
be saved in post-repair work, and potential serious accidents could be avoided. Therefore, 
mapping corrosion of steel in concrete is an important measure for maintenance and repair 
planning of these structures. Since corrosion is an electrochemical process, most of the non-
destructive methods for the field applications are based on electrochemical principles. A 
critical review of the state-of-the-art of the techniques for the field measurement has been 
previously reported (Tang, 2001). Among the electrochemical methods, the half-cell potential 
measurement as described in ASTM C 876 is the simplest one. This method can, however, 
only give some information about the risk of corrosion, but cannot tell if the steel is really 
corroding or not. In the past decades, the Spanish research group developed an instrument, 
called Gecor, for the field measurement, which is based on the linear polarisation technique 
combined with the modulated confinement technique. The instrument is a robust type, but not 
very suitable for mapping due to its relatively long measurement duration. Another 
commercial instrument, called GalvaPulse and developed in Denmark, is based on the 
galvanostatic pulse measurement (GPM). This is a rapid method and it takes only seconds per 
each measurement. Due to its rapidity, GPM will be a promising method for mapping a large 
area in a short time. However, an argument is that the corrosion rate measured by GalvaPulse 
is often significant higher than that measured by Gecor. In the literature, no convincing 
calibration data are available for clarifying the differences between these different 
instruments. Therefore, the Swedish National Road Administration financed this project to 
investigate the differences between GPM and Gecor, and further to develop a reliable rapid 
method for mapping corrosion of steel in concrete structures.  
 
This report presents the results from the research project No. AL 90 A,B 2000:22960, 
financed by Swedish National Road Administration (Vägverket). 
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2 Theoretical Basis of Electrochemical Techniques 

2.1 Corrosion processes of steel in concrete 

A more detailed description of corrosion processes of steel in concrete has been given in the 
state-of-the-art report (Tang, 2001). In this section the basic processes will be highlighted.  
 
Steel in concrete is originally protected by a passive layer of iron oxide thanks to the 
alkalinity of pore solution. This passive layer is very dense and has a very high polarisation 
resistance, resulting in a very low corrosion rate. Once the passive layer is broken due to 
chloride penetration or carbonation, a corroded area on the steel will be formed. This 
corroded area functions as an anode, where the steel dissolves and gives up electrons through 
the anodic reaction (oxidisation of iron): 
 
Fe → Fe2+ + 2e- (2.1) 
 
The nearby non-corroded area becomes cathode, where two electrons from equation (2.1) are 
consumed to preserve the electrical neutrality. The most common cathodic reaction is the 
reduction of oxygen: 
 
2e- + ½O2 + H2O → 2OH- (2.2) 
 
The pore solution connects the anode and cathode to form a micro electrical circuit, as shown 
in Fig. 2.1.  
 
 

 
Fig. 2.1 Schematic of basic processes of corrosion of steel in concrete. 
 
 
It can be seen from Fig. 2.1 that there are two current flows: one through the steel (electronic 
current due to the release of 2e- from the anode reaction to form Fe2+) and another through the 
concrete (ionic current due to the capture of 2e- from the cathode reaction to form 2OH-). 
Since the steel has a very high conductivity, the current flow in the above circuit is governed 
by the ionic current that is dependent on the conductivity of concrete in the layer close to the 
steel surface. This layer is an ion enriched layer and has a strong polarisation character like a 
large capacitance. It is this polarisation character which lays the foundations of the 
electrochemical techniques for measuring corrosion rate of steel in concrete.  

½O2 + H2O + 2e- → 2OH-
Fe → Fe2+ + 2e-

Anode CathodeElectronic
current

Ionic current

½O2 + H2O + 2e- → 2OH-
Fe → Fe2+ + 2e-

Anode CathodeElectronic
current

Ionic current
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2.2 Definitions of corrosion rate 

Since the ionic current in the circuit shown in Fig. 2.1 reflects the extent of corrosion process, 
the rate of corrosion is often expressed in terms of corrosion current. From the engineering 
point of view, it is more convenient to express the corrosion rate in terms of section loss or 
corrosion depth. Faraday’s law describes the relationship between section loss and corrosion 
current: 
 

corri
zF
M

t
x

⋅
ρ

=
∆
∆  (2.3) 

 
where x is the section loss or corrosion depth of steel, t is the corrosion duration, M is the 
molecular weight of metal (M = 56 g/mol for Fe), z is the number of ionic charges (z = 2 for 
Fe), F is the Faraday constant (F = 96480 C/mol or A⋅s/mol for Fe), ρ is the specific density 
of metal (ρ = 7.85 g/cm3 for Fe) and icorr is the density of corrosion current (often in µA/cm2). 
Thus 1 µA/cm2 of corrosion current can easily be converted to 11.6 µm/yr of section loss. 
 
According to the relationship presented by Stern & Geary (1957), corrosion current icorr is 
inversely proportional to polarisation resistance Rp (often in kΩ): 
 

p
corr AR

Bi =  (2.4) 

 
where B is a constant which is often assumed as 26 mV (Andrade & González, 1978) and A is 
the polarised area (often in cm2). For a steel bar in concrete, the value of A is often calculated 
by  
 

pDLA π=  (2.5) 
 
where D is the diameter of the steel bar and Lp is the polarised length on the steel bar. For a 
confined measurement system, Lp = Lconf, where Lconf is the confined length. Therefore, if the 
polarisation resistance Rp could be measured, the corrosion rate would be calculated from the 
above equation.  
 
 
2.3 Measurement of polarisation resistance 

Different techniques can be used for measuring polarisation resistance: linear polarisation 
technique, pulse technique, and electrochemical impedance spectroscopy (EIS). The linearity 
between potential drift η and current density i, as e.g. shown in Fig. 2.2, is a essential 
requirement of all the above mentioned techniques. Since the equipment for EIS measurement 
is very complicated and costly, so far there is no commercial instrument available for the field 
measurement. Therefore, only linear polarisation technique and pulse technique will be 
discussed below. 
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Linear polarisation technique 
Linear polarisation technique directly makes use of Ohm’s law to the linear relationship 
between polarisation potential and current: 
 

corrcorr EEEEI
I
E

I
E

R
→→→

∆
=

∆

∆
=

ppp
p

p

,0p

p
p  (2.6) 

 
where Ep and Ip are the polarisation potential and current, respectively, and Ecorr is the 
corrosion potential, which is measured using the half-cell technique. When Ip is close to zero, 
Rp will be in the linear range. 
 
 

 
 
Fig. 2.2 Polarisation curve for a reversible electrochemical system 

(Cox et at, 1997). 
 
 
Theoretically, there are two ways to obtain ∆Ep/Ip:  

• Potentiostatic way – applying a constant external potential ∆Ea and measuring the 
response current Ip. 

• Galvanostatic way – applying a constant external current Ip and measuring the 
potential response ∆Ea. 

 
It should be pointed out that the applied or recorded ∆Ea is the total potential drop, which is a 
sum of ∆Ep and ∆EΩ, the latter is called “ohmic drop” and attributed to the ohmic resistance 
RΩ between the steel reinforcement and the counter electrode.  
 
∆Ep = ∆Ea - ∆EΩ = ∆Ea - Ip·RΩ (2.7) 
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Therefore, it is important to know the actual value of RΩ in order to correctly quantify the 
polarisation resistance Rp.  
 
Pulse technique 
Pulse technique is, in fact, based on the same principle as linear polarisation technique. The 
main difference between these two techniques is that the linear polarisation technique 
measures responses of potential/current under a stationary state, while the pulse technique 
measures the responses under a non-stationary (transient) state, as shown in Fig. 2.3. In both 
these two techniques, the supplied current or potential must be small enough to assure a 
response in the linear polarisation range. Therefore, the pulse technique could be called as a 
non-stationary state linear polarisation.  
 

 
 
Fig. 2.3 Illustration of response curves under a galvanostatic pulse (left) 

and a potentiostatic pulse (right). 
 
 
For a steel-concrete system it is difficult to apply a potentiostatic pulse due to the unknown 
potential drop on the surface of counter electrodes. Therefore, a galvanostatic pulse is 
normally used in the measurement, called GPM. When applying a constant current to the 
steel-concrete system, the responses of potential Ea will change with time t in the non-
stationary state due to the capacitance behaviour of the system. Assuming that the system is 
like a Randles circuit, the potential responses can be expressed as 
 

( ) ( ) 












−+=










−∆+=∆+=

−

Ω
τ

−
dlp11 pppp00a

CR
tt

eRIRIeEEtEEtE  (2.8) 

 
where τ is the time constant and Cdl is the double layer capacitance. Curve-fitting the 
measured values to the above equations one can obtain not only polarisation resistance Rp, but 
also other two informative parameters RΩ and Cdl.  
 
Another way to evaluating the measured data is to transform Equation (2.8) to a linear form:  
 

( ) ( ) ( )
dlp

pppamax lnlnln
CR
tRItEEE −=

τ
−∆=−  (2.9) 
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where Emax is the maximum potential reached after a long time (theoretically, t should be 
larger than 5×RpCdl). Extrapolation of this straight line to t = 0, using least square linear 
regression, yields an intercept corresponding to ln(IpRp) with a slope of 1/( RpCdl). Thus Rp 
can be obtained from the intercept and Cdl can then be obtained from the slope (Elsener et al, 
1997).  
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3 Instrument Developed at SP 

3.1 Counter and guard electrodes 

In most of the commercial instruments the circular shape of counter and guard electrodes is 
often adopted. So far there is no strong theoretical background behind this circular shape, 
because in many cases the reinforced steel is normally assumed as a single or parallel bars 
embedded in concrete. Probably the circular shape of counter and guard electrodes came out 
just from a pure empiric consideration. At the present, only 2-D numerical modelling is 
available and will be presented later in Chapter 4. Without 3-D numerical modelling, it is 
difficult to evaluate the applicability of the circular shape of counter and guard electrodes. In 
order to model electrical current distributions using 2-D numerical modelling, the rectangular 
shape of counter and guard electrodes were used in this study. The unit of electrodes consists 
of two counter electrodes, two guard electrodes and a reference electrode, as shown in Fig. 
3.1. All the counter and guard electrodes were made of stainless steel and the reference 
electrode is a type of silver/silver chloride.  
 
 

 
Fig. 3.1 Unit of counter and guard electrodes. 
 
 
3.2 Galvanostatic supplier and data acquisition  

The galvanostatic supplier (two channels) and data acquisition used in this study were built at 
SP based on the commercial product DaqBook260, manufactured by Iotech Inc in USA. This 
is a computerised system with 12 bits resolution for galvanostatic output and 16 bits 
resolution for data acquisition. These high resolutions assure an accurate measurement. The 
test parameters can be easily and flexibly set through the visualised panel and the measured 
data are clearly illustrated on the screen, as shown in Fig. 3.2. The measured data can be 
directly transferred to the desired Excel worksheet for further analysis. This is especially 
useful for studying the polarisation behaviours of the steel-concrete system. An example of 
recorded data including supplied current and potential response is shown in Fig. 3.3. 
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Fig. 3.2 Digitalised panel of SP’s instrument. 
 
 

 
Fig. 3.3 Example of the recorded data from SP’s instrument. 
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3.3 Measurement arrangement 

The entire measurement arrangement of SP’s instrument is illustrated in Fig. 3.4. A wet 
sponge is place on concrete surface in order to improve the contact between concrete and the 
electrodes unit. The instrument measures the corrosion potential Ecorr by the reference 
electrode placed at the centre of the electrodes unit. A galvanostatic current ICE is applied to 
the counter electrodes. Another current IGE is applied to the guard electrodes. The ratio of IGE 
to ICE is dependent on the size of concrete specimens and will be discussed later in Chapter 4. 
Immediately after having imposed the currents ICE and IGE, the data acquisition system starts to 
record the signal responses of potential ∆Ea at a specified frequency (normally 50 Hz). The 
recorded potential-time curve is directly displayed on the computer screen and used for curve-
fitting to equation (2.8) for calculation of ohmic resistance RΩ, polarisation resistance Rp, and 
double layer capacitance Cdl.  
 
 

 
Fig. 3.4 Measurement arrangement of SP’s instrument. 
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4 Numerical Modelling of the Measurement System 

4.1 Brief literature review 

Although the polarisation techniques have been introduce into steel-concrete system for two 
to three decades, very little work has been done on numerical modelling of the measurement 
system. Up to now only a few papers dealing with the numerical modelling have been found 
in the literature (e.g. Matsuoka et al, 1990 and J. Flis et al, 1993). In these papers, the 
modelling was limited to potentiostatic conditions. As mentioned in Chapter 2, it is difficult 
to apply potentiostatic conditions in the field measurement due to the unknown potential 
drops on the counter and guard electrodes. Therefore, their results may not be relevant to the 
galvanostatic measurement system. In addition, in both of the papers the authors used 2-D to 
model the system with circular shape of counter and guard electrodes by separating the 
system into two sections: longitudinal and transverse from the centre of the electrodes unit. 
Due to this circular shape of electrodes unit, the geometrical sizes in each transverse section 
along the longitudinal direction are different and vice versa. This implies that it is practically 
impossible to do the quantitative analysis under 2-D without coupling every different section. 
Therefore, their modelling is more or less qualitative.  
 
In this study, the modelling was based on a 2-D FEM (2-Dimensional Finite Element 
Method). This means that the current distributions in every transverse section are assumed 
similar.   
 
 
4.2 Equivalent circuits 

The steel-concrete system can be described using different equivalent circuits, as shown in 
Fig. 4.1.  
 

 
Fig. 4.1 Different equivalent circuits for the steel-concrete system. 
 
 
Among the above equivalent circuits, the Randles circuit is the simplest one and has been 
found wide applications. For localised corrosion, the parallel Randles circuit is a useful one 
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and it can be easily simplified to the single Randles circuit. More discussions on the 
application of these equivalent circuits will be given in Chapter 5. At the present the 
numerical modelling can only be used to calculate the stationary conditions. Therefore, it does 
not matter which equivalent circuit to be chosen because under the stationary conditions, the 
capacitance effect will disappear and different polarisation resistances Rp1 and Rp2 can be 
simplified to one single Rp, as shown in Fig. 4.2, where the dimensions of counter and guard 
electrodes are the same as shown in Fig. 3.1, the confined length Lconf should be 10.5 cm 
according to the dimensions of the electrodes unit, the thickness of sponge lsp is taken as 0.3 
cm and the thickness of surface film lf is assumed to be 0.1 cm, and the thickness of concrete 
cover lc and the length of reinforced concrete L are variable depending on the situations to be 
modelled. In the reality the reinforced concrete structure is much longer than the counter and 
guard electrodes. In the modelling, however, if the current does not spread very far away, it is 
unnecessary to have a large value of L, because the large value of L will increase the 
computing time and also decrease the precision of the numerical results. Therefore, in most 
cases, a value of L = 200 cm was chosen in the modelling. When the simulated distribution 
curve shows a significant current density at the end of steel, a larger L value was chosen. 

 
Fig. 4.2 Equivalent circuit and dimensions used in the numerical modelling. 
 
 
4.3 PED toolbox and boundary conditions 

The commercial available software MatLab with PDE (Partial Differential Equation) Toolbox 
was employed for the numerical modelling. The application mode for conductive media has 
already been provided in the toolbox. In this application mode, the current density J is related 
to the electric filed E through J = σE, where σ is the conductivity of a conductive medium. 
Combining the conductivity equation ∇·J = Q, where Q is a current source, with the 
definition of the electric potential V yields the elliptic Poisson’s equation: 
 

( ) QV =∇σ⋅∇−  (4.1) 
 
The only two PDE parameters are the conductivity σ and the current sources Q. In this study 
Q = 0, because the current sources will be assigned by the Neumann boundary condition as 
described later. 
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There are two types of boundary conditions: 1) Dirichlet boundary condition and 2) Neumann 
boundary condition. The Dirichlet boundary condition assigns the value of the electric 
potential V to the boundary. In the case of galvanostatic measurement, only the boundary of 
steel could be under the Dirichlet condition with V = 0. The Neumann boundary condition 
assigns the value of the current density g to the boundary. This boundary condition can be 
used to any boundary where the Dirichlet boundary condition is not applicable. An example 
of boundary conditions for the numerical modelling in this study is shown in Fig. 4.3, where 
the Neumann boundary condition is applied to all the boundaries except for the boundary of 
steel that is under the Dirichlet condition with V = 0. The boundaries of counter electrode CE 
and guard electrodes GE are assigned with the current density g, which can be calculated 
from the applied galvanostatic current and the length of the electrode, that is,  
 

CE

CE
CE 2l

I
g =  and 

GE

GE
GE 2l

I
g =  (4.2) 

 
The other boundaries are assigned with g = 0. Since lCE  = 2lGE in SP’s electrodes unit (see 
Fig.3.1),  
 

CE

GE

CE

GE 2
I
I

g
g

=  (4.3) 

 
 
 

 
Fig. 4.3 Example of boundary conditions for the numerical modelling. 
 
 
In the literature, it has been reported that the resistivity of concrete could be in the range of a 
few kΩcm to thousands kΩcm (Rodríguez et al, 1995). It is reasonable to assign a value of σc 
= 0.1 kΩ-1cm-1 for a wet or young concrete, σc = 0.01 kΩ-1cm-1 for a normal dry concrete, and 
σc = 0.001 kΩ-1cm-1 for a very dry concrete. 
 
The wet sponge placed on the concrete surface must have conductivity higher than the 
concrete. Therefore, in this study the conductivity of the wet sponge σsp is assumed to be σsp 
= 1 kΩ-1cm-1.  
 
It is in lack of information about the actual conductivity of the surface film. However, once 
the thickness of the film is assumed, e.g. lf = 0.1 cm in this study, the conductivity of the 
surface film can be estimated from equation (2.4), that is, 

Concrete

Steel

Surface film

GE1 CE1 CE2 GE2

σc

σf

σspWet sponge

Dirichlet, V = 0 

Concrete

Steel

Surface film

GE1 CE1 CE2 GE2

σc

σf

σspWet sponge

Dirichlet, V = 0 



 13

 

  corrf
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f
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AR
l

==σ  (4.4) 

 
It is obvious that σf is directly related to the density of corrosion current. The values of σc 
corresponding to different corrosion rates are listed in Table 4.1. 
 
Table 4.1  Values of σc corresponding to different corrosion rates.  

icorr, µA/cm² 0.03 0.1 0.3 1 3 10 

σc, kΩ-1cm-1 0.0001 0.0003 0.001 0.003 0.01 0.03 

 
 
4.4 Distributions of current density and potential 

The toolbox solves equation (4.1) using the 2-D FEM and supplies the numerical solutions of 
potential gradient ∇V and current density J (= σ∇V).  
 
The total current Itot received by the steel can be obtained by integrating J at the surface of 
steel: 
 

∫
−

−= ∂
∂

σ=
2

2

tot

L

L
ly

dx
x
VI

c
 (4.5) 

 
The integrated value of 

cly
I

−=tot should be approximately equal to the sum of the imposed 

current ICE and IGE. If not, there must be something wrong in the programming, or a poor 
mesh structure, or due to the sharp distributions of current density, e.g. when modelling 
localised corrosion. Therefore, equation (4.5) can be used to check the precision of the 
numerical results.  
 
An important objective of the modelling work is to find out the current received by the steel 
in the confined area Lconf, .  
 

∫
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∂
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2

conf

conf
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L

L
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x
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 (4.6) 

 
The value of 

cly
I

−=conf  should be equal to ICE, otherwise the confinement is not reached. 
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5 Results from Modelling of Different Cases 
 
5.1 Measurement without guard electrodes 

When assigning gGE = 0 to the boundaries of guard electrodes, the numerical model will 
simulate the polarisation measurement using counter electrodes only. The common 
parameters used in this simulation include the current ICE = 8 µA, which corresponds to a 
value of gCE = 1 µA/cm, and the concrete cover lc = 5 cm. The conductivities for different 
cases are listed in Table 5.1. The results are shown in Fig. 5.1, where the theoretical level is 
the ratio of ICE/Lconf.  
 
 
Table 5.1  Values of conductivity used for different cases, in kΩ-1cm-1.  

 icorr, µA/cm² σc  σf σc/σf 

Case 1 Passive steel (icorr < 0.03 µA/cm²)   
and wet concrete 

0.1 0.0001 1000 

Case 2 Passive steel (icorr, < 0.03 µA/cm²)   
and normal dry concrete 

0.01 0.0001 100 

Case 3 Passive steel (icorr, < 0.03 µA/cm²)   
and very dry concrete 

0.001 0.0001 10 

Case 4 Corroding steel (icorr ≈ 3 µA/cm²)    
and wet concrete 

0.1 0.01 10 

Case 5 Corroding steel (icorr ≈ 3 µA/cm²)    
and normal dry concrete 

0.01 0.01 1 

Case 6 Corroding steel (icorr ≈ 3 µA/cm²)    
and very dry concrete 

0.001 0.01 0.1 

Case N No polarisation resistance       
(conductive film) 

0.1 106 107 

 
 
It is obvious from the results shown in Fig. 5.1 that, without guard electrodes, at least half of 
the current from the counter electrodes has disappeared from the area under the counter 
electrodes. In the case of passive steel embedded in a wet concrete, more than 80% current 
has dispersed outside the measurement area! It can be found from Fig. 5.1 that, when the ratio 
of σc/σf is large than 10, the dispersion of current is very significant. When σc/σf <10, the 
distribution curves become very similar, that is, about half of current is distributed outside the 
measurement area, even when the surface film becomes conductive (Rp tends to 0). This 
means that the critical length Lcrit as defined by Feliu et al (1988) always exists, even when 
the steel is in corroding status (under the assumption of general corrosion). The situation of 
localised corrosion will be discussed later in section 5.6.  
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Fig. 5.1 Current distributions at the surface of steel in the measurement without guard 

electrodes. 
 
 
5.2 Measurement with guard electrodes 

From the previous section it is clear that guard electrodes must be used to confine the 
polarisation current to the specified area. The first question is how much current should be 
imposed to the guard electrodes in order to confine ICE. To answer the question, the proper 
values of IGE/ICE for different concrete covers and different ratios of σc/σf were found out 
from the modelling. An example of current distributions after imposing proper guard 
electrode current is shown in Fig. 5.2. The relationships between the proper values of IGE/ICE 
and σc/σf are shown in Fig. 5.3.  
 

 
Fig. 5.2 Current distributions on the surface of steel after imposing proper guard electrode 

currents IGE. 
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Fig. 5.3 Relationships between the proper values of IGE/ICE and σc/σf 
 
 
It is obvious that for passive steel in wet concrete, a high guard electrode current (large value 
of IGE/ICE) is needed to properly confine the counter electrode current. The thicker the 
concrete cover, the larger the value of IGE/ICE.  
 
 
5.3 Effect of wet sponge 

In almost all kinds of instrument a wet sponge or alike is usually used to improve the contact 
between electrodes and concrete surface. Little work has, however, been done to investigate 
the effect of this wet sponge on distributions of current, potential, etc. With the help of the 
numerical modelling, it is possible to study this effect. 
 
The general effect of wet sponge is shown in Figs. 5.4 and 5.5. It can be seen from the results 
that the use of wet sponge has no remarkable effect on the distributions of current on the 
surface of steel, see Fig. 5.4. A positive effect could be found from Fig. 5.5, that is, the wet 
sponge tends to reduce the potential difference under the electrodes, which makes the 
potential measured by the reference electrode at the central point more representative for the 
confined area. The reason should be very clear, that is, wet sponge has a significantly higher 
conductivity than concrete, and this conductive layer even up the potential gradient. 
 
Since the potential response is normally measured at the central position of the wet sponge, it 
is interesting to investigate the effect of sponge conductivity on the responded potential E0, 
because the value of E0 is often used for the calculation of ohmic resistance. To simulate this 
effect, the film conductivity σf was set to 106 kΩ-1cm-1, implying that the system has only 
ohmic resistance. Different ratios of sponge conductivity σsp to concrete conductivity σc have 
been tested and the results are shown in Fig. 5.6. It is obvious that the responded potential E0 
is directly proportional to the guard current IGE and their relationship can be expressed as  
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where α is the proportional factor and is dependent on the ratio of σsp to σc. Theoretically, 
when σsp is far higher than σc, the factor α should equal to 1. Practically, α is in most cases 
less than 1 and only when concrete is very dry could its value be close to 1. Therefore, the 
measured potential responses should always be corrected according to the actual measurement 
situations. A practical correction procedure will be given in the next section. 
 

 
Fig. 5.4 Effect of wet sponge on the distributions of current on the surface of steel. 
 
 

 
Fig. 5.5. Effect of wet sponge on the distributions of potential at the level 

where the potential is measured. 
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Fig. 5.6 Increase in the responded potential E0, due to the imposing of guard 

electrode current IGE. 
 
 
 
5.4 Proposed new approach 

Since the values of conductivity are unknown, especially for σf, which is what we are going 
to measure, the relationships shown in Fig. 5.3 cannot directly be used in the field 
measurement. One of the approaches could be to preset a value of IGE/ICE in the measurement, 
and afterwards correct the results according to the measured data. We will first discuss how to 
obtain the true resistances from the measurement and then discuss the presetting of IGE/ICE.  
 
Let us denote Rp and RΩ as the true resistances, and denote Iconf as the effectively confined 
current flowing through the steel in the confined area A. Theoretically, for a 2-D model the 
following equation should hold: 
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where Ac is the area of concrete, through which the current Iconf flows to the steel. Ac is 
approximately equal to the mean value of the sponge area Asp and the confined steel area A. If 
we apply a very short pulse with ICE only, we will obtain a response
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used for calculating RΩ. Theoretically, since the ohmic resistance of concrete is constant 
during the test, under the pulse of Itot = (ICE + IGE) the value of ∆EΩ should be 
 

 
CE
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CE I
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EE
I

=∆ Ω  (5.3) 

 
Owing to the effect of sponge as discussed in the previous section, the responded potential 
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 will follow equation (5.1). Comparing equations (5.3) and (5.1) yields a correction 

factor β, 
  

( ) ( )GECE

CE

GECE
0

0

CE

tot

GECE

tot

0

  
II

I

II
E

E

I
I

II
I

E
E

++

Ω ⋅=
α+

=
∆

=β  (5.4) 

 
where α is as defined in equation (5.1). It can be seen that β ≥ 1 because α ≤ 1. Similarly, in 
order to calculate ∆Ep, all the measured values of ( ) ( )GECE IIitE

+
 should be corrected by the 

factor β. 
 
Now equation (5.2) can be rewritten as 
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The parameters on the right side of the above equation are all available from the 
measurement, even though the value of ∆Ep needs some mathematical treatment, for instance, 
by curve-fitting the measured data ( ) ( )GECE IIitE

+
β  to equation (2.8) or (2.9). Therefore, if we 

can find the relationship between the effectively confined current Iconf and σclf/σf, the true Rp 
could be solved. Re-evaluating the values in Fig. 5.3 we can express Iconf as 
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where k1, k2, k3 and k4 are numerical coefficients, whose values are dependent on the 
geometries of the electrodes. 
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A comparison between the values re-calculated from Fig. 5.3 and those from equation (5.6) is 
shown in Fig. 5.7. It can be seen that equation (5.6) well represents the results from the 
numerical modelling. Therefore, the true resistances RΩ and Rp can be obtained by from 
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One of the most important purposes of the field measurement is to distinguish the passive and 
corroding status of reinforcement steel. The worst situation is when steel is in passive status 
(high polarisation resistance or low value of σf) and concrete is water saturated (low ohmic 
resistance or high value of σc), for instance, the concrete in submerged zone, because in this 
situation the current can widely disperse, easily resulting in an overestimated corrosion rate if 
the confinement is insufficient. Therefore, it is reasonable to presume this worst situation and 
preset a high value of, e.g. IGE/ICE = 4∼5, which is correspondent to the situation of wet 
concrete with passive reinforcement, and a low value of, e.g. IGE/ICE = 1∼2, which is 
correspondent to the situation of corroding reinforcement. If the actual situation is not as 
presumed, for instance, if the steel under the measurement point is corroding when having 
applied a high value of IGE/ICE, a low value of K will be obtained, resulting in an effectively 
confined current Iconf higher than the preset ICE according to equation (5.6). Hence the true 
resistances RΩ and Rp could anyway be corrected by equations (5.8) and (5.9).  
 

 
 
Fig. 5.7 Relationship between the effectively confined current Iconf and the value K. 

Data with marks from the numerical modelling as shown in Fig. 5.3, and 
lines from equation (5.6). 
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5.5 Localised corrosion 

It is commonly understood that, under the chloride attack, corrosion of steel is often localised. 
While in all types of polarisation measurement, a general corrosion is assumed. Therefore, it 
would be worthy to simulate the situation of localised corrosion. 
 
In the modelling the size of localised corrosion was assumed as the same as the confined 
length Lconf. The conductivity of the surface film in the localised corrosion zone was assumed 
as σf = 0.01 kΩ-1cm-1 (icorr ≈ 3 µA/cm²), which the passive film was assumed to have a 
conductivity of σf = 0.0001 kΩ-1cm-1 (icorr ≈ 0.03 µA/cm²). The position of localised corrosion 
varied from P0 (exactly under the counter electrodes) to P5 (about 40 cm away from the 
counter electrodes), as shown in Fig. 5.8. Three types of concrete, wet (σc = 0.1 kΩ-1cm-1), 
normal dry (σc = 0.01 kΩ-1cm-1) and very dry (σc = 0.001 kΩ-1cm-1), were simulated. Two 
combinations of current, that is, IGE/ICE = 4.5 and IGE/ICE = 0.5, correspondent to the ratios of 
current density gGE/gCE = 9 and 1 on the boundary conditions for the electrodes unit. The 
calculated current distributions are shown in Figs. 5.9 and 5.10. 
 
 

 
Fig. 5.8 Schematic of positions for simulating localised corrosion. 
 
 
As expected, when the counter electrodes unit is placed at the positions very close to the 
localised corrosion (P0 and P1), the portion of steel with localised corrosion drains most of 
the current if the concrete is not very dry. This draining effect becomes less and less when the 
position of localised corrosion is more than 10 cm away from the confined area. For very dry 
concrete, there is almost no any remarkable draining effect from the localised corrosion. It is 
interesting to have seen from the results shown in Figs 5.9 and 5.10 that the ratio of IGE to ICE 
seems not remarkably change the profiles of current distribution, probably because of the use 
of wet sponge, which has a relatively high conductivity and hence reduces the potential 
gradient, mixes two currents ICE and IGE, and redistributes the total current through its whole 
surface to the concrete. Further study is needed to find out the convincing explanations.  
 
A comparison between the effectively confined current Iconf integrated using equation (4.6) 
and that calculated using equation (5.6) is shown in Fig. 5.11. It is apparent that the worst 
situation is when the concrete is wet and the localised corrosion is allocated precisely 
neighbouring to the confined area. In such a situation the polarisation resistance will be 
underestimated by about 50%, resulting in an overestimation in corrosion rate by a factor of 2. 
It should, however, be acceptable under such a situation, because the real corroding steel is 
just in the neighbourhood and this overestimation can at least give some warning of corrosion. 
In the other situations the error caused by the localised corrosion will be less than a factor of 
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2. Therefore, equation (5.6) is also applicable to the situations with localised corrosion 
without resulting in significant error.  
 
It can also be seen from Figs. 9 and 10 that, only when concrete is wet and the counter 
electrodes unit is exactly placed above the steel with localised corrosion, could the critical 
length Lcrit due to current dispersion become negligible. Nevertheless, when equation (5.6) is 
used for calculating the effectively confined current, the meaning of critical length becomes 
less important.  
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Fig. 5.9 Distributions of current density on the surface of steel under the localised 

corrosion with the ratio of IGE/ICE = 4.5. 
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Fig. 5.10 Distributions of current density on the surface of steel under the localised 

corrosion with the ratio of IGE/ICE = 0.5. 

0

0.5

1

1.5

-100 -50 0 50 100

x ,

P 0
P 1
P 2
P 3
P 4
P 5

Wet concrete

I conf/L conf for passive

l c = 5 cm

ICE + IGE = 8 + 4 µA

I conf/L conf for corroding

0

0.5

1

1.5

-100 -50 0 50 100
Distance x , cm

P 0
P 1
P 2
P 3
P 4
P 5

Normal dry concrete

l c = 5 cm

ICE + IGE = 8 + 4 µA

I conf/L conf for passive

I conf/L conf for corroding

0

0.5

1

1.5

-100 -50 0 50 100

Distance x , cm

P 0
P 1
P 2
P 3
P 4
P 5

Very dry concrete

l c = 5 cm

ICE + IGE = 8 + 4 µA

I conf/L conf for passiveI conf/L conf for corroding

C
ur

re
nt

 d
en

si
ty

 J
[µ

A
/c

m
]

C
ur

re
nt

 d
en

si
ty

 J
[µ

A
/c

m
]

C
ur

re
nt

 d
en

si
ty

 J
[µ

A
/c

m
]

0

0.5

1

1.5

-100 -50 0 50 100

x ,

P 0
P 1
P 2
P 3
P 4
P 5

Wet concrete

I conf/L conf for passive

l c = 5 cm

ICE + IGE = 8 + 4 µA

I conf/L conf for corroding

0

0.5

1

1.5

-100 -50 0 50 100
Distance x , cm

P 0
P 1
P 2
P 3
P 4
P 5

Normal dry concrete

l c = 5 cm

ICE + IGE = 8 + 4 µA

I conf/L conf for passive

I conf/L conf for corroding

/L conf for passive

I conf/L conf for corroding

0

0.5

1

1.5

-100 -50 0 50 100

Distance x , cm

P 0
P 1
P 2
P 3
P 4
P 5

Very dry concrete

l c = 5 cm

ICE + IGE = 8 + 4 µA

I conf/L conf for passiveI conf/L conf for corroding

C
ur

re
nt

 d
en

si
ty

 J
[µ

A
/c

m
]

C
ur

re
nt

 d
en

si
ty

 J
[µ

A
/c

m
]

C
ur

re
nt

 d
en

si
ty

 J
[µ

A
/c

m
]



 25

 

 
Fig. 5.11 Comparison between currents integrated using equation (4.6) and calculated 

using equation (5.6) when the localised corrosion is allocated at different 
distance from the electrodes unit. 
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6 Laboratory Study and Calibration 

6.1 Concrete slabs  

Concrete with w/c 0.5 and with different chloride introductions was used in the laboratory 
study and calibration. The mixture proportions and physical properties of concrete are listed 
in Table 6.1.  
 
 

Table 6.1.  Mixture proportions and physical properties of concrete. 
Test series Mix 0 Mix 15 Mix 30 Mix 60 

Chloride introduction* 0% Cl  1.5% Cl  3.0% Cl 6.1% Cl 

Cement type Swedish SRPC  (corresp. to CEM I 42.5R) 

Cement content, kg/m3 375 385 362 353 

Water-cement ratio 0.49 0.48 0.48 0.48 

Aggregate, 0∼8 mm, 
kg/m3 

939 934 958 972 

Aggregate, 8∼16 mm, 
kg/m3 

867 862 884 897 

Water reducer: Type 

Dose, wt% of cement 

None None None None 

AEA: Type 

Dose, wt% of cement 

None None None None 

Air content, vol% 0.7 1.5 1.6 1.3 

Slump, mm 85 90 95 100 

Strength** at 28 d, MPa 56.5 ± 0.5 63.0 ± 1.0 58.7 ± 1.3 50.4 ± 1.0 
*  in the form of NaCl salt and calculated in Cl% by cement mass;  
**  according to Swedish standard SS 13 72 10. 

 
 
Plain cool-drawn carbon steel of diameter 10 mm was used as reinforcement in concrete. The 
steel bars were cleaned with degreasing agent followed with acetone. The ends of each steel 
bar were coated with cement grout followed with epoxy to avoid unexpected crevice 
corrosion. 
  
The detailed procedures of concrete production were reported elsewhere (Tang, 2002b). Small 
concrete slabs of size 250 × 250 × 70 mm were cast for quantitative study and calibration, 
because the specimens could be broken down after the non-destructive measurement and the 
actual corrosion products could be quantitatively measured using the standard gravimetric 
method. Two steel bars were in parallel embedded in the centre portion of each slab at the 
mid-height so that the thickness of concrete cover is about 30 mm, with a space of 100 mm 
between each other, as shown in Fig. 6.1. All small slabs introduced with chloride were stored 
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at the room temperature and about 85%RH, while the small slabs without chloride (Mix 0) 
were stored at the room temperature and > 95%RH.  
 
 

250 mm 

70 mm 
250 mm 

Ø10 mm steel 

100 mm 

 
 
Fig. 6.1 Illustration of small concrete slabs with two embedded steel bars. 
 
 
A big concrete slab of size 1150 × 750 × 150 mm, containing two mixes (Mix 0 and Mix 30), 
was cast for qualitative study, because the slab will not be broken down during this project, 
thus the actual corrosion rate will not be known. Nevertheless, the corrosion rates from the 
non-destructive measurement can be compared with those from the small slabs, because the 
concrete mixes and steel quality in both types of slabs are similar. The steel placement in the 
big slab is shown in Fig.6.2. The big slab was cured under a moist condition for one week 
after casting, and afterwards it was simply stored in the laboratory.  
 
 

Fig. 6.2 Illustration of big concrete slab with embedded steel bars. 
 
 
6.2 Studies of effect of polarisation current and duration 

From both the literature review and our own comparison test (Tang, 2002b) it has been found 
that there exists large difference in corrosion rate measured by Gecor and GalvaPulse 
instruments. To find the possible reasons, we carried out some investigations on the small 
specimens using different measurement parameters. The measured response curves are shown 
in Figs. 6.3 and 6.4. 
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 (a) (b) 
Fig. 6.3 Potential response from concrete without chlorides.  

(a) full data; (b) response in the first second. 
 

 
 (a) (b) 
 
Fig. 6.4 Potential response from concrete with 3% chloride by mass of cement. 
 (a) full data; (b) response in the first second. 
 
As expected, the potential responses from the concrete without chlorides are significantly 
higher than that from the concrete with added chlorides. The potential response increases with 
the intensity of an imposed galvanostatic current, but the increment is non-linear, as will be 
discussed later. When a potential difference is less than 100 mV, e.g. the curves of the 
polarisation current less than 10 µA in Fig. 6.3 and all the curves in Fig. 6.4, the stationary 
polarisation could not be achieved even after polarisation duration of 300 seconds. This is in 
agreement with the findings reported by Videm & Myrdal (1997). When the imposed 
galvanostatic current is larger than 20 µA for passive steel, the potential response looks close 
to a stationary state after more than 100~200 seconds polarisation (see Fig. 6.3). However, the 
potential difference in all of these curves is over 200 mV, which is far beyond of any of the 
conditions of linearity. Therefore, the stationary state of these curves could be some artefacts. 
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The initial potential response (at t = 0) reflects the ohmic resistance of concrete. It can be seen 
from Figs. 6.3 (b) and 6.4 (b) that, at the same current level, the initial potential response from 
the concrete with 3% Cl is not significantly lower than that from the concrete without 
chlorides, implying that the resistivity of concrete is not a decisive parameter to corrosion of 
steel. This should be true, because the resistivity of concrete is strongly dependent on the 
content of moisture and the concentration of ions, especially hydroxides, in the pore solution. 
In this study, the concrete without chlorides were cured under a moist condition (>95%RH), 
while the concrete with added chlorides under a condition of about 85%RH (saturated KCl), 
the former has a higher moisture content than the latter. Therefore, addition of chloride or 
corrosion of steel in concrete may not necessarily mean a significant increase in conductivity, 
or decrease in resistivity, of concrete. 
 
Since a potential shift of 60 mV from the corrosion potential may be the maximal limitation to 
a condition of linearity, only those data of potential shift less than 60 mV should be taken as 
valid data. By curve-fitting equation (2.8) to these valid data from different polarisation 
durations, different values of RΩ, Rp and Cdl can be obtained, as shown in Fig. 6.5. It is 
noticed that each fitted curve is in a good agreement with the corresponded data, implying 
that the polarisation behaviour of a steel-concrete system only “time-dependently” obeys the 
Randles circuit, and a better model is needed to describe this time-dependent behaviour. The 
increase in the curve-fitted RΩ, although not so significant when compared with those in Rp 
and Cdl, is also due to the increased potential responses, which statistically reduced the weight 
of the initial points of a ∆Ea-t curve in the curve-fit.  
 
Nevertheless, in this study equation (2.8) was applied to the valid data of different durations 
of each ∆Ea-t curve to obtain the relationships between polarisation resistance and 
polarisation duration at different intensities of polarisation current, as shown in Fig. 6.6. It is 
evident that the polarisation duration has remarkable effect on the curve-fitted polarisation 
resistance, while the effect of polarisation current seems not significant when compared with 
the effect of polarisation duration. The fluctuations in the curves of 2 and 5 µA are probably 
due to the measurement uncertainty when the potential response was low. 
 

 
Fig. 6.5 An example of the curve-fitted results using the data from different durations of 

polarisation. 
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Fig. 6.6 Polarisation resistances calculated by curve-fitting equation (2.8) to 

different durations of each ∆Ea-t curve. 
 
 
It can be seen from Fig. 6.6 that the effect of polarisation current appears not significant if the 
potential shift is small enough to assure a linear polarisation. While polarisation duration has 
tremendous effect on polarisation resistance, no matter if the steel is corroded or not. This 
phenomenon has also been observed by other researchers (e.g. González et al 1985; Gowers 
et al 1994; Videm & Myrdal 1997). The effect of sweep rate on polarisation resistance in the 
dynamic polarisation measurement is in fact the similar phenomenon. A high sweep rate for a 
certain level of response implies the short polarisation duration, often resulting in a low 
polarisation resistance (see e.g. González et al 1985; Gowers et al 1994). Figure 6.6 also 
shows that the relationships between Rp and t are logarithmically linear, especially when the 
polarisation duration is in the first few seconds. Therefore, these relationships could be 
empirically expressed as (Tang, 2002a) 
 

batR =p  (6.1) 
 
Obviously, the above equation can easily be rewritten as  
 

btaE 'p =∆  (6.2) 
 
where a, a’ and b are constants.  
 
At the present the constants a, a’ and b are, however, purely empiric without any physical 
meanings. It should be born in mind that the above relationship is derived based on the simple 
Randles model and it may not necessarily mean a zero resistance at t = 0 and an infinite 
resistance at t → ∞. Gowers et al (1994) also reported the similar relationships between total 
resistance (Rp + RΩ) and sweep rate. For passive steel, when sweep rate changed from 0.1 to 
1000 mV/min, the total resistance changed from some 10000 to 10 kΩ⋅cm2! When using the 
interrupt (“turn-off” and “tunr-off”) technique on both small and big concrete slabs we 
observed no significant changes in ohmic drop, as shown in Figs. 6.7 and 6.8, implying that 
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the ohmic resistance is almost constant during the polarisation. Therefore, the change in total 
resistance should be mainly attributed to the change in polarisation resistance. At the present, 
the exact mechanisms behind this phenomenon are, however, not clear. Further modelling 
work is needed to find the convincing explanations to this phenomenon. 
 

  
 
Fig. 6.7 Potential responses from “turn-on” and “turn-off” experiment on the small slabs 

at an age of about 3 months. 
 

 
 
Fig. 6.8 Potential responses from “turn-on” and “turn-off” experiment on the big slab at 

the age of about one month. 
 
 
The curve-fitted Cdl also reveals a similar behaviour, that is, the capacitance increases with 
polarisation duration, as shown in Fig. 6.9. The concrete with 3% Cl gives a higher 
capacitance than that without chlorides, probably due to its relatively high ionic concentration 
in the pore solution. On the other hand, from Figs. 6.7 and 6.8 it can be seen that, when the 
steel is passive, the depolarisation takes much longer time than when it is corroding. Since the 
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capacitance of the 0%Cl concrete is even lower than that of the 3%Cl concrete, this large 
difference in depolarisation time must be mainly attributed by the large difference in 
polarisation resistance. 
 
 

 
Fig. 6.9 Double layer capacitances calculated by curve-fitting equation (2.8) to different 

durations of each ∆Ea-t curve. 
 
 
Nevertheless, from the curve-fitted data in Fig. 6.6 (except for those with fluctuation due to 
low potential responses), we can calculate the corrosion current density using equation (2.4). 
The calculated results are shown in Fig. 6.10, where the results measured from the same 
specimens at the first comparative measurement are also given. The circled two marks were 
those data measured using 100 µA polarisation current. The deviation of these two points 
from the others is probably due to their high potential shift, which may exceed the limit of 
linear polarisation. In general, it can be concluded from Fig. 6.10 that the differences in 
corrosion rate measured by Gecor and GalvaPulse instruments are mainly attributed to 
different polarisation durations. Therefore, SP re-evaluated the measured results using the 
first 1, 2, 3, 4, and 5 seconds data for curve-fitting equation (2.8) and then utilising the 
logarithmical relationship as shown in equation (6.1) to extrapolate polarisation resistance to 
100 seconds in order to compare the results with both GalvaPulse and Gecor (version 6).  
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Fig. 6.10 Relationships between corrosion rates measured by different instruments and 

polarisation durations. 
 
 
6.3 Calibration of the non-destructive techniques 

Parallel to this project, a Nordtest project was carried out for calibration of the non-
destructive electrochemical measurements. Four institutions from the Nordic countries 
participated in the Nordtest project. The similar small concrete slabs manufactured at SP were 
tested at different participating institutions. The instruments used in the Nordtest project 
include two Gecor 06 CBI in Sweden and ELKEM in Norway), one GalvaPulse (FORCE in 
Denmark), and SP’s new instrument. After about one year monitoring of the corrosion rate, 
the steel bars were removed from the concrete slabs and the mass loss of each steel bar was 
determined using the standard gravimetric method ASTM G1, Designation C3.1. The 
corrosion rate from the mass loss results was calculated in two ways: 1) mean corrosion rate 
(mass loss divided by the whole exposed area of steel), and 2) actual corrosion rate (mass loss 
divided by the corroded area of steel). The weighted average corrosion rates measured during 
the one-year period using the non-destructive techniques were compared with those from the 
gravimetric method. The calibration results are presented in Figs. 6.11 to 6.13. More detailed 
description of the Nordtest project was reported elsewhere (Tang, 2002b). 
 
It can be seen from Fig. 6.11 that the direct 5 seconds GPM overestimates the mean corrosion 
rate, especially for the steel bars in passive status (0%Cl) and with localised corrosion 
(6%Cl). When extrapolating the 5 seconds measurement to 100 seconds, the GPM values 
become more comparable with Gecor’s values, which are relatively close to the true values of 
the mean corrosion rate, especially for a correct judgement of passive steel bars (0%Cl, < 0.1 
µA/cm²). Both Gecor and SP-100 seconds extrapolation appear a little underestimation for the 
steel bars in the concrete with 1.5%Cl. The reasons are not clear. SP-100 seconds 
extrapolation also appears an overestimation for the steel bars with localised corrosion 
(6%Cl), probably due to the uneven distribution of current, especially when the localised 
corrosion is just in the confined area, as demonstrated in Figs. 5.9 to 5.11.  
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Fig. 6.11 Comparison between corrosion rates [in µA/cm²] measured by non-destructive and 

destructive methods. 
 
 
For the measurements on the small slabs, if the overestimation from the short-time GPM is 
due to the improper confinement of the polarised area, the deviation should be less than a 
factor of 2 to 3, because in this study the total exposed area of a steel bar is about 60 cm², 
while the confinement of SP’s instrument and GalvaPulse is 33 cm² and 22 cm², respectively. 
Therefore, there must be some other reasons causing the overestimation. When compared 
with the actual corrosion rate (mass loss divided by the corroded area), the values measured 
by the direct 5 seconds GPM become much closer to the true values for all the corroded steel 
bars, as shown in Fig. 6.12. This implies that the direct 5 seconds GPM may in fact measure 
the actual pitting corrosion. However, because the technique was supposed to measure the 
mean corrosion rate, it is not clear if this is a mere coincidence for the chosen set-up or if the 
mechanisms behind the technique still are not well understood. In the electrochemical 
measurements, the imposed galvanostatic current is assumed homogeneously distributed 
through the steel surface. This is not true for the locally corroded steel. The corroded part has 
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much lower resistance than the non-corroded part. The current will mainly flow through the 
corroded part, resulting in a much lower signal response (potential shift) than it would be if 
the current were homogeneously distributed. The heterogeneity of current distribution in the 
locally corroded steel might be one of the reasons for the coincidence shown in Fig. 6.12. 
Further discussions on the effect of heterogeneous current distribution will be given in section 
6.5. A challenge question for the 5 seconds GPM is how to differ the passive status. If the 
passive steel is misjudged as corroding steel, it may result in unnecessary repair work.  
 
In practice to know the actual corrosion rate of steel is very important for the reinforced 
concrete structures because the broken of any portion of steel may imply the failure of the 
whole structure. When using Gecor instruments, it has been suggested to multiply the 
measured value by a pitting factor of 4∼8 to obtain the actual localised corrosion rate 
(González et al, 1995). Multiplying the values from Gecor and SP-100 seconds extrapolation 
by a factor of 6 for the specimens introduced with chlorides and comparing them with the 
actual corrosion rate, as shown in Fig. 6.13, we can find that the agreement between the re-
calculated values (×6) and the true values is even better than that shown in Fig. 6.11. This 
means that the actual pitting factor found from this study is in good agreement with that 
reported by González et al (1995). Again, the values from SP-100s for the steel bars with 
6%Cl are already in agreement with the true corrosion rate, and multiplying by 6 will result in 
an overestimation. Probably in the case of severely localised corrosion, the GPM indeed 
measures the actual localised corrosion rate and no or less value of pitting factor would be 
used in such cases. In summary, the extrapolation from a short time GPM is an effective way 
to differ the passive status of steel so as to avoid the misjudgement. Similar to Gecor 
instruments, if the chloride content in concrete is not extremely high, the localised corrosion 
rate could be obtained by multiplying the measured values by a pitting factor.  
 
 

 
Fig. 6.12 Comparison of the corrosion rate [in µA/cm²] measured by the 5 seconds GPM with the 

actual corrosion rate [in µA/cm²] measured by the gravimetric method. 
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Fig. 6.13 Comparison of the localised corrosion rate [in µA/cm²] measured by Gecor and SP-100s 

(multiplying by a pitting factor of 6) with the actual corrosion rate [in µA/cm²] measured 
by the gravimetric method. 

 
 
6.4 Validation of the results measured from the small slabs 

The results measured from the small concrete slabs using electrochemical techniques were 
based on the assumption that the counter current was limited to the confined area. In the 
measurements SP used a ratio of IGE/ICE = 0.5, corresponding to the ratio of current density 
gGE/gCE = 1. As shown in Figs. 5.1 and 5.2, the effectively confined current may be dependent 
on the status of steel. Therefore, it is necessary to check the validation of the above 
assumption. The numerical model presented in chapter 4 was used to simulate the 
measurement on the small slabs. Since the concrete was relatively young and stored in an 
environment with a high humidity (>85%), the concrete conductivity was assumed as σc = 0.1 
kΩ-1cm-1. The film conductivity of steel was assumed as σf = 0.0001 kΩ-1cm-1 (for passive 
steel, Icorr ≈ 0.03 µA/cm²) and σf = 0.01 kΩ-1cm-1 (for corroding steel, Icorr ≈ 3 µA/cm²). The 
conductivity of epoxy coating was assumed to be 10-6 kΩ-1cm-1 (non-conductive) and the 
conductivity of wet sponge was assumed as σsp = 1 kΩ-1cm-1. The simulated results are shown 
in Fig. 6.14. It can be seen that, no matter if the steel is in passive or corroding status, the 
currents imposed by both counter and guard electrodes are always spread to the whole length 
of the steel bar due to the limited length (about 20 cm, twice as much as the confined length 
10.5 cm) of the steel bar. The current density in the confined area is somewhat 10~20 % 
lower than the supposed level. Considering the theoretical uncertainty of the technique, e.g., 
the uncertainty in constant B, this 10~20 % deviation is relatively small. Therefore, the data 
measured from the small slabs could be taken as valid and no correction is needed. 
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Fig. 6.14 Simulated current distributions on the surface of steel embedded in the small concrete 

slabs. 
 
 
6.5 Further discussions on the calibration results 

As shown in section 6.3, the corrosion rate form the direct 5 seconds galvanostatic pulse 
measurements is closer to the actual corrosion rate measured by the gravimetric method, even 
though the GPM was supposed to measure the mean corrosion rate. To find some 
explanations to this, let us consider a parallel model as shown in Fig. 6.15. In this model Rp1 
represents the polarisation resistance contributed by the area A1 where the steel is in passive 
status, while Rp2 represents the polarisation resistance contributed by the area A2 where the 
steel is in corroding status. The effective polarisation resistance Rp will be 
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where lf and σf are the thickness and conductivity of the surface film of steel, respectively. 
When the steel is in corroding status, the film conductivity σf2 is much higher than σf1, 
normally by one or two orders of magnitude, while the difference in film thickness and area 
will be limited to the same order of magnitude, that is, if σf2/σf1 >> lf2A1/( lf1A2), equation 
(6.3) can be simplified as  
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≈  (6.4) 

 
Therefore, it is the polarisation resistance contributed by the corroding area A2 that dominates 
the polarisation character of the steel-concrete system. When imposing a galvanostatic current 
to the system, the most part of the current will be drained by Rp2, as seen in Figs. 5.9 and 5.10 
in section 5.5, resulting in a very high current density on the corroded area. This localised 
high current density may lead the polarisation to a non-linear zone, resulting in a lower 
potential response, as shown in Fig. 2.2. The potential response will be prevailed by the 
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product of current and Rp2. This low potential response in turn causes an underestimated Rp. 
When using the total area instead of the corroded area in the calculation of corrosion rate, this 
overestimated area may coincidently compensate the underestimated Rp. This might be one of 
the possible reasons, but it cannot convincingly explain why the polarisation time should be 5 
seconds, but not e.g. 1, 20 or 100 seconds. Further study is absolutely needed to find more 
convincing explanations. Otherwise caution should be taken in directly using the results from 
the 5 seconds GPM. 
 
6.6 Measurements on the big concrete slab 

When the big concrete slab was about one month old, a mini-seminar was held at SP with the 
participants from different countries (Spain, Netherlands, Denmark, Sweden and Norway) to 
discuss the measurements of corrosion rate. At the same time an informal comparative 
measurement on the big concrete slab was carried out using SP’s instrument and Gecor 8 – a 
new version that has not yet officially released at the time when the comparative 
measurement was carried out. The measurement principle of Gecor 8 is very similar to Gecor 
6. At that time SP’s numerical modelling has not yet been completed, nor the new approach 
established. Therefore, the corrosion rates on passive steel bars were somewhat overestimated 
when using SP’s instrument and the conventional or extrapolated calculation procedure of 
GPM. These measurement data were re-evaluated using the new approach proposed in section 
5.4.  
 
Fortunately, at the measurement position L2-55 (L2 is the code of steel bar as shown in Fig. 
5.2 and number 55 represents the distance in cm from one end of the big slab) different guard 
currents were used and hence the value α could be determined by comparing the responded 
potentials with equation (5.1), resulting in a value of α = 0.62, as shown in Fig. 6.15.   
 

 
Fig. 6.15 Ratio of the first responded potentials measured at the position L2-55 

on the big concrete slab. 
 
 
The correction factor β can then be calculated from α using equation (5.4). The values of ∆EΩ 
and ∆Ep could be obtained from the measured data, multiplied by β. The original data and re-

y = 0.6157x + 1
R2 = 1

1

2

3

4

5

6

0 1 2 3 4 5

IGE/ICE

E
0(

I C
E
+I

G
E
)/E

0(
I C

E
)

I CE = 20 µA

Measurement point: L2-55



 39

evaluated results are listed in Appendix 1 and illustrated in Figs. 6.16 to 6.18. As usual, the 5 
sec GPM overestimated the corrosion rate of the passive steel by more than one order of 
magnitude when the technique was used on the big concrete slab (Fig. 6.16). Extrapolating 
the results from the 5 sec GPM to a testing duration similar to Gecor significantly reduces the 
differences between GPM and Gecor to a factor of 2 (Fig. 6.17). After re-evaluation using the 
new approach, which is based on the numerical modelling, the corrosion rates measured by 
SP’s 5 sec GPM becomes much better comparable with those measured by Gecor 8, as shown 
in Fig. 6.18. It is interesting to compare the results from the measurement point L2-55, where 
three different values of IGE/ICE were used, as summarised in Table 6.2. Obviously, when 
using the new approach, different values of IGE/ICE did result in very similar ohmic resistance 
and corrosion rate, indicating the mathematical modelling works properly and also implying 
that the presetting of IGE/ICE is not very important in the new approach. If simply taking ICE as 
a confined current in the calculation, however, the resistances could be underestimated due to 
the dispersion of the imposed current. The lower the value of IGE/ICE, the larger the 
underestimation of the resistances, resulting in the higher corrosion rate.  
 

Table 6.2  A summary of the data at the measurement point L2-55 (0%Cl).  
Imposed current Taking ICE as a confined I New approach 

ICE,  
µA 

IGE,  
µA 

IGE/ICE RΩ ,   

kΩ 
icorr, µA/cm2 

(5 sec.) 
icorr, µA/cm2 

(100 sec.) 
Iconf,  
µA 

RΩ , 

kΩ 
icorr, 

µA/cm2 

50 50 1 0.58 0.73 0.10 17.9 2.00 0.03 

20 60 3 0.85 0.36 0.04 11.8 2.00 0.02 

20 100 5 1.16 0.24 0.03 18.0 1.89 0.02 
 
 

 
Fig. 6.16 Results from the big concrete slab  

– A comparison between 5 sec GPM and Gecor 8. 
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Fig. 6.17 Results from the big concrete slab  

– A comparison between the extrapolated GPM and Gecor 8. 
 
 

 
 
Fig. 6.18 Results from the big concrete slab  

– A comparison between SP’s new approach and Gecor 8. 
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7 Field measurements 

7.1 Bridges for the field measurements 

Two old reinforced concrete bridges, N29 built in 1937 and N74 built in 1955 were used for 
the field measurements. Brief information about the bridges is list in Table 7.1. It has been 
visually observed that there are a number of damaged places on the downstream side beam of 
the bridge N29, as shown in Figs 7.1 and 7.2. No apparent damage has been observed on the 
side beams of the bridge N74, except for one small place where the reinforcement was 
exposed and therefore was used as the common point for the electrochemical measurement. 
 
The measurements were carried out on the outside top surface of the downstream side beams. 
The climatic conditions at the measurement occasions are listed in Table 7.2. The same 
procedure as described in section 6.5 for the big concrete slab was used for treating the raw 
data from the in-field measurements. Since the ohmic resistance calculated using the new 
approach is based on the “true” current Iconf flowing through the sponge area Asp to the 
confined steel area A, it can be easily converted to resistivity ρ using the following equation 
for a convenient comparison: 
 

( )
c

sp

2l
AA

R
+

⋅=ρ Ω  (7.1) 

 
Table 7.1. Brief information about the bridges used for the in-field measurements. 

No. General information  Concrete for side beams  

N29 On road Lv 845 over the northern arm of 
river Viskan in Åskloster, built in 1937, 
length 28.7 m.  

Cement content ≥ 300 kg/m3, diameter 
of reinforcement steel 30 mm, cover 
thickness about 30 mm. Concrete was 
partially repaired in the end of 1985. 

N74 On road Rv 41 over river Viskan, northern 
Derome station, built in 1955, length 72 
m. 

Cement content ≥ 325 kg/m3, diameter 
of reinforcement steel 25 mm, cover 
thickness about 35 cm. 

 
Table 7.2. Climatic conditions at the measurement occasions. 
Date Weather Remarks 
June 15, 2001 Cloudy with sunny intervals, air 

temperature 21~23 °C, relative 
humidity 60~65% 

No rain in the past 3 days 

Oct. 10, 2001 Rainy and windy, air temperature 
11~13 °C, relative humidity >90% 

Intermittent rain in the past 3 
days 

Feb. 27, 2002 Rainy and windy, air temperature about 
2~4 °C, relative humidity >90% 

Variable slow and rain in the past 
3 days 

July 3, 2002 Cloudy and shortly rainy, air 
temperature 18~20 °C, relative 
humidity 75~80% 

Similar weather in the past 3 days
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Fig.7.1 Overview of bridge N29 on road Lv 845, Åskloster.  
 
 

 
 
Fig.7.2 Example of cracks and rust spots on the downstream side beam of bridge N29.  

Measurement position 
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7.2 Measurement results and discussions 

The measurement results are summarised in Appendix 2 and shown in Figs. 7.3 and 7.4.  
 

 
Fig.7.3 Measurement results from bridge N29 on road Lv 845, Åskloster.  
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Fig.7.4 Measurement results from bridge N74 on road Rv 41, Derome.  
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Corrosion rate 
From the results measured from bridge N29 (Fig. 7.3) it can be seen that significant corrosion 
occurred on the side beam of this bridge, especially in the range of 20~25 m distance from the 
southern end. This is well in agreement with the visual observation – in this range cracks and 
rust spots have been observed (see Fig. 7.2). At the distance between 10 and 15 m from the 
southern end the corrosion rate was relatively low, probably due to the repair done in the end 
of 1985. It is very interesting to have seen from the results that the profiles of corrosion rate 
along the bridge did not significantly change with seasons, even through the corrosion rate 
was, in general, increased during the winter as measured in February 2002. This increase is, in 
great extent, due to the moist weather with de-icing salt spread on the road. The similar 
corrosion profiles measured under different seasons imply that, for the purpose of general 
inspection, the field measurement can be carried out in any season only if the weather is not 
extremely dry.  
 
After the first measurement in June 2001, the concrete surface at the distance between 3 and 6 
m from the southern end of the bridge N29 was coated with impregnating agent. The results 
measured afterwards show that the surface treatment reduced corrosion rate to some extent, 
but during the winter under very moist environment the corrosion rate may increase again. 
 
The corrosion rate on the bridge N74 is relatively low and homogeneous according to the 
results shown in Fig. 7.4.  
 
Ohmic resistivity 
It can be seen from the results measured from bridge N29 that the ohmic resistivity of 
concrete is strongly dependent on the weather under which the measurement was carried out. 
The dryer the weather, the higher the ohmic resistivity is. The first measurement in June 2001 
represents the driest weather in this study and resulted in the highest resistivity profile, while 
the measurement in February 2002 represents the moistest condition and resulted in the 
lowest resistivity profile.  
 
After the surface treatment with impregnating agent at the distance between 3 and 6 m from 
the southern end of the bridge N29, the ohmic resistivity of concrete increased to some extent, 
but decreased in the winter, like other untreated concrete. Does the sealing effect of the 
impregnating agent not correctly work under cold and frost weather? Further investigation 
may be needed to assure this finding. On the other hand, the measurement technique seams to 
function well on the impregnated concrete surface.  
 
The resistivity profiles measured from bridge N74 appear relatively flat, implying a more or 
less homogeneous concrete structure. 
 
Half-cell potential 
According to ASTM C 876, if the half-cell potential is more negative than –350 V CSE, the 
probability that the steel is corroding will be larger than 90%. According to the measurement 
results from the both bridges, the half-cell potential was close or more negative than –350 V 
CSE, implying that the steel is in corrosion status. This is in agreement with the results of 
corrosion rate measurement. However, the half-cell potential cannot tell us to which extent 
the corrosion status is. According to the results of corrosion rate measurement, the corrosion 
of steel in bridge N29 is significantly severer than that in bridge N74. This is in good 
agreement with the visual observations. Therefore, the corrosion rate measurement supplies 
more accurate information about the status of reinforcement steel in concrete, while the half-
cell potential can only be used supplementary information of corrosion status.  
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7.3 Relationships between corrosion rate, resistivity and half-

cell potential  

The relationships between corrosion rate, resistivity and half-cell potential measured from the 
two bridges are shown in Figs. 7.5 and 7.6.  
   

 
Fig.7.5 Relationships between corrosion rate, resistivity and half-cell potential measured 

from bridge N29 on road Lv 845, Åskloster.  
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Fig.7.6 Relationships between corrosion rate, resistivity and half-cell potential measured 

from bridge N74 on road Rv 41, Derome.  
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8 Discussions and Suggestions 

8.1 Representative corrosion rate 

As has been seen in Fig. 7.3, the corrosion rate may vary under different seasons. In the 
structural assessment, it is more useful to know the representative corrosion rate during the 
period. It has been suggested in the CONTECVET manual (Rodríguez & Andrade, 2002) that 
the representative corrosion rate could be obtained by averaging the results from several 
measurements during the year, or from one single measurement together with a maximum 
corrosion rate extrapolated from the complementary resistivity measurement in the laboratory 
utilising the relationship between corrosion rate and resistivity. The first approach by several 
measurements is no doubt a more accurate way to assess the representative corrosion rate in a 
field structure, but this approach is significantly expensive and laborious. The second 
approach seems more practical, even though some laboratory test must carried out to 
extrapolate the maximum corrosion rate using the relationship between corrosion rate and 
resistivity.  
 
According to the results measured from bridge N29 under different seasons, it can be found 
that the variation in corrosion rate between different seasons seems to be in the range of a 
factor of 2, as shown in Fig. 8.1. Therefore, for the purpose of general inspections, if the 
measurement is carried out under a mild weather, the results could be representative for the 
year. If the measurement is carried out under a dry or wet weather, multiplying or dividing the 
measured value by a factor of 2 could roughly obtain the representative value. 
 
 

 
Fig.8.1 Variations of corrosion rate measured from bridge N29 on road Lv 845, Åskloster.  
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8.2 Classification of corrosion extent 

In the CONTECVET manual (Rodríguez & Andrade, 2002), the corrosion extent is classified 
as listed in Table 8.1. 
 
Table 8.1  Classification of corrosion extent according to the CONTECVET manual 

(Rodríguez & Andrade, 2002). 
Corrosion rate, µA/cm² Extent Corrosion Damage Indicator 

< 0.1 No or negligible corrosion Level I 

0.1 ∼ 0.5 Low corrosion Level II 

0.5 ∼ 1 Moderate corrosion Level III 

> 1 High corrosion Level IV 
 
According to this classification, the reinforcement steel at most measurement positions in 
bridge N29 is in an extent of moderate or high corrosion, while the steel in bridge N74 is in 
an extent of low corrosion. Combining other damage indicators as well as weigh factors of the 
exposure environment specified in the CONTECVET manual, one can obtain a value of SCI 
(Simplified Corrosion Index). Together with the structural index, which is dependent on the 
characteristics of the concrete structure, a value of SISD (Simplified Index of Structural 
Damage) could be obtained. With this SISD value, the Urgency of Intervention could be 
defined as shown in Table 8.2. According to this table, the SISD value should not be higher 
than “Medium” if an interval of periodic inspections is 6 years, as usually used in Sweden. 
 
Table 8.2  Urgency of Intervention according to the CONTECVET manual (Rodríguez & 

Andrade, 2002). 
SISD value UoI in year Action needed 

Negligible > 10 Periodic inspections 

Medium 5 ∼ 10 Reassess structure during this time 

Severe 2 ∼ 5 Structural assessment within this time 

Very Severe 0 ∼ 2 Repair or detail structural assessment within this time 
 
 
8.3 Uncertainties and needs for further studies 

There are a number of uncertainties involved in the electrochemical polarisation techniques. 
First of all, the constant B in Stern-Geary equation (2.4) may not be 26 mV as assumed at the 
present. Song (2000) theoretically analysed both the anodic and cathodic Tafel slopes in 
various cases and estimated the B values for different conditions, as summarised in Table 8.3. 
It should be noticed that case D is for the situation of Rp → ∞ at an order much higher than B 
→ ∞. In practice, this means a very high responded potential, which will certainly result in a 
very low corrosion rate, no matter which value of B is used in the calculation. Therefore, the 
error from case D is in practice negligible. When the steel is in passive status (case C), the 
value of B is in a range of 21 to 52 mV. Using B = 26 mV may result in an underestimation of 
corrosion rate by a factor of 2, if the true value of B is 52 mV. However, this underestimation 
will even make a safer judgement of passive status. So it is a “positive” error in case C. If the 
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steel is in corroding status (cases A and B), the value of B should be in a range of 8 to 17 mV 
according to Table 8.3. Using B = 26 mV may in this case result in an overestimation of 
corrosion rate by a factor of 2 to 3.  
 
Table 8.3  Values of B in various cases (summarised from Song’s paper, 2000). 

Case Status Environment B value, mV 

A Corroding  Sufficient O2, carbonated concrete or Cl- 
exceeding threshold level  

8 ∼ 13.5 

B Corroding Limited O2, carbonated concrete or Cl- 
exceeding threshold level 

13 ∼ 17 

C Passive Sufficient O2, no carbonation and limited Cl- 21 ∼ 52 

D Passive Limited O2, no carbonation and limited Cl- → ∞ 
 
Another error source is the confined area of steel. At the present the whole circumferential 
area of steel under the confined length is taken as a polarised area. The current will, however, 
preferably flow into the steel from the half-circumferential area that is closer to the counter 
electrodes, especially when the steel is in corroding status. This may result in an 
underestimation of corrosion rate by a factor of 2. In the case of a passive steel (case C), the 
combination of errors from constant B and polarisation area will result in an underestimation 
of corrosion rate by a factor of 2 ∼ 4. Again, this underestimation will just make the 
judgement safer if the steel is really in a passive status. If the steel is corroding (case A and 
B), the error introduced by the polarised area may compensate the error introduced by 
assumption of B = 26 mV.  
 
From the above discussions it is suggested to use B = 13 mV and A = πDLconf/2 in the 
calculation of corrosion rate. This is more representative for the steel in a corroding status. 
Although this may result in an underestimated corrosion rate of a passive steel bar, this is on a 
safer side not to misjudge passive steel as corroding steel. Nevertheless, this suggestion will 
not influence the results calculated using B = 26 mV and A = πDLconf, but makes the 
theoretical basis of the technique less imperfect.  
 
At the present a large uncertainty involved in the electrochemical polarisation techniques for 
the filed measurement might be the influence of steel bars in the vicinity and overlapped bars. 
Up to now, only 2-D models were used in the literature as well as in this study to simulate the 
distributions of current along the longitudinal direction of a single steel bar. In the reality, 
however, the steel bars in the vicinity or the overlapped bars may also drain some part of 
current away, especially when concrete is wet. Further studies are needed to quantitatively 
evaluate the influences of steel bars in the vicinity and overlapped bars in order to improve 
the accuracy of the field measurements. To do this, a 3-D model may be needed or will be 
essential in the case of overlapped bars. 
 
Another large uncertainty is the pitting factor, which may vary from 2 to 10, as mentioned in 
the CONTECVET manual (Rodríguez & Andrade, 2002). Even though the 5 sec GPM 
coincidently measured the actual corrosion rate on the small specimens in the laboratory, as 
shown in Fig. 6.12, the coincidence has not be convincingly clarified and nor its applications 
to the field measurements have be verified. The challenged question is why it is 5 seconds but 
not 1 second or 20 seconds. This is the question of time-dependent polarisation behaviours 
found by many researchers (e.g. González et al 1985; Gowers et al 1994; Videm & Myrdal 1997, 
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Tang 2002a). Further study is needed to clarify the time-dependent polarisation behaviours 
before one can clarify the coincidence of the 5 seconds GPM. 
 
Other factors influencing the field measurement may include disturbances of other current in 
the vicinity, such as stray current and cathodic current. 
 
Owing to the above uncertainties, the corrosion rate measurement using electrochemical 
polarisation techniques can, at the present, only be taken as a semi-quantitative measurement.  
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9 Concluding Remarks 
Based on the results of numerical modelling and the studies on both small and big reinforced 
concrete slabs, a rapid method for measuring corrosion rate has been developed. The method 
involves a short time galvanostatic pulse measurement followed with the numerical 
calculation for correcting the preset polarisation current from the measured data, so as to 
produce “true” resistance values related to the confined area. Owing to its rapidity (in a few 
seconds per measurement), this method provides a useful tool for mapping corrosion rate of 
reinforcement steel in concrete structures.  
 
This newly developed rapid method involves 

• Measuring the half-cell potential which tells us the information about the possibility of 
corrosion; 

• Imposing a very short galvanostatic pulse (< 1 second) with ICE only, and measuring 
the response

CE
0 I

E , which reflects the ohmic drop of concrete and will be used for 

determination of the factor β for correction of the sponge effect, see equation (5.4);  

• Imposing a galvanostatic pulse (about 5 seconds) with both ICE and IGE, and measuring 
the responded potential curve, that is, ( )GECE

0 II
E

+
 and ( ) ( )GECE IIitE

+
; 

• Calculating the polarisation potentials ∆Ep(t) based on the simple Randles circuit, see 
equation (2.8) or (2.9), taking into consideration of time dependence;  

• Extrapolating the polarisation potential to 100 seconds using equation (6.2), if ∆Ep(t) 
is found time dependent;  

• Calculating the effectively confined current Iconf using equation (5.6); 

• Calculating the “true” ohmic and polarisation resistances RΩ and Rp using equations 
(5.8) and (5.9); and finally 

• Calculating the corrosion rate using equation (2.3) or (2.4) and ohmic resistivity using 
equation (7.1) from the “true” polarisation and ohmic resistances Rp and RΩ. 

 
The results from a comparative measurement on both small and big reinforced concrete slabs 
show that the corrosion rate measured by the new rapid method is quite comparable with that 
measured by Gecor, which uses modulated confinement technique. The results from the field 
measurements on two old concrete bridges also show that the corrosion extent measured by 
the new rapid method is in good agreement with the visual observations.  
 
Finally, it should be stated that the corrosion rate measured in the field structures can, at the 
present, only be taken as semi-quantitative, due to the difficulties in tracing the actual 
corrosion history of the steel in the real structures and the uncertainties involved in the 
electrochemical polarisation techniques. This semi-quantitative measurement should, 
however, be adequately applicable in ranking corrosion damage level as specified in e.g. the 
CONTECVET manual. Further work is needed to improve the accuracy of the 
electrochemical techniques for measuring corrosion rate of different concrete structures under 
various exposure environments.  
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Appendix 1 Results from the comparative measurements at SP 
2002-06-17 

 

 
 

Bar diameter = 10 mm A confined = 33 cm²

Gecor 8

5 sec 100/30 
sec*

1 U1-55 0 2 50 50 -119 0.48 1.05 0.32 0.21

2 U2-55 0 2 50 50 -132 0.57 0.91 0.16 0.07

3 M2-55 0 4.5 50 50 -121 0.62 1.17 0.19 0.12

4 L2-55 0 6.5 50 50 -131 0.58 0.73 0.10 0.08

5 M3-30 0? 4.5 50 50 -248 0.52 1.32 0.23 0.07

6 M3-55 0? 4.5 50 50 -245 0.54 1.17 0.09 0.16

7 M3-90 0? 4.5 50 50 -270 0.54 1.38 0.29 0.05

8 U3-55 3 2 50 50 -505 0.42 2.06 1.13 0.71

9 U4-55 3 2 50 50 -483 0.35 2.31 1.21 0.70

10 M4-55 3 4.5 50 50 -521 0.49 2.01 0.85 0.64

11 L4-55 3 6.5 50 50 -525 0.50 2.08 0.93 0.47

12 Mix0V 0 3 50 50 -193 2.04 0.28 0.04 0.03

13 Mix0H 0 3 50 50 -93 1.98 0.27 0.04 0.04

14 Mix30V 3 3 50 50 -528 0.98 1.53 0.94 2.22

15 Mix30H 3 3 50 50 -307 0.93 0.57 0.22 0.17

4' L2-55 0 6.5 20 100 -139 1.16 0.24 0.03 -

4'' L2-55 0 6.5 20 60 -175 0.85 0.36 0.04 -

* 100 sec for 0%Cl positions and 30 sec for 3%Cl positions in order to compare 
  with Gecor's data.

SP's original data from 5 sec GPM and 
extrapolated to 100 or 30 sec*

E corr     

mVSCE

R Ω     

kΩ
I corr      

µA/cm²

Concrete information

I corr,  µA/cm²
No. Position Cl% Cover  

cm
I CE    

µA
I GE    

µA
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Sponge wideness = 4 cm A sponge = 42 cm²

1 U1-55 0.62 1.23 29.75 153.9 26 45.3 0.66 3.40 0.23

2 U2-55 0.62 1.23 34.94 311.8 44 41.4 0.84 7.53 0.11

3 M2-55 0.62 1.23 38.21 256.0 253 29.3 1.30 8.74 0.09

4 L2-55 0.62 1.23 35.86 486.3 1286 17.9 2.00 27.17 0.03

5 M3-30 0.62 1.23 32.28 210.5 247 29.4 1.10 7.16 0.11

6 M3-55 0.62 1.23 33.58 572.2 644 22.7 1.48 25.21 0.03

7 M3-90 0.62 1.23 33.27 167.7 191 31.3 1.06 5.36 0.15

8 U3-55 0.62 1.23 25.99 43.2 8 53.2 0.49 0.81 0.97

9 U4-55 0.62 1.23 21.85 40.3 9 52.5 0.42 0.77 1.03

10 M4-55 0.62 1.23 30.31 57.4 72 38.1 0.80 1.51 0.52

11 L4-55 0.62 1.23 30.56 52.6 163 32.3 0.95 1.63 0.48

12 Mix0V 0.04

13 Mix0H 0.04

14 Mix30V 0.94

15 Mix30H 0.22

4' L2-55 0.62 1.46 33.95 698.78 1951 18.0 1.89 38.8 0.02

4'' L2-55 0.62 1.40 23.64 500.88 2008 11.8 2.00 42.4 0.02

No. Position
R p        

kΩ     
Eq. (5.9)

I corr      

µA/cm²
∆E p  

mV
K      

Eq. (5.7)

I conf      

µA     
Eq. (5.6)

R Ω       

kΩ     
Eq. (5.8)

Results measured from small concrete slabs.                  
No re-evaluation is needed.

Re-evaluation using SP's new approach

α      
(Fig. 
6.15)

β       
Eq. (5.4)

∆E Ω      

mV
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Appendix 2: Results from the field measurements 

 

Corrosion Data from Bridge N29, Lv 845
Cover thickness l c 3 cm Sponge  A sp 42 cm2

Rebar diameter  φ 30 mm Weather:

Polarisation length  L p 10.5 cm Note:
Polarisation area  A p 99 cm2

Temp.& RH:

Stern constant B 26 mV Date:

Measure-
ment

Distance 
from south

Corrosion 
rate Resistivity

Polarisation 
Resistance

Half-Cell 
Potential

Ohmic 
Resistance

position end, m [µA/cm²] [Ω.m] R p [kΩ] U SCE [mV] R Ω [kΩ]

MP-01 0.5          0.03           3 240      8.40            -296 13.79          

MP-02 1.5          0.20           630         1.30            -347 2.69            

MP-03 2.5          0.09           1 110      3.10            -322 4.73            

MP-04 3.5          0.74           310         0.35            -359 1.31            

MP-05 4.5          0.75           300         0.35            -399 1.29            

MP-06 5.5          0.79           320         0.33            -290 1.37            

MP-07 6.5          0.95           290         0.28            -296 1.25            

MP-08 7.5          0.39           710         0.67            -358 3.01            

MP-09 8.5          0.61           360         0.43            -414 1.52            

MP-10 9.5          0.44           260         0.59            -447 1.10            

MP-11 10.5        0.12           630         2.24            -264 2.67            

MP-12 11.5        0.33           410         0.80            -313 1.75            

MP-13 12.5        0.39           350         0.68            -266 1.49            

MP-14 13.5        0.05           830         4.88            -331 3.53            

MP-15 14.5        0.04           3 210      7.47            -341 13.67          

MP-16 15.5        0.08           1 290      3.13            -410 5.48            

MP-17 16.5        0.09           1 090      2.93            -276 4.63            

MP-18* 17.5        0.27           300         0.97            -362 1.28            

MP-19** 18.5        -              

MP-20 19.5        0.60           290         0.44            -451 1.25            

MP-21 20.5        0.78           450         0.34            -404 1.90            

MP-22 21.5        0.34           570         0.77            -413 2.44            

MP-23 22.5        0.66           340         0.40            -396 1.43            

MP-24 23.5        0.38           490         0.70            -389 2.08            

MP-25 24.5        0.30           780         0.88            -418 3.31            

MP-26 25.5        0.57           490         0.46            -450 2.11            

MP-27 26.5        0.21           640         1.26            -338 2.71            
MP-28 27.5        0.08           690         3.29            -398 2.93            

  * Cracks on the surface of concrete.

** Close to the exposed steel bar which was used as common point.

21-23 °C, 60-65%RH

2001-06-15

Cloudy with sunny intervals

No raining in past 3 days
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Corrosion Data from Bridge N29, Lv 845
Cover thickness l c 3 cm Sponge  A sp 42 cm2

Rebar diameter  φ 30 mm Weather:

Polarisation length  L p 10.5 cm Note:
Polarisation area  A p 99 cm2

Temp.& RH:

Stern constant B 26 mV Date:

Measure-
ment

Distance 
from south

Corrosion 
rate Resistivity

Polarisation 
Resistance

Half-Cell 
Potential

Ohmic 
Resistance

position end, m [µA/cm²] [Ω.m] R p [kΩ] U SCE [mV] R Ω [kΩ]

MP-01 0.5          0.02           5 160      12.89          -371 21.97          

MP-02 1.5          0.12           730         2.14            -427 3.11            

MP-03 2.5          0.03           1 390      9.40            -397 5.92            

MP-04 3.5          0.41           360         0.64            -432 1.53            

MP-05 4.5          0.38           440         0.69            -400 1.86            

MP-06 5.5          0.42           440         0.62            -347 1.89            

MP-07 6.5          0.93           230         0.28            -361 0.99            

MP-08 7.5          0.42           490         0.62            -415 2.09            

MP-09 8.5          0.89           220         0.29            -436 0.95            

MP-10 9.5          0.19           510         1.39            -496 2.16            

MP-11 10.5        0.27           410         0.99            -305 1.73            

MP-12 11.5        0.09           560         2.84            -417 2.40            

MP-13 12.5        0.37           450         0.72            -331 1.92            

MP-14 13.5        0.14           660         1.92            -351 2.82            

MP-15 14.5        0.02           2 100      15.52          -406 8.92            

MP-16 15.5        0.06           700         4.17            -452 2.98            

MP-17 16.5        0.11           650         2.42            -376 2.78            

MP-18* 17.5        0.35           280         0.74            -390 1.19            

MP-19** 18.5        0.38           220         0.69            -376 0.96            

MP-20 19.5        2.55           150         0.10            -492 0.63            

MP-21 20.5        1.03           240         0.25            -526 1.03            

MP-22 21.5        1.48           180         0.18            -473 0.76            

MP-23 22.5        1.68           150         0.16            -480 0.65            

MP-24 23.5        1.24           220         0.21            -417 0.95            

MP-25 24.5        0.76           220         0.35            -496 0.96            

MP-26 25.5        0.69           360         0.38            -517 1.55            

MP-27 26.5        0.20           530         1.34            -436 2.24            
MP-28 27.5        0.10           530         2.72            -424 2.24            

  * Cracks on the surface of concrete.

** Close to the exposed steel bar which was used as common point.

11-13 °C, >90%RH

2001-10-10

Rainy and windy intervals

Intermittent rain in past 3 days
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Corrosion Data from Bridge N29, Lv 845
Cover thickness l c 3 cm Sponge  A sp 42 cm2

Rebar diameter  φ 30 mm Weather:

Polarisation length  L p 10.5 cm Note:
Polarisation area  A p 99 cm2

Temp.& RH:

Stern constant B 26 mV Date:

Measure-
ment

Distance 
from south

Corrosion 
rate Resistivity

Polarisation 
Resistance

Half-Cell 
Potential

Ohmic 
Resistance

position end, m [µA/cm²] [Ω.m] R p [kΩ] U SCE [mV] R Ω [kΩ]

MP-01 0.5          0.02           930         13.14          -434 3.95            

MP-02 1.5          0.50           310         0.52            -422 1.32            

MP-03 2.5          0.11           730         2.41            -445 3.09            

MP-04 3.5          1.10           210         0.24            -410 0.88            

MP-05 4.5          0.91           200         0.29            -397 0.86            

MP-06 5.5          1.17           220         0.22            -341 0.93            

MP-07 6.5          1.48           190         0.18            -347 0.80            

MP-08 7.5          1.45           190         0.18            -408 0.80            

MP-09 8.5          2.05           150         0.13            -462 0.64            

MP-10 9.5          0.88           250         0.30            -494 1.05            

MP-11 10.5        0.56           260         0.47            -366 1.10            

MP-12 11.5        0.49           320         0.54            -460 1.36            

MP-13 12.5        0.42           390         0.63            -381 1.64            

MP-14 13.5        0.55           300         0.48            -441 1.29            

MP-15 14.5        0.19           390         1.39            -411 1.66            

MP-16 15.5        0.48           370         0.55            -481 1.56            

MP-17 16.5        1.14           210         0.23            -401 0.88            

MP-18* 17.5        0.92           120         0.29            -427 0.53            

MP-19** 18.5        0.70           210         0.37            -421 0.88            

MP-20 19.5        1.36           120         0.19            -501 0.51            

MP-21 20.5        1.81           210         0.15            -534 0.90            

MP-22 21.5        2.21           140         0.12            -509 0.58            

MP-23 22.5        1.14           170         0.23            -491 0.72            

MP-24 23.5        2.12           180         0.12            -488 0.75            

MP-25 24.5        2.48           140         0.11            -517 0.59            

MP-26 25.5        0.75           290         0.35            -522 1.22            

MP-27 26.5        0.81           200         0.32            -448 0.83            
MP-28 27.5        0.31           360         0.86            -472 1.53            

  * Cracks on the surface of concrete.

** Close to the exposed steel bar which was used as common point.

1-3 °C, >90%RH

2002-02-27

Snow and rainy

Variable slow/rain in past 3 days
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Corrosion Data from Bridge N29, Lv 845
Cover thickness l c 3 cm Sponge  A sp 42 cm2

Rebar diameter  φ 30 mm Weather:

Polarisation length  L p 10.5 cm Note:
Polarisation area  A p 99 cm2

Temp.& RH:

Stern constant B 26 mV Date:

Measure-
ment

Distance 
from south

Corrosion 
rate Resistivity

Polarisation 
Resistance

Half-Cell 
Potential

Ohmic 
Resistance

position end, m [µA/cm²] [Ω.m] R p [kΩ] U SCE [mV] R Ω [kΩ]

MP-01 0.5          0.07           1 460      4.01            -471 6.22            
MP-02 1.5          0.06           770         4.58            -464 3.28            

MP-03 2.5          0.05           1 230      5.49            -447 5.22            

MP-04 3.5          0.34           340         0.76            -453 1.44            

MP-05 4.5          0.15           500         1.76            -429 2.14            

MP-06 5.5          0.18           420         1.44            -380 1.81            

MP-07 6.5          0.25           300         1.05            -401 1.26            

MP-08 7.5          0.53           420         0.49            -433 1.78            

MP-09 8.5          1.13           230         0.23            -481 0.96            

MP-10 9.5          0.50           240         0.52            -495 1.00            

MP-11 10.5        0.49           260         0.54            -344 1.12            

MP-12 11.5        0.45           390         0.59            -435 1.66            

MP-13 12.5        0.15           550         1.78            -348 2.32            

MP-14 13.5        0.14           480         1.85            -435 2.05            

MP-15 14.5        0.11           1 340      2.44            -484 5.71            

MP-16 15.5        0.14           690         1.94            -493 2.94            

MP-17 16.5        0.19           580         1.39            -392 2.47            

MP-18* 17.5        0.27           240         0.96            -430 1.02            

MP-19** 18.5        0.51           230         0.51            -381 0.98            

MP-20 19.5        2.41           150         0.11            -490 0.63            

MP-21 20.5        0.66           260         0.40            -544 1.11            

MP-22 21.5        0.73           250         0.36            -518 1.07            

MP-23 22.5        0.46           220         0.57            -510 0.95            

MP-24 23.5        0.51           270         0.52            -448 1.15            

MP-25 24.5        0.47           290         0.56            -523 1.25            

MP-26 25.5        0.07           870         3.84            -567 3.69            

MP-27 26.5        0.22           490         1.19            -440 2.07            
MP-28 27.5        0.09           530         2.87            -472 2.24            

  * Cracks on the surface of concrete.

** Close to the exposed steel bar which was used as common point.

18-20 °C, 75-80%RH

2002-07-03

Cloudy and shortly rainy

Similar weather in past 3 days



 61

 
 

 

Corrosion Data from Bridge N74, Rv 41
Cover thickness l c 3.5 cm Sponge  A sp 42 cm2

Rebar diameter  φ 25 mm Weather:

Polarisation length  L p 10.5 cm Note:
Polarisation area  A p 82.5 cm2

Temp.& RH:

S&G constant B 26 mV Date:

Measure-
ment

Distance 
from the

Corrosion 
rate Resistivity

Polarisation 
Resistance

Half-Cell 
Potential

Ohmic 
Resistance

position middle, m [µA/cm²] [Ω.m] R p [kΩ] U SCE [mV] R Ω [kΩ]

MP-00 0 0.17           620         1.91            -277 3.48            

MP-01 1 0.10           660         3.06            -288 3.73            

MP-02 2 0.16           460         1.99            -232 2.57            

MP-03 3 0.02           400         21.65          -320 2.24            

MP-04 4 0.19           330         1.70            -295 1.83            

MP-05 5 0.04           390         8.68            -284 2.21            

MP-06 6 0.13           600         2.38            -286 3.40            

MP-07 7 0.13           500         2.38            -264 2.82            

MP-08 8 0.19           390         1.68            -269 2.22            

MP-09 9 0.08           540         4.15            -262 3.04            

MP-10 10 0.12           740         2.65            -240 4.17            

MP-11 11 0.09           570         3.43            -266 3.20            

MP-12 12 0.15           460         2.09            -235 2.59            

MP-13 13 0.13           720         2.36            -251 4.07            

MP-14 14 0.10           490         3.16            -267 2.78            

MP-15 15 0.28           360         1.12            -264 2.04            

MP-16 16 0.17           480         1.89            -303 2.71            

MP-17 17 0.15           400         2.11            -355 2.26            

MP-18 18 0.18           290         1.78            -346 1.62            

MP-19 19 0.13           550         2.44            -276 3.12            

MP-20* 20 0.26           320         1.23            -309 1.81            

MP-21 21 0.17           490         1.85            -235 2.73            

MP-22 22 0.18           450         1.74            -262 2.50            

MP-23 23 0.15           570         2.16            -256 3.23            

MP-24 24 0.14           540         2.20            -264 3.05            

MP-25 25 0.15           470         2.13            -285 2.62            

MP-26 26 0.14           540         2.31            -264 3.03            

MP-27 27 0.15           550         2.18            -267 3.10            

MP-28 28 0.15           400         2.16            -315 2.27            

MP-29 29 0.09           420         3.39            -262 2.39            
MP-30 30 0.11           560         2.77            -281 3.12            

* Close to the exposed steel bar which was used as common point.

11-13 °C, >90%RH

2001-10-10

Rainy and windy intervals

Intermittent rain in past 3 days
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Corrosion Data from Bridge N74, Rv 41
Cover thickness l c 3.5 cm Sponge  A sp 42 cm2

Rebar diameter  φ 25 mm Weather:

Polarisation length  L p 10.5 cm Note:
Polarisation area  A p 82.5 cm2

Temp.& RH:

Stern constant B 26 mV Date:

Measure-
ment

Distance 
from the

Corrosion 
rate Resistivity

Polarisation 
Resistance

Half-Cell 
Potential

Ohmic 
Resistance

position middle, m [µA/cm²] [Ω.m] R p [kΩ] U SCE [mV] R Ω [kΩ]

MP-00 0 0.22           430         1.42            -473 2.43            

MP-01 1 0.15           450         2.05            -424 2.55            

MP-02 2 0.30           370         1.07            -422 2.09            

MP-03 3 0.24           390         1.31            -372 2.20            

MP-04 4 0.21           290         1.52            -420 1.63            

MP-05 5 0.34           300         0.93            -383 1.66            

MP-06 6 0.13           390         2.52            -399 2.19            

MP-07 7 0.24           440         1.30            -412 2.50            

MP-08 8 0.04           590         7.37            -408 3.34            

MP-09 9 0.25           420         1.25            -398 2.35            

MP-10 10 0.17           480         1.89            -393 2.70            

MP-11 11 0.15           510         2.05            -386 2.89            

MP-12 12 0.14           450         2.23            -388 2.56            

MP-13 13 0.28           360         1.13            -333 2.02            

MP-14 14 0.08           580         3.99            -398 3.26            

MP-15 15 0.25           410         1.27            -394 2.29            

MP-16 16 0.19           410         1.66            -409 2.33            

MP-17 17 0.19           490         1.68            -420 2.76            

MP-18 18 0.08           480         4.13            -424 2.69            

MP-19 19 0.27           380         1.17            -418 2.12            

MP-20* 20 0.16           440         2.01            -394 2.49            

MP-21 21 0.35           300         0.90            -435 1.71            

MP-22 22 0.28           360         1.14            -373 2.05            

MP-23 23 0.30           360         1.04            -397 2.04            

MP-24 24 0.14           500         2.29            -409 2.80            

MP-25 25 0.20           450         1.58            -411 2.55            

MP-26 26 0.16           440         1.98            -403 2.47            

MP-27 27 0.25           410         1.28            -417 2.31            

MP-28 28 0.23           380         1.40            -418 2.11            

MP-29 29 0.09           430         3.42            -420 2.39            
MP-30 30 0.23           380         1.39            -397 2.14            

* Close to the exposed steel bar which was used as common point.

18-20 °C, 75-80%RH

2002-07-03

Cloudy and shortly rainy

Similar weather in past 3 days




