
 

 

 

 

Electrochemical Techniques to Detect Corrosion Stage of 
Reinforcement in Concrete Structures 

Background document SB3.9 
 
 
 

 
location

to
to

mV
mV

w
al

l h
ei

gh
t [

m
]

.

.

.

.

.

 
 
 
 
 
 

 

 

 

PRIORITY  6 

SUSTAINABLE DEVELOPMENT 

GLOBAL CHANGE & ECOSYSTEMS 

INTEGRATED PROJECT 



 Sustainable Bridges SB-3.9 2007-11-30 2 (35) 
 

printed: 2008-01-09, 16:50   

This report is one of the deliverables from the Integrated Research Project “Sustainable Bridges - Assessment for 

Future Traffic Demands and Longer Lives” funded by the European Commission within 6th Framework 

Programme. The Project aims to help European railways to meet increasing transportation demands, which can 

only be accommodated on the existing railway network by allowing the passage of heavier freight trains and faster 

passenger trains. This requires that the existing bridges within the network have to be upgraded without causing 

unnecessary disruption to the carriage of goods and passengers, and without compromising the safety and 

economy of the railways. 

A consortium, consisting of 32 partners drawn from railway bridge owners, consultants, contractors, research 

institutes and universities, has carried out the Project, which has a gross budget of more than 10 million Euros. 

The European Commission has provided substantial funding, with the balancing funding has been coming from 

the Project partners. Skanska Sverige AB has provided the overall co-ordination of the Project, whilst Luleå 

Technical University has undertaken the scientific leadership. 

The Project has developed improved procedures and methods for inspection, testing, monitoring and condition 

assessment, of railway bridges. Furthermore, it has developed advanced methodologies for assessing the safe 

carrying capacity of bridges and better engineering solutions for repair and strengthening of bridges that are found 

to be in need of attention.  

 

The authors of this report have used their best endeavours to ensure that the information presented here is of the 

highest quality. However, no liability can be accepted by the authors for any loss caused by its use. 

 

Copyright © Authors 2007.  

 

Figure on the front page: Photo of a Skidträsk bridge, Sweden. 

 

Project acronym: Sustainable Bridges 

Project full title: Sustainable Bridges – Assessment for Future Traffic Demands and Longer Lives 

Contract number:  TIP3-CT-2003-001653 

Project start and end date: 2003-12-01 -- 2007-11-30 Duration 48 months 

Document number: Deliverable D3.9 Abbreviation SB3.9 

Author/s: R. Bäßler, A. Burkert, G. Eich, BAM 

Date of original release: 2007-11-30 

Revision date:  

 

Project co-funded by the European Commission  

Dissemination Level  
PU Public X 
PP Restricted to other programme participants (including the Commission Services) 
RE Restricted to a group specified by the consortium (including the Commission Services) 

CO Confidential, only for members of the consortium (including the Commission Services)  



Sustainable Bridges SB-3.9 2007-11-30 3 (35) 

   2008-01-09, 16:50 

Summary 

Generally reinforcing steel is protected permanently against corrosion by the alkaline pore 
water environment in the concrete. At unfavorable conditions (carbonation, chloride ingress) 
the passive layer on the steel surface can be destroyed, and corrosion can occur resulting in 
reduction of structure performance.  
So by these investigations the railway owner will get information to decide which 
electrochemical non-destructive technique is sufficient for evaluation of the corrosion 
situation on his structure. 
In order to initiate necessary rehabilitation measures at the right moment from the safety as-
pect as well as the economic point of view non-destructively determined information on the 
current corrosion behavior of the reinforcing steel have a high importance. For that various 
electrochemical measurement techniques are available, like measurement of corrosion 
potential determination of short-circuit currents on corrosion cells, and external controlled 
electrochemical investigations.  
In passive conditions the rebar potentials can fluctuate in a wide range depending on differ-
ent parameters. In some potential areas a clear classification of active (corroding) or passive 
conditions is not possible. In such cases measurements by Galvanostatic Pulse 
Method (GPM) might be supportive. Evaluation of the results enables a much better 
classification regarding the situation at the reinforcement. However the applicability is being 
discussed controversially. Basing on differences of own and literature results gathered on 
park decks and bridges as well as in special laboratory approaches it is necessary to 
evaluate the limitations on real structures. Right now there is a big skepticism in terms of 
correct applicability of corrosion rate measurement devices. 
A very good evaluation of the reinforcement corrosion behavior has been achieved in 
laboratory. In potential ranges, where a clear assignment to passivity or activity could not be 
made, GPM-technique allows a better evaluation. It can be stated, that GPM is suitable for 
evaluation of the corrosion rate on uniformly corroding small specimens.In case of very local 
corrosion spots and wide passive zones on a test plate also a good qualitative evaluation of 
the corrosion stage could be achieved using potential mapping. Here it turned out that 
relatively small corrosion spots only can be detected by a narrow measurement grid. 
However an evaluation of corrosion behavior in these conditions by GPM seems to be 
impossible. The GPM-technique is applicable if corrosion conditions on the object are 
relatively uniform. Only very local corrosion spots on an almost passive structure limit the 
usability of the achieved values. The limitation and applicability of the technique on real 
structures have been evaluated on a bridge without significant corrosion and will be 
evaluated on a bridge claimed to have corrosion in May 2007 within WP 8. Final results are 
not available yet, but will be delivered as an update package after completion. 
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1 Introduction 

Generally steel is protected permanently against corrosion by the alkaline pore water envi-
ronment. At unfavorable conditions (carbonation, chloride ingress) the passive layer on the 
steel surface can be destroyed. First the resulting corrosion products could be incorporated 
in the pore structure of concrete without significantly visible changes at the concrete surface. 
Later secondary damages caused by corrosion, like cracks and delaminations at the struc-
ture, can occur [1] due to volume increase of corrosion products.  
In order to initiate necessary rehabilitation measures at the right moment from the safety as-
pect as well as the economic point of view non-destructively determined information on the 
current corrosion behavior of the reinforcing steel have a high importance [2 - 9]. For that 
various electrochemical measurement techniques are available, like measurement of 
corrosion potential, determination of short-circuit currents on corrosion cells, and external 
controlled electrochemical investigations.  
At passive conditions the rebar potentials can fluctuate in a wide range depending on differ-
ent parameters. Than in some potential areas a clear classification of active (corroding) or 
passive conditions is not possible.  
In such cases the galvanostatic pulse measurements can be supportive. By this technique a 
short anodic DC-current impulse is applied to the reinforcement using a counter electrode. 
Evaluation of the potential change, recorded simultaneously at the steel, enables a much 
better classification regarding the situation at the reinforcement. 

2 Measurement techniques 
2.1 Potential mapping 
2.1.1 Principle 

The electrochemical potential mapping is a well established and widely used method in order 
to evaluate the corrosion stage of reinforcement in steel reinforced and pre-stressed 
concrete structures [10 - 18]. Here a potential difference is determined between re-
inforcement and a reference electrode attached to the concrete surface. By stepwise 
movement of the electrode any grid of measurement points can be recorded, and so the po-
tential values and distribution of the reinforcement can be determined. From it conclusions 
regarding corrosion stage can be drawn. Due to the fact that single potentials cannot be 
measured directly, the potential is determined by a measurement of working electrode (rein-
forcement) versus a reference electrode (known potential), as shown in figure 1. 
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FIGURE 1: Principle of potential measurement   

Commonly used reference electrodes are Mercury/Mercury-chloride – (Calomel-, 
Hg/Hg2Cl2/Cl-), the silver/silver chloride – and the copper/copper sulfate-electrode. Because 
the reference potentials of these electrodes versus the standard hydrogen electrode are dif-
ferent, it is absolutely necessary to provide the information versus which reference the po-
tential is measured.  
In order to provide a secure contact the reference electrode is attached to the concrete sur-
face during the measurements using a wet sponge. The potential difference between rein-
forcing steel and reference electrode is measured by a high impedance voltmeter. For short 
time measurements an input impedance of 106 Ω is acceptable. For permanent measure-
ments the input impedance should be 109 Ω or higher. The measured potential values can be 
interpreted in that way that more negative potentials point to a higher probability of corrosion 
processes. Practical experiences have shown that a fixed threshold as the one and only cri-
terion for interpretation of results might not always be appropriate because the potential dif-
ference also depends on temperature, moisture– and salt content as well as the cement 
type. So the different Ca(OH)2-content in the different cement types causes potential differ-
ences of around 200 mV. Therefore a relative comparison of the potentials measured at the 
surface seems to be more appropriate. 
Potential mapping is nearly non-destructive. However in order to contact the reinforcement it 
needs to be laid bare if no other connection (grounding) is available. In order to assure a 
complete contact of the reinforcement the electrical continuity between two access points lo-
cated for away from each other is checked. The resistance values should be below 1 Ω. 
If the reinforcement is not accessible, the potential mapping can be performed by a differ-
ence measurement [11, 19]. Hereby 2 reference electrodes are used, one as a fixed located 
reference, and one for mapping the surface. The result is a potential difference between both 
electrodes. So potential variations within one object can be determined non-destructively. 
The disadvantage is that the real potential of the reinforcement cannot be determined. So an 
almost uniformly corroding reinforcement would show the same low potential differences like 
passive reinforcement. Therefore such procedure is limited to special applications. 
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Potential mapping on the concrete surface only detects mixed potentials, because the poten-
tials are not measured directly at the corroding area of the steel. At common concrete covers 
between 3 and 4 cm the potentials measured on the surface reasonably reflect the actual 
potential value of reinforcement. The maximum effective depth is 20 cm. The susceptibility of 
measurements regarding localization of little corrosion spots decreases by increasing cover 
depth. The results of potential measurements can be influenced by many further factors 
(e. g. resistance of concrete cover, temperature, moisture, organic coatings), which should 
not be discussed in this work. Measurement results should only be interpreted by specialist, 
because an uncritical evaluation would lead to severe misinterpretations. 
Changes of moisture directly close to the reinforcement have almost no influence at free 
weathering conditions, because the moisture from 2 cm depth is not affected by seasonal 
changes. At usual concrete covers of 3 cm such changes have therefore no influences on 
the potential as long as no variation on the test object are performed. 
On plastically or epoxy coated concrete surfaces potential mapping cannot be performed be-
cause no electrolytic contact can be achieved to the concrete. Simple color coatings do not 
affect the measurements. 

2.1.2 Examples for application  

The effectiveness of potential mapping to localize active corroding or corrosively damaged 
regions is shown using the following two examples from practice.  
The application of potential mapping on a supporting wall of a tunnel [20] is shown in 
figure 2.  

  
FIGURE 2:  Patch repaired tunnel wall prepared for potential mapping 
 upper right corner: connection to reinforcement 

On the upper right hand side the contact to reinforcement laid bare is shown. In the case de-
scribed the measured area was around 35 m². Results of potential mapping are shown in 
figure 3.  
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FIGURE 3:  Potential map of the tunnel wall (figure 2) showing clear potential gradi-

ents (potentials measured vs. Cu/CuSO4, tunnel Rendsburg) 

A marked potential gradient (regions with values < -300 mV close to regions with values 
> -100 mV) in all sections of region investigated is a clear sign for localized corrosion activi-
ties under the concrete cover. At some selected points having significantly lower potential 
values the results have been verified by galvanostatic pulse measurements. At results point-
ing to active corroding reinforcement the concrete cover was removed, and the real corrosion 
situation was inspected. The corroded regions found there clearly confirm the results of the 
performed measurement. In figure 4 localized corrosion is clearly visible on deeper located 
reinforcement. 

  
FIGURE 4:  Reinforcement after removing concrete cover showing corrosion damages 

The second example shows potential mapping on a weir beam of the "Eidersperrwerk"-
dam (figure 5). 
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FIGURE 5:  Dam of Eidersperrwerk  

By potential mapping (figure 6) regions with clearly reduced corrosion potential were de-
tected indicating corrosion activities.  

  
FIGURE 6:  Potential map on a weir beam showing local regions with lower corrosion 

potential 

By removing the concrete cover critical areas confirmed the measurement results. In figure 7 
corrosion damages at the rebar laid bare are shown. 
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FIGURE 7:  Reinforcement of the investigated weir beam after concrete cover removal 

2.2 Galvanostatic pulse measurements 

The Galvanostatic Pulse Method (GPM) is especially suitable for cases, where potential 
mapping does not provide clear results about reinforcement situation or if a better classifica-
tion regarding corrosion risk is requested [11,21 - 24]. For this, conclusion can be drawn 
regarding to the status of the system basing on registered system response during or short 
after a short time external stimulation. For the measurement the fact is used that an actively 
corroding system quickly compensates the removal of electrons, caused by an external 
anodic current pulse, by release of further electrons (provided by corrosion reaction). The 
polarization achieved by the current pulse remains low in an actively corroding area. At pas-
sive reinforcement this is not possible, because the corrosion rate is much higher. Therefore 
in this case the polarization is much higher, if the same current pulse is used (figure 9). 
For the actual measurement a short time (3 to 60 s) anodic DC pulse is applied to the ob-
served location of reinforcement by a counter electrode (figure 8). The pulse height can be 
modified depending on the conditions at the object. Simultaneously the caused potential 
variation is recorded.  

 

V

reinforcementA

guard ring

reference electrode

counter electrode

contact sponge

 
FIGURE 8: Galvanostatic pulse measurement 
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The results can be interpreted right on site. If a potential shift of some 100 millivolts in anodic 
direction is observed it can be stated that the location is passive. If in the same conditions a 
significantly smaller shift is detected, active corrosion in this area needs to be considered. 
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FIGURE 9: Effect of an anodic current pulse within a mA-range at active and passive 

reinforcement 

A further development of this method is the galvanostatic pulse technique. Here caused by 
an essentially smaller current pulse (10 to 100 µA) the resulting polarization of reinforcement 
does not leave the linear part of the current-density-potential curve (polarization ≤ 20 mV). In 
order to achieve such behavior, the pulse intensity needs to be increased stepwise until a 
sufficient but not too high polarization is obtained. Various information can be obtained from 
records of the corresponding system response (potential course – see figure 10) 
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FIGURE 10: Potential variation at reinforcement during a 10 s current pulse 
 left: active stage, pulse height 50 µA 
 right: passive stage, pulse height 30 µA 

Not only the obtained potential drift but also the course of the potential change is evaluated. 
By the time depending potential conclusion on the Ohmic (ΔEΩ) and the polarization (ΔEP) 
part can be drawn. The Ohmic part (potential drop over a resistor) occurs as a quick potential 
change (steep increase), whereas the polarization part significantly depends on the time. At 
the end of each measurement the same effect occurs in opposite direction. 
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By the Ohmic part of the potential drift the concrete cover resistance can be calculated, 
which is mainly influenced by temperature, moisture and salt content. This resistance value 
can be used as reference for repetition measurements in order to check the comparability of 
the measurement conditions. Such reference value is very important, because the conditions 
during the measurement essentially influence the results. The measured result only reflects 
an instantaneous value which can extremely vary depending on the actual conditions. 
Therefore no conclusions about past or future can be drawn by just one measurement. Addi-
tionally it needs to be considered that always mixing effects of active and passive areas can 
occur. 
The ΔEP-values shown in figure 10 actually are strictly speaking only valid for the status 
dE/dt = 0. In order to shorten the measurement time and to exclude changes at the rein-
forcement interpolation methods are used to determine ΔEP. 
At the above mentioned conditions the polarization resistance RP at the free corrosion poten-
tial can be determined by the potential course. It results as a differential quotient of change of 
electrode potential ΔEP and the corresponding change of current according to  

  
ΔI
ΔER P

P =  

The so determined polarization resistance can correlate to free corrosion current Icorr accord-
ing to  

  Icorr = 
PR

B  with B = 26 mV in active conditions 

   and B = 52 mV in passive conditions [25] 

Therefore conclusions regarding real corrosion rate are principally possible. 
At on-site conditions the calculation of corrosion current density causes some problems, be-
cause neither the actual polarized nor the actual corroding area is known. Among others the 
polarized area depends on the corrosion stage of reinforcement, which is first unknown. 
Therefore corrosion current densities respectively the calculated corrosion rates have a large 
uncertainty whereby deviations of up to one magnitude are not unusual. 
Like at the potential mapping the suitability of galvanostatic pulse measurements is limited by 
the resistance of the concrete cover. At a very dry surface big variations of measurement re-
sults can occur, and lead to misinterpretations. When such dry surface is wetted within the 
first minutes strong potential changes occur which overlap with the potential change caused 
by the anodic pulse current. This leads to strong mismeasurements. Such problems espe-
cially occur if very small pulse currents are used, and have to be taken into account while 
planning the measurement conditions. 
Furthermore it needs to be considered that the time required for one measurement is, 
caused by the method (approximately 30 s) and so this measurement is much more time 
consuming than potential mapping. 
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3 Experimental setup 
3.1 Cube specimens 

In order to investigate influencing parameters (caused by the concrete) on the electrochemi-
cal measurements pre-corroded reinforced concrete specimens (30 cm x 30 cm x 20 cm) 
made of different concrete mixtures were used. They varied in strength and water/binder-ra-
tio. Further parameters which affect the corrosion processes directly, like chloride content 
and concrete cover, were varied too. Finally different specimens (table 1) were available. 

TABLE 1: Laboratory cube specimens survey 

Specimen-No. w/b-ratio chloride content [%] concrete cover [mm] 

121 0.70 4.0 10 
221 0.55 4.0 10 
223 0.55 4.0 10 
155 0.70 0 10 
255 0.55 0 10 
245 0.55 1.0 40 
256 0.55 1.0 10 
146 0.70 2.5 40 
246 0.70 2.5 40 
236 0.70 2.5 10 

 
In table 2 the concrete parameters are summarized. It needs to be noticed, that specimens 
with No. 100 - 199 belong to series 1 and specimens 200 - 199 to series 2. 

TABLE 2: Concrete specification of laboratory cube specimens 

 series 1 series 2 

strength B 15 B 35 
water/binder – ratio 0.70 0.55 
cement content [kg/ m³] 257 327 
cement type CEM I 32.5 R 
particle-size distribution curve  A/B 16 
slump [cm] 49 50 
air voids content [%] 0.60 0.67 
freshly mixed concrete bulk density [kg/ dm³] 2.38 2.38 

 

Reinforcement made of ordinary carbon steel and a diameter of 10 mm was used. Each 
specimen contained 3 or 6 reinforcing bars. The different reinforcement density does not in-
fect the potential mapping. However it has a significant influence on evaluation of pulse 
measurements, due to the high importance of the polarized steel area underneath the meas-
urement head. 
In June 2001 the specimens were exposed to natural environment. So they could pre-cor-
rode for almost 3 years before measurements started in 2004. The major advantage was, 



Sustainable Bridges SB-3.9 2007-11-30 14 (35)   

2008-01-09, 16:50 

that so strongly developed corrosion processes could occur on some specimens. In freshly 
cast concrete occurring corrosion processes are different than such in “old” hardened con-
crete, and therefore they are not really comparable. 
In order to measure the potential internally each specimen was equipped with a MnO2-refer-
ence electrode (figure 11) having at 20 °C a reference potential of + 410 mV versus standard 
hydrogen electrode (SHE). The electrode was attached parallel to the center rebar. By this 
electrode the potential of reinforcement can be measured without a big Ohmic drop. 

  
FIGURE 11: MnO2-reference electrode attached to the reinforcement 

3.2 Reinforced concrete plate 

In order to test the different methods on a system close to on-site conditions a steel rein-
forced concrete plate (10 m x 4 m) was used. Beside ducts, various reinforcements (of differ-
ent diameter and density) and defined damaged zones this plate contains special reinforcing 
steel bars for corrosion investigations (marked area). The steel rebars have 8 mm diameter 
and a spacing of 3 cm. Concrete cover is 4.5 cm. The plate with the area used for corrosion 
investigations is shown in figure 12. 
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FIGURE 12: Reinforced concrete plate showing the area for corrosion investigations 
(dimensions [cm]) 

In order to have contact to the reinforcement during the electrochemical measurements, the 
rebars were connected to the outside at the vertical side of the plate. The plate was pro-
duced in July 2002 using common concrete (parameters see table 3) 

TABLE 3: Concrete specification of plate specimens 

strength C30/37 

water/binder-ratio 0.55 

cement type CEM II/B-S 32.5 R 

aggregate size gravel sand mixture, 16 mm 

 
additives 

fly ash 
plastifying admixture 
flux 

 
Due to the environmental conditions corrosion of reinforcement would not be expected. 
Therefore in March 2004 some initialization spots were installed in order to induce corrosion 
locally. At 7 selected points holes (diameter 20 mm, depth approx. 45 mm) were drilled down 
to the reinforcement. By filling each with 15 g NaCl and water critical corrosion conditions 
could be achieved. The water level in each hole was kept constant at the maximum for 
2 days. After the solution was consumed almost completely by the concrete the holes were 
closed by repair mortar (Sika 613). Afterwards the area was post-treated for 18 days by wet-
ting and covering with plastic foil. 
In figure 13 a drawing section shows locations of reinforcement (SpMK) and the implemented 
corrosion spots x1 to x7. Furthermore other applications and defined damages are shown in 
this picture, but are not related to these investigations. 

Location and size of the
investigated reinforcement 

100 
100 

50
50
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FIGURE 13: Drawing of reinforced concrete plate 

3.3 Real bridge in Örnsköldsvik 

In order to test limitations found on the concrete plate measurements were performed on a 
bridge in Örnsköldsvik (Sweden) in June 2006 (figure 14). On the northern wall a potential 
map and GPM-map was recorded after localizing the reinforcement. Significant locations 
were marked for future core extraction in order to determine chloride content, possible 
carbonation and real corrosion stage of reinforcement. 

x2 x3 x1

x7x6

x5x4

- holes with diameter 20 mm, depth 3 to 5 cm (concrete is not uniform); 
- after NaCl-application holes were sealed by repair mortar (Sika 613).

Coordinates of each drilled hole: 
x1 (345/355)  x4 (420/220) 
x2 (405/355)  x5 (410/220) 
x3 (385/355)  x6 (420/230) 
x7 (410/230) 
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2 m2 m

5 m5 m  
FIGURE 14: Bridge in Örnsköldsvik and measurement field 

4 Results 
4.1 Measurements on cube specimens 
4.1.1 Potential measurements 

Before the potential measurements on the cube specimens the time to achieve stable poten-
tial values was determined by preliminary tests. For that potential-time curves after attaching 
the reference electrode on the concrete were recorded. Potential-time-courses on selected 
specimens are shown in figure 15. 
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FIGURE 15: Potential-time-course of the reinforcement in different specimens after 

moisturization of surface (potentials vs. 0.5 M Ag/AgCl) 

It is shown, that stable values can be achieved after approximately 5 minutes. On strongly 
dried surfaces, which can occur after long drying periods or storage of specimens inside, the 
time to stable potentials can increase significantly. The following investigations were per-
formed after achieving stable potentials. 
In order to determine the dependence of the potential on the reference electrode position the 
potential of the reinforcement was measured by an external 0.5 M Ag/AgCl-electrode 
(+207 mV vs. SHE) and the internal MnO2-electrode (+410 mV vs. SHE at 20 °C). In order to 
compare directly the values measured vs. MnO2 are converted to 0.5 M Ag/AgCl-electrode 
(table 4) 

TABLE 4: Internally and externally determined potential values 

potential [mV] 
intern extern specimen 

vs. MnO2 converted to 0.5 M Ag/AgCl vs. 0.5 M Ag/AgCl 

121 (4% Cl-) -588 -433 -430 
221 (4% Cl-) -597 -442 -425 
223 (4% Cl-) -578 -423 -440 
155 (0% Cl-) -254 -99 -96 
255 (0% Cl-) -296 -141 -126 
245 (1% Cl-) -273 -118 -111 
256 (1% Cl-) -298 -143 -141 
146 (2.5% Cl-) -561 -406 -427 
246 (2.5% Cl-) -577 -422 -437 
236 (2.5% Cl-) -556 -401 -428 

Time [s]
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245 

155 
E 0
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 m

 A
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A
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The internally and externally measured potentials are not different. So the potentials meas-
ured on the surface provide a good reflection of the actual potential of the reinforcement. 
At the cube specimens potential measurements were performed for 30 months. Typical sin-
gle values are shown in table 5. Large deviations of potentials can be observed, which follow 
the seasonal changes. 

TABLE 5: Potential variations (not temperature compensated)  

potential [mV] vs. MnO2 specimen 30.08.02 28.10.02 24.06.03 02.12.03 22.06.04 09.12.04 

121 (4% Cl-) -565 -530 -427 -654 -429 -570 
221 (4% Cl-) -546 -508 -444 -700 -456 -600 
223 (4% Cl-) -536 -513 -425 -648 -438 -570 
155 (0% Cl-) -330 -167 -116 -258 -115 -290 
255 (0% Cl-) -375 -214 -197 -361 -137 -260 
245 (1% Cl-) -401 -242 -225 -311 -199 -240 
256 (1% Cl-) -423 -376 -216 -411 -205 -330 
146 (2.5% Cl-) -513 -389 -346 -321 -405 -560 
246 (2.5% Cl-) -502 -383 -384 -553 -419 -580 
236 (2.5% Cl-) -541 -488 -394 -642 -425 -550 

From the potential time course with time no conclusions can be drawn regarding corrosion 
progress. Furthermore the chloride free specimens and specimens containing 1 % chloride 
showed similar potential values. By GPM it should be checked whether a distinction can be 
made using such technique. 

4.1.2 GPM on cube specimens 

Selected results of GPM-measurements on specimens are shown in table 6. First measure-
ments were performed where all 3 rebars were connected, a situation like on-site. Than each 
single rebar was measured. 

TABLE 6: Pulse measurements at 3 selected specimens vs. Ag/AgCl  

specimen rebars open circuit 
potential [mV]

current
[µA] 

ΔEC 
[mV]

ΔEP 
[mV] 

RC 
[kΩ] 

RP 
[kΩ] 

Icorr 
[µA] 

Icorr 
[µA/cm²]

155 3 -106 20 22 21 1.1 1.05 51 1.6 
center -85 10 15 33 1.5 3.3 16 0.5 
left -80 10 14 32 1.4 3.2 16 0.5 0 % Cl- 

cover 1 cm right -90 10 14 31 1.4 3.1 17 0.5 
245 3 -1 100 113 13 1.1 0.13 200 6.4 

center +7 100 116 16 1.2 0.16 163 5.2 
left +3 100 111 16 1.1 0.16 163 5.2 1 % Cl- 

cover 4 cm right +22 100 114 20 1.4 0.2 130 4.1 
223 3 -414 300 172 18 0.6 0.06 433 14 

center -416 300 176 19 0.6 0.06 433 14 
left -456 300 136 18 0.5 0.06 433 14 4 % Cl- 

cover 1 cm right -397 300 111 12 0.4 0.04 650 20 
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The concrete resistance values (Rc) of specimens 155 and 245 are in the same range, 
whereas the value of specimen 223 is clearly lower. For comparison of the concrete resis-
tances, beside the chloride contents the different cover depths needs to be considered. No 
influence of the amount of contacted rebars on the concrete resistance could be observed. 
The polarization resistances (RP) of specimens 155 and 245 are clearly different. At speci-
men 233 the RP–values are again clearly smaller and show the strongest corrosion activity, 
as expected. In order to calculate the current density only polarization of the rebar area un-
derneath the measurement head was considered. Assuming that this area corrodes uni-
formly or is passive, the corrosion rate can be predicted basing on these current density val-
ues. So it is possible to distinguish corrosion stage of specimens having similar potential val-
ues by pulse measurements. 
Comparing the results measured at single rebars to connected rebars it is obvious that at 
specimen 155 the values for single rebars are only 1/3 of those obtained at connected rebars. 
At specimen 245 the values of single rebars are just a bit smaller, and at specimen 223 no 
significant difference could be observed. 
Within further measurements various factors were investigated, which could affect the results 
of GPM-measurements. Using the internal reference electrode the resistance values are that 
small, that the Ohmic part of the potential shift is only 2 – 3 mV, and can be neglected.  
However the values of polarization resistances showed no significant change. As a further 
parameter the temperature influence was investigated. At specimen 223 a pulse measure-
ment was performed in winter during free weathering. Afterwards the specimen was stored in 
the laboratory for 6 hours, and than again measured. Results are shown in table 7.  

TABLE 7: Pulse measurements on specimen 223 – influence of temperature on 
the obtained values vs. Ag/AgCl  

surface temperature [°C] 1 15 
open circuit potential [mV] -402 -442 
current [µA] 150 300 
ΔEΩ [mV] 159 161 
ΔEP [mV] 14 14 
RC [kΩ] 1.06 0.54 
RP [kΩ] 0.09 0.05 
Icorr [µA] 289 520 
Icorr [µA/cm²] 13 24 

 
In order to evaluate whether the predicted corrosion current densities correlate to the real 
mass losses GPM-measurements were performed monthly at the specimens. This is essen-
tial, because the results reflect only moment values which can change by external conditions 
or progressing depassivation. The course of the obtained values during 30 months is shown 
in figure 16. By these values the mean corrosion current density during the whole exposure 
time can be determined. 
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FIGURE 16: Current density-time-course of the reinforcement in different specimens 

obtained by GPM on 4 selected cube specimens after exposure at free 
weathering conditions 

By Faradays law the mass loss was calculated. After 30 months of free weathering the re-
bars of 4 cube specimens were removed, etched and the mass determined. So the real mass 
loss could be achieved. In table 8 the mean corrosion current densities determined by GPM, 
the so predicted and the real mass losses of the specimens are summarized. Although the 
predicted values are slightly higher, they are still in the range of the real mass losses 

TABLE 8: Predicted and real mass losses on reinforcing bars after 30 months 
exposure) 

mass loss[g/m²a] 
specimen 

mean corrosion 
current density 

[µA/cm²] predicted measured 

156 (1 %Cl-, 1 cm cover) 4.0 353 187 
145 (1 %Cl-, 4 cm cover) 1.5 131 81 
136 (2.5 %Cl-, 1 cm cover) 4.0 353 225 
123 (4 %Cl-, 1 cm cover) 5.0 443 472 

4.2 Measurements on the steel reinforced concrete plate 

In order to determine the potential between the reference electrode and the reinforcement 
the ion transfer between electrode and reinforcement needs to be assured. This is achieved 
by a wet sponge placed at the head of the electrode. The ion transfer depends on the con-
crete resistance (electrolyte). Therefore the moisture ingress caused by the sponge has a 
severe influence on the results. In order to achieve reproducible results there are two possi-
bilities. 
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4.2.1 Potential measurements on wet surfaces 

One is the complete moisturization of the whole area to be measured. The moisturization 
time depends on the situation at the beginning and the absorbability of the concrete surface. 
One indication of secure measurement conditions is a stable potential, which does not 
change during 5 minutes. By continuous potential measurements it could be determined that 
stable potentials could be measured on the plate after approximately 30 minutes. By this 
method the potential courses shown in figures 17 and 18 were obtained. 
Before initialization of corrosion spots the rebar potential was measured globally using a 
0.5 M Ag/AgCl-electrode and evaluated (figure 17). 

2.0 m 1.8 m 1.6 m 1.4 m 1.2 m 1.0 m 0.8 m 0.6 m 0.4 m 0.2 m 0 m
0 m

0.2 m

0.4 m

0.6 m

0.8 m

1.0 m

-100--50 -50-0 0-50

potential [mV] vs. 0.5 M Ag/AgCl
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FIGURE 17: Potential mapping March 2004, temperature 13 °C, before chloride 

application, surface moisturized 

In the left part a potential decrease is visible caused by the reinforcement leaving the con-
crete plate. Because the intersections are not corrosion protected, corrosion occurred and is 
detected by the measurement signal. 
Approximately 3 weeks after initialization of corrosion spots the measurement was performed 
again. In the area of applied chloride deteriorations a significant potential shift could be ob-
served (figure 18). The potential is up to 400 mV more negative than the not deteriorated 
part. In the upper part of the figure slightly positive potentials were measured, which were 
caused by the beginning drying out of the concrete surface. This can be detected by a slight 
color change of the concrete from dark grey to light grey. Further investigations confirm that 
such changes could cause potential shifts up to 50 mV. 
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FIGURE 18: Potential mapping, April 2004, temperature 21 °C, approximately 3 weeks 

after chloride application, wet surface 

4.2.2 Potential measurements on dry surfaces 

A second possibility is the measurement on the concrete surface in dry conditions. Here only 
the sponge is wetted. The potential value immediately after attaching the electrode is regis-
tered. During a longer time the potential would shift significantly in negative direction caused 
by the moisture intrusion. A potential map obtained by this technique is shown in figure 19. 
Comparing to potential distribution measured in April clear differences can be observed large 
areas of the plate have now potentials between 200 and 250 mV. In figure 18 the same ar-
eas in wet surface conditions show 0 to – 50 mV. However localized corrosion spots can be 
detected despite of moisture situation on the surface. 
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FIGURE 19: Potential mapping on dry concrete surface, September 2004, 21 °C 
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Further the potential mapping was repeated regularly every 4 weeks. In order to determine 
the actual steel potentials the surface was completely moisturized at all following measure-
ments. Selected results of May, July, September are shown in figures 20 to 22. 
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FIGURE 20: Potential mapping May 2004, temperature 12 °C, surface 30 minutes 

moisturized 
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FIGURE 21: Potential mapping July 2004, temperature 23 °C, surface 30 minutes 

moisturized 
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FIGURE 22: Potential mapping September 2004, temperature 21 °C, surface 

30 minutes moisturized 

A detailed observation of the implemented corrosion spots should show how the active spot 
infect the close surrounding and how detailed a grid has to be as maximum in order to detect 
securely active corrosion spots. In order to evaluate that the measurement grid was reduced 
from 20 x 20 cm to 5 x 5 cm. The local potential distribution around spot x1 and x2/x3 (see 
figure 13) is shown in figures 23 and 24. In undisturbed areas potentials between -100 and 
0 mV were measured. Directly above the bore holes (which were closed by repair mortar af-
ter chloride application) potentials around –500 mV were measured. 
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FIGURE 23: Influence of local corrosion spots on the surrounding reinforcement poten-

tial in May 2004, measurement point x1 
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FIGURE 24: Influence of local corrosion spots on the surrounding reinforcement poten-

tial in May 2004 , measurement points x2 and x3 

The high resolution potential map shown in figures 23 and 24 in an area of localized dam-
ages did not change significantly within the current observation time of 8 months. Especially 
no spread of the corrosion initiation spots could be observed. 

4.2.3 GPM-measurements on steel reinforced concrete plate 

On the concrete plate pulse measurements were performed at 4 different locations. Meas-
urement point 1 is directly above the initiation spot (figure 25). The measurement points 2 
and 3 are 25 resp. 60 cm away from the active corroding spot. 
In order to evaluate the influence of a larger corroding area on the GPM-results measure-
ment point 4 was above one of 4 initiation spots located only 10 cm away from each other.  
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FIGURE 25:  Locations of measurement points and initiation spots for GPM-measure-
ments on the steel reinforced concrete plate 

As counter electrode first a ring made of zinc, surrounding a 78 cm² area, was used. At each 
measurement point a large amount of measurements was performed. On one hand site the 
reproducibility was assured, but on the other hand suitable values of pulse current height had 
to be determined. Selected results, where a polarization of 10 to 20 mV was achieved, are 
shown in table 9. Using these results polarization resistances and than the values of corro-
sion current were calculated. 
Between the different measurement points clear differences of the concrete resistance were 
observed. At the initiation spots the values are around 1 to 2 kΩ, whereas at other locations 
they are around 4 and 6 kΩ. At polarization resistances only little differences were found. At 
passive locations they are slightly higher than at active locations. If the corrosion current is 
calculated using these values considering different B-values (see page 12), no significant 
differences between the measurement points can be detected. At this stage the values were 
not area related because the size of the really active area is not known. 
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TABLE 9: Pulse measurements on the steel reinforced concrete plate, potentials 
vs. Ag/AgCl, counter electrode A = 78 cm² 

No. open circuit 
potential [mV] 

current 
[µA] ΔEΩ [mV] ΔEP [mV] RC [kΩ] RP [kΩ] Icorr [µA] 

MP1-001 -288 100 217 11 2.17 0.11 236 
MP1-002 -289 100 216 11 2.16 0.11 236 
MP1-003 -290 150 243 17 1.62 0.17 153 
MP2-001 +54 30 173 6 5.77 0.20 260 
MP2-002 +54 40 231 11 5.78 0.28 186 
MP2-003 +59 50 298 12 5.96 0.24 217 
MP3-001 +60 50 218 8 4.36 0.16 325 
MP3-002 +60 50 216 10 4.32 0.20 260 
MP3-003 +60 100 435 19 4.35 0.19 274 
MP4-001 -334 100 124 12 1.24 0.12 217 
MP4-002 -333 100 127 12 1.27 0.13 200 
MP4-003 -332 150 189 16 1.26 0.11 236 

 
In a further step it was tried to achieve the expected differences between the measurement 
points by an enlargement of the counter electrode. The ratio of counter to working electrode 
can significantly influence the result of electrochemical measurements. Usually the counter 
electrode should be 10 times larger than the area of the working electrode (here area of po-
larized reinforcement). In order take a more closer look on these influences pulse measure-
ments were performed using a 20 x 30 cm galvanized steel plate as counter electrode, lead-
ing to results shown in table 10. 

TABLE 10: Pulse measurements on the steel reinforced concrete plate using an 
enlarged counter electrode, potentials vs. Ag/AgCl, counter electrode 
A = 600 cm² 

No. open circuit 
potential [mV] 

current 
[µA] ΔEΩ [mV] ΔEP [mV] RC [kΩ] RP [kΩ] Icorr [µA] 

MP3-001 -76 50 72 11 1.44 0.22 236 
MP3-002 -65 50 73 9 1.46 0.18 289 
MP4-001 -349 100 61 47 0.61 0.47 55 
MP4-002 -354 100 61 38 0.61 0.38 68 

 
At measurement point 3 the changed electrode has no influence on the results. In the area of 
measurement point 4 the counter electrode was placed in that way that all initialization spots 
x4 to x7 were completely underneath the counter electrode. So an increase of the polarization 
resistance could be observed. However this result does not correlate in any kind to the real 
corrosion behavior on the reinforcement. 

4.2.4 Measurements on the Örnsköldsvik bridge 

On the northern wall measurements were performed in 25 cm steps.  
Potential mapping (figure 26) has shown potential values between -200 to +100 mV (vs. 
Ag/AgCl). Local areas of lower potential suggesting increased possibility of corrosion were 
found and verified by GPM (15/2 figure 27).  
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FIGURE 26: Potential map on northern wall of Örnsköldsvik bridge (potential values in 

mV vs. Ag/AgCl) 

 
FIGURE 27: GPM-results on northern wall of Örnsköldsvik bridge (current density 

values in µA/cm²) 

5 Discussion 
5.1 Results on the cube specimens 

Recording the potential (table 5) leads to the following conclusion: 
On one hand side the potentials increase within 2 years after specimens production. This 
might be caused by a relatively slow formation of stable surface layers respectively a further 
layer growth on the reinforcing steel. However the formation of oxide layer on unalloyed 
steels in alkaline environment is spontaneous, but the layer can be destroyed for instance by 
chlorides. In order to exclude permanently the corrosion reactions the oxide layer needs to 
have a sufficient thickness and stability. This probably is reached 2 years after production of 
the cube specimens. 
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On the other hand a clear seasonable influence on the potential values can be observed. 
The values of December 2003 and 2004 are clearly more negative than in the summer 
months. The main reason is the different moisture saturation of these specimens. At high 
moisture saturation during winter the oxygen diffusion is hindered, and the potentials become 
more negative. 
A further influencing factor is the temperature dependence of electrochemical reactions and 
therefore of the rebar potentials. The potential of the reference electrode is temperature de-
pendence too. The MnO2–electrode has a potential of + 410 mV versus SHE at 20 °C. In-
creasing the temperature by one K the potential increases by 0.65 mV. So the influence is 
relatively small. However at a temperature difference of 30 K it is 20 mV. 
Comparing external 0.5 M Ag/AgCl-electrode to embedded MnO2-electrode almost no differ-
ences of measured potential values was observed (table 4). The largest potential difference 
was 27 mV. Such small potential deviations are not considered while evaluating the potential 
mapping. Therefore it can be stated that the potentials measured on the surface provide a 
good reflection of the reinforcement potential. It is essential to moisturize the concrete sur-
face completely and for a sufficient time. Experiences showed, that moisturization times of 
around 30 minutes are necessary to achieve stable potential values. Furthermore the tem-
perature has to be above the freezing point. Frozen water on the concrete surface respec-
tively in the contact sponge causes different conductivity values, which can influence the 
potential measurements. If these requirements are fulfilled the rebar potential can be meas-
ured very precisely using an external electrode, if the concrete cover does not exceed 10 cm.  
By galvanostatic pulse measurements it was possible to distinguish the corrosion behavior of 
different specimens. This was also possible at specimens where the potential measurements 
did not show signs of active corrosion. Beside of distinction of active and passive reinforce-
ment further differences regarding corrosion rate could be detected. Furthermore it could be 
observed, that the amount of measured rebars in a passive specimen have a significant in-
fluence on the measurement result. The main reason probably is a large spread of the ap-
plied electrical field. 
Obviously on passive specimens it is not possible to limit the potential field to the measure-
ment area. Therefore a much larger area is polarized than considered for the calculations of 
current density. On active specimens these problems do not occur. Here the polarization is 
obviously concentrated to the area underneath the measurement head, and the further away 
located reinforcement areas are not measured. Considering the complex influencing values 
on the measurement results and the uncertainties of determination of the rally polarized area 
the predicted mass losses show a quite acceptable correlation to the real values. Therefore 
for laboratory applications the GPM is a good tool to evaluate the corrosion behavior. A con-
tinuous monitoring for a long time period enables tendency predictions regarding corrosion 
rate and its changes with time. 
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5.2 Results on the steel reinforced concrete plate 

By potential mapping on the steel reinforced concrete plate the implemented initialization 
spots can clearly be detected. The detectability of local corrosion spots does not depend 
whether the surface was measured in dry or wet conditions. However the potential differ-
ences between active and passive areas remain almost at the same level. For measure-
ments in dry conditions it is very important, that the time between touching the electrode and 
measuring the potential has to be constant. Otherwise seeming potential differences could 
be generated, which do not allow conclusions regarding corrosion behavior. Preferably the 
values should be read immediately after touching the electrode, because the following po-
tential shift can be very different. A dependency of moisture in the contact sponge, the 
pressing pressure and the absorption behavior of the concrete is possible. 
If the real potential values of the reinforcement should be determined a moisturization time of 
approximately 30 minutes is required. The adjustment of stable conditions can be detected 
by continuous potential measurements. If the measured potential does not vary more than 
1 mV for 5 minutes, stable conditions can be considered. However a sufficient moisturization 
of the surface is mandatory in every case if the corrosion risk should be evaluated according 
existing standards and regulations. The values stated there always base on the assumption, 
that measurement values were obtained without influence of a dry concrete edge zone. 
Furthermore a potential decrease becomes obvious in the edge zones, where the reinforce-
ment leaves the concrete. This can be explained by the fact that the reinforcement corrodes 
in the intermediate zone concrete/air, and this area is measured too due to its direct contact 
to the concrete. On site such situations have not much importance because the reinforce-
ment may not lay outside the concrete. However this influence needs to be considered if for 
instance the joint areas are open due to rehabilitation work, and so the reinforcement is visi-
ble. In such conditions potential mapping will show a potential decrease in the joint zones, 
even if no corrosion of the embedded reinforcement occur. 
In opposite to the potential mapping the galvanostatic pulse measurements on the plate did 
not show satisfactory results. By the obtained results already qualitatively no differentiation 
can be observed between active and passive reinforcement. The main problem is that the 
passive areas appear to be non-polarizable and so the impression of an actively corroding 
area occur. Considering the results of the cube specimens, polarization of a large area, 
which cannot be reduced to a local measurement point, is supposed to be the main reason. 
Furthermore electrons can flow from the large surrounding to the measurement location, so 
actually no polarization can be achieved. A separated investigation of active and passive re-
inforcement areas is impossible in on-site conditions. 

5.3 Results on the Örnsköldsvik bridge 

Values determined by both techniques are very low and stand for low to no corrosion. 
Verification is planned by investigation of cores taken from positions 15/2 (highest possibility 
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of corrosion), 7/3 (possibility of local effect) and 9/6 (no corrosion). For that locations were 
marked and cores were taken for evaluation of chloride profile and visual inspection of 
reinforcement. These results are still not available, and therefore not discussable. 

6 Practical importance of test results 

By measurements in laboratory conditions a very good evaluation of the reinforcement car-
rion behavior could be shown. In potential ranges, where a clear assignment to passivity or 
activity could not be made, a better evaluation could be achieved using galvanostatic pulse 
measurements (GPM). The comparison of results obtained by regular pulse measurements 
for a long time period to the measured mass losses shows a sufficient correlation. It can be 
stated, that GPM is suitable for evaluation of the corrosion rate on small specimens. Due to 
the unknown actually corroding area severe misjudgments of the corrosion rate can result, if 
a clear localized corrosion attack occur. 
On the test plate also a good qualitative evaluation of the corrosion stage could be achieved 
using potential mapping. Here it turned out that relatively small corrosion spots only can be 
detected by a narrow measurement grid. Already 15 cm away from a corrosion spot of 2 cm 
no significant potential deviations could be detected. 
The detection of polarization resistance by GPM did not lead to meaningful results. An 
evaluation of corrosion behavior is therefore impossible. So the usability of GPM in on-site 
conditions is not given. Only for the determination of concrete cover resistance the GPM can 
be used. Here the results could clearly related to the initialization spots, and a good repro-
ducibility of the results could be achieved. As expected, the results were not essentially influ-
enced by the pulse current height. 
Concluding it can be stated that potential mapping can be performed independent on the 
moisture situation on the surface. However at each measurement point uniform conditions 
needs to be assured. Measurements on almost dry surface only allow an evaluation of po-
tential differences but not of the reinforcement potential itself. If the real reinforcement poten-
tial should be evaluated a sufficient moisturization of the surface has to be provided. The 
achievement of stable potentials has to be checked by permanent potential measurements 
before starting the actual potential mapping. Usually 20 to 30 minutes should be sufficient. 
During the whole measurement a uniform moisturization situation has to be provided. For 
longer measurements, where quick drying out could occur, a remoisturization might be nec-
essary. 
For GPM-measurements stable conditions by a sufficient moisturized surface is absolutely 
essential. Such measurements are only meaningful if it can be assured, that no potential shift 
occur during the measurement. A complete moisturization of the whole surface is not re-
quired. Only the respective measurement point has to have potential stability and compara-
ble conditions.  
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The GPM-technique is applicable if corrosion conditions on the object are relatively uniform. 
Only very local corrosion spots on an almost passive structure limit the usability of the 
achieved values. The limitation and applicability of the technique on real structures have 
been evaluated on a bridge without significant corrosion in Örnsköldsvik (June 2006) and will 
be evaluated on a bridge claimed to have corrosion in Oulu (May 2007) within WP 8. Final 
results are not available yet, but will be delivered as an update package after completion. 
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