
  * Corresponding author: AvdHondel@cp-advice.nl 

 

Lessons learned from a case of concrete damage under 
cathodic protection of steel in concrete  
 
Anthony van den Hondel1* and Rob Polder2 
1Cathodic Protection Advice, Capelle aan den IJssel, The Netherlands 
2RPCP, Gouda, The Netherlands 

Abstract. Concrete bridge deck support beams with impressed current cathodic protection (ICCP) 
showed corrosion damage after about 12 years of operation. The CP design was based on activated 
titanium strips in horizontal slots cut in the sides of the beams. During execution the usual care was taken 
to secure steel continuity. The subsequent performance was satisfying based on the 100 mV depolarisation 
criterion. After 12 years cracking and a blue-green zone were observed, while depolarisation was still 
sufficient. Investigation in 2022 revealed that corrosion occurred on two parts of the upper reinforcement 
in one beam, with wide cracks and rust efflorescence. The corroding rebars were electrically non-
continuous stirrups. During execution, continuity had been tested only in spalled parts, which missed 
discontinuous stirrups in non-damaged parts. The blue-green zone was a piece of copper anode cable, 
embedded in the same slot as the anode strip, that suffered corrosion due to anodic polarisation at a defect 
in the insulation. Finally, it appeared that some corrosion also occurred of rebars that were located deeper 
in the beams, which received insufficient protective current. The paper will give suggestions for design 
and execution of ICCP based on the “lessons learned” from this case. 

1 Introduction 

Since the introduction of impressed current cathodic 
protection (ICCP) of reinforcing steel in concrete 
structures in Europe in the 1980s many cases of 
application have shown its success in stopping or 
preventing corrosion in structures exposed to chlorides 
deriving from sea water or de-icing salt. [1] A 
comprehensive historical overview is presented by [2]. 
Looking back at CP systems after years or even 
decades of operation has allowed reviewing the 
effectiveness and durability of complete systems or 
components, such as activated titanium anodes [3] and 
reference electrodes [4]. This paper reviews an ICCP 
system that showed various failures after about 12 
years of operation and re-evaluates decisions that were 
made during design and execution; and presents some 
lessons learned from this case for design and execution 
procedures.  

2 ICCP materials, details and design 

Cathodic Protection of steel in concrete works by 
providing direct current to the reinforcement from an 
anode on the concrete surface or in the cross section, 
suppressing corrosion reactions at the steel and 
gradually making the adjacent concrete less aggressive 
[1, 5]. The current is fed by a low voltage power source 
(ICCP) or from sacrificial anodes (galvanic CP, GCP) 
and transported through cables and connections to the 
anodes and the steel. Protection quality can be tested to 
various criteria; the most widely used is a minimum of 
100 mV depolarization (potential shift) upon switching 
off the current for 24 hours. It is measured using 
embedded sensors that can be reference electrodes 

(REs) and/or depolarization probes (DPs). Current, 
voltage and depolarization signals are measured 
regularly, at least twice a year but often more 
frequently, either manually but increasingly using 
remotely accessed dataloggers. A visual inspection is 
needed once a year. Documented working lives of 
concrete CP systems have been found up to several 
decades, depending on anode materials, components 
and details of the technical installation [3, 4, 6, 7]. 

Anode materials based on titanium activated with a 
mixed-metal oxide coating (MMO) have been found to 
be durable with documented working lives in practice 
up to 30 years and more [3]. Activated titanium can 
withstand the anodic polarisation imposed without 
degradation, at least up to relatively high voltages of 
about 12 V [8]. Titanium anodes have shapes of a 
mesh, strips or cylinders. Titanium mesh is embedded 
in a cementitious overlay, e.g. shotcrete. Strips (also 
called ribbons) can be placed on the concrete surface 
with an overlay; can be placed in slots cut in the 
surface which are subsequently filled with a 
cementitious mortar; and can be placed in boreholes in 
the concrete cross section filled with cementitious 
grout. Typical strips of 20 mm width have a capacity of 
5.5 mA per running meter but wider and narrower sizes 
are available. Other anode types are conductive 
coatings, which are outside the scope of this paper.  

Details that are important for a system’s working 
life are anode-cable connections [6]. The connection 
between a titanium anode and a copper cable must be 
very well insulated, because copper cannot withstand 
anodic polarisation; any small leak will corrode the 
copper away in a relatively short time. Failure cases of 
poorly isolated connections have been observed [6] 
that caused the need for relatively expensive repairs. 
More recently cables have been introduced using 
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insulated (non-activated) titanium cables that are spot-
welded to the anodes, which are not sensitive to anodic 
polarisation. However, the lower conductivity of 
titanium compared to copper should be taken into 
account. In practical terms, titanium cables should be 
kept as short as possible and preferably be of similar 
length in order to avoid unexpectedly high ohmic drops 
and unbalanced current distribution. 

Design of ICCP is based on the capacity of anodes 
and power units to provide sufficient protection current 
for a typical design current density of 20 mA/m2 of 
steel surface area [9]. However, the distribution of this 
current also needs to be taken into account: the current 
density at different parts of the reinforcement should be 
as uniform as possible. Because concrete has a 
relatively high electrolytic resistivity, the current falls 
off rapidly from the anode to steel at larger distances. 
The so-called throwing power, i.e. how far effective 
current reaches steel in deeper lying parts, depends a.o. 
on the corrosion condition. If the steel is passive, the 
throwing power may be as large as 0.8 m but if it is 
actively corroding, it may be as low as 0.25 m [1,5].  

The stages of realizing a CP system are roughly as 
follows [10]. First, a basic or sketch design describes 
the structural elements (concrete, reinforcement) to be 
protected, the required working life, the type of system 
(ICCP/GCP), type and capacity of the anode including 
overlays or other finishing, electrical zones and their 
current requirements, general layout of the 
electrotechnical installation and monitoring system, 
and procedures for commissioning, protection quality 
control during operation and an installation manual. 
The sketch design is usually the technical basis for 
specifications in tender documents. It is typically made 
by a consultant and is based on limited testing, 
sampling and access to the structure and on estimated 
quantities. 

In the next stage a final design is made, typically in 
consultation between the owner and the contractor who 
has won the tender, which comprises details including 
specific products to be used, routing of cables, location 

of sensors, power and control units, surface finishing, 
concrete repairs, and so on. 

Subsequently the contractor makes an execution 
design that includes all details of materials, surface 
preparation, connections, repairs and further practical 
aspects. The execution design may need to be updated 
once the contractor’s personnel has full access to all 
structure parts concerned and is able to more precisely 
assess items that previously have only been estimated. 
All details have to be documented as a basis for 
maintenance of the structure and the CP system, which 
involves protection quality testing and visual 
inspection, usually under a long-term maintenance 
contract. 

Various aspects mentioned here are relevant for a 
case of ICCP applied to elements in the substructure of 
a reinforced concrete bridge. 

3 The structure, CP system design and 
execution and observations during 
operation 

3.1 The structure 

The structure at hand is a reinforced concrete bridge 
over the river Zijl in Leiden, The Netherlands. It was 
built in 1964 and consists of a 25 m wide deck and 
three intermediate supports or piers (the abutments 
were not part of the CP system). The deck was 
constructed of narrow precast planks with a cast-in situ 
compression layer on top and between the ends of the 
planks over the support beams, without expansion 
joints. Intermediate supports Pier 1 and Pier 2 were 
cross beams of 800 mm width by 800 mm height by 25 
m length supported by five columns each. Intermediate 
support Pier 3 is a concrete beam that is the upper part 
of a massive pillar, which is covered by brick masonry 
except for the upper (beam) part of about 400 mm 
high. A schematic is presented in Figure 1.

  
Fig. 1. Schematic cross section of Zijlbrug, Leiden.
 
In 2008 a visual inspection by a third party with limited 
sampling for chloride analysis concluded the 
following. Pier 3 had corrosion damage along the 
majority of its length and previous repairs (of unknown 
date) that had detached with corrosion products 
seeping out, illustrated in Fig.2. Pier 2 had corrosion 

damage on two wide areas below clogged drains in the 
deck. 
 Pier 1 had little damage, but showed leakage from 
the bridge deck over the beam and significant chloride 
levels at undamaged locations, apparently derived from 
de-icing salt use on the bridge. It was concluded that in 
all cases, it was only the main longitudinal 
reinforcement in the upper parts of the beams that was 
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corroding. From the grey colour of cut surfaces it was 
concluded that the concrete had been prepared with 
Ordinary Portland cement (CEM I). 

CP was advised in order to keep the bridge 
functioning, combined with a minimum of repairs and 
adding reinforcement where it had significantly lost 
cross section. 

A short visit by the author of the inspection report 
and the second author of this paper  confirmed the 
reported observations and conclusions.  
 

 
Fig. 2. Beam in Pier 3 with rust coming out of failing 
repairs 

3.2 CP design 

The owner, Province Zuid-Holland, required a working 
life of the CP system of 25 years. CUR Technical 
Recommendation 45 [11] was to be followed, with 
additional requirements of NEN-EN 12696:2000 [9] if 
necessary. CUR 45 states that for sufficient protection, 
the mean depolarisation over 24 hours of all sensors 
shall be at least 100 mV with a minimum of 80 mV for 
individual sensors. NEN-EN 12696:2000 requires that 
all electrodes shall show at least 100 mV depolarisation 
over 24 hours.  
 The CP sketch design was made in 2008 by the 
second author of this paper. It was based on titanium 
strips to be placed in horizontal slots cut in the sides of 
the beams. Design calculations were based on the 
assumption that only the outer/upper longitudinal bars 
were corroding, and the design should provide a 
current density of 20 mA/m2 of steel surface area for 
those bars. All other reinforcement was assumed to be 
non-corroding and was assumed to need no more than 
5 mA/m2 (steel). Over time, the current density  needed 
to achieve at least 100 mV depolarisation was thought 
to be significantly lower than those figures.  

Titanium strip anodes of 20 mm wide (with 5.5 
mA/m1 capacity) were to be placed in one horizontal 
slot cut into each side of the beams for Pier 1 and 2 (at 
250 mm below the top plane), and two slots cut in the 
beam of Pier 3 (at 100 and 200 mm below the top). 
Figure 3 shows the cross section of the Pier 1 and 2 
beams with the main reinforcement indicated by solid 
circles and the slots for placing the anode strip shown 
in detail. Considering that the corroding upper/outer 
bars comprised only 10% of the total reinforcement 
surface area, about 10.5 mA per running meter of beam 
was thought sufficient. With 50 m1 of strip per beam, 
the total design current would be about 825 mA. All 

anodes in the three Piers were to be joined in a single 
zone. In order to have the current distribution as 
uniform as possible, each anode strip should be fed 
from three points: from both ends and in the middle of 
its 25 m length.  

Concrete cover was reported to be about 40 mm, so 
cutting 30 mm deep slots with a mortar layer of 10 mm 
between the strip and the bottom of the slot, it should 
be possible to obtain a minimum distance between 
anode strip and rebar of 15-20 mm (Fig. 3). Where bars 
would be found to be closer than 10 mm to the bottom 
of the slot, epoxy isolation was to be applied over those 
parts of the slots. 

Considering that the exposure to leaking moisture 
could be non-homogeneous, it was deemed necessary 
for obtaining representative depolarisation signals to 
have four sensors equally spaced over each beam.  

 

 
 

 
 
Fig. 3. Schematic beam/deck cross section (top) and anode 
strip/slot location (bottom) 

3.3 CP execution 

In fall 2009, the CP system was installed under 
supervision of the first author. In general, the sketch 
design was translated into a final design and 
subsequently into an execution design without major 
changes. A few details of the execution are important 
for the subsequent analysis of the system’s 
performance. Steel continuity was checked during the 
execution of repair works only where bars were 
exposed at spalls; those bars were found to be 
continuous. Anode cables were XLPE/PVC insulated 
copper wires; they were placed in the slots cut for the 
anode strips. In addition, six measuring sensors 

  Concrete Solutions 2025
, 04002 (2025)MATEC Web of Conferences https://doi.org/10.1051/matecconf/202540904002409

3



(depolarisation probes of activated titanium) were 
placed in each beam. Fig. 4 provides a side view of the 
bridge, indicating the Piers where CP was installed.  

 

 
 

Fig. 4. Side view of Zijlbrug, arrows indicate the Piers where 
CP was applied to the beams 

3.4 CP monitoring and observations 

Regular measurements and visual inspections were 
performed every year from commissioning in 2009 
until 2022. 
 In September 2010 a current was running of 720 
mA at a voltage of 1.3 V. Mean depolarization was 
well over 100 mV in 24 hour, with one cell (out of 18) 
depolarising 83 mV. Taking into account the 
requirements of CUR 45 (a minimum of 80 mV) this 
was deemed satisfactory. 
 In 2011 up to 2018 performance was deemed 
satisfactory with average depolarisation per beam of 
typically 200-300 mV and more than 100 mV 
depolarization at all locations. The system initially 
operated at 2 V applied voltage and about 1 A of 
protection current, which increased gradually over the 
years to 3 V and 1.5 A. 
 In 2019 a new power unit was installed due to 
failure of the original electronics, so after 10 years of 
operation. Subsequent measurements in 2020-2021 
showed a gradual increase in current up to 2.5 and 3 A 
at 3.5 V, with 24 hour depolarisation values between 
87 and 215 mV.  
 In 2021 the relatively high current and the 
observation of a rust spot and a blue-green spot on the 
surface of the beam in Pier 2, despite favourable 
monitoring results, instigated an investigation on site. 
No faults were found in the electrical installation. The 
higher current output appeared to correlate with the 
lower system resistance as determined on site. It was 
concluded that the higher current demand was due to 
an increase in the exposure to moisture from the top 
deck as a result of failure of the joints. Some damage to 
the concrete in the upper zone of the beam in Pier 2 
and two small blue-green spots on the surface near the 
anode connection in the middle of the beam were 
discovered.  
 

 

Fig. 5. Damaged area in the beam of Pier 2 as found in 2022 
 
In September 2022 the damage in Pier 2 was further 
investigated by removing spalled and cracked concrete. 
Fig. 5 provides a view of the cracked area. It appeared 
to be relatively deep horizontal cracking just below the 
upper plane of the beam due to corroding rebars. 
Considerable leakage from the overlying deck was 
visible as white and brown staining. Not all rebars in 
the damaged area were continuous. In particular some 
of the deeper lying bars and some of the stirrups 
located at the top surface of the beam that were bent to 
continue on the front side, were also not continuous. 
Discontinuous bars were connected by welding and the 
spalls were repaired.  
 

 

Fig. 6. Removed mortar over anode strip in Pier 2 where the 
copper cable had corroded  

The blue-green discolouring was also investigated. It 
appeared that in about one year the blue-green spots 
had developed into a longish zone of blue-green 
colouring around the anode slot along the beam. The 
slot mortar was removed and the copper cable was 
found to be totally corroded over about 1.5 m of its 
length, via a damaged spot in its insulation. Fig. 6 
shows an exposed part of the corroded cable, with both 
blue-green copper corrosion products and red 
insulation visible. Apparently the cable insulation had 
been damaged by a sharp edge of the titanium strip. 
The copper cable was replaced and the removed mortar 
was restored. It should be noted that due to redundant 
cabling the protection current had kept flowing despite 
dissolution of one part of  the cable.  
 Reviewing the observation of corrosion and related 
concrete damage, the monitoring report signalled that 
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the design had insufficiently taken into account the 
possibility of corrosion and resulting current demand 
of the deeper lying rebars. The fact that the current was 
much higher than anticipated in the sketch design (c. 
2500 mA versus 825 mA) was thought to be due to a) 
leakage from the overlying deck and b) the current 
consumption of the deeper lying steel. It was suggested 
that anodes in the interior of the beams would be 
necessary to protect those rebars properly. 
 In November 2022, so about two months after the 
repair measures had been taken,  depolarisation values 
were between 92 and 234 mV over 24 hours, while 
2500 mA was running at 3 V. 

4 Discussion 

In one of the supposedly protected beams 
reinforcement corrosion and cracking and spalling of 
concrete were discovered. As far as the authors know, 
this is rare. Corrosion in this cathodically protected 
element is evidently not expected, in particular because 
the monitoring data indicated sufficient depolarisation 
and satisfactory protection.  
 The occurrence of corrosion in this case appears to 
be due to underestimating the amount and the 
distribution of reinforcing steel deeper inside the beam 
that was at risk of corrosion. Part of the damage is also 
due to the fact that some of the inner rebars were non-
continuous. It is likely that those bars did not receive 
sufficient current to protect them from corrosion 
because they were not connected to the system 
cathode. Corrosion of the inner bars is caused by 
ongoing penetration of water and de-icing salts through 
the deck, probably via cracks in the in-situ concrete 
that was used to fill the gap between the precast planks 
(see Fig. 3). Such cracks would be caused by 
deformations in the deck in the absence of proper 
expansion joints and a low amount of steel connecting 
the cross beam and the deck. This is a rather poor 
aspect of the design of the structure, which was 
overlooked in the analysis underlying the sketch design 
of the CP system.  

In hindsight, the CP design was focused on 
mitigating the symptoms, corrosion of the upper/outer 
rebars, rather than taking away the cause of the 
problem or at least mitigating its consequences 
including corrosion of the inner rebars. If moisture 
penetration through cracks in the deck-beam zone 
occurs, the inner part of the beam would be rather wet 
while the outer parts would be relatively dry due to 
evaporation because of their sheltered exposure, as 
illustrated in Fig. 7. If this is true, the current emitted 
by the anodes on the outer side would not penetrate 
very deep into the beam, not (sufficiently) reaching the 
inner steel that was at corrosion risk and overall the 
current distribution would be quite unfavourable. It 
should be noted that the two horizontal rebars with 
hooks just below the top of the beam are 25 mm 
diameter, so even a relatively small amount of 
corrosion of those bars would exert considerable force, 
which could have caused the horizontal cracking that 
was observed. 

 

 
 
Fig. 7. Schematic beam cross section with location of anodes 
(red), possible cracks in the deck (blue lines) that allowed 
penetration of water and de-icing salt and caused a wet zone 
inside the beam (blue polygon) 
 
In addition to the shortcomings of the CP sketch design 
outlined above, continuity testing in the execution 
phase should also have included deeper lying rebars 
and rebars at non-damaged locations. Apparently the 
limited sampling for continuity checking was 
insufficient to discover non-continuous rebars.  
 Finally, damage occurred to an anode cable. 
Fortunately the cabling was redundant and its failure 
did not have negative consequences for the functioning 
of the CP system. Nevertheless, copper cables are 
sensitive to anodic polarisation and any possibility of 
mechanical damaging by the sharp-edged titanium 
anode strip should have been avoided. Overall, it 
would have been better to lead the cables in separate 
slots in the concrete or in conduits. An alternative 
would have been using insulated titanium cables. 
However, if these would be located inside slots with 
titanium strips, contact between them could cause short 
circuiting.  

5 Conclusions 

This paper reports on unexpected corrosion of 
reinforcement and related damage to concrete in one of 
the cross beams in a bridge substructure 12 years after 
cathodic protection had been installed. At first sight the 
CP system worked properly as indicated by 
depolarisation measurements that complied to the 
requirements. Destructive analysis of the damaged 
areas showed that some stirrups and deeper lying 
rebars were not connected to the system cathode and 
had developed corrosion. The cause was a combination 
of a number of factors.  
 The physical cause of corrosion was penetration of 
water and de-icing salt through the bridge deck into the 
beam, probably through cracks in the deck caused by 
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insufficient deformation capacity of the concrete over 
the beams, between the precast planks.  

The reasons why the CP system did not protect 
those inner bars are twofold:  the inner rebars were not 
connected to the system cathode and the anodes were 
too far away. The sketch design of the CP system 
simply did not take into account that deeper bars might 
need protection current. Consequently, the deeper lying 
bars did not receive sufficient protection current.  

The non-continuity of the inner bars was previously 
not discovered, not during the rather superficial 
inspection that was at the base of applying CP; and not 
during execution. It should be noted that the execution 
stage is usually the first occasion when the complete 
concrete surface is accessible and available for close-
range inspection and testing. Continuity checking in 
the execution stage should have been more extensive, 
including testing a sufficiently large sample of the 
main bars, the stirrups, and at least on a limited scale, 
the inner bars. 

In hindsight, one or more reference electrodes 
should have been placed near the horizontal inner bars, 
say at 150 – 200 mm depth from the surface (Fig. 7). 
However, the sketch design did not indicate the 
importance of those inner bars, so it is reasonable that 
the execution design did not pay attention to those bars. 
In any case, with one or more REs near inner bars (and 
all other things equal), their depolarisation values 
would most likely have not met the requirements, 
indicating that there was a potential problem.  

In more general, the CP design with anodes on the 
side faces was not really suitable for these beams with 
a width of 800 mm. The concrete was made with OPC 
and may be supposed to have a relatively low 
resistivity [11, 12, 13]. Nevertheless, thinking that 
sufficient current for corrosion protection would reach 
400 mm into the concrete is too optimistic. The 
obvious solution would be to have anodes within the 
concrete cross section, in the shape of titanium 
cylinders in holes drilled perpendicular to the main axis 
of the beams. These anodes should have been spaced at 
a maximum of 500 mm for sufficient sideways reach. 

Finally, the dissolution of one copper anode cable 
due to corrosion caused by anodic polarisation allows 
two observations. First is that insulated copper cables 
in the vicinity of anodes, such as in the same slot as a 
titanium anode strip with its sharp cutting edges, are 
vulnerable to mechanical damage and subsequent 
polarisation effects that cause loss of the cable. Second 
is that system functionality was not lost due to 
redundancy of the cables: the complete length of the 
anode strips was fed from two sides (and from the 
middle). This is a standing design rule (also for 
connections and cables to the steel): the anode system 
should have at least two connections and cables per 
concrete element or zone (whichever is smallest). The 
observations made here confirm the validity of this 
rule. An additional observations is that copper 
corrosion products have a distinct blue-green colour 
which may serve as a warning sign that something is 
wrong with a cable.  

The lessons learned from this case are as follows. A 
preliminary investigation for application of CP should 

be thorough and consider the need of protection of 
steel parts that are located deeper than the outer rebars. 
It should also identify the sources and transport routes 
of water and chlorides, including structural behaviour 
that may open up such transport routes. In case of 
doubt, reference electrodes should be placed in parts 
with possible low current density. Then, steel 
continuity should be checked, at least in the execution 
stage, including of bars that are not immediately below 
the concrete surface. Next, translating a sketch design 
into a final/execution design should be done with 
attention for potentially critical aspects. Another lesson 
is that it may be difficult to protect steel in thick cross 
sections, say above 500 mm, with anodes on or near 
the outer surface. In such cases placing anodes inside 
the cross section should always be considered. Finally, 
damage to copper cables, in particular in the anode 
circuit, may occur when they are installed in the 
vicinity of anodes and consequently are prone to 
mechanical damage that may cause anodic polarisation 
and accelerated corrosion of copper cores. Installing 
redundant cabling is necessary in order to provide a 
reliable CP system. 
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