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Abstract 
 
During the last years various corrosion attacks have been observed in drinking water reservoirs. 
Damages occurred on metallic installations and on the rebar of reinforced concrete structures as well 
as on cement-based materials, above all on mortar linings. The causes for the corrosion of metallic 
materials are primarily the formation of galvanic cells between the installations in the water reservoirs 
and the reinforcement as well as improper workmanship (faults in welding of stainless steels, 
insufficient concrete cover of rebars, bad concrete quality). The cement-based materials suffer the 
known attacks by aggressive waters but also there are local, stainy attacks which have been 
explained by different causes. The main influencing factors which are discussed are micro-organisms, 
galvanic currents, and too high porosity of the mortar (and combinations of them). Typical examples of 
damages are shown and causes and possible protective measures will be discussed. 

 

 
 
Zusammenfassung 
 
In den letzten Jahren sind verschiedene Korrosionserscheinungen in Trinkwasserbehältern 
beobachtet worden. Schäden traten dabei an den metallischen Einbauten, an der Bewehrung von 
Stahlbetonbehältern als auch an zementösen Werkstoffen, insbesondere an Mörtelauskleidungen auf. 
Die Ursachen für die Schäden an den metallischen Werkstoffen liegen primär in der 
Makroelementbildung zwischen den Einbauten und der Bewehrung von Stahlbetonbehältern als auch 
in einer unsachgemässen Verarbeitung (Fehler beim Schweissen von nichtrostenden Stählen, 
ungenügende Einbettungstiefe der Bewehrung und mangelhafte Betonqualität). Bei den zementösen 
Werkstoffen sind neben den bekannten Angriffen durch aggressive Wässer auch lokale, 
fleckenförmige Schädigungen festgestellt worden. Für deren Auftreten werden verschiedene 
Ursachen postuliert, die häufig in Kombination auftreten dürften. Im Vordergrund stehen dabei 
mikrobiologische Aktivitäten, die Einwirkung von Gleichströmen sowie übermässig hohe Porengehalte. 
Es werden typische Schadensbilder gezeigt und deren Ursachen und mögliche Abhilfemassnahmen 
diskutiert. 
 
 
Résumé 
 
Au cours des dernières années on a observé différent phénomènes de corrosion dans des réservoirs 
d'eau potable. Les dommages y sont apparus aux installations métalliques, à l'armature des structures 
en béton armé aussi bien qu'à des matières à base de ciment, en particulier à des revêtements de 
mortier. Les causes pour la corrosion des matériaux métalliques sont principalement la formation des 
couples galvaniques entre les installations dans les réservoirs de l'eau et le ferraillage, aussi bien que 
la mauvaise mise en œuvre (soudure des aciers inoxydables non satisfaisantes, couverture 
insuffisante du ferraillage, mauvaise qualité du béton). Les matériaux à base de ciment souffrent les 
attaques connues par les eaux agressives mais également il y a des attaques locales qui ont été 
expliquées par différentes causes qui pourraient fréquemment apparaître dans une combinaison. Les 
facteurs qui sont discutés sont des micro-organismes, des courants galvaniques, et la porosité trop 
élevée du mortier. Des dommages typiques seront montrés et leurs causes et remèdes possibles sont 
discutées.  
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1 Introduction  
 
Corrosion in drinking water reservoirs is usually regarded as a subordinated problem 
up to the occurrence of the first damages. This has the consequence that little atten-
tion is given to the corrosion protection and therefore corrosion problems arise more 
often than expected. 
 
In the following the most important causes of damage will be shown and possible 
corrosion protection measures in connection with the construction or repair of drink-
ing water reservoirs are discussed.  
 
 
2 Metallic materials  
 
2.1 Corrosion behaviour of metallic materials in water and concrete  
 
2.1.1 Corrosion as an electrochemical process 
 
The corrosion reaction is an electrochemical process (connected with a current flow), 
where two reactions take place at the same time on the metal surface (fig. 1). Cur-
rent transport takes place thereby in the metal via electrons, in the liquid (electrolyte) 
via ions. 
 
In neutral to alkaline aerated water, the corrosive agent is oxygen (O2-type corro-
sion). In the anodic reaction metals are oxidised to positively charged ions e.g.: 
 
Fe  Fe2+ + 2 e- (oxidation of iron)    (1a) 
Zn  Zn2+ + 2 e- (oxidation of zinc).    (1b) 
 
In the cathodic reaction the oxygen is reduced to hydroxyl ions: 
 
O2 + 2 H2O + 4 e-  4 OH-.     (2) 
 
The driving force for the corrosion process is the potential difference between the 
anodic and cathodic areas of the metal surface (fig. 1). The anodic reaction (steel 
corrosion) has a half cell potential of -1'000 mVCSE, the cathodic reaction, the reduc-
tion of the oxygen in water, a half cell potential of +500 mVCSE. From outside only the 
short-circuit potential which is located between the two half cell potentials is measur-
able with a reference electrode. This short-circuit potential is called corrosion poten-
tial Ek. The value of the corrosion potential (tab.1) depends on the metal ("noble" or 
"common"), on the composition of the water (oxygen content, pH value, etc..) and on 
the kind of surface layers or dirt deposits formed on the metal surface.  
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Metal Electrolyte Ek [mVCSE] 
Carbon steel Aerated water -650 to -450 

Carbon steel Anaerobic water -950 to -700 

Stainless steel Aerated water -200 to +100 *) 

Rebar (carbon steel) Concrete (aerated) -200 to 0 

Rebar (carbon steel) Concrete immersed in water -500 to -200 

Galvanised steel Aerated water -1000 to -800 

Aluminium Aerated water -600 to –50 **) 
 
*) in presence of microbiological activity Ek may reach values up to 500 mVCSE  
**) Aluminium in passive state 
 
Tab.1: Typical values of Ek measured with a Copper/Coppersulphate-Reference-Electrode 
 
 
2.1.2 Homogeneous or localised corrosion 
 
If anodic and cathodic areas are located directly next to each other, a more or less 
regular loss of material takes place on the metal surface (fig. 2). In water, such a cor-
rosion behaviour is typical for active (common) metals, e.g. steel or cast iron, if no 
thick surface layers or deposits are present. In macrocells (section 2.1.3) the anodic 
and cathodic areas are separate which leads to localised corrosion also on active 
corroding metals. 
 
Passive metals like stainless steel and aluminium owe their corrosion resistance to a 
thin passive layer, which forms spontaneously with the oxygen present in the atmos-
phere or in aerated water. The passive layer of stainless steel has a thickness of only 
0,005 to 0,01µm and predominantly consists of oxides of the steel and its alloying 
elements (in particular chrome). In neutral electrolytes, such as water, damage of the 
passive layer and corrosion of stainless steel and aluminium generally takes place 
locally (fig. 2). The destruction of the passive layer is caused by the effect of rela-
tively few specific agents, in particular by halides (chlorides, bromides). Localised 
corrosion attacks are favoured by the addition of oxidising agents, as they are used 
e.g. for cleaning and disinfection.  
 
 
2.1.3 Macrocells 
 
If two metallic structures with different corrosion potentials are in a ion-leading me-
dium (electrolyte), like water or ground, these form a galvanic cell, comparable to a 
battery. When closing the electric circuit between the two structures by a metallic 
connection the metal with the more positive corrosion potential becomes the cathode, 
that one with the more negative corrosion potential the anode and thus dissolves. 
Since anode and cathode are spatially clearly separate, one speaks of macrocells 
[1]. 
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In reservoirs mainly macrocells with foreign cathodes are of importance. These de-
velop, if a metallic structure is connected to a foreign structure with a more positive 
corrosion potential. Typical examples are “mixed constructions” made from stainless 
steel and carbon steel as well as installations from carbon steel or cast iron, which 
are in contact with the rebar (fig. 3). Since today the rebar of reinforced concrete 
constructions is used frequently as ground electrode, there exists usually additional 
metallic connections between electrically operated components and the rebar 
through the PEN conductor. 
 
 
2.1.4 Corrosion rates  
 
The corrosion rate of active metals is strongly determined by the pH value and in 
neutral media by the oxygen content. 
 
Alkaline concrete has a pH value of about 12,5. In this environment carbon steel is 
passive and suffers therefore no noticeable corrosion in absence of chlorides. 
 
In neutral water the relatively slow diffusion of the oxygen to the metal surface is the 
limiting step in the corrosion process. The rate of corrosion of active metals in water 
caused by the O2-corrosion type is generally low and hardly exceeds 0,1 mm/year. 
 
In macrocells there is a current flow which causes an additional metal dissolution at 
the anode. The current and thus the amount of material loss depends mainly on the 
difference of the corrosion potentials, the electrical resistance between anode and 
cathode, the ratio of the anodic and cathodic areas and the polarisation behaviour of 
the two metals. In practice typical corrosion rates are in the range between 0.5 and 2 
mm/year [1].  
 
Also in the case of localised corrosion of passive materials the corrosion rates are 
usually very high. For pitting and crevice corrosion material losses up to 3 mm/year 
are not unusual. In the literature even corrosion rates of 20 mm/year are reported. 
Stress corrosion cracking and intergranular corrosion can, at least in unfavourable 
cases, lead to failures practically without preliminary warning. 
 
 
2.2 Typical damages  
 
2.2.1 Rebar 
 
Corrosion of rebar of drinking water reservoirs practically always is caused by the 
loss of the alkalinity of the concrete near the rebars (decrease of pH value below ap-
proximately 10.5 by take off of CO2 from the air and leaching of the alkaline pore so-
lution). Since the carbonating is in general not very pronounced because of the con-
tinuously high air humidity, corrosion attacks are to be due nearly without exception 
to building sins. Locally insufficient concrete cover (e.g. bent rebars), gravel nests 
(badly compressed concrete) and wooden supports (formation of acid decomposition 
products) are to be called here as principal reasons.  
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2.2.2 Carbon steel and cast iron installations 
 
In absence of macrocells the rates of corrosion for carbon steel, galvanised steel and 
cast iron are relatively modest. Usually, at least short to medium-term rather the opti-
cal impairment of the installations by the red corrosion products is disturbing than 
that their function is posed in question. 
 
In presence of macrocells the situation however is completely different. Perforations 
at immersed piping, pumps, valves etc. after approximately 3 years of operation are 
to be observed frequently. The situation is particularly unfavourable, if the endan-
gered installations are provided with a coating. In this case the current and thus the 
dissolution of metal concentrate on small surfaces, where the coating exhibits pores 
or damages.  
 
The endangerment of cast iron armatures, which are placed in pipe systems made of 
stainless steel, to our experience is considerably lower than for parts immersed in 
reinforced concrete basins. On armatures with high-quality, but small-area hurt coat-
ings (e.g. flaps enamelled) however perforations have been detected after  less than 
5 years of use.  
 
 
2.2.3 Stainless steel, aluminium 
 
In drinking water reservoirs usually austenitic chrome-nickel or chrome-nickel-
molybdenum steels are used. At least the latters work well for these applications. 
Stainless steels grades without molybdenum however are not always completely cor-
rosion resistant in drinking water. Crevice corrosion may occur even at slightly in-
creased chloride contents. Under most unfavourable conditions the critical chloride 
content for the occurrence of crevice corrosion for such materials at pH 7 and ambi-
ent temperature is about 20 mg/l. In practice some substances present in drinking 
water make the situation somewhat less critical, but from our experience with chlo-
ride contents > approx. 70 mg/l caution is always required. Water treatments (and ev. 
cleaning treatments) can increase the aggressiveness of the water for stainless steel 
strongly. In such cases the choice of a suitable material is to be examined in individ-
ual cases. 
 
Most problems with stainless steels in drinking water reservoirs however are due to 
improper workmanship. Stainless steel shows the best corrosion resistance in solu-
tion-annealed, quenched and pickled condition (as-delivered condition of the semi-
finished material). Each additional treatment (cold forming, thermal treatments, cut-
ting, grinding...), which leads to changes in the material structure and eventually to 
the appearance of non-metallic inclusions at the surface will lower the corrosion re-
sistance, since the passive film on such surfaces is less homogeneous. Thus often 
also apparently slight surface injuries such as scratches represent starting points for 
corrosion attacks. A decrease in the corrosion resistance can be caused in particular 
by welding processes. Thus e.g. the use of a kind-same (not over-alloy) welding rod 
leads usually to a reduced corrosion resistance of the weld (cast iron structure with 
segregations). Access of oxygen to the weld or the heat affected zone during the 
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welding process leads to an oxidation of the metal surface by the welding heat. For 
this it is sufficient if in the inert gas or (when welding pipes) in the forming gas still 
small remainder oxygen quantities (few ppm) are present. Then more than one hun-
dred nanometers thick coloured oxide layers, in the extreme case scale may be 
formed. The tempering colours are thereby in the order of the colours of the rainbow 
(red - > orange - > yellow - > etc..) a direct measure for the thickness of the oxide 
layer. These, in the comparison to the natural passive layer (5-10 nm) much thicker 
and chemically somewhat different oxide layers are however cracked (- > gap condi-
tions) and have therefore a significantly lower corrosion resistance, which with in-
creasing thickness decreases. Tempering colours should be avoided therefore by the 
choice of suitable welding conditions or be preferably removed by a subsequent 
treatment, by pickling or glass pearl blasting. In accordance with DIN 50930 max. 
straw-yellow oxide films are tolerable in drinking water [2]. 
 
Because of the high local corrosion rates corrosion damages on stainless steel parts 
(with bad workmanship and/or when chosen the wrong alloy) can appear at a much 
earlier time than on comparable constructions made of carbon steel. On thin-walled 
construction parts, such as piping, perforations can take place within less than one 
year. 
 
Aluminium is strongly attacked in alkaline environment (e.g. in damp or wet con-
crete). Besides and contrary to stainless steel, it is highly corrosion endangered 
when in contact with the rebar due to the formation of macrocells. 
 
 
2.4 Preventive measures 
 
For the prevention of the described damages the following preventive or counter 
measures may be taken during the construction (C) or the repair (R) of drinking water 
reservoirs:  
 
 
2.4.1 Rebar 
 
• Sufficient imbedding depth of the rebar (C) 
• Increase of the concrete cover (R) 
• Perfectly finished concrete (C+R) 
• Cathodic corrosion protection (R)  
 
 
2.4.2 Macrocells (Galvanic couples) 
 
• Avoid constructions made of different materials (C) 
• Direct metallic connections only between structures with similar corrosion poten-

tials(C+R) 
• Galvanic separation from installations with different corrosion potentials, e.g. by 

isolating flanges and special electrical supply (C+R) 
•  Cathodic corrosion protection (R)  

  
6 



 
2.4.3 Stainless steel 
 
• Material choice by corrosion specialists (C) 
• Proper workmanship (C,R) 
• Quality assurance, controls e.g. with ec-pen (C+R) 
• Cathodic Protection (R) 
 
 
3 Cement based materials 
 
3.1 Appearance 
 
In many drinking water reservoirs attacks at linings from cement mortar arose, in 
some cases also at the structural concrete. Very different attack pictures were de-
termined. They reach from the occurrence of particulars spots with superficial discol-
orations (white or reddish) over local destruction of the mortar in the range of these 
spots (outer layer can be scraped off more or less easily) up to more or less regular 
leaching of larger areas, in particular at walls (fig. 4). 
 
The attacks are concentrated frequently on constantly immersed and badly aerated 
areas, while in zones with fluctuating water level and at behind-ventilated walls 
clearly less of local attacks are present. 
 
 
3.2 possible causes 
 
3 main damage mechanisms are essentially discussed, whereby these can (or 
probably will) occur in combination.  
 
 
3.2.1 Chemical attack by the water  
 
Cement based building materials in contact with water (particularly with lime-
aggressive, soft water) suffers from leaching to a certain extent. The alkaline salts 
such as NaOH and Ca(OH)2 in the concrete are washed out and afterwards the ce-
ment components are attacked and degraded. This is actually a natural procedure, 
its velocity apart from the water composition and the local flow rate also depends 
strongly from the chemical composition of the cement, the tightness of the mortar 
(porosity, thickness) and the presence on macropores. 
 
Hydrostatic pressure fluctuations caused by fluctuations of the water level seem to 
increase the leaching of cement based materials. It is postulated that a suction effect 
develops during the pressure-decrease-phase, which promotes the release of the 
pore solution [3]. 
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3.2.2 Attack by micro organisms 
 
Investigations accomplished mainly in Germany showed that the damage to mortar 
linings in many cases was accompanied by micro-biological activities [4]. From this 
damage mechanism mortars with high portions of organic additives, in particular 
methyl cellulose, have been concerned. For the start of micro-biological activities a 
decreas of pH value on the concrete surface e.g. by carbonating or leaching is nec-
essary. Subsequently, from the metabolism of the micro-organisms different sub-
stances aggressive for the concrete are formed, like organic and inorganic acids, hy-
drogen sulphide, complexing agents and CO2.  
 
 
3.2.3 Effect of direct currents  
 
The origin of these currents can either be macrocell currents or stray currents [5]. In 
macro cells with the rebar of the reservoir or stainless steel installations as cathode 
and an anode outside of the reservoir (e.g. cast iron or iron pipes, galvanised earth 
electrodes) or in the concrete wall (e.g. corroding reinforcing bars) electrochemical 
reactions occur (fig. 5). In the electrical field an ion migration takes place in such a 
manner that anions (negatively charged ions) like chloride, sulfate, hydrogencarbon-
ate etc. move towards the anode, cations (positively charged ions) like calcium-, 
magnesium-, sodium-ions etc. towards the cathode. The most frequent cations exist-
ing in the concrete are calcium ions. At places where the current passes from the 
concrete to the water also the Ca-ions will emigrate from the concrete in the water. 
This leads to a local accumulation of calcium ions which will react with the hydrogen-
carbonate of the water, and to the formation of calcium carbonate either directly as 
discoloured layer or as precipitation in the reservoir according to the following equa-
tion: 
 
Ca2+ + 2 HCO3  CaCO3 (s) + H2O + CO2    (3) 
 
In areas where the current enters the concrete from the water (current flowing to the 
rebar as foreign cathode) calcium ions migrate to the concrete, which leads to the 
formation of calcium hydroxide and with the time also CaCO3 within the concrete. 
Thus the concrete structure is “sealed”. Similar processes will take place in case of 
stray currents flowing in same direction as the macrocell current. 
 
It can be said therefore that a current flow from the concrete into the water can lead 
to changes and degradation of cement based mortars or concrete structures (lime 
formation at the mortar/concrete surface or in the water), while a current entrance 
from the water into the concrete should rather lead to a compression of the concrete 
(lime precipitation within the structure).  
 
 
3.3 Results from research project “Damage by direct currents” 
 
The occurrence of damage to cement based building materials without organic addi-
tives, in installations with not (lime-)aggressive water as well as the amassment of 
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attacks in certain zones could often be only insufficiently explained with the damage 
mechanisms described in 3.2.1 and 3.2.2. 
 
In co-operation with the Swiss gas and water industry association a project was 
started in 2000 with the goal of quantifying the current load in damaged reservoirs, of 
judging the effect of direct currents as cause of damage and of examining the effect 
of possible counter or preventive measures.  
 
The past investigations in different reservoirs suggest the conclusion that the arisen 
damages have been caused or supported considerably by direct current effects. The 
main points supporting this conclusion are: 
 
• Both on the buried water pipes and on the PEN conductor and communication 

lines, direct currents up to 160 mA, in an outside of the project examined reser-
voir (E) such to 580 mA, were measured (tab. 2). 

 
 

Reservoir Current [mA] 
 to buried pipes to PEN  to command- / 

telephone cables 
A 40 6 2 
B 6-32 7 5 
C 28-116 28 1 
D 66-124 23 8-15 
E 15-576 20 4-46 

 
       Tab 2: Measurement of d.c. current in various reservoirs 
 
• The attacks concentrate on badly aerated areas  

This phenomenon is in agreement with the “current-damage”-theory. Within badly 
aerated areas of the reservoir (always water-filled zones) the oxygen concentra-
tion at the rebar decreases with the time. As oxygen is used in the cathodic reac-
tion the current will flow then to better aerated areas, which will be found in zones 
with fluctuations of the water level and on behind-ventilated walls. Because of the 
better conductivity the current will take his way through the water and therefore 
leave the concrete mainly in non or badly aerated zones. According to the con-
siderations in 3.2.3 an increased intensity of attack is to be expected in badly aer-
ated zones. 

• Presence of lime deposits on stainless steel installations which can potentially act 
as cathode.  
In macrocells the oxygen reacts at the cathode under formation of hydroxyl ions 
according to equation (2). By this reaction the pH value at the surface of the cath-
ode (the stainless steel) increases, which promotes the precipitation of lime. 

• The degradation of the cement based mortar was stopped or reduced through 
measures which lead to a reduction of current flow through the concrete. Such 
measures are the use of d.c. decoupling units (to avoid the current flow between 
the reservoir and external anodes) or the application of cathodic protection (to 
avoid a current flow from the concrete to the water). 
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3.4 Possible preventive measures  
 
3.4.1 Chemical attack by the water 
 
• Use of more resistant mortar / concrete qualities 
• Water treatment 
• Optimal application for the reduction of porosity, in particular of macropores (ma-

chine processing, optimised water/cement ratio, hardening control..) 
• Increase thickness of linings 
 
 
3.4.2 Attack by micro organisms 
 
• Use of mortars without bio-degradable additives 
 
 
3.4.3 Effect of direct currents  
 
• Prevention of current flow through the concrete by blocking direct currents  

Option 1: Lining of the reservoir with isolating foil  
Option 2: Elimination of cathodes in the reservoir (e.g. separation or coating of in-
stallations from stainless steel) and barriers for the direct current flow to external 
anodes (e.g. by installation of d.c. decoupling units in the PEN conductor) 

• Prevention of current exits from the concrete by compensation with a foreign cur-
rent (cathodic protection) 

• Decrease of the current flow through the concrete (increase of the resistance in 
the electric circuit) by use of cement based materials with high ohmic resistance 
and without macropores. 
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Fig. 1: Corrosion - an electrochemical process 
 

 
 
 
 
Fig. 2: Corrosion behaviour of active and passive metals 
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Fig.. 3: Macrocell between immersed steel pipe and rebar 
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Fig. 4: Localised attacks on mortar linings of drinking water reservoirs 
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Fig. 5: Possible direct current flow in drinking water reservoirs 
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