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Abstract 
Concrete structures placed in or next to the sea are constantly bombarded with chlorides, 
either directly from the seawater or by airborne chlorides. This can cause ingression of 
chlorides on to the surface of the reinforcement of the concrete which then may start to 
corrode. There are more than 7000 concrete bridges in Norway located close to the sea. 
This thesis focuses on the long-term effects and how to ensure good quality with cathodic 
protection (CP), which is a repair method that prevents further corrosion of the 
reinforcement and can therefore increase the service life of a structure with several 
decades. The work in this thesis has been performed using literature studies, field 
investigations and laboratory analyses. 

Sortlandsbrua is a cantilever concrete bridge which was built in 1975 and showed signs 
of corrosion damage early in the 1980s. In 1990-1991 cathodic protection was installed 
on the pillars to prevent further corrosion damage. The CP was installed using 3 different 
methods, in combination with the long lifetime of the installation this makes it ideal to 
investigate the bridge to study long-term effect of CP. The bridge was investigated during 
the summer of 2018, 21 concrete cores were sampled from 4 different pillars to create 
chloride profiles, µ-XRF scans and thin section samples. All the areas with CP was also 
investigated for delamination of CP-mortar.  

During the investigations there have been discovered protective and destructive 
consequences of the CP over 27 years on Sortlandsbrua. Chlorides have been extracted 
from the bridge concrete and ASR have been discovered at the reinforcement. Small 
areas of delamination of CP-mortar were also discovered. There seem to have been 
development of microcracks in the CP-mortar due to the impressed current from the CP. 

Carbonated concrete seems to have affected the transportation of chlorides. The effect of 
carbonated concrete on the chloride movement and different transport mechanism has 
been discussed along with the consequences of the observed changes and damages. 
There are suggested further investigations to supplement the findings here and give 
better understanding of the findings in this thesis.   
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Sammendrag 
Betong konstruksjoner i eller ved sjøen blir hele tiden bombardert av klorider, enten 
direkte fra sjøvannet eller gjennom luftborne klorider. Dette kan føre til at kloridene 
trenger inn i gjennom betongen og når overflaten til armeringsstålet i betongen som da 
kan begynne å korrodere. Det er over 7000 betongbruer i Norge som ligger i eller ved 
sjøen. Denne oppgaven fokuserer på langtidseffektene og hvordan å sikre god kvalitet 
ved katodisk beskyttelse (KB), som er en reparasjonsmetode som forhindrer videre 
korrosjon av armeringen og kan dermed forlenge levtiden til konstruksjonen med flere 
tiår. Arbeidet i denne oppgaven er gjennomført med literaturstudier, feltundersøkelser og 
laberatorieundersøkelser.  

Sortlandsbrua er en fritt frambygd betongbru som ble bygd i 1975, allerede tidlig på 
1980-tallet var det tegn på skader som følge av korrosjon. I 1990-1991 ble det installert 
KB på pillarene for å forhindre videre korrosjonsskader. Det ble brukt tre forskjellige 
metoder for å installere KB-en, i kombinasjon med den lange levetiden til installasjonen 
gjør dette det ideelt å undesøke brua for å studere langtids effekter av KB. Brua ble 
undersøkt i løpet av sommeren 2018, 21 betongkjerner ble tatt ut fra 4 forskjellige 
pilarer for å lage kloridprofiler, µ-XRF-scaninger og tynnslip prøver. Alle områder med KB 
ble undersøkt for delaminering av KB-mørtel.  

Undersøkelsene avdekket både godartete og ødelegende konsekvenser av KB-en som har 
virket på bruen over 27 år. Klorider har blitt trukket ut av brubetongen, men det har 
også blitt observert alkalie silika reaksjoner inntil armeringen. Små områder med 
delaminajson av KB-mørtel er avdekket. Det er også observert mikrosprekker i mørtelen 
som tilsynelatende er en konsekvens av den påtrykte strømmen fra KB anlegget  

Karbonatisert betong ser ut til å ha påvriket forflyttnignen av klorider. Effekten av den 
karbonatiserte betongen og de forskjellige transportmekanismene har blitt diskutert i 
oppgaven, samt konsekvensene av de observerte endringene og skadene. Det er 
anbefalt videre undersøkelser for å kunne suplementer og gi bedre forståelse rund de 
fundene som er gjort i denne oppgaven.   
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1.1 General 
Cathodic Protection (CP) is a way of protecting steel from corrosion. The method involves 
applying a direct current between the reinforcement steel and an anode. This process 
lowers the corrosion rate and can enable the steel to re-establish its protective film on 
the its surface, it can also force chloride ions to migrate to the positively charged anode.  

There are 185 concrete bridges in Norway that are more than 100 meters long, built 
before 1980 and located in coastal areas, where 114 are characterised as exposed or 
severely exposed (Vegvesenet 2018). These structures are or may be at risk of being 
subjected to chloride attacks which can cause reinforcement corrosion. For such bridge 
lengths the cost of building new structures is huge, and repair may often be a less 
expensive alternative. The price of a new bridge generally ranges from 300 000 NOK per 
meter to 1 000 000 NOK per meter. Corrosion of reinforcement is considered to be the 
most dominant destructive mechanisms for concrete around the world (Al-Amoudi, 
Maslehuddin et al. 2003) . Therefore, it is important to find economical ways to repair 
and protect against chloride induced corrosion, in some instances CP may be the 
preferred method. 

When considering which repair method to use the cost and life expectancy of the 
different methods must be assessed. Conventional repair for concrete structures consists 
of chiselling out the damaged concrete and reapplying mortar. This is costly, and the 
extent can be vast because a lot of structurally healthy concrete must be removed if it 
contains chlorides or is carbonated, if not the rebars will start to corrode in the interface 
between new and old concrete. When using CP, the structural damaged concrete must be 
removed and replaced with fresh concrete in order to establish electrolytic contact 
between the reinforcement and the anode. However, the rebars inside the chloride 
contaminated or carbonated concrete will re-establish its protective film and the 
corrosion rate will slow down or even stop. Accordingly, there is no need to remove 
structural healthy concrete. If done correctly CP can have a long lifespan and should 
therefore be a less costly way of extending the service life of large concrete bridges than 
conventional repair methods.  

By assessing existing CP-installations it is possible to both evaluate the effect of CP on 
the concrete and the reinforcement and reconsider accordingly how future CP-
installations should be carried out to ensure good effect and a long lifespan.  

Sortlandsbrua is a good case to study, as it was repaired using CP in several different 
ways in 1990-1991, and it seem to be working satisfying until today.  

1.2 Objective 
The general objective of this thesis is to provide improved knowledge for ensuring good 
quality and lifetime of cathodic protection installations, this task is wide and difficult to 
answer in one thesis. Therefore, the following sub-objectives have been set: 

• Document the conditions of the CP-installation on Sortlandsbrua. 

1 Introduction 
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• Identify possible mechanisms that impair the functionality and lifetime of CP-
installations. 

• Discuss potential causes of the observed condition of the CP-installation on 
Sortlandsbrua and address the consequences for the remaining service life of the 
installation 

 

1.2.1 Condistions of the CP on Sortlandsbrua 
There are several conditions that are expected occur throughout the lifetime of a CP-
installation. Some of them will have a negative effect, some positive and others no 
practical effect. The effects expected to have appeared at Sortlandsbrua and to be 
addressed in this thesis are the following: 

• The chloride distribution is expected to have changed in the concrete compared to 
before the CP was installed. Changes should either be chlorides penetrating from 
the outside or chlorides moving from the concrete to the CP-mortar.  

• The pH in both the mortar and concrete may have changed. The carbonated 
concrete may be re-alkalized and the mortar may be acidified around the anode. 
There might be an increased amount of hydroxide molecules in the concrete and 
the CP-mortar may have been depleted of hydroxides because of the 
electrochemical processes. 

• The concrete or mortar used to install the anode net for the CP may have 
delaminated in some areas, especially in vicinity of the anode or at the CP-
mortar/concrete interface.  

 

1.2.2 Mechanisms that CP is protecting against or may impair the 
functionality and lifetime of CP-installations.  

There are several damaging mechanisms that will affect reinforced concrete over time. 
Some will still affect the concrete after CP is installed and may impair the installation. 
The most apparent mechanisms that are damaging the concrete are the ones such as 
corrosion, deterioration and destruction of concrete which can be caused by physical 
attacks, chemical attacks or biological attacks (biological attacks are not in the scope of 
this thesis). 

The damaging mechanisms that will be investigated and discussed are: 

• Reinforcement corrosion 

• Alkaline silica reactions (ASR) 

• Sulphate attacks 

• Freeze/thaw attacks 

• Acidification 

• Movement of chlorides into the CP-mortar 
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There are also some mechanisms that can have a positive influence on the CP-installation 
and the concrete, the different mechanisms that will be investigated and discussed are:  

• Movement of chlorides away from the rebars. 

• De-carbonatization/re-alkalization 

1.2.3 Causes of the conditions and consequences of todays conditions. 
The cause and consequences for the relevant conditions of the CP-installation will be 
discussed.    

• Chloride content 

• Delamination/loss of electrolytic contact 

• Condition of mortar 
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2.1 Concrete: 
Concrete consists of cement, aggregates and additives. The material can withstand 
tremendous amounts of pressure, if made properly, but is fairly week when it comes to 
tensile stresses. To overcome the problems regarding tensile strength it was discovered 
that by reinforcing the concrete with steel the composite could withstand compression, 
bending and tensile stress. The technology is fairly similar to the wattle and daub method 
of building houses, which has been used for several thousands years (Flannery 1976), 
where branches or straw is used in combination with clay, dung or dirt to build 
inexpensive but strong walls. However, when used just for tensile purpose it is much 
more common to use just steel as it is then lighter and less expensive. Due to its 
durability, cost-effectiveness and it being an easy material to form, concrete is one of the 
most used building materials in the world (Kristiansen, Lindland et al. 1998).  

The damaging mechanisms of reinforced concrete can be divided into four different main 
categories(Kristiansen, Lindland et al. 1998):  

• Reinforcement deterioration, corrosion. 

• Physical attacks 

• Chemical attacks 

• Biological attacks 

Fresh concrete is the perfect place for steel, as the alkaline concrete gives the steel a 
protective film that passivate and protect it from corrosion. However, there are several 
factors that can destroy the protective film: high chloride content or lowered pH in the 
concrete can destroy the protective film and make active corrosion of the steel possible. 

Reinforcement corrosion is generally caused by chloride ingression or carbonatization. 
Though this could fall into the category of chemical attacks it is wildly spread and the 
most pressing cause of deterioration.  

Physical attacks are frost damage, creep and shrinkage, temperature variations, 
overload/under dimensioned, consolidation of soil, attrition, erosion and accidents such 
as collisions, avalanches etc.  

Chemical attacks are alkali silica reactions (ASR), leaching of calcium hydroxide, acid 
attacks and sulphate/nitrate attacks.  

Biological attacks are bacteria or other microbes which can deteriorate concrete paste. 

This thesis will focus on the chemical and physical processes that may occur after 
installation of CP-systems on bridges and how local changes or conditions in OH-- or Cl--
content may affect corrosion, frost deterioration, delamination, cracking or ASR 
development. Some of these effects are also present in concrete without CP, but CP may 
increase or decrease the effect.  

• Corrosion of steel in concrete 2.2 

• Damaging mechanisms in concrete 2.3 

2 Theory  
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• Cathodic protection-damage mechanisms in the anodes 2.4.2 

2.1.1 Transport mechanisms 
There are four different transport mechanisms for chlorides to move through concrete 
(Bertolini 2013).  

• Diffusion (due to concentrations gradients evening out) 
• Migration (due to electrical potential gradients)  
• Capillary suction (due to suction of water through the pore structure) 
• Permeability (due to pressure difference)  

The concrete will contain both free and bound chloride ions. To be able to move through 
the concrete the chloride need to be free chloride ions in the pore solution. The ratio of 
bound and unbound chloride ions will be regulated and sustained by chemical equilibrium 
reactions. It is a slow process to form equilibrium between bound and unbound chlorides 
(Elsener, Molina et al. 1993) (Bertolini 2013). However, if the concrete is carbonated the 
bound chlorides are released faster and will be free to move at a rapid ratio compared to 
uncarbonated concrete (Bertolini 2013) (Wang, Nanukuttan et al. 2017) (Suryavanshi 
and Swamy 1996). 

2.1.2 Pore structure 
The pore structure of concrete is essential for the transportation of chlorides. There are 
mainly three different pore types in concrete: gel pores, capillary pores and air voids. 
The sizes of the pores differ, as gel pores are from a few fractions of a nm to several nm, 
capillary pores are generally from 10 to 50 nm but can reach up to 3-5 µm and air voids 
have a dimension ranging from 0.05-0.2mm (Bertolini 2013). For ions to be able to move 
through the pores, the pores need to be somewhat connected and close to one another, 
allowing for a continuous network of pores acting as transport channels.  

2.1.3 Quality of concrete 
The quality of concrete has changed a lot over the last 40 years. Especially since the mid 
70’s. The knowledge of damaging effects and how to prevent them have increased and 
some of the problems with the bridges from the era of when Sortlandsbrua was built 
should not be occurring in new bridges today. 

The differences between older and newer concrete are:  

• There is more control of the aggregates (sizes and chemical compounds) in newer 
concrete. 

• Better additives give room for less water which in return gives stronger and less 
porous cement that is also easy to work with. 

• Better control over geometrical aspects such as: cover depth, design for ensuring 
proper casting and designs leading water away.   

As the control over the w/c ratio in older bridges varies, it is expected significant 
differences in the pore structure and ingression of chlorides throughout the bridge. A w/c 
ratio over 0.4 generally gives more pores in the concrete (Bertolini 2013).  
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2.2 Corrosion of steel in concrete 
Corrosion is an electrochemical process involving anodic dissolution of iron: 

Equation 1 Fe→Fe2++2e- (dissolution if iron) Anodic reaction     

At the cathode the free electrons react with water and oxygen and create hydroxyl ions: 

Equation 2  2O2+2H2O+2e-→4(OH-) Cathodic reaction      

As mentioned earlier the most pressing deterioration mechanism in concrete is corrosion 
of reinforcement steel. In fresh concrete corrosion rarely occurs, as there is a protective 
film that is generated around the rebars (Bertolini 2013). But if the pH drops or chlorides 
are present the passive film can get destroyed and corrosion can occur (Bertolini 2013) 
(Ma 2012). 

The chlorides must be free to depassivate the steel and bound chlorides should therefore 
not affect the corrosion ratio. However, the bound chlorides in “Friedel’s salts” 
(3CaO.Al2O3, CaCl2.10H2O) can be released in to the pore solution (Suryavanshi and 
Swamy 1996). This may result in a damaging environment for the steel after some time, 
if there are chlorides cast into the concrete even though they originally were bound to 
the cement. The threshold for corrosion to propagate varies depending on the source. 
Alonso, Andrade, Castellote and Castro tried to find the range of threshold values, by 
basing the “definition of chloride threshold as the value that induces permanent active 
corrosion (mean corrosion current higher than 0.1 µA/cm2)”(Alonso, Andrade et al. 
2000), they concluded in their study that by total Cl-(based on weight of cement) the 
value lies between 1.24% and 3.08% (Alonso, Andrade et al. 2000). However as shown 
in figure Figure 2-8 Bertolini et. al. suggests that pitting may initiate at about 0.4% and 
that the chloride levels must be reduced to about 0.1% to stop propagation if it has 
started (Bertolini 2013). Cl- ions are seemingly everywhere with their presence in 
seawater, de-icing solutions and can even be airborne and are therefore the most 
important aggressive anion. However, other aggressive anions such as Br-, I-, SO4- or 
NO3-, to mention a few, can also initiate pitting corrosion depicted in Figure 2-2 
(McCafferty 2010).  

Because there is need of a cathodic reaction (Equation 2) as well as an anodic reaction 
(Equation 1) for corrosion to occur, oxygen and water must be present at the steel 
surface, without it corrosion won’t occur. Lack of oxygen is the reason submerged 
structures won’t corrode fast compared to structures in the air exposed to seawater. 

The Evans diagram in Figure 2-1 shows how the corrosion rate increases with increased 
potential until icrit were the metal will enter a passive state if the potential is increased 
further. With increased chloride content icrit will move to the right. As the scale is 
logarithmic the rate of corrosion will increase massively with increased potential.  
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Figure 2-1 Evans diagram that show a schematic display of the transition from active 
corrosion to passive behavior to the transpassive state for passive metals. (Shamsudin 
2011)  

Corroding steel in concrete will often be in the active area, this is where macrocell 
corrosion occurs (depicted in Figure 2-3), pitting corrosion described in literature 
basically occurs as macrocell corrosion giving localized corrosion a place on the 
reinforcement. In the transpassive area pitting corrosion can occur and the corrosion rate 
moves towards infinity. This is an extremely dangerous state as the entire cross section 
can corrode rapidly. The pH drops inside the pit because Fe2+ ions can’t diffuse efficiently 
outside the pit because of the geometry. These ions react with water and creates H+ ions 
(Equation 3 and Equation 4). With the additional accumulation of Cl- ions hydrochloric 
acid may be created as pH inside the pit continues to drop.  

Equation 3 Fe2++2H2O → FeOH++H+       

Equation 4 Fe2++2H2O → Fe(OH)2++2H+  

Equation 5 H++Cl-→HCl      

The effects are referred to as autocatalytic reactions and the pit can sustain further 
growth on its own (McCafferty 2010). In the passive state iron oxides are formed at the 
surface, this is the protective film which gets destroyed by lowered pH or chlorides. In 
Figure 2-4 the Pourbaix diagram for iron shows how different oxides and ions are created 
with variations in potential and pH. Figure 2-2 is a schematic representation of pitting 
corrosion where the corrosion process occurs in the pit the anodic reaction occurs inside 
the pit and the cathodic reaction occurs on the passive surface outside the pit 
(McCafferty 2010).  
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Figure 2-2 Schematic representation of the propagation stage of pitting (McCafferty 
2010) 

Macrocell corrosion occurs when cathodic and anodic reaction takes place on different 
places on the surface of the metal (Bertolini 2013). Macrocell corrosion can occur on the 
same piece of rebar or the 2nd layer can become the cathode and the 1st layer can 
become the anode. Usually the current will take the shortest way possible from a 
potential anode to a potential cathode. All these reactions follow ohm’s law. The extent of 
anode and cathode areas, the distance between them all are controlled by geometry and 
conductivity of ions in the concrete/mortar. As conductivity is high in steel the 
conductivity here is usually of less importance.  

 

Figure 2-3 Representation of macrocell corrosion (Bertolini 2013). 
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Figure 2-4 Pourbaix diagram for iron (Fe) at 25ºC (McCafferty 2010) 

The Pourbaix diagram shows active, passive and immune areas and which products that 
accumulate at the iron surface depending on pH and electrochemical potential. It can be 
observed that in the passive area iron oxides are accumulated and that in the areas of 
corrosion iron ions are generated. It should be noted that there is an area with low 
potential and high pH where corrosion also occurs, this area must be kept in mind when 
protecting steel, however the pH needs to be higher than what is common in concrete 
(about 13). It is also important to note that the effect of chlorides is not shown in this 
diagram. Basically, the active areas will increase with the presence of Cl-. 

 

There are mainly two damaging effects of corrosion in concrete. The most obvious is loss 
of rebar cross section and the second is spalling of concrete due to the expansion of 
corrosion products. The corrosion products have larger volume than steel and a 
consequence of this is cracking and spalling in the concrete. This usually happens on the 
side of the rebar facing outwards, the pressure from the corrosion products causes 
tensile forces to build up and can cause the concrete to lose connection to the rebars. 
This can be local spalling Figure 2-5 or delamination that can cover fairly large areas of a 
structure Figure 2-6.  
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Figure 2-5 concrete spalling due to rust (Bernt Kristiansen 1998). 

 

 

 

Figure 2-6 Delamination of concrete due to rust 

As shown in Figure 2-5 the concrete can delaminate from the rebars. If the rebars are 
close to each other the cracks can go between the rebars and cause a whole area of 
concrete to lose contact with the underlying rebars and concrete. This sort of 
delamination is not easy to see, but a well-trained ear can hear the delamination when 
the concrete is tapped with a hammer.  

2.3 Damageing mechanicms in the concrete 
As mentioned previously there are several different damage mechanisms than can 
deteriorate the concrete itself.  

2.3.1 Frost deterioration 
Frost deterioration can be divided into two sub categories: 

• External damage, scaling.   

• Internal damage, delamination, cracking.  

Due to tension caused by the expansion of water when it freezes, about 9%, the concrete 
can scale off, crack or spall in small pieces every freeze-thaw cycle (Bertolini 2013).This 
effect can get enhanced drastically with high chloride content in the water, because of 
change in freezing temperature when chlorides are diluted in water. This can cause the 



 

25 
 

amount of freeze-thaw cycles to increase when the temperature changes and is below 
0ºC. Every change in temperature will then cause some water to freeze or thaw. This 
effect usually occurs close to the surface of the concrete, but can also occur on the 
inside, especially if there is some delamination already between two layers of concrete. 
This effect is dependent on the concrete being saturated with water than can freeze. Pore 
sizes are important for the development of frost damage. Small pores filled with water 
will cause expansion, but the larger pores especially air voids will not be fully saturated 
and can absorb expansion created by the freezing water in the neighboring capillary 
pores.  

Already existing cracks or delamination can be enhanced by freezing and thawing. If the 
concrete is well saturated waterfilled cracks can freeze and delamination caused by rust 
or other mechanisms can increase in size.  

2.3.2 Shrinkage 
When the fresh mortar sets the cement starts du shrink as it loses water in its pores, this 
causes increased share tension between the underlying concrete and the fresh mortar as 
the harden concrete experiences minimal shrinkage (Bertolini 2013). This causes share 
tension which can cause the new mortar or concrete to lose connection with the old 
concrete and cause delamination. 

Malmgren and his co-authors have investigated failure in shotcrete in tunnels and mines. 
Lack of adhesion between shotcrete and underlying rock increase rapidly with the 
thickness less than 20mm. With an average thickness of 40mm 90% of fallouts of plain 
shotcrete had a thickness ≤20mm (Malmgren, Nordlund et al. 2005). Testing also 
showed that shrinkage increased with decreasing thickness. And with increased shrinkage 
the shear tension increases. 

To avoid this the fresh mortar or concrete needs good shear strength with underlying 
concrete, sufficient thickness and a rough underlying surface which breaks the build-up 
of share tension. 

 

2.3.3 Internal sulfate deterioration  
There are two types of internal sulfate attack; ettringite and thaumasite attacks. They 
are both caused by present or added sulfates in the concrete but form under different 
circumstances. Damaging ettringite form within the decomposition of initial formed 
ettringite present in the concrete. This ettringite usually decomposes under high 
temperatures, often a few hours after casting when temperatures can get higher than 
70-80ºC (Bertolini 2013). Ettringite is a hard material and when formed in pores it can 
cause tension on the concrete, this effect can be enhanced by cracks or freeze/thaw 
attacks (Bertolini 2013). 

Thaumasite attacks are different from ettringite attacks. Thaumasite 
(CaSiO3.CaCO3.CaSO4.15H2O) is a soft, weak material without strength and can’t bind 
aggregates together (Abdalkader 2014). “Crammond (2003) reported that for thaumasite 
to form, reactions of calcium, sulphate, carbonate and silicate ions should occur in wet, 
cold (favourably less than 15ºC) conditions” (Abdalkader 2014).  
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Figure 2-7 schematic representation of conditions for thaumasite attack (Hagelia 2007). 

If water, sulfates, carbonate and high pH is present there is a possibility of thaumasite 
formation. If sprayed mortar is cast onto a carbonated surface the sulphur that 
accumulated from splashed or airborne seawater before the repair can be sufficient to 
form thaumasite. If the extent of the formation is sufficient the attack can cause loss of 
bond between the sprayed mortar and the underlying mortar.  

2.3.4 ASR 
Alkali silica reactions or alkali aggregate reaction is the development of silica gel in 
concrete. The silica gel can expand and cause tension in the concrete, which can cause 
cracking or even make the bridge longer. The process involves the creation of the silica 
gel that absorbs moisture and swells (Bertolini 2013). The gel is created due to reactive 
aggregate in the concrete. For the reaction to occur it is necessary with hydroxyl, alkali 
metal and calcium ions and water. The hydroxy ions provoke the reaction (Bertolini 
2013) and an increased amounts of these ions may provoke reactions that would not 
have occurred otherwise. 

2.4 Cathodic protection 
Cathodic protection is a recognized method for protecting steel, the technique has been 
developed for over a hundred years. For protection of steel in concrete the experience 
goes back about 50 years (Kristiansen, Lindland et al. 1998).  

Cathodic protection stops the corrosion process by mounting an anode that is highly 
resistant to corrosion and passing a direct current between the reinforcement and the 
anode or by mounting a sacrificial metal and connect it to the reinforcement. This causes 
the reinforcement to become cathode and the new material to become the anode. It is 
common to use MMO (mixed metal oxides) coated titanium or zinc as anodes when 
protecting costal bridges in Norway. 

To stop the corrosion of the reinforcement steel the electrochemical potential must be 
lowered in chloride rich cement compared to chloride free cement, the Pedeferri’s 
diagram in Figure 2-8 shows at what chloride levels corrosion may begin but also at what 
levels corrosion will stop depending on the charge from the CP. The CP installation must 
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be adjusted so that the charge keeps the steel in area C to stop corrosion, but area B can 
be sufficient if the corrosion is slowed down enough.  

 

Figure 2-8 Pedeferri’s diagram showing the evolution of corrosion potential of steel in 
cement depending on chloride level and electrochemical charge. Cathodic prevention (1-
2-3); CP restoring passivity (4-5); CP reducing corrosion rate (4-6). (Bertolini 2013). 

2.4.1 The different anode systems: 
From the concrete rehabilitation book edited by Jan Lindland (Lindland 2017) there are 7 
different anode types: 

1. Titanium net 

2. Titanium bond 

3. Titanium rod 

4. Conductive coating 

5. Sprayed zinc 

6. Zinc plates 

7. Casted zinc anodes 

Usage of zinc anodes is based on the natural difference in the galvanic series where zinc 
has lower potential than steel and iron. This forces the anodic reaction to occur at the 
zinc and the cathodic reaction to occur at the steel. Zinc anodes are outside the scope of 
this thesis and are just mentioned here.   

When using titanium anodes, a direct impressed electric current is used to move the 
electrons the opposite way compared to the galvanic series of the metals. The steel 
becomes the cathode and the titanium becomes the anode. Titanium has high resistance 
to corrosion and is passive under most circumstances and is often protected even more 
by applying a mixed metal oxide (MMO) coating. This makes titanium an ideal material as 
it usually won’t corrode due to the impressed current. 

A titanium nett is evenly distributed across the surface of the concrete. This is important 
for even distribution of current and even protection of the rebars. 
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The titanium bonds are easier to mount, but the current density gets higher compared to 
Ti-nets. From experience the results are not as good as with a net, regarding acidification 
and delamination of the CP-mortar which is being studied in the project “Bedre 
bruvedlikehold” (better bridge maintenance).    

The titan rods give even more concentrated current than the bonds, but they are easy to 
replace, which can make them preferable in some situations. There is also no need to 
add weight in form of sprayed mortar when installing the anodes.  

2.4.2 Damage mechanisms of the anodes. 
There are several mechanisms that can damage the anode, whether using nets, bonds or 
rods. All are susceptible for mechanical damage during installation, but with proper 
instructions and procedures it can be avoided. Even though titanium is highly resistant to 
corrosion too much current can cause corrosion or destroy the mortar around the anode, 
and ohmic potential drops may occur. 

Equation 6 2H2O→O2+4H++4e-  

Equation 7 2Cl-→Cl2+2e-  

The Pourbaix diagram for titanium in Figure 2-9 shows that there is an active area on 
negative potential under acidic conditions. It is also shown that if the potential gets too 
high and the environment is alkaline a reaction starts to create titanium hydroxide 
(TiO3∙2H2O) which is unstable in water (Chen, Chen et al. 2005). This effect is somewhat 
mitigated with the MMO coatings used, but defects in the coating or higher potentials can 
possible cause oxidation of the titanium net. The effects of chloride content are not 
considered in the Pourbaix diagram, as chlorides generally have a negative influence on 
passive metals (Liu, Alfantazi et al. 2015) it should be handled with care.  

  

Figure 2-9 Pourbaix diagram of Titanium (Velloso, Aguiar et al. 2017) 

Experience show that if the current is to high the anode will break after a while. This will 
of course render the installation useless as the means to deliver current have been 
destroyed.  
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It proved difficult to find research on corrosion of titanium in alkaline environment under 
influence of chlorides. The research that was found did tests in irrelevant conditions for 
where titanium is used in CP.   
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3.1 Movement of chlorides from bridge concrete to CP-mortar 
Corrosion attacks due to chlorides are the main reason for degradation of Sortlandsbrua. 
There are chlorides present in the bridge concrete, presumably already from the 
production (as aggregates may have been contaminated and as an added accelerator 
(bruavdeling 1992)) in addition to the bridge being exposed to seawater. It can be 
anticipated that some of the chlorides have moved from the bridge concrete to the CP-
mortar/concrete. The mortar/concrete was casted or sprayed without chlorides in it, so 
there should be a possibility for the chlorides to move from the bridge concrete to the 
CP-mortar/concrete to lower the concentration inside the bridge concrete.  

Two possible transport mechanism are expected to have worked on the chlorides present 
in the bridge concrete during the period after CP was installed: diffusion and migration. 

 

Figure 3-1 chloride content according to depth before CP-mortar was applied. 

Diffusion is the main mechanism that moves chlorides in ordinary concrete and mortar. 
Diffusion is expected to still move the chlorides unaffected by the added current after the 
installation of CP. However, due to possible changes in concentration because of 
migration, diffusion can amplify or reduce the effect of migration. 

On Sortlandsbrua, there was applied a layer of surface protection onto the CP-mortar. 
Given that the surface protection is still functional, there should not have been more 
chlorides that have entered the CP-mortar and concrete from the outside. 

Diffusion will even out the chloride content in the pore solution throughout the concrete, 
if time=∞ an even distribution would be obtained throughout the entire cross section.  

3  Hypothesis 
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Some scientific research was conducted in a rehabilitation project on a quay in 1999, 
where the transport of chlorides between concrete and shotcrete was examined. The 
quay was in Oslo and the project ended after 10 years and was documented in NPRA 
report no. 77 (Rodum and Lindland 2012). There are chloride profiles from original state 
(before applying shotcrete), 5 years after applying shotcrete and 10 years after applying 
shotcrete. These profiles show that the chlorides slowly are moving from the underlying 
concrete and into the shotcrete. Figure 3-2 through Figure 3-4 shows the development of 
the chloride profiles from 1999 to 2009. As there was not installed CP on the quay the 
mechanisms for the chloride transport must have been diffusion. 

 

Figure 3-2 Original chloride profiles from 1999 in original concrete (left side is exposed 
side) (Rodum and Lindland 2012). 

 

 

Figure 3-3 Chloride profiles around the intersection between repair concrete and old 
concrete 2004 (left side is towards the surface of the repair concrete), 5 years after the 
repair (Rodum and Lindland 2012).  
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Figure 3-4 Chloride profiles around the intersection between repair concrete and old 
concrete 2009 (left side is towards the surface of the repair concrete). 10 years after the 
repair(Rodum and Lindland 2012) graphs are not directly comparable to Figure 3-3 as 
the samples are not from the exact same location.  

All the figures show chloride content to mass of concrete. The scales would probably be 
different if the cement mass was considered when looking at the left- and right-hand 
side, however those values are not available. Also, several values are missing from 
Figure 3-4. 

The trend is showing that the chloride content is generally moving from the old concrete 
to the new concrete and is levelling out. The graphs pointing upwards towards the left 
side of Figure 3-4 are most likely chlorides moving in from the exposed side of the repair 
mortar. 

Migration left to work over an infinite time would move all the chlorides close to the 
anode mesh and distribute around it.  

This effect only works on the chlorides between and a short distance past the polarised 
rebars and the anode. Accordingly, chlorides that have passed the polarised rebars will 
not have been affected by migration.  

Figure 3-5 shows an expected graph for chloride content due to migration, diffusion and 
a combination of both effects after several years.  

  

Figure 3-5 Expected new chloride profile due to migration, diffusion and a combination. 

The combined effect of migration and diffusion is difficult to predict. The amount of 
current that is used in a chloride extraction project can be compared to the amount of 
current that have been used on Sortlandsbrua over the past 27 years. The total charge is 
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roughly the same (Table 1). However, the effect of the lower current over time might not 
be the same as the stronger current over a short amount of time. Suggested by Bertolini 
and co-authors (Bertolini 2013): at medium to low current densities, typical for cathodic 
protection, there should be certain reduction of chloride anions at the cathodic surface. In 
other words, close to the rebars there should at least be some reduction of chlorides. But 
it is not anticipated the same effect since the high current force the chlorides to move 
more effectively as long as there are free chlorides to move in the pore solution.  

Table 1 Long-time comparing of Cathodic protection and Chloride Extraction. 

Purpose Current density Duration Number of 
days 

Total charge 

Cathodic protection 
(Sortlandsbrua) 

8-20mA/m2 (15mA/m2)1 27 Years 9862 Days 3552A•h/m2 

Chloride Extraction 1-2A/m2 (2A/m2)1 6-10 
weeks 

70 Days 3360A•h/m2 

1 value set for calculating total charge 

There can be removed a large amount of chlorides close to the rebars, but when moving 
30mm away from the rebars the amount of chlorides removed should be less (Polder and 
Hondel 2002). As stated in the report “significant amounts of chloride remain in the 
concrete, even after a large amount of charge have passed” (Polder and Hondel 2002). 

An experiment of the effect of Electrochemical chloride removing described by Polder and 
Hondel (Polder and Hondel 2002) shows potentials for removing between 69 and 93% of 
the penetrated chlorides close to the rebars, about 5 percent points less between the 
rebar mesh. These numbers were achieved for a total charge >2000 A•h/m2. The 
experiments showed that the amount of chlorides removed steadily increased with the 
total charge. However, the efficiency decreased with the increasing of total charge.  

There is expected that migration should have worked on the chlorides to some extent. 
The majority of chlorides removed due to migration, is expected to be observed around 
the rebars.  

There are experiments that show that carbonated concrete will make chloride extraction 
less effective (Ihekwaba, Hope et al. 1996). Carbonated concrete on the surface of the 
bridge concrete may therefore hider the movement of chlorides. 

3.2 Damage development due to forced current. 
There are several consequences of applying current to concrete that are not beneficial, 
alkali silica reaction and anodic acidification are two damaging effects that potentially 
could appear at the CP system of Sortlandsbrua.  

3.2.1 Anodic acidification 
At the surface of the anode the process of oxygen evolution takes place (Equation 6), if 
chlorides are present even chlorine develops (Equation 7). These processes can directly 
or indirectly produce acidity. However, the migration of hydroxyl ions from the cathode to 
the anode is expected to negate most of the effect of the acid development (Bertolini 
2013). It might be expected that there has been some deterioration of the concrete due 
to acidification, mainly due to unintentional local high currents.  

Deterioration of cement paste close to the anode net can cause several problems and 
limit or even destroy the functionality of the CP system. The consequences of destroyed 
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cement will be less bond between the anode and the mortar and accordingly higher 
resistance to current flow (interruption of the electrolytic contact between the anode and 
the cathode). Consequently, higher current is needed to achieve the same level of 
protection (polarisation of the rebars). Which again will lead to further increased rate of 
acidification. Studying the depolarization and the amount of current needed to achieve 
passivation of the steel, can be an indication on whether the resistance has increased or 
not, more voltage needed for protection would mean higher resistance. Nevertheless, 
other effects will also affect the resistance between the anode and the cathode: chloride 
content, moisture state and contact between CP-mortar and bridge concrete. Thus, if the 
necessary current is increased it may be the result of several different reasons and can 
be expected in the long term.  

3.2.2 Alkali Silica Reaction 
Hydroxyl and alkali metals are some of the requirements for the reaction between alkalis 
and reactive siliceous aggregate causing alkali reaction. During the application of CP, 
hydroxyl ions created at the cathode and alkali metals migrate towards the cathode, this 
may increase the chances of alkali reaction given that there are reactive aggregates 
present. However, as described in (Bertolini 2013), provoked ASR due to the effects of 
current only happens for current densities well over 20mA/m2. Therefore, for 
conventional CP systems with current densities below 20mA/m2 the theory states that 
there should not be expected to see increased rates of alkali reactions close to the 
rebars. However, after 27 years there will most likely be a higher amount of hydroxyl 
ions and alkali metal close to the rebars and the possibility of ASR close to the rebar 
must be investigated.  

3.2.3 Increased amount of microcracks 
There is a possibility that created gasses can create microcracks in the cement 
surrounding the anode net or the rebars. During the thin section investigation after a 
chloride extraction experiment conducted by Polder a higher amount of microcracks was 
found surrounding the steel (Polder 1996). Polder suggested that the reason for the 
development was due to hydrogen developing and the pressure from the gas caused the 
formation of the microcracks. The development of microcracks seemed to depend more 
on the composition of the cement than the current strength (Polder 1996). 

It is expected that there has been some creation of microcracks at the anode and 
cathode as there most probably have been development of gasses in the pores adjacent 
to the anode and cathode.  

3.3 Potentially reduction of current due to healthier concrete. 
If the long-term effects of chloride transportation have reduced the amount of chlorides 
close to the rebars to a level were the steel can re-passivate without the impressed 
current, the current of the CP-system can be lowered or perhaps even be turned off. This 
measure can increase the lifetime of the anode net, because of smaller chances of 
acidification and potential areas where titanium is unstable may be avoided. The parts 
that are hard to replace are the ones embedded in mortar. Wires and such can easily be 
replaced if they are defect but, replacing the anode mesh would basically mean redoing 
the entire installation.  

If the chloride content is reduced to such a point that steel can regain passivity the 
concrete can be considered short term healed. However, it would then probably be 
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unwise to turn the current of the CP off completely, as the chloride that remain in the 
original bridge concrete and CP- mortar will over time diffuse back into the concrete and 
the passive film surrounding the steel can be dissolved again. But if the current can be 
reduced it should have a positive effect on the lifetime of the anode net.  

It is not expected to find chloride levels at such a low level that corrosion won’t occur. 
However, there is expected to find small reductions which can possible allow for lower 
current necessary to achieve protection.  
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4.1 Case Sortlandsbrua 
Sortlandsbrua was built in 1975, it’s a 948 meter long cantilever bridge with 3 main 
spans and 18 viaduct spans. The bridge is located just outside Sortland, in the northern 
part of Norway, connecting Hinøya and Langøya. Already in 1982 there were signs of 
corrosion in several pillars. Few years later massive damage started to occur. After only a 
few years a bridge costing around 30 million NOK was about to deteriorate. The rebars in 
the pillars were heavily corroded and the concrete was starting to delaminate at several 
places. Presumably sea grabbed aggregates were used for the concrete production and 
chlorides were used as accelerators in some of the pillars. In addition, the bride is located 
in a harsh costal climate.   

 

Figure 4-1 Picture of the building of Sortlandsbrua, picture taken from the north-western 
side of the bridge. Image from digitaltmuseum.no 

Several different methods for repairing the bridge were considered; a protecting surface 
cover, cast concrete coat, shotcrete repairs and cathodic protection. In the summer of 
1990 it was decided to conduct a trial-repair using cathodic protection. 3 pillars that were 
heavily damaged were selected. Starting from the Sortland side pillar 5, 12 and 16 were 
chosen for this. After what was considered a successful trial-repair, the remaining pillars 
were also repaired with cathodic protection in 1991 (bruavdeling 1992). 

4 Experimental  
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When the repair of the remaining 17 pillars was carried out, it was decided to run a 
research and development program to test different repair methods. 3 different methods 
were tested out:  

• CP with shotcrete (almost same method as in the trial repair) 
• CP with casted concrete 
• Casted concrete cape around the pillar with epoxy coated rebars.  

Today the CP installation seems to still be working for the pillars that had CP installed. 28 
years after being installed, the CP system is apparently giving sufficient protection for the 
reinforcement. Nevertheless, there seems to be a few places where either the reference 
electrodes or the installation have failed since some of the reference electrodes doesn’t 
give sufficient depolarization values.  

 
Figure 4-2 Map over Nordland and Troms showing the placement of Sortlandsbrua 
(Vegvesenet 2018) 

4.1.1 Data about the bridge 
The bridge was constructed in the period between 1973 and 1975. The engineering 
company who designed the bridge was DR.ING A. AAS-JAKOBSEN. 

Data about the concrete in the pillars (bruavdeling 1992): 

• Quality: B350 
• Cement quantity: 360 kg/m3 
• Projected w/c: 0,46 
• w/c measured with thin sections: 0,35-0,60.  
• Aggregate: Sea grabbed sand. 
• Concrete cover thickness projected: 50mm  
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• Concrete cover measured: down to 30mm (mostly observed between 30 and 
50mm, but up to 80mm (Table 3 and Table 5)) 

Data about the concrete in the Bridgeway (AAS-JAKOBSEN 1975): 

• Quality: B450 
• Rebar strength straight: Ks50 
• Rebar strength bent: Ks 40s  

 
The pillars have different dimensions depending on their height and the length of the 
closest spans: 

Pillar 1,2,3,18,19 and 20 are rectangular and have the dimensions 3000mm•500mm. 

Pillar 4,5,6,15,16 and 17 are rectangular and have the dimensions 3000mm•800mm. 

Pillar 7,8,13 and 14 are rectangular and have the dimensions 3000mm•1000mm 

Pillar 9 and 12 rectangular and have the dimensions 3000mm•1500mm. 

Pillar 10 and 11 are hollow rectangular cross sections with a wall thickness of 400mm 
and outer dimensions of 5400mm and 4000mm. 

4.1.2 Methods for repair 
There are 4 different methods used to repair the bridge, they are spread over different 
pillars as shown in Figure 4-3. All methods involve new mortar or concrete with a 
protective surface treatment.  

 

 

Figure 4-3 Overview of repair methods for Sortlandsbrua with Sortland towards the left 
side. 

Pillar 1 and 2 was a part of the research and development program, they have casted 
concrete with CP. Here the casted concrete is about 100mm thick.  

Pillars 3 and 4 was a part of the research and development program, they have shotcrete 
with CP. The shotcrete is about 40mm thick and the surface beneath the shotcrete have 
been hydrodemolished in small spots to create a rough surface for the mortar to create 
good bond to the underlying concrete.   

Pillars 5, 12 and 16 have shotcrete with CP. The shotcrete is about 40 mm thick, the 
surface of the underlying concrete has been sandblasted to get a somewhat rough 
surface to give good bond for the mortar. These pillars were the trial repair from 1990.  

Pillars 6, 7, 8, 9, 10, 11, 13, 14, 18, 19 and 20 have shotcrete. The same method as with 
pillars 3 and 4 have been used here. About 40mm thick mortar and hydrodemolished 
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concrete underneath. For pillar 10 and 11 (the pillars for the main span) the CP was only 
carried out on the eastern and northern side but was carried out two times higher than 
on the rest of the pillars.  

Pillars 15 and 17 was a part of the research and development program, they have a 
casted concrete cape about 150mm thick and epoxy coated rebars. There is no CP 
installed on these pillars. However, there are reference electrodes installed to preform 
control readings. 

The mortar and concrete thickness were in accordance with later recommendations, 
recommended by Bertolini and his co-authors (Bertolini 2013). They suggested that the 
thickness of the shotcrete should be below 50mm and when the thickness is higher than 
50mm the concrete should have a flowable or pumpable consistency and framework 
should be applied.  

4.1.3 Specifications of the CP-installation  
The CP system was delivered by EB-installasjon both for the trial repair and the main 
repair. Data (bruavdeling 1992): 

• Anode mesh: Permagard Type 150 and 300, titan mesh coated with noble metal 
oxide. (Type 150: 16mA/m2, Type 300: 32mA/m2) 

• Conductors: Permagard titan bands 12,7x1,0mm 
• Instruments: Reference electrodes ERE 10 from Korrosjonssentralen in Denmark. 

The reference electrodes are mounted on freed rebars and casted into mortar.  

The anode mesh is divided into different zones with 3 zones on each pillar. The form and 
how the zones were divided differs from the trial project to the main repair project. From 
the user guide delivered by COWIplan a sketch of the forms of the different zones can be 
found (as 1991). 
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Figure 4-4 Zones for the anode nett of each pillar with CP. 

Note that arrows mean current bearing, hatched is anode net. For pillars 1-4, 6-11, 13, 
14 and 18 zone 2a is on the northern and eastern side of the pillar and zone 2b is on the 
western and southern side of the pillar. 

The different zones are used to control the current and give more protection on the more 
exposed sides of the pillars if needed. This has been used to some extent and can be 
seen in the depolarization charts in Figure 4-5. The ampere can be used to determine the 
current used on each m2 of reinforcement by dividing the total current from one zone 
over the area of the zone and estimating the area of reinforcement compared to 
concrete.   

4.1.4 Specifications of the CP-mortar. 
The specifications of the CP-mortar differ between the cast concrete and the shotcrete. 

Generally, the CP-mortar should be relatively conductive which allows for the current to 
move through the mortar and spread evenly to the interface with the underlying 
concrete. On the other hand the repair mortar should be similar to the original concrete’s 
conductivity as different levels may cause ununiform current flow (Bertolini 2013).  

Acquiring the data about the CP-mortar used on Sortlandsbrua turned out to be difficult, 
as the recipes are trade secrets and the company who delivered the mortar has been 
bought up by other companies several times since 1990. The cement content of 
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Shotcrete can vary a lot, in tunnels the content can vary from 400kg/m3 to 585kg/m3  
(Hagelia 2008). 

4.1.5 Depolarization results form the CP-installation 
Since 1991 there have been forced current on the installation. To determine whether the 
installation is working, and how protected the bridge is, depolarization measurements 
have been taken several times over the last 28 years. The measurements can be used to 
asses if a zone is protected, unprotected or even overprotected. According to NS-EN ISO 
12696 (the standard for CP) (CEN 2016) there are 3 different interpretation criteria for 
CP-installations for assessing the performance, where the installation must meet one of 
the following criteria: 

a) An instantaneous OFF potential of more than -720mV with respect to Ag/AgCl/05 
M KCl; 

b) A potential decay over a maximum of 24h of at least 100mV from Instantaneous 
OFF; 

c) A potential decay over an extended period (typical 24 h or longer) of at least 
150mV from the instant off subject to a continuing decay and the use of 
electrodes (not potential decay probes) for the measurement extended beyond 24 
h.  

By utilising the depolarisation values available it can be determined if the installation is 
still working by the definition set in the standard. Because of damage potentials due to 
high currents it is important to avoid over protecting the structure. 

4.1.5.1 Data sets from Sortlandsbrua 
Several data sets of depolarisation measurements are available for Sortlandsbrua, from 
just after cathodic protection was installed and some throughout the lifespan of the 
installation. These values can be studied and compared to data readings ordered in 
connection with the main inspection1 of 2018. The current used over time can be used to 
estimate how much total current has been applied and if there is a difference between 
the different zones. Full datasets of the readings can be found in Appendix D.  

                                           
1 Every bridge in Norway undergo a strict inspection regime where they are inspected at least once every year, 
general inspection, and every 5th year have a much more thorough inspection called main inspection. 
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a) b)  

c)  d)   

Figure 4-5 Depolarization of pillar 11 a) from 1993, b) from May 2011 c) from August 
2011 and d) from 2018 

ON:  Potential with current on  
INST.OFF:  Potential directly after turning the current 

off. 
 

IR DROP:  Difference between ON and INST.OFF.  
DEPOL:  Time (m=minutes T=hours)  
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The measurements show that the installation is still working. However, the numbers for 
pillar 11 might be concerning regarding the possibility of development of hydrogen 
embrittlement, as one of the reference electrodes record much lower potentials than 
allowed for cathodic protection. This can also be a defect reference electrode that shows 
wrong numbers but should be investigated further.  

Generally, it seems that the current has mostly been similar for the different zones from 
1991 until 2011. By comparing the area of the zones to the current applied it seems that 
zone 2a and 2b have had higher current per m2 (Table 6) which is unexpected as those 
areas are higher up than area 1. Accordingly, it seems zone 2a and 2b have had 
somewhat higher protection than necessary.   

The reference electrodes installed at most of the pillars seem to still be working. 
However, at several of the pillars the measurements from June 2018 are flat lining. 

 
Figure 4-6 Depolarization from pillar 2 June 2018 

The pillars where the lines are flat are pillar 2, 3, 6, 7, 8 and 18. That is 6 out of 18 
pillars were the results from the depolarization measurements can’t prove that the 
construction is protected. This is more likely to be a result of defected reference 
electrodes than a defect CP-installation. Measurements from 1993 showed 3 reference 
electrodes with flat results, one from each on pillar 8, 12 and 18. The reason for why the 
reference cell in in pillar 12 is working again is unknown, though it might still be defect 
even though it gives readings.   
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4.2 Investigations. 
To investigate the objectives presented in section 1.2 the following investigations were 
conducted: 

1. Chloride profiles on drilled cores. 
2. µ-XRF scans on drilled cores. 
3. Thin section on drilled cores. 
4. Delamination investigation. 

 
There were two different sets of cores taken for the investigations, one set for chloride 
profiles; the A-series, and one set for µ-XRF scans and thin section investigations; the M-
series. 

The cores are taken at different heights, sides and pillars, the following figures show the 
placement of the cores on each pillar. Detailed information about the placement of the 
cores are given in Table 2 and Table 4. 

 

a)    b)  

Figure 4-7 Placement of the cores from pillar 2. a) is eastern side b) is western side 
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Figure 4-8 Placement of the cores from pillar 4, eastern and northern side. 

a)  b)  

Figure 4-9 Placement of the cores from pillar 11. a) shows from southern, eastern and 
nortern side, b) shows western side. 
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a)   b)  

Figure 4-10 Placement of the cores taken from pillar 12, a) shows the southern and 
eastern side, b) shows the western side. 

4.2.1 Chloride profiles 
The chloride distribution in the concrete was analysed by chloride profiles. There are 
existing chloride profiles (dust samples) from before the CP was installed (Østvik 1990). 
The profiles are used to determine how the chloride levels have changed over time by 
comparing the status before the installation of the CP system and after 27 years with 
applied current. The chloride profiles allow a discussion on the transport mechanisms 
under applied current (ref. chapter 3.1). 

4.2.1.1 Acquiring the data 
The reference data are gathered from the report by Ringtek (Østvik 1990), the field 
research was preformed 07.-14. February 1990. The location of the sampling was noted 
in the report. When taking cores for the current investigation (2018) it was strived to 
take the cores close to the original samples by Ringtek. Of course, the cores cannot be 
taken from the exact same point, as the repair mortar used to fill the holes from the first 
sample can contaminate the new samples. When planning where to drill for the new 
cores a minimum distance of 100mm in either vertical or horizontal direction was 
considered a minimum from where the original profiles were thought to be. This can 
cause some error when comparing new and old profiles, as the penetration of chlorides 
can vary by just moving a couple of centimetres to the side, up or down. 

The second part that makes it difficult to decide a good location for drilling cores is that 
there have been made major repairs on the pillars when the CP was installed. This 
includes large areas of loose concrete replaced with fresh mortar/concrete underneath 
the CP-mortar. 

Fortunately, during the project there was made good documentation of the process and 
the project leader had pictures of every single pillar from after the hydrodemolition and 
before the installation of the CP. This was taken into account when choosing the location 
for the cores. 
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Figure 4-11 Example of picture of pillar 4 from after hydrodemolition 

By studying the location of the different existing chloride profiles, depth of the samples 
and the images form when the concrete was removed, 13 locations for cores to be 
grinded for chloride samples was picked, the A series of the concrete cores. 

Table 2 Placement of core samples A series 

Core 
nr. Pil lar

compering 
sample

Placement on 
pillar (side, 
hight (m))

Placement 
comparing sample 
(side, hight (m))

A1 12 Sample nr. 12.3 East, 3.85 East, 3.80
A2 12 Sample nr. 12.7 West, 6.05 West, 6,00
A3 12 Sample nr. 12.4 South, 2.50 South, 2.50
A4 4 Sample nr. 4.1 East, 2.48 East, 2.55
A5 4 Sample nr. 4.2 East, 3.10 East, 3.25
A6 2 Sample nr. 2.2 East, 2.38 East, 2.38
A7 2 Sample nr. 2.1 West, 2.36 West, 2.36
A8 11 Sample nr. 11.1 East, 2.65 East, 2.40
A9 11 Sample nr. 11.3 East, 3.85 East, 3.80
A10 11 Sample nr. 11.7 South, 2.50 South, 2.40
A11 11 Sample nr. 11.9 South, 3.85 South, 3.80
A12 11 Sample nr. 11.11 West,  4.1 West, 4.00
A13 11 Sample nr. 11.10 West, 6,2 West, 6.00  

 

By utilizing these pictures provided from the installation process, it was possible to avoid 
taking core samples with a lot of repair mortar. Only 1 (A1) of 13 cores had repair mortar 
beneath the CP-mortar. 
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Table 3 Core data for A series 

Core 
nr. 

Length 
of 
sample 

Thickness 
of surface 
treatment 

Thickness 
of CP-
mortar 

Thickness of 
repairmortar 

Carbonated 
concrete? 

Depth 
and size 
of rebar* 

Other 
observations 

A1  0-5mm 45mm 70mm Not 
apparent 

- Repair-/CP-
mortar sticks 
to underlying 
concrete 

A2 205mm 0-3mm 29mm - - 75mm CP-mortar lost 
adhesion 
when the core 
was extracted 

A3 190mm 3-5mm 45mm - Not 
apparent 

 CP-mortar 
sticks to 
underlying 
concrete 

A4  2-5mm 38-
45mm 

- Not 
apparent 

77mm 
12mm 

CP-mortar lost 
adhesion 
when the core 
was extracted 

A5 160mm 1-7mm 36-
44mm 

- - 80mm 
25mm 

CP-mortar lost 
adhesion 
when the core 
was extracted 

A6 180mm 0,5mm 100mm - Yes, a few 
mm 

150mm  
12mm 

CP-mortar 
sticks to 
underlying 
concrete 

A7 170mm 0,5mm 60mm - - 100mm 
12mm 

CP-mortar 
sticks to 
underlying 
concrete 

A8 200mm 1-10mm 27-
35mm 

- - - CP-mortar 
sticks to 
underlying 
concrete 

A9 120mm 0-5mm 20mm - Yes, a few 
mm 

- CP-mortar 
sticks to 
underlying 
concrete 

A10 200mm 0,5mm - - - 66mm 
25mm 

No CP or 
repairmortar 
in this core 

A11 155mm 0,5mm - - - - No CP or 
repairmortar 
in this core 

A12 155mm 0,5mm - - - 63mm 
25mm 

No CP or 
repairmortar 
in this core 

A13 155mm 0,5-2mm - - - 50mm 
12mm 

No CP or 
repairmortar 
in this core 

*coverdepth is with Repair-/CP-mortar and not original coverdepth, only the first rebar 
from the core is noted here.  
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4.2.1.2 Drilling of cores. 
The cores were drilled with a 75mm thickness as close as possible to the desired location. 
An expansion bolt was used to fasten the drill to the concrete structure and water was 
used to cool the drill. The cores were drilled to a depth that should be further than the 
original Ringtek samples and at least to the depth where reinforcement was expected to 
be located, generally about 120mm (45mm of CP-mortar + 75mm original to 
reinforcement), but deeper on the pillars with casted concrete.  

4.2.1.3 Packing and shipping the cores.  
Onsite, after the cores where extracted, the cores where studied, information thought to 
be relevant at the time was noted and pictures were taken. All cores were marked with 
an arrow pointing upwards. The cores were wrapped in many layers of cling foil to 
prevent the samples from drying out or being contaminated. They were marked with the 
core number and instructions for the lab. Afterwards the cores where put in two separate 
plastic containers for shipping, one for the A-series and one for the M-series.  

The cores were then brought to SINTEF in Trondheim where they were put in storage in 5 
cº. The cores where extracted on Wednesday (11th of July) and Thursday (12th of July) 
and put in cold storage at SINTEF on Sunday (15th of July) awaiting further investigation.  

4.2.1.4 Chloride profiles 
The chloride profiles from 1990 was taken with the Rapid Chloride Test which is still a 
reliable method. The method is described in newer handbooks (Vegvesenet 2016) and 
older handbooks (Vegvesenet 1997). RTC is described as not the most accurate method 
and the inaccuracy decreases with increased chloride content 

Chloride profiles for the cores taken in 2018 from the bridge where made by SINTEF, the 
cores where milled out in 5 mm layers on August the 14th 2018 and each layer was 
analysed with a Methrom automatic titrator with silver electrode on September the 27th 
2018, the method is further described in Appendix F and results are given in chapter 5.  

4.2.1.5 Sources of error 
There are several sources of error in the chloride profiles: 

• With a rough surface on the outside of the CP-mortar warrying up to 7-8mm in 
depth on a single core, the interface between the CP-mortar and the underlying 
surface may differ from what has been assumed when arranging the results. 
Additionally, the surface of the bridge concrete can vary depending on the method 
used to roughen the surface before applying the CP-mortar. Pillar 12 was 
sandblasted before applying the CP-mortar and the other pillars was 
hydrodemolished in small spots. For A1, which has repair mortar underneath the 
CP-mortar, it is uncertain how close to the original concrete surface the repair lies. 
In the results it is estimated that the repair mortars surface is the same as the 
original bridge concrete.   
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a) b) c)  

Figure 4-12 The interface between the different layers, figure a) show a sandblasted 
surface, figure b) shows a surface that has been hydro demolished in small spots and 
figure c) shows a completely repaired surface. 

• The method used in 1990 may be less accurate than the method used now. Both 
regarding the accuracy of the testing method (RTC vs. titration) and extraction of 
the samples (dust samples vs. drilled cores). The exact depth of each layer may 
be inaccurate and there is a possibility for contamination for the dust samples 
taken in 1990.  

• The cores are not taken in the same spot as the original samples. It was thought 
to be higher error if the cores where to contain reapplied mortar than if taking the 
sample 100 mm from where the original samples were.  

• The effect of chlorides is generally more relevant to the chloride/cement ratio, 
rather than the chloride/concrete ratio. There is a difference in cement content 
between the CP-mortar, repair-mortar and bridge concrete. Usual amounts of 
cement for shotcrete can vary between 400kg and 580kg per m3 (Hagelia 2008). 
To illustrate the effect of different cement content on the results, Figure 4-13 
shows the possible variation in the CP mortars cement content if it’s compared to 
the cement content in the bridge concrete2. 

• Note to Figure 4-13: The actual graph should be somewhere between the red 
and orange line. It was desired to use % cl of cement weight, but it proved 
difficult to obtain information about the mortar recipe that was used. This is 
partly because the company that delivered the mortar have been bought up 
several times, and the company where the factory is now didn’t find records 
further back than 2013. 

  

• Due to a rough surface, both between the shotcrete and the concrete and on the 
outside of the shotcrete, there is a possibility that the 0-point on the profiles is 
not exactly where the crossing between shotcrete and concrete is. This can result 
in some insecurity in the results.  

 

                                           
2 The same cement content was assumed as used by Multiconsult in 1990 when investigating the bridge (375 
kg/m3).  
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Figure 4-13 possible variation due to cement content of the mortar for core A9.  

 

The chloride profile is shown with the exposed surface to the left and the original surface 
as the point of zero, indicated with a black vertical line.  

4.2.2 µ-XRF scans and thin sections 
The cores for the µ-XRF scans and preparation for thin sections are called the M-series. 
They were taken to investigate chloride distribution, scanings for other elements that can 
be relevant, freeze/thaw damage, porosity and cracks, ASR, hydroxide levels, 
acidification, sulphate attacks and carbonatization depths. The placements are show in 
Figure 4-7 through Figure 4-9 and Table 4. They were extracted the same way as the 
cores for the A series described in 4.2.1.2 and packed and stored as described in 4.2.1.3. 

Investigation with the µ-XRF and the preparation of thin sections can be done form the 
same cores. After some time in storage the cores were inspected and studied to decide 
how they should be cut for the investigations. All cores were then accordingly cut in half 
using a saw. Then the cores were scanned for different elements and then thin sections 
were prepared from some of the cores.  

To decide on locations for the cores different criteria interesting to study were set. 
Placements and purposes are given in Table 4 Placement and purpose of M-series.Table 
4. 
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Table 4 Placement and purpose of M-series. 

Core 
number.  

Purpose of the core. Other relevant 
observations 

Placement of the 
core (pillar, side, 
height (m. above 
sea level). 

M1 Study the chloride 
ingression and the mortar 
of the pilot project in 
anode zone 2 (lower 
charge). 

The core cracked in 
several parts when it was 
extracted 

12, West, 7.35 

M2 Study the chloride 
ingression and the mortar 
of the pilot project in 
anode zone 1 (higher 
charge).  

 12, East, 2.5 

M3 Study the chloride 
ingression and the mortar 
of the main repair project 
in a zone with low charge.  

 11, North, 6.85 

M4 Study the chloride 
ingression and the mortar 
of an area without any 
charge.  

 11, North, 18.55 

M5 Study the chloride 
ingression and the mortar 
of the main repair project 
in a zone with high 
charge. 

 11, East, 2.5 

M6 Study the chloride 
ingression and the mortar 
in more pillars. 

A crack in the CP mortar 
going from the top of the 
mortar all the way down 
to the underlying 
concrete was discovered. 

6, East, 4.5 

M7 Study the chloride 
ingression and structure 
in an area that had 
sustained damage. 

 12, East, 2.85 

M8 As core number 1 was 
massively cracked when 
extracted, it was decided 
onsite to take one more 
next to it.  

 12 West, 7.35 
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Table 5 Core data for the M series 

Core 
nr. 

Length 
of 
sample 

Thickness 
of surface 
treatment 

Thicknes
s of CP-
mortar 

Thickne
ss of 
repairm
ortar 

Depth 
and 
size of 
rebar* 

Carbon
atized 
concret
e?  

Other 
observations 

M1 210mm 1-4mm 40-
100mm 

- - - The core has 
broken in the 
concrete CP-
mortar 
interface.  

M2 220mm 5mm 45mm - - Not 
appare
nt 

CP-mortar 
sticks to 
underlying 
concrete 

M3 150mm 2-5mm 14-
18mm 

- 96mm 
12mm 

Yes, a 
few 
mm 

CP-mortar 
sticks to 
underlying 
concrete 

M4 110mm 2-4mm 13-
20mm 

- 75mm 
12mm 

Yes, a 
few 
mm 

CP-mortar 
sticks to 
underlying 
concrete 

M5 90mm 0-5mm 14-
20mm 

- 85mm - The core has 
broken in the 
concrete CP-
mortar 
interface. 

M6 140mm 0-4mm 36-
45mm 

- - Yes, a 
few 
mm 

CP-mortar 
sticks to 
underlying 
concrete 

M7 180mm 5mm 50-
57mm 

- - Not 
appare
nt 

CP-mortar 
sticks to 
underlying 
concrete 

M8 200mm 2-5mm 40-
70mm 

- 90mm 
25mm 

Not 
appare
nt 

The core has 
broken in the 
concrete CP-
mortar 
interface.  

*cover depth is with Repair-/CP-mortar and not original cover depth, only the first rebar 
from the core is noted here.  

To determine where the cores should be divided to examine them, the cores were studied 
after resting for approximately four months in cold storage. To see effects and if the 
chlorides had behaved different around the reinforcement compared to elsewhere in the 
conctete, it was decided to cut the cores so that the reinforcement would be cut 
crosswise. This was also necessary to avoid damaging the cutting saw. 
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While studying the cores it was discovered that some of them had developed a white 
puss where the connection between repair mortar and ordinary concrete was. This might 
indicate that the concrete has dried somewhat out over the months. A crack was 
discovered in M6 seen in Figure 4-15 it was decided to cut through it as it could be of 
interest regarding the study of chloride ingression or other elements in the cracked 
mortar. 

a)  b)  

Figure 4-14 Delamination in core M8 a) from before wrapping, b) from after 4 months in 
storage. 

 

 

Figure 4-15 Core M6 with a crack 

4.2.2.1 µ-X-Ray Fluorescence scans 
µ-XRF scans are used to determine the presence and amount of each different element at 
the surface of the cut concrete.  

The ten following elements in addition to the chloride content of the concrete cores were 
mapped, the results of the investigations are given in chapter 5: 

• Aluminium (Al) 
• Calcium (Ca) 
• Chloride (Cl) 
• Iron (Fe) 
• Potassium (K) 
• Magnesium (Mg) 
• Sodium (Na) 
• Sulphur (S) 
• Silicon (Si) 
• Titanium (Ti) 
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The scanning of the cores was performed by Tobias Danner at SINTEF. Errors can occur 
in these scans: dust can settle on the surface of the concrete from other parts of the 
core. This can cause higher or lower readings of chemicals in areas where the 
contamination is. 

4.2.2.2 Thin sections. 
Thin sections can be used to investigate the following damages and characteristics of the 
concrete: 

• ASR development 

• Acidification around the anode 

• Frost deterioration 

• Sulphate attacks 

• Hydroxide content  

• Microcracks 

• Carbonatization depth 

• Capillary porosity 

The left half of each core of M3, M4 and M5 (which is the opposite half of the cores that 
was investigated with µ-XRF scans) was sent to the Danish Technological Institute where 
the thin sections was made and analysed by Ulla Hjorth Jakobsen. The analyse was 
carried out according to ASTM C856 (Jakobsen 2019) further details of the investigations 
is given in Appendix B. Two sections from each core were investigated.   

a)  

b) c)  

Figure 4-16 Placement of the thin section cuts: a)M3 b)M4 c)M5 (Jakobsen 2019) 
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4.2.3 Onsite inspection. 
Besides drilling cores, a visual inspection of the pillars was performed while extracting 
the cores.   

During a later inspection all the pillars was checked for delamination and visual defects, 
the results are given in 5.2.  
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5.1 Current densities. 
The current densities have varied some throughout the lifespan of the installation. The 
areas of the different zones on pillar 10 and 11 are: 

Zone 1: 7m•9.4m = 65.8m2  

Zone 2a and 2b: 4.5m•9.4m=42.3m2 

It is estimated that the surface of the reinforcement used as cathodes is about twice the 
size of the surface of the concrete. 

The calculations give the current densities in Table 6. 

 Table 6 Current densities for pillar 11 

Time\Zone 1 2a 2b 
Jan 1993 6mA/m2 11mA/m2 NA 
May 2011 28mA/m2 42mA/m2 35mA/m2 
Aug 2011 27mA/m2 43mA/m2 35mA/m2 
May 2018 NA 44mA/m2 41mA/m2 

 

The current has increased over time and given that the assumption of reinforcement area 
is correct the current is more than twice what is recommended for CP for zone 2a and 2b.  

This is however the pillar with the highest current for each zone and is probably one of 
the most exposed pillars on the bridge. Some of the pillars have had increased current, 
but most have still a low current applied.  

 

5.2 Onsite inspection 
In addition to the inspection preformed when drilling the cores, a thorough inspection of 
Sortlandsbrua for delamination was preformed later by Multiconsult. Here all the pillars 
and the CP-mortar was checked for delamination on September 3rd and 4th 2018. No 
areas with delamination was found (Fredheim 2018) expect for a small area that was 
discovered while extracting the concrete cores Figure 5-1 and Figure 5-2. All results of 
the second inspection are given in Appendix F. 

5 Results from the investigations.  
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Figure 5-1 Delamination on pillar 11, north eastern corner. On the left the crack is shown 
before removing the delaminated mortar.  

 

 

Figure 5-2 Delaminated area sprayed with phenolphthalein. 

When sprayed with phenolphthalein most of the mortar turned purple, which indicates 
that the mortar is alkaline. However, there are spots in the mortar where the 
phenolphthalein did not turn purple, this is quite clear on the backside against the 
underlying concrete. As shown in both Figure 5-2 and Figure 5-3 there are areas where 
the concrete isn’t alkaline. The clearest example is shown in Figure 5-2 where the loose 
mortar has been folded over and the back has been exposed. This is either due to air and 
carbon dioxide having had access to the backside of the CP-mortar or acidification of the 
mortar due to current from the CP. The probability of it being acidification increases when 
considering that the underlying concrete around where the folded mortar was gives a 
slight purple colour when sprayed, while the back of the folded bit and the areas exactly 
underneath shows no or far less purple.  
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The thickness of this area of shotcrete can be considered small (<20mm) see Figure 5-1, 
and a possible reason for the lack of bond could be the low thickness.  

  

Figure 5-3 Highlighted acidic areas of the mortar from the freshly broken surface.  

One pillar has damage that resembles ASR, pillar 17 (Figure 5-4) has crack pattern on 
the northern side, this is one of the pillars without CP and epoxy coated rebars instead. 
The observed damage is above the area that was repaired in 1990-1991. And there seem 
to be a small repair just above the steel edge that has been performed some time later. 
It cannot be said for sure that the cracking is caused by ASR without further 
investigations and thin section samples of this pillar.  
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Figure 5-4 Northern side of pillar 17 

5.3 Results from cores. 

5.3.1 Chloride results 
Below, the graphs for each profile is shown with the comparing sample. The pillar, side 
and height from where the core is taken is described in the title of the graph behind the 
core name. The placements of the cores are shown in Table 2 and Figure 4-7 through 
Figure 4-10. Table 3 shows descriptions of each core from extraction. The cores were 
investigated by Ola Skjølsvold at SINTEF, data and description of the investigations can 
be found in Appendix F. 

Data for the chloride profiles form 1990 can be found in Appendix H. 

Figure 5-5 through Figure 5-14 shows the chloride profiles gathered from the samples 
with CP installed. Both the samples taken in 2018 and the samples from 1990 are shown. 
Notably the scale on the sample from the eastern side are about 10 times larger than the 
scale of the sample from the western side.  
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Figure 5-5 Chloride content core A1 

The graph in Figure 5-5 shows high chloride ingression through the surface protection. 
This is not unexpected as surface protections usually doesn’t last more than 10 years or 
so (Bertolini 2013). The ingression into the repair mortar is a bit unexpected. The original 
concrete where sample 12.1 was taken was removed when installing the CP and replaced 
with repair mortar. When the CP was installed the chloride content of the repair mortar 
should have been 0. There is a possibility that migrating ions have contributed to the 
higher point at 57.5mm compared to 62.5 and 67.5, but it is not expected as the rebars 
usually would be found at 30-40mm depth. However, it could be a rebar there, as there 
have been observed some rebars with an original cover depth of 88mm (Table 5). There 
was no rebar discovered in this sample.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5-6 Chloride content core A2 

In the graph in Figure 5-6 there is a clear drop in chloride content when moving from the 
CP-mortar into the bridge concrete. It seems that some chloride has moved into the CP-
mortar. Even though the chloride content is low in this sample there has still been 
movement of the chlorides since the amount has lowered compared to sample 12.7.    
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Figure 5-7 Chloride content core A3 

Shown in Figure 5-7 there is a small drop in chloride content from the CP-mortar and into 
the bridge concrete. However, when considering the chloride content to cement ratio the 
difference is probably not that big. There seem to have been some movement of 
chlorides compared to sample 12.4, especially regarding the chloride content form 1990 
further into the construction.  

 
Figure 5-8 Chloride content core A4 

The graph in Figure 5-8 shows a massive drop in chloride content when going from the 
CP mortar into the bridge concrete. There has been a great reduction in the outer 30mm 
of the bridge concrete. It seems that the chlorides in front of the rebars have been 
affected, but not the ones behind. Inaccuracies in measurements regarding the 
placement of the graph and rebar could result in that the small top slightly in front of the 
rebar, as it presumably should be on the front of the rebar. 
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It is interesting to note that the chloride content in the CP mortar is almost level from -
27.5 mm to -2.5 mm. There seem to be at max close to the surface and then a declining 
chloride graph to the anode net, then an almost flat line until the drop into the bridge 
concrete. Inside the CP-mortar it seems that the chlorides don’t migrate towards the 
anode net but rather build up evenly throughout the mortar.  

 

Figure 5-9 Chloride content core A5 

The observations in Figure 5-9 of core A5 are similar to the ones from A4 and Figure 5-8. 
The area where the chlorides from the concrete has been removed is larger, even though 
the rebars are closer to the surface. The observed rebar in this sample is a main bar and 
there should be cross reinforcement and stirrups on the outside of the observed rebar if 
the core had cut through the stirrups.  

 
Figure 5-10 Chloride content core A6 

The graph of A6 in Figure 5-10 shows a drop of chloride content in the outer most layer 
of the bridge concrete. The ingress from the outside and the ingress from the underlying 
concrete can be seen clearly. It is apparent that a lot of the chlorides have moved out of 
the bridge concrete and into the CP-concrete as the content is much lower in sample A6 
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than in sample 2.2. Most likely the chloride content at the rebars were similar in 1990 to 
the levels now. With such coarse levels it is difficult to determine where the line would go 
if the grindings were finer.  

 

 
Figure 5-11 Chloride content core A7  

Figure 5-11 shows the graph of A7 which is similar to A6, but the scale is much lower, 
because A7 is taken from the western side of pillar 2 and A6 from the eastern side. The 
chlorides that have moved from the bridge concrete have moved from the area more 
than 10mm in front of the rebars. The chloride peak is in the bridge concrete. This can be 
an error in where the graph is placed compared to how it is. 

 
Figure 5-12 Chloride content core A8 

Figure 5-12 shows a drop of chloride content from the CP-mortar to the bridge concrete 
in core A8 that is large. In comparison to the other graphs the drop here is not as steep, 
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as the point 2.5mm is higher than 7.5mm. This may be a result of the core breaking at 
the interface between the bridge concrete and CP-mortar that may have caused 
inaccuracy in measured layers compared to grinded levels.  

 
Figure 5-13 core A8 broken at the CP-mortar and bridge concrete interface 

 

 

Figure 5-14 Chloride content core A9 

The graph for core A9 is shown in Figure 5-14. The drop of chloride content is big when 
going from the CP-mortar to the bridge concrete. A significant amount of chloride has 
moved from the bridge concrete to the CP-mortar. It seems there have been little 
movement from the area where the reinforcement should be.  
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Figure 5-15 Chloride profiles grinded from the cores taken with CP-mortar in 2018 

Generally, it seems all the cores with CP-mortar have the same trend of a big drop in 
chloride content when the bridge concrete starts. These graphs are very different from 
the graphs in Figure 3-3 and Figure 3-4 from the key in Oslo (Rodum and Lindland 
2012). With migration as a contributing transport mechanism, it was expected that the   
chloride content would be higher in the CP-mortar than the bridge concrete (Figure 3-5), 
but not to the extent as seen in the graphs here.  

Much of the chlorides in the CP-mortar must have entered from the outside This is 
apparent from the cores with such a long distance that the fronts, from the inside and 
outside, haven’t met yet (Figure 5-10 and Figure 5-11) 

 

5.3.2 µ-XRF 
µ-XRF scans was performed by Tobias Danner from SINTEF using a M4 Tornado from 
Bruker and formed into a report (Appendix E). For reference when scanning there are 
five discs containing different levels of chloride according to cement weight, the amount 
of chlorides increases from left to right and contain 0.0%, 0.4%, 1.2%, 1.8% and 3.0%. 
These reference discs are important to look at when studying the cores and especially 
when comparing different cores. Shown in Figure 5-16, at first glance it would seem that 
there are more chlorides in core M4, but when looking at the reference discs the levels 
are so high in M5 that the dark blue parts, which in M4 contain close to 0% chlorides, 
contain about 1,8% chlorides.   

 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

-97.5-87.5-77.5-67.5-57.5-47.5-37.5-27.5-17.5 -7.5 2.50 12.5 22.5 32.5 42.5 52.5 62.5 72.5 82.5

Ch
lo

rid
e 

co
nt

en
t [

%
 o

f d
ry

 m
as

s]

Depth from original concrete surface [mm]

Chloride profiles from cores with CP July 2018 
NR A2 Pillar 12 6.05m

NR A3 Pillar 12 2.5m

NR A4 Pillar 4 2.48m

NR A5 Pillar 4 3.10m

NR A7 Pillar 2 2.36m Casted
CP-concrete
NR A6 Pillar 2 2.38m Casted
CP-concrete
NR A8 Pillar 11 2.65m

NR A9 Pillar 11 3.85m

CP-mortar/concrete Bridge concrete



 

67 
 

 
 

 
Figure 5-16 Core M4 and M5 with different levels of chloride ingression 

Studying the chloride ingressions makes it apparent that core M2 and M7 (Figure 5-23 
and Figure 5-24)both consists of repair mortar and not original bridge concrete. It could 
also have been assessed by the size of the aggregates, but it was not expected that the 
repair would had gone as deep as the cores, as they were 210mm and 180mm long 
respectively. The scans show that there is not much chlorides in the middle of the 
extracted cores. There is a lot of penetrated chlorides in the front of the CP-mortar, but 
towards the right side the amount starts to increase again. This must be chlorides from 
the original bridge concrete that has diffused into the repair mortar. The low levels of 
chloride are puzzling, as this core is taken from the eastern side of the pillar, it should 
not have been subjected to much rainwater or other effects to wash out chlorides, the 
surface protection may still be intact.   

While studying the µ-XRF images from core M6, the crack discovered before cutting the 
core shown in Figure 4-15 became apparent and is clearly visible in Figure 5-17 in the 
bottom left corner. In the crack there was small amounts of chlorides compared to the 
surroundings. The crack can also be observed in the silica (Appendix E) and sulphur 
scans (Figure 5-27 d)), but all the other elements that was mapped show no signs of a 
crack.  
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Figure 5-17 chloride mapping using µ-XRF scan on core M6 

 

The cores taken from the western side of pillar 12, M1 and M8, does not show ingression 
at a high level when comparing to the reference discs. 

M3 (Figure 5-20) shows high levels of chlorides on some aggregates inside the core and 
is possibly contamination from the cutting process (Danner 2018). There are three 
similar aggregates at about the same depth made out of the same material, two without 
chlorides and one with high concentrations of chlorides. This increases the possibility that 
the sample is contaminated in this area.  
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µ-XRF Results of chloride mapping from pillar 6.  

 

 

 

 

 

 

 

 
 

 

 

M6 

 

 

 

 

 

  

Figure 5-18 M6: taken from the eastern side at 4.5 meters above sea level, image 
2 shows the same results with at different scale for the chloride mapping. The 
scale on the right side shows percentage of the highest measured content in the 
sample.    
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µ-XRF Results of chloride mapping from pillar 11.  

M4 

   

Figure 5-19 M4 taken from the Northern side at 18.55 Meters above sea level 

 

M3 

 

 

 

 

 

 

Figure 5-20 M3: taken form the northern side at 6,85 Meters above sea level, 
Image 2 shows the same results with at different scale for the chloride mapping. 
The scale on the right side shows percentage of the highest measured content in 
the sample.    

M5 

 

 

 

 

 

 

Figure 5-21 M5: taken from the eastern side at 2.5 meters above sea level, image 
2 shows the same results with at different scale for the chloride mapping. The 
scale on the right side shows percentage of the highest measured content in the 
sample.   
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µ-XRF Results of chloride mapping from pillar 12.  

M1      M8 

 

 

 

 

 

 

Figure 5-22 M1: taken from the western  M8: taken from the western side at 
side at 7.35 meters above sea level. 7.35 meters above sea level.  

 

 

  

 

 

 

 

              M7 

 

 

  M2 

 

 

        

Figure 5-23 M7: taken from the eastern 
side at 2.85 meters above sea level 

 

Figure 5-24 M2: taken from the eastern side 
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When studying the µ-XRF scans and the chloride profiles one can see that the surface 
protection has not worked well over 27 years. This could be expected, as summarized by 
Bertolini et al (Bertolini 2013), there is a lack of data available to predict the durability 
beyond a 10 year period under different exposure conditions for different surface 
protection systems. However, there are some cores where it seems that the surface 
protection has worked well over such a long period ref. core M1 (Figure 5-22), M2 (Figure 
5-24), M8 (Figure 5-22) and especially M2. M1 and M8 are taken from the western side 
of pillar 11. This is a side with far smaller amounts of chloride ingression than the 
northern and eastern side, thus the small amount of chlorides here can simply be a result 
of less harsh exposure. M2 on the other hand is taken from the eastern side, this side 
have been heavily exposed to chloride ingression and by comparing to core M7 it is far 
less ingression in M2. 

It is apparent that the chloride concentration varies within one layer (5mm thick 
regarding the chloride profiles 5.3.1) depending on aggregates and somewhat regarding 
the concentration in the cement paste. This can be seen in Figure 5-18, Figure 5-19, 
Figure 5-20 and Figure 5-21. 

When an electric field is placed through concrete also Na+ ions and K+ ions migrate, they 
are expected to move towards the cathode (Andrade 1993, Siegwart, Lyness et al. 
2003). To study this the µ-XRF scans for Na and K was studied for the cores with rebar in 
them. 

 

Figure 5-25 M8 µ-XRF scans for Na and K.  

 
Figure 5-26 closeup of rebar imprint M8, shows a slight accumulation of sodium at the 
front of the rebar. 

On M3 and M4 (Appendix E) there are not many signs of either sodium or potassium 
accumulation at the rebars. However, on core M8 there is a thin layer of dots surrounding 
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the rebar facing the anode net when scanning for sodium. These dots do not seem 
consistent with the spread of sodium through the rest of the core. There are aggregates 
with higher concentration of sodium throughout the core, but not much in the cement 
paste. If there has been any migration of sodium it is expected small amounts as they 
need to be dissolved in water to migrate (Andrade 1993). The accumulation of sodium 
can be an additional sign that migration is taking place even though there has been a low 
current working over time.  

There is sulphur present inn all the cores, especially in cores M3, M4, M5 and M6 Figure 
5-27. As sulphates are present in sea water it is likely that the accumulations are from 
sea water since both the original concrete surface and the surface of the CP mortar has 
accumulation. The cores with sulphur accumulation do not have repair-mortar, the 
roughness of the sulphur in M4 Figure 5-27 b) may be a result of hydro demolishing of 
the surface for better bond for the CP-mortar.  

 

a) b)  

c) d)  

Figure 5-27 Sulphur scans of cores. a)M3 b)M4 c)M5 d)M6 

5.3.3 Thin sections 
Results from the thin sections investigations of core M3, M4 and M5 are shown in 
Appendix B.  

5.3.3.1 Carbonatization 
The results show generally a strip of carbonated concrete in the outer part of the bridge 
concrete, the thickness ranges between 0.6mm and 12mm (Jakobsen 2019). There is 
also a carbonated strip on the outside of the CP-mortar, this strip is between 0.2mm and 
0.6 mm on M3 and M4 and between 0.6mm and 12mm on M5. There is carbonation on 
the backside of the CP-mortar on core M5 that indicates the CP-mortar had lost 
connection with the underlying concrete a long time ago. This could explain why the 
location of the chloride concentration differs in M5 compared to the rest of the cores, 
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Figure 5-21, where the concentration is higher in the CP-mortar than in the bridge 
concrete. 

Core M3 is de-carbonated in the outer 0,4mm of the concrete.  

5.3.3.2 Porosity and cracks 
A significant difference was discovered in the CP-mortars, M5 had a higher capillary 
porosity than M3 and M4, but there were fewer air voids then in M3 and M4 (Jakobsen 
2019). The different findings from each core is summarized in Table 7. 

Table 7 Summary of observations from the thin section investigations (Jakobsen 2019)   

Sample 
#  

Anode 
powere
d  

KB mortar  Concrete  
Carbonation 
mm  

Rel. 
porosity  

Micro 
cracks  

Air 
voids  

Carbonation 
mm  

Micro 
crack
s  

Corrosio
n 
product  

ASR 
near 
rebar  

M3V  Yes  0.2-0.6  Low  Medium  High  3-4 (10)  Many  No  No  
M4V  No  0.6  Low  Low  High  6-12  Many  Yes  No  
M5V  Yes  0.6-12  Medium  High  Low  6-12  Many  Yes  Yes  

 

There are different amounts of microcracks in the different cores, in the samples with 
anode net it the cracks are mainly around the anode net or between the anode net and 
the concrete. The microcracks in M5 are different than in M3, some of the cracks move 
parallel to the surface and not across the mortar (Jakobsen 2019).  

5.3.3.3 ASR 
There is observed ASR near the rebar in M5 and not in the rest of the samples sent for 
thin section. In core M6 (Figure 5-29) it was discovered a crack which looks like ASR in 
one aggregate and moisture surrounding more aggregates (Figure 5-30), indicating that 
the aggregates are potentially reactive, but it is not necessarily damaging ASR. 
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Figure 5-28 Documented ASR in M5 (Jakobsen 2019) 

The cracks close to the rebar imprint form M5 are filled with alkali silica gel, this is the 
only spot with observed ASR from all the cores examined by thin section. There was not 
discovered ASR in the imprint of the rebar from M4 (Jakobsen 2019). 

 

 

Figure 5-29 closeup of reactive aggregate in core M6. 
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A bit of yellow-brownish residue in a pore slightly below the right side of the cracked 
aggregate. This could be rust indicating that this point possibly was close to a rebar.  

 

 

Figure 5-30 M6 showing several potential reactive aggregates, with surrounding 
moisture 

5.3.3.4 Sulphate attacks. 
There is discovered ettringite in the CP-mortar of all the samples. However, as there is 
not discovered much ettringite there might not be damage due to it.  

There is sulphur present in all the samples, with high concentration towards the interface 
between CP-mortar and bridge concrete for many of them (Figure 5-27). Due to the 
conditions there is a possibility of thaumasite formation in the interface between the CP-
mortar and the bridge concrete. Though there is silicon and calcium in thaumasite the 
amount of these elements is expected to appear at the same rate as the rest of the 
concrete. However, there is not discovered thaumasite in the air voids from the thin 
section investigations. To identify thaumasite in the paste different investigations have to 
be made, such as SEM-EDX (Jakobsen 2019).   

5.3.3.5 Frost attack 
There was not discovered any signs of frost attack in the CP-mortar or bridge concrete 
from the thin section investigation (Jakobsen 2019).  

5.3.3.6 Hydroxide content 
The concrete has a high content of hydroxide except from in front of the carbonated 
surface of the concrete(Jakobsen 2019), this could have been washed out before the CP 
was installed.  

The CP mortar on the other hand seem to contain small amounts of hydroxides.  
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5.3.3.7 Acidification of the mortar 
There does not seem to be damage in the mortar around the anode due to acidification in 
the sampled cores. However, there seem to be low calcium hydroxide content in the 
cores, especially M5.  
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6.1  Chloride movement from original concrete to CP mortar. 
There have been movement of the chlorides in the bridge concrete of Sortlandsbrua. All 
chloride profiles with CP-mortar applied directly to the bridge concrete taken in  2018 
(A2-A9(Appendix F)) have less chloride content compared to the samples from 
approximately the same places taken in 1990 (Appendix H). This can be seen in Figure 
5-6 through Figure 5-14 in chapter 5.3.1. Seen in Figure 6-1 and Figure 5-6 through 
Figure 5-14 there are drops in most of the chloride profiles when moving into the bridge 
concrete from the surface of the mortar. The chloride content then increases again 
further in to the bridge concrete before it decreases again. The outer most area of the 
bridge concrete seem to contain relatively small amounts of chlorides compared to the 
rest of both the CP-mortar and the bridge concrete.  

    
Figure 6-1 Drop in chloride content (close-up of Figure 5-15) 

As diffusion would have worked towards evening out the chloride levels, as in Figure 3-4, 
it is apparent that migration also must have been working on the chlorides since diffusion 
would not remove chlorides from an area with lower levels to an area with higher 
chloride levels. The big difference between the chloride levels in the CP-mortar and the 
bridge concrete can’t be made by diffusion. It was expected that migration and diffusion 
in combination would lead to a graph as proposed in Figure 3-5. This is however not the 

6 Discussion  
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case for the collected samples. Except A7 (from 2.36m at the eastern side of pillar 2 with 
casted concrete) (Figure 5-11) which seem to be more like the profiles from the quay in 
Oslo (Rodum and Lindland 2012) after 5 years (Figure 3-3).  

There seem to be close to no chlorides left in the outer parts if the bridge concrete for 
some of the samples. A possible reason is that the concrete is carbonated in the 0.2-12 
outer mm (Jakobsen 2019). Carbonated concrete can’t bind as much chlorides as 
uncarbonated concrete (Bertolini 2013). Since the bound chlorides in the outer most 
layers of the concrete dissolves into the pores relatively fast there can potentially be a 
lower total chloride content in this area. Due to the applied electrical field the free 
chloride has possibly migrated into the CP-mortar and stayed there. Then, because of 
small amounts of free chlorides in the pore solution towards the surface of the bridge 
concrete, chlorides may have started to defuse towards the outside of the concrete.  

Several of the µ-XRF scans show similar tendencies as the grinded chloride profiles. This 
is easiest to see in the rescaled version of M6 (Figure 5-18).  Where the area adjacent to 
the CP-mortar has low chloride content, while the levels increase further into the 
concrete before decreasing again.  

There are high amounts of chlorides in the CP mortar for most of the cores. The amount 
seems to depend on which side of the pillar the core is taken from. This accounts for both 
the cores from the A-series and the M-series. Since there are mostly higher 
concentrations towards the surface of the CP-mortar it seems that the surface protection 
has failed somewhere in the past 27 years and there have been ingression from the 
outside. The ingression from the outside is apparent in the graphs for A6 (Figure 5-10) 
and A7 (Figure 5-11) which has casted concrete around the anode net.      

The µ-XRF scan for chlorides of M5 (Figure 5-21) show different results than the rest of 
the scans and the chloride profiles. There are accumulated chlorides in the outer part of 
the bridge concrete and in the CP-mortar, the concentration is somewhat higher in parts 
of the bridge concrete. This ingression into the bridge concrete is likely due to the 
delamination of the CP-mortar and sea water saturating the gap. The core is from an 
area 2.5 meters above sea level, so waves and spray should easily have reached the 
area providing chloride rich moisture. When the water dries up the chlorides remain, and 
the concentration increases. However, the part of the bridge concrete where the 
concentration is highest is also the part that is carbonated. And since the carbonated 
concrete can’t contain many bound chlorides it is puzzling that the chlorides haven’t 
moved out of this strip as suggested earlier. There is a possibility that there has been 
some sort of electric contact between the bridge concrete and the CP-mortar. This could 
have caused some migration countering the diffusion wanting to move the chlorides 
further into the concrete. Since there haven’t been direct connection between the bridge 
concrete and the CP-mortar the chlorides haven’t moved into the CP-mortar from the 
carbonated concrete.  

M4 (Figure 5-19), which hadn’t any current passing through it, does not show the same 
accumulation of chlorides in the CP-mortar as other cores and chloride profiles. There has 
been some penetration of the surface protection, but the inner part of the CP-mortar has 
almost no chlorides in it compared to the bridge mortar. This also indicates that the other 
cores have had migration as major contributor to the changed chloride levels since 
diffusion have been working on the chlorides in this core, and there have not been much 
movement due to it.  
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There has not been observed distinct difference in the chloride content surrounding the 
rebars compared to the rest of the mortar in the cores scanned with µ-XRF. However, 
there were only 4 of the scanned cores where reinforcement was discovered, and the 
reinforcement were either on the edge of the core or the concrete didn’t have much 
chlorides in it. There is not enough data to say anything about the movement of chlorides 
close to the rebars due to the current from the CP.  

6.1.1 Consequences of chloride movement. 
There are several potential consequences of the changes in chloride levels: 

• Increased potential for frost damage with higher chloride content in CP-mortar. 

• Potential harmful environment for the anode net. 

• Better conditions for the reinforcement in the concrete. 

• Lower current needed to sustain protection of the reinforcement. 

There is a probability that the increased chloride content decreases the frost resistance 
due to the increased number of freeze/thaw cycles that will occur. However, there was 
not observed frost damage in the thin section samples (microcracks in the surface of the 
CP mortar would have indicated possible frost damage). One explanation for not having 
observed frost damage may be the dense mortar with few capillary pores but many other 
voids (Jakobsen 2019) that can absorb the expansion form the freezing water. 

In general chlorides have a negative influence on passive metals (Liu, Alfantazi et al. 
2015). The increased level of chlorides surrounding the titanium anode could potentially 
be harmful. However, these the subject is not well studied for titanium (anode in alkaline 
chloride rich electrolyte). As chlorides may be decrease the corrosion rate for titanium in 
acidic environments (Liu, Alfantazi et al. 2015) the effect of increased chloride content 
could also be positive.  

The chloride content at the reinforcement is somewhat lower compared to the samples 
taken in 1990. Lowered chloride content is mainly observed to a depth of 35mm in the 
bridge concrete. The reinforcement normally has a cover depth of 40mm or more, 
consequently the amount of chlorides around most of the reinforcement have not 
decreased over the last 27 years and re-passivation in case of ending the CP cannot be 
expected. However, the most exposed reinforcement (reinforcement with 30-40mm of 
cover depth) has lowered chloride levels surrounding it. Accordingly, the reinforcement 
with the smallest cover depth and most need of protection does now have a less harmful 
conditions surrounding it. 
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Figure 6-2 Chloride levels by cement weight compared to threshold value for steady 
corrosion. 

*Cement weight is calculated from the same ratio as used in chapter 4.2.1.5 and Figure 
4-13. 

Even though the chloride levels are lowered at the reinforcement it is not lowered to a 
point where it is certain that corrosion will stop propagation 0.1% (Figure 2-8) (Bertolini 
2013) for any of the rebars. For the values below the red line in Figure 6-2 corrosion will 
stop without CP. However, local concentrations might be higher as there can be 
variations within the layer grinded for each point in the graph (5.3.2). The chloride levels 
have seemingly not been lowered to a point where the concrete can be considered 
healed.   

The observed reduction in chlorides content is not enough to be able to turn of the 
current as suspected in chapter 3.3. To be able to turn off the current, all the chloride 
levels must be below common threshold level depicted in Figure 6-2 and Figure 2-8. It is 
recommended to further monitor the installation and reduce the current if the criteria 
given in 4.1.5 for CP can be met with then new current. This allows for less stress on the 
anodes and can possible prolong the lifetime of the installation. 
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6.2 Observed damagemechanisms 

6.2.1 Microstructure in the CP mortar 
The development of micro cracks in the CP-mortar seem to differ from the two cores, M5 
that has been applied to the mortar as summarized in Table 7. M3 has medium amounts 
of cracks while M5 have a much higher number of micro cracks (Jakobsen 2019). M4 
which is from the area without current have the smallest number of micro cracks. Since 
M3 have had higher amounts of current running through than M5 the total charge does 
not seem to influence the amount of microcrack to a large extent, but the composition of 
the concrete and the delamination in M5 may have influenced the development. This 
seem to correspond with polders findings where it seemed that the number of 
microcracks was more related to composition than current densities (Polder 1996).  

M5 has some cracks moving somewhat parallel to the surface, this could be because of 
the cap between the CP-mortar and the bridge concrete. The current moving across the 
mortar could cause cracks in the direction it is moving. However, the micro cracks in the 
CP-mortar could also just be there because of the net. There are no samples where there 
is a net and there haven’t been any current passing through the net for comparing to see 
if there would have been microcracks in the CP mortar if there hadn’t been current there. 
However, the expected cause for the development of the microcracks is gas development 
due to the current. From the samples taken for this thesis it can’t be determined whether 
the current has caused the cracks, or the presence of the net has caused the cracks by 
adding a surface inside the mortar that can cause shrinkage.  

Microcracks may make the mortar more susceptible for other damaging mechanisms and 
make it easier for ions to pass though the mortar if they are saturated with water. And 
can be a reason for the high movement of chlorides into the CP-mortar. 

6.2.2 ASR 
Regarding the finds of ASR near the rebars on M5 it is highly likely that the current and 
increased amount of hydroxyl ions have contributed to the development of ASR. All the 
cores are from the same pillar and there have not been observed ASR other places than 
adjacent to the rebar in M5. This is contradictory to the literature which states that 
currents for CP-installations are too small to provoke ASR (Bertolini 2013). However, this 
installation has been working for more than 27 years and, which is a long time compared 
to other investigations. The charge has also been slightly higher than what is 
recommended for CP, so the results may differ. The area from where the core (M5) was 
extracted may have had better access to water because of the delamination than other 
parts of the structure and the close vicinity to the sea. This may have made it easier for 
ASR to develop in this area.  

Pillar 17 (Figure 5-4) has a crack pattern which shows signs of ASR. A possible reason for 
ASR in this pillar may be different components in the aggregates compared to pillar 11. It 
should be tested to see if ASR is the reason for the crack development and the 
components of the mortar should also be investigated. The reinforcement in the pillar 
seem to be attacked by corrosion and could be the reason for the crack pattern.  

If the hydroxyl ions produced by of the current is the cause of the ASR it does not seem 
to affect the structure much for now, the amount is small, and it is possible that it will 
take several decades before more noticeable damage evolves.   
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6.2.3 Acidification 
There have not been confirmed deterioration of mortar due to acidification of the mortar 
next to the anode. The area discovered on pillar 11 with delamination could have been 
acidified. But without thin section investigation of the mortar the cause of the low pH 
cannot be determined. Another plausible explanation for the difference in outcome of the 
phenolphthalein, shown in Figure 5-3, is that both the surfaces had carbonated and the 
surface of the bridge concrete had started to de-carbonize, as discovered in M3 
(Jakobsen 2019). 

The CP-mortar has been depleted of hydroxyl molecules as seen in the thin section 
samples (5.3.3.6) (Jakobsen 2019), this is probably due to the effects of the current of 
the CP installation. It can be assumed that the pH has been lowered in the CP-mortar 
because of this. However, no signs of acidification were visible. The pH had not dropped 
to such a low level that it showed when using phenolphthalein. 

 

6.2.4 Delamination 
The delamination of CP-mortar discovered in the investigation can be devastating for the 
local effect of the CP. When the anode net and mortar lose connection to the bridge 
concrete the electrolytic contact between the anode and the cathode is broken. If the gap 
is saturated electrolytic contact may be sustained, but it will easily break if the gap dries. 
The cause of the observed delamination from pillar 11 (Figure 5-1) is unknown, however 
it is probable that the initiation of the delamination is due to shrinkage tension and bad 
cohesion to the underlying concrete. The shotcrete was thin in this area, approximately 
20mm, and close to a corner which may have increased the shrinkage tension. The 
probable propagation of the damage is that a crack started due to shrinkage tensions and 
evolved due to tension from freezing water in the crack. 

There is a probability that there are areas with delamination that was not discovered 
during these investigations. One of the sampled cores (M5 Figure 5-21) has 
delamination, it was not certain that the area had been delaminated before the thin 
section investigation observed carbonatization at the bottom of the mortar. This proves 
that detecting all the delaminated areas can be difficult without destructive investigations 
and there can be more areas where the mortar has delaminated that was not discovered.  

6.2.5 Carbonatization 
It seems that most of the concrete is carbonated at the surface, this is expected and 
usual with exposed concrete. The depth seems to vary some over the three samples for 
thin section investigation (5.3.3.1). This could be because of differences in concrete 
quality (w/c ratio) and porosity. Carbonated concrete usually won’t do much damage 
unless it reaches the reinforcement. However, it is suggested that carbonated concrete 
has an effect on chloride movement. As the carbonated strip in the concrete seem to 
correspond with the low points in the chloride graphs (Figure 5-15). The presumable 
positive effect of the carbonated concrete is contrary to Ihekwaba, Hope and Hansson’s 
experiment which showed less extraction of chlorides from carbonated concrete than 
none carbonated concrete (Ihekwaba, Hope et al. 1996).  

The thickness of the carbonated concrete (<12mm) could be a reason for the difference 
in results. As Ihekwaba, Hope and Hansson had thicker layers of carbonated concrete 
average of 30mm. 
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De-carbonatization has been observed on the surface of the carbonated concrete in core 
M3 (Jakobsen 2019). The reason might be that there seem to be some more sodium 
content in M3 compared to M5 (Appendix E), since sodium is one of the metals used in 
re-alkalization projects (Bertolini 2013) the relatively low forced current may have 
resulted in some re-alkalization. 

6.2.6 Sulfate attaks 
Ettringite has been discovered through the thin sections while thaumasite has not been 
discovered. However, it seems that ettringite has not caused any problems, since the 
ettringite that was found was inside voids and there doesn’t seem to be cracks that has 
developed due to it. 

The potential damage of ettringite and thaumasite can make room for other damage 
mechanisms, especially frost damage. Alone they would probably not do much damage 
but combined with other mechanism they can cause delamination of the CP-mortar from 
the bridge concrete.   

6.3 Assessments of the CP installation on Sortlandsbrua 
The CP on Sortlandsbrua seems to be working sufficiently today. There are not many 
areas where the CP-mortar is delaminated and most of the reference electrodes are still 
giving data that supports a working installation (Appendix D). The damaging corrosion 
seem to have stopped or slowed sufficiently down, there are no signs of active corrosion 
in the areas protected by CP. However, there are areas without CP where it seems that 
the damage is evolving, especially pillar 17 (Figure 5-4). It is possible that some of the 
other parts of the bridge need repair soon. 

There does not seem to be much difference between the areas where the CP was 
installed in shotcrete and where it was in casted concrete. Both methods seem to have 
worked fine, however, the risks of delamination and other damages seem to be higher 
with shotcrete than casted concrete. However, there are few pillars with casted concrete, 
and the quantity of the observations can’t give a definite conclusion of the effect and 
risks with the different repair methods.  

It is important to follow up the system, especially because optimising the current level 
will prolong the lifetime of the anode net and the installation. Even though it requires 
resources to follow up and tune the system, the cost will quickly be made up for if large 
repairs can be postponed.  

There are no signs that indicate that the CP system on Sortlandsbrua will fail soon. 
However, it is difficult to predict the remaining service life of the installation. And as 
some of the zones have relatively high current in order to protect the reinforcement 
(Table 6) (Figure 4-5), it must be expected that the installation will fail on some of the 
pillars after a while. By monitoring the charge and installation the CP-system can 
continue to function as long as the anodes are still intact inside the CP-mortar. The 
current should be turned as low as possible while still achieving sufficient protection. 

The need of increased current can derive from different reasons. The increased number 
of microcracks or areas with delamination can have caused increased resistance or there 
could be other deteriorations of the CP-mortar that was not discovered from the 
extracted samples. However, it is expected that the current needs to be increased 
throughout the lifespan of the installation, and since the chloride levels have not 
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decreased to a level that would suggest far less need of polarization to achieve passivity 
(Figure 2-8) it can’t be expected that the current can be lower than the original current 
needed for protection.  

6.4 Ensure good result for CP systems over time. 
When applying shotcrete, the underlying surface should to be hydrodemolished in small 
areas to give a course surface. This is recommended after experiences from other CP 
installations (Grefstad 2005). The thickness of the shotcrete should be about 40mm and 
it is necessary to avoid areas with less than 20mm thickness. This allows for shotcrete 
with less chance of delaminating and sustaining electroconductive connection between 
the anode and the cathode.  

Frost resistant CP-mortar is recommended to avoid frost damage in the mortar due to 
potential high chloride content. If surface protection is used it should still be used frost 
resistant CP-mortar as the lifetime and effect of the surface protection is uncertain. 

Based on the results of this thesis, a good effect of the CP system has been achieved 
both with shotcrete and casted concrete. If the method with shotcrete is done correctly 
the level of protection will be the same as with casted concrete. Therefore, it is 
preferable to use shotcrete since it is easier to install and costs and weighs less. 

CP-systems must be maintained and the current must be controlled to prevent damage 
due to high currents and over protection. The system must be followed up with proper 
intervals depending on the level of protection needed and certainty of achieved 
protection.  

Because of the potential damages from high local currents it should be strived for even 
distribution of the current. Accordingly, titanium nets are preferable to titanium bonds or 
titanium rods in order to achieve long service life for the installation, as nets is the 
alternative that provide the most even distribution of current. 
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There are several conclusions that can be made from the results of the investigations. 
Some are the observations by them self, others are the mechanisms for the effect that 
can be concluded:  

1. Chlorides have been extracted from the bridge concrete as a long-term effect of 
the CP installation on the bridge. But not to a level where corrosion is certain to 
not occur at the reinforcement.  

2. There has been development of microcracks in the mortar surrounding the anode 
net. The development of the microcracks seem to be caused by gas development 
due to the current.  

3. There have been observed migration due to the current in the CP-system. The 
changes in chloride distribution has also caused diffusion to move chlorides from 
the bridge concrete towards the CP-mortar.   

4. ASR has been discovered at a rebar. The hydroxyl ions caused by the current from 
the CP-system is probably the cause of the development, as there is not ASR 
discovered anywhere else in the concrete.  

5. Delamination of the CP-mortar is observed at Sortlandsbrua to some extent. 
However, as there are few observations and not particularly large areas, the 
delamination does not seem to have significant impact on the functionality of the 
installation at the observed extent.  

6. There seems to have been sufficient reduction of corrosion rate in the areas where 
the CP was installed to protect from further deterioration. 

7. The current has been increased on some pillars to be able to sustain the 
polarization needed to protect the reinforcement.  

8. If the repair is done properly and the installation is followed up and tuned, a 
service life of more than 30 years can be achieved from a CP installation.  

 

7 Conclusions 
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The results can be used for the following: 

• Address the risk of high chloride content in CP-mortar when developing new 
mortars or deciding on which to use in a project.  

• Evaluate Sortlandsbrua and better the management of the CP system. 

• Evaluate what method that should be used for protecting a marine bridge with CP 
depending on the desired service life of the repair.  

The findings in this thesis may be useful, but most of the investigations do not have 
enough data to determine cause or rule out other possibilities. Therefore, the following 
points should be investigated further: 

• The effect of carbonated concrete on chloride movement should be investigated 
further for situations with low charge or thin strips with carbonated concrete. 
Carbonated concrete seems to influence the migration of chlorides and allows for 
more chlorides to exit the bride concrete. Which is contractionary to the findings 
of Ihekwaba, Hope and Hansson (Ihekwaba, Hope et al. 1996)There should be a 
comparison to uncarbonated concrete as well.   

• The discovery of ASR next to the rebars on M5 should be investigated further. It is 
recommended to also check the other pillars for possible ASR (especially pillar 17, 
Figure 5-4). ASR developed due to CP has not been observed before, and it can 
possible have devastating consequences if the development gets high enough to 
cause loss of bond between the concrete and the reinforcement.  

• The cause of the microcracks and widespread on the installation should be 
investigated further. 

• The effect of a chloride rich alkaline electrolyte should be investigated for titanium 
as an anode. It is important to know if the presence of chlorides around the anode 
will affect how long the service life will be.  

  

 

8 Possible utilization of the results and 
further investigations.  
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Appendix B Thin section report (Ulla Hjorth 
Jakobsen 2019. Danish Technological 
institute) 
Note, the title says Zn anodes, it is actually Ti anodes. There is mentioned that there is 
an anode present in all cores. Core M4 does not have an anode in the mortar. 

  



 

 
857528_UHJ19_011.docx  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NTNU, Trondheim 
Microscopy of concrete with Zn-anodes, 
Sortlandsbrua 
 
 
 
Performed for: 
Tarjei Karlsen Bruaas & Mette Geiker 
Department of Structural Engineering  
Faculty of Engineering Science and Technology  
Norwegian University of Science and Technology (NTNU)  
NO-7491 Trondheim  
Norway  
 
 
Performed by: 
Ulla Hjorth Jakobsen 
Danish Technological Institute 
Gregersenvej 4 
2630 Taastrup 
Denmark 
 
 
Project no.: 857528 
Date:  March 7, 2019 
 



 

 
857528_UHJ19_011.docx  

 

Content 
 
 

1. Introduction .................................................................................................................... 1 
1.1 Scope of Analysis .............................................. Error! Bookmark not defined. 

2. Result ................................................................................................................................. 2 

3. Analytical Methods ....................................................................................................... 5 
3.1 Petrography ........................................................................................................... 5 

 
 
Attached: Photo documentation  
 



 

857528_UHJ19_011.docx 
1 

 

1. Introduction 

The following report is prepared on the request of Tarjei Karlsen Bruaas & Mette Geiker, NTNU, 
Trondheim, Norway.  
 
Three half cores from Sortlandsbrua were February 2019, received for petrographic analysis.  
 
Details regarding the cores were supplied by NTNU and found below (in Norwegian):  
 
Aim 
Undersøke for skader rundt anodenett, for å bedre forståelsen av konsekvensene av påtrykt strøm 
over flere år i katodisk beskyttelses (KB) anlegg. 
 
Analyses 
Ved undersøkelse av tynnslipene bes, om mulig, følgende vurdert: 

 Forsuring i nærheten av anodenett. Gjelder KB-mørtel i hovedsak, men også brubetong der 
anodenettet ligger inntil/nært brubetongen i (prøve M5).  

 Observeres frostskader i KB-mørtel?  
 Observeres ASR?  
 Kapillærporøsitet i KB-mørtel og brubetong. 

 
Samples 
Kjernehalvdele som skal undersøkes er M3.V, M4.V og M5.V. Informasjon om lengde og posisjon av 
anodenett og armering er gitt i Tabell 1.  
 
Tabel 1    Lengde og posisjon av anodenett og armering i kjerner. Posisjon av slip er også angitt. 
Information Kjerne M3.V Kjerne M4.V  Kjerne M5.V 

Orientering plan, skåren flate Vertikal, (venstre 
del)  

Horizontal 
(øvre del) 

Vertikal, (venstre 
del) 

Længde 155 m Ca. 110 mm Ca. 90 mm 

Tykkelse av KB mørtel 18-19 mm 16-17 mm Ca. 20 mm 
Anodenet, afstand fra overflate Ca. 15 mm - Ca. 18 mm 

Armering, avstand fra overflate Ca. 82 mm Ca. 76 mm Ca. 90 mm (avtrykk 
på endeflate) 

Posisjon av slip A, avstand fra 
overflate (spørsmål/analyse a og b) 

0 – ca. 40 mm 0 – ca. 40 mm 0 – ca. 40 mm 

Posisjon av slip B, avstand fra 
overflate 

For og bak 
armering  

For og bak 
armering 

Ved armering 

 
Det ytterste laget med mørtel er KB-mørtel resten av kjernene er opprinnelig brubetong. Kjerne M5 
mistet heft mellom KB-mørtelen og underliggende betong da kjernen ble tatt ut fra 
konstruksjonen.  
 
Kjerne M3 og M5 har anodenett av titan henholdsvis ca. 3-4 mm fra brubetongen og 1-2 mm fra 
brubetongen.  Dette er områdene som er relevant for eventuelle forsuringsskader. 
 
M4 er fra ett område der titannettet er avsluttet og det har dermed ikke har vært strøm igjennom 
det området.  
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2. Result 

The following observations are obtained during the petrographic analysis of the concrete from 
Sortlandsbrua: 
 
All examined cores contains from above a thin, porous, cement-based plaster; under this an 
approximately 15mm thick KB mortar, and in the bottom a bridge concrete. An anode-net is 
observed in the bottom of all KB mortars. There is good adherence between the materials in cores 
M3V and M4V; whereas the KB mortar of core M5V has debonded the concrete surface. Presence of 
carbonation in the bottom of the KB mortar indicates that the fracture was present before coring. 
Reinforcement with a cover of app. 95mm (measured from the plaster surface) are present in all 
cores. Rusty appearance is seen at the upper surface of the reinforcement in core M3V; in core 
M4V the corrosion is more intense. Rust is not visually (macroscopic) observed near the imprint of 
the reinforcement in core M5V. 
 
The microstructure of the KB mortar is not similar in the 3 samples (Figure 1). In samples M3V and 
M4V the paste appears with a very dark green color in fluorescent light mode, indicating that the 
apparent capillary porosity is very low. Contrary the capillary porosity is distinctly higher in sample 
M5V. In this sample also, the air content of the KB mortar is different from the two other samples; 
it is low and only few rounded voids are present. In sample M3V and M4V a high number of small 
irregular shaped voids are present in the KB mortar. Micro-cracks are abundant in sample M5V and 
to a certain extent also in sample M3V. Almost none of these cracks are observed in sample M4V, 
the sample where the anode net was disrupted (Figure 1). Vertical fine cracks are seen traversing 
through the KB mortar in all samples. 
 
Sample M3V Sample M4V Sample M5V 

   

Figure 1: Typical appearance of the KB mortar seen in 16x and 50x in fluorescent light. The paste 
is M3V and M4V appears rather dark green with a high number of irregular shaped voids. Contrary 
the paste in sample M5V is lighter green and with only few, and rounded voids. A high number of 
micro-cracks are present in sample M3V and M5V; almost none in sample M4V.  
 
The composition of the KB mortar appears alike, with sand consisting of crushed granitic rock and a 
rather coarse-grained Portland cement, having especially in sample M3V and M4V, relative many 
closely spaced and only partially hydrated, cement grains.   
 

anode 
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Sample M3V Sample M4V Sample M5V 

   
Figure 2: Typical appearance of the concrete seen in fluorescent light.  
 
The bridge concrete of the samples is similar in composition and they all contain a coarse-grained, 
well hydrated Portland cement and crushed granitic material. The capillary porosity varies a bit in 
each sample from an apparent estimated w/c ratio from 0.50-0.60 (Figure 2). A relatively high 
number of micro-cracks are seen in all concrete, typically oriented vertical to the aggregate 
surfaces. 
 
Sample M3V Sample M4V Sample M5V 

Figure 3: Observations in the bridge concrete. De-carbonation of the carbonated surface is 
observed in sample M3V. Carbonated paste as well as rusty material is observed in the imprint of 
sample M4V, and alkali silica gel is present in cracks around the area of a rebar in sample M5V. 
 
The outer surfaces of all concrete are intensively carbonated (Figure 3 and Table 1). In sample 
M3V, though, the carbonated concrete surface is somehow slightly de-carbonated (Figure 3). The 
surface of the KB mortar is les carbonated, but similar for all carbonated paste areas the capillary 
porosity is very low. 
 

Sample 
# 

Anode 
powered 

KB mortar Concrete 
Carbonation 

mm 
Rel. 

porosity 
Micro 
cracks 

Air 
voids 

Carbonation 
mm 

Micro 
cracks 

Corrosion 
product 

ASR 
near 
rebar 

M3V Yes 0.2-0.6 Low Medium High 3-4 (10) Many No No 
M4V No 0.6 Low Low High 6-12 Many Yes No 
M5V Yes 0.6-12 Medium High Low 6-12 Many Yes Yes 

Table 1: Summary of observations. 
 
No imprint from the rebar was included from sample M3V in the thin sections.  
 
In sample M4V, the paste around the rebar and the paste of the bottom of the section (bottom of 
core) was carbonated. Rusty material was observed lining the imprint and in several cracks related 
to the corroded rebar (Figure 3).  
 
A small amount of rust was also seen at the imprint of the rebar in sample M5V but not in cracks 
close to the imprint. Alkali silica gel is however, in sample M5V observed in cracks close to the 
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rebar as well as around a gneissic/mylonitic aggregate particle positioned close to the rebar (Figure 
3). 
 
Details observed during the analysis are attached. 
 
 
Conclusion 
 
The following conclusions are solely based on the observations obtained in the material after 
having been in service for a while. No work is available showing how the different material 
appeared when emplaced in the structure. 
 

 No obvious sign of de-calcification was observed in the KB mortar. However, the KB paste 
appeared in all cores, and especially core M5V, very black in X-polarized light indicating a 
low content of calcium hydroxide.  

 In the concrete the surfaces are intensively carbonated, except a weak de-carbonation is 
observed in the outer 0,4mm of core M3V. The cause of this is not clear. 

 The KB mortar is distinctly micro-cracked in the two samples, which has been powered up. 
Whether these observations are related e.g. self desiccation or to the powered system, is 
however, not clear. 

 No sign after freeze/thaw damage is observed in any of the materials in the cores. 
 Alkali silica gel is observed near the rebar of core M5V.  
 The capillary porosity of the KB mortar of M3V and M4V is very low, in M5V somewhat 

higher.  
 In the concrete the apparent v/c ratio is estimated to 0.5-0.6. 

 
 
 
 

March 7, 2019 

 
 
Ulla Hjorth Jakobsen 
Phone: +45 7220 2198 
Email: uhj@teknologisk.dk 
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3. Analytical Methods 

3.1 Petrography 

The microscopic analysis is carried out according to ASTM C856 “Standard Practice for Petrographic 
Examination of Hardened Concrete”. The samples are for documentation photographed when 
received. 
 
The microscopic examination is performed on 6 fluorescent impregnated thin sections, two from each 
core. One section is placed at the surface including the outer 45mm, one section deeper into the core 
around the rebars.  
 
The thin section is made by vacuum impregnating a slice of the sample with an epoxy resin containing 
a fluorescent dye. Subsequently, the impregnated slice is mounted on a glass plate, and ground to a 
thickness of 0.020 mm (20 μm). Finally, the section is covered by a cover glass. The thin section is 
then examined in a polarizing optical microscope using transmitted light, crossed polarized light, and 
blue transmitted light with a yellow blocking filter (fluorescent mode).  
 
The vacuum impregnation of the sample with epoxy causes all voids and cavities in the sample to be 
filled with fluorescent epoxy. By transmitting fluorescent light through the thin section in the 
microscope, the fluorescent epoxy in the various porosities will emit yellow light that makes voids, 
cavities and cracks easy to identify. The fluorescent epoxy also impregnates the capillary pores in the 
hardened cement paste causing a dense cement paste, with low water to cement ratio to appear 
darker green while a more porous cement paste with a high water to cement ratio appears lighter 
green. By this, the water to cement ratio (w/c) of the concrete is estimated, by comparing to known 
references, with an accuracy of ± 0.02. 
 
The table below gives definitions of petrographic terms with may be used in the text. 
 
Terms Definition 
Micro cracks  Cracks that are less than 0.01 mm wide 
Fine cracks  Cracks that are between 0.01 and 0.1 mm wide 
Coarse cracks  Cracks that are more than 0.1 mm wide 
Adhesion cracks  Half-moon shaped cracks (defects) along the paste/aggregate interface. The 

cracks mirror the aggregate surfaces. Forms in non-hardened concrete often as 
a result of bleeding 

Totally carbonated All calcium hydroxide, and all CSH phases are carbonated 
Partly carbonated All calcium hydroxide is carbonated but partly un-hydrated cement grains 

remain non-carbonated 
Hadley Holes Term describing holes or imprints after former cement grains, now hydrated. 

When viewed in fluorescent light they appear bright yellow (holes) with the 
shape of former alite grains. These features are especially distinct in the 
cement paste of rapid hardening cement  
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Macro-description – Photo documentation 
 

Project No.  857528 Sample No.: M3, M4, M5    

 

 
Core M3: Powered anode. Rusty appearance is seen on the upper surface of the rebar (on the other side of 
the core). 

  
Core M4: No power on anode. Highly corroded rebar 
is seen in the bottom of the core. Cracks with rust is 
present around the rebar. 

Core M5: Powered anode. Core is fractured 
between KB mortar and concrete.  

  
Above the received half cores with position of thin sections marked. The cores are similar, with a thin 
plaster on the surface, under this a dark KB mortar and then a grey concrete. The titanium anode grid is 
placed near the bottom of the KB mortar. 

 

Bridge 
concrete 

KB 
mortar 

Position of 
anode net 

Position of 
rebar 

Position of 
rebar 



 

857528_UHJ19_011.docx 
7 

 

Petrographic Analysis 
 

Project No.  857528 Sample No.: M3V Section #: 8209-3A, 3B Size: 45x30mm 

 
The thin sections include from the surface a gray 1-4mm thick cement-based plaster, under this an 
approximate 18mm thick dark, blackish KB mortar and then a normal concrete. Section B, only 
contains concrete. 
 
Plaster 
The surface of the core (plaster) appears rather uneven, but intact. The plaster appears applied in two 
layers. The plaster contains Portland cement. The paste, which has a porous paste, is somewhat 
carbonated and appears rather opaline. Some rounded air voids are present. Few fine cracks traverse 
the plaster layer. 
 
The plaster is applied to a very rough KB mortar surface, on which a thin clear primer as well as some 
larger incapsulated air voids are seen. The layers have a good adherence.  
 
KB mortar 
The rough mortar surface is unevenly carbonated to depths of 0.2-0.6mm. On the surface itself small 
calcite crystals are present. 
The mortar consists of a rather coarse-grained Portland cement with a relative low degree of 
hydration. The paste appears rather black with in general a relative low amount of calcium hydroxide 
(CH), though in the area close to an anode the amount of CH appears even lower.  
The mortar is rich in small very irregular voids, in which ettringite and calcium hydroxide-like phases 
are observed. The phases have a different morphology compared to what normally observed in 
cementitious material.  
In fluorescent light mode the paste appears very dark green indicating that the capillary porosity is 
very low, and a high number of small, micro-cracks are present in the paste. The abundance of these 
cracks is however most intense near the observed anode. The anode is observed 3mm from the 
bottom of the KB mortar, in one side of the section. The paste under the anode is more porous that 
the paste on top of the anode. 
One fine crack traverses the KB mortar; from top to bottom; the paste along the crack is carbonated. 
The KB mortar is applied to a slightly uneven, but intact concrete surface.  
 
Concrete 
Small calcite crystals are present along the concrete surface.  
The concrete, except the upper 0,4mm, is extensity carbonated to 3-4mm, and to 10mm along coarse 
aggregates. The carbonated paste appears rather dense when viewed in fluorescent light mode.  
The paste contains a very coarse-grained Portland cement which has a high degree of hydration. The 
calcium hydroxide amount of the paste is in generally abundant and distinct, except in front of the 
extensive carbonated surface. 
The general capillary porosity of the paste is equivalent to an apparent w/c ratio of 0.5-0.6, but it 
appears to decrease towards the surface. 
Some plastic-like cracks (surface parallel bundles) are present in the concrete and the paste contains a 
large number of micro-cracks oriented perpendicular to the aggregate surfaces. The air content is low. 

 
The aggregate of all layers in the core is crushed granitic material; from pure quartz, feldspar and 
mica, to gneissic or more granitic pieces.  

 



 

857528_UHJ19_011.docx 
8 

 

Microanalysis - photodocumentation 

Project No.  857528 Sample No.: M3V Section #: 8209-3A, 3B Size: 45x30mm 

 

  
Interface between relative porous plaster and 
dense KB mortar, in an area with few micro-
cracks in the KB paste.  

Interface between KB mortar and the carbonated, 
very uneven concrete surface. The upper 0,4mm 
of the concrete is somewhat de-carbonated. 

  
Generally, the paste of the KB mortar is highly 
dense and typically contains a lot of micro-cracks. 
Irregular shaped voids are frequent in the mortar. 

Interface between carbonated and non-
carbonated paste in the concrete. CH is depleted 
in front of the carbonated paste (black paste). 

  
The paste of the concrete has a much higher 
capillary porosity compared to the KB paste. 
Micro-cracks are abundant. Fluorescent light 
mode. 

General apperance of the paste of the concrete. A 
high amount of large calcium hydroxide phases 
(orange) are present.  

Plaster 

KB 

KB 

Concrete 
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Petrographic Analysis 
 

Project No.  857528 Sample No.: M4V Section #: 8209-4A, 4B Size: 45x30mm 

 
The thin sections include from the surface a gray 1-3mm thick cement-based plaster, under this an 
approximate 15mm thick dark, blackish KB mortar and then a normal concrete. Section B, only 
contains concrete. 
 
Plaster 
The surface of the core (plaster) appears rather uneven, but intact. The plaster appears applied in one 
layer. The plaster contains Portland cement. The paste, which has a porous paste, is somewhat 
carbonated and appears rather opaline. Some rounded air voids are present. Few fine cracks traverse 
the plaster layer. 
 
The plaster is applied to a very rough KB mortar surface, on which a thin clear primer as well as some 
larger incapsulated air voids are seen. The layers have a good adherence.  
 
KB mortar 
The rough mortar surface is unevenly carbonated to depths of 0.6mm. On the surface itself small 
calcite crystals are present. 
The mortar consists of a rather coarse-grained Portland cement with a relative low degree of 
hydration. The paste appears rather black with in general a relative low amount of calcium hydroxide 
(CH).  
The mortar is rich in small very irregular voids, in which ettringite and calcium hydroxide-like phases 
are observed. The phases have a different morphology compared to what normally observed in 
cementitious material.  
In fluorescent light mode the paste appears very dark green indicating that the capillary porosity is 
very low. Few cracks are present in the paste. 
One fine crack traverses the KB mortar; from top to bottom; the paste along the crack is carbonated. 
The KB mortar is applied to a slightly uneven, but intact concrete surface. A high number of 
encapsulated air voids are present at the interface. 
 
Concrete 
Small calcite crystals are present along the concrete surface.  
The concrete is extensity carbonated to 6-12mm. The carbonated paste appears rather dense when 
viewed in fluorescent light mode.  
The paste contains a very coarse-grained Portland cement which has a high degree of hydration. The 
calcium hydroxide amount of the paste is in generally abundant and distinct, except in front of the 
extensive carbonated surface. 
The general capillary porosity of the paste is equivalent to an apparent w/c ratio of 0.5-0.60, but it 
appears to decrease towards the surface. 
Some plastic-like cracks (surface parallel bundles) are present in the concrete and the paste contains a 
large number of micro-cracks oriented perpendicular to the aggregate surfaces. The air content is low. 
 
An imprint after a rebar is observed in the bottom of section-B. The paste around the rebar as well as 
the fracture zone is carbonated. Rust is observed at the imprint and in cracks in the area near the 
rebar. Paste around rust-filled cracks are somewhat leached. 

 
The aggregate of all layers in the core is crushed granitic material; from pure quartz, feldspar and 
mica, to gneissic or more granitic pieces.  
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Microanalysis - photodocumentation 

Project No.  857528 Sample No.: M4V Section #: 8209-4A, 4B Size: 45x30mm 

 

  
Interface between relative porous plaster and 
dense KB mortar. Few micro-cracks are seen in 
the KB paste.  

Interface between KB mortar and the intensely 
carbonated, very uneven concrete surface.  

  
Interface between KB mortar and concrete. 
Irregular shaped voids are frequent in the KB 
mortar. 

Bottom of section -B with rust lining imprint after 
rebar. Carbonated paste is seen along the imprint 
as well as along the fracture zone. 

  
The paste of the concrete has a much higher 
capillary porosity compared to the KB paste. 
Micro-cracks are abundant. Fluorescent light 
mode. 

Cracks close to the rebar is more or less filled with 
rust. The paste in this area appears somewhat 
leached. 

KB 

KB 

Plaster 

Carbonated concrete 
surface 

Concrete 
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Petrographic Analysis 
 

Project No.  857528 Sample No.: M5V Section #: 8209-5A, 5B Size: 45x30mm 

 
The thin sections include from the surface a gray 1-3mm thick cement-based plaster, under this an 
approximate 15mm thick dark, blackish KB mortar and then a normal concrete. Section B, only 
contains concrete. 
 
Plaster 
The surface of the core (plaster) appears rather uneven, but intact. The plaster appears applied in two 
layers. The plaster contains Portland cement. The paste, which has a porous paste, is somewhat 
carbonated and appears rather opaline. Some rounded air voids are present.  
 
The plaster is applied to a very rough KB mortar surface, on which a thin clear primer as well as some 
larger incapsulated air voids are seen. The layers have a good adherence.  
 
KB mortar 
The rough mortar surface is unevenly carbonated to depths of 0.6-12mm. On the surface itself small 
calcite crystals are present. 
The mortar consists of a rather coarse-grained Portland cement with a relative low degree of 
hydration. The paste appears rather black with in general a relative low amount of calcium hydroxide 
(CH).  
The mortar contains relatively few, rounded voids, in which ettringite and calcium hydroxide-like 
phases are observed. The phases have a different morphology compared to what normally observed in 
cementitious material.  
In fluorescent light mode the paste appears medium green indicating that the capillary porosity is 
higher than what is seen in sample M3 and M4. The paste contains a very high number of small, 
micro-cracks throughout.  
In one half of section -A, near the bottom of the KB mortar, a rather large porous area is seen. This 
area appears with a blurred shine. Several slightly surface parallel cracks are running from this area 
and out in the surrounding paste. 
Several fine cracks traverse the KB mortar; from top to bottom; the paste along the crack is intensely 
carbonated. 
The KB mortar is applied to a slightly uneven, but intact concrete surface; however, the core is 
fractured into two along most of this interface.  
 
Concrete 
Small calcite crystals are present along the concrete surface.  
The concrete is extensity carbonated to 6-12mm. The carbonated paste appears rather dense when 
viewed in fluorescent light mode.  
The paste contains a very coarse-grained Portland cement which has a high degree of hydration. The 
calcium hydroxide amount of the paste is in generally abundant and distinct, except in front of the 
extensive carbonated surface. 
The general capillary porosity of the paste is equivalent to an apparent w/c ratio of 0.5-0.6, but it 
appears to decrease towards the surface. 
Some plastic-like cracks are present in the concrete and the paste contains a large number of micro-
cracks oriented perpendicular to the aggregate surfaces. The air content is low. 

An imprint after a rebar is observed in the bottom of section-B. A thin layers of rust is observed at the 
imprint; rust is not seen in cracks near the rebar. Several cracks are observed near the imprint, these 
cracks are filled with alkali silica gel. The reacted particle seems to be a gneissic/mylonitic rock.  
 
The aggregate of all layers in the core is crushed granitic material; from pure quartz, feldspar and 
mica, to gneissic or more granitic pieces.  
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Microanalysis - photodocumentation 

Project No.  857528 Sample No.: M5V Section #: 8209-5A, 5B Size: 45x30mm 

 

  
Interface between relative porous plaster and 
dense KB mortar. The KB paste contains a very 
high number of micro-cracks. Surface is dense. 

The paste of the KB mortar appears black without 
any presence of calcium hydroxide. 

  
Generally, the paste of the KB mortar is dense 
and typically contains a lot of micro-cracks.  

Porous area in the KB mortar (to the right), 
positioned near an anode. The dense paste is 
cracked. 

  
The paste of the concrete has a capillary porosity 
apparently like the KB paste. Micro-cracks are 
abundant. Fluorescent light mode. 

Several cracks near an coroded rebar in the 
bottom of the core is filled with alkali silica gel. 
Her gel is present around an gneissic aggregate. 

 

KB 

KB 

Plaster 

Concrete 

KB 

Concrete 



 

 

Appendix C Questions and answers about 
the thin section report. 
  



Spørsmål for utdyping av tynnsliprapporten om kjernene fra Sortlandsbrua.  

 

1. Det er tegn på ASR i kjernene, Figur 1 og Figur 2 viser antydning til ASR rundt flere av 
tilslagskornene. Det er flere kjerner som har lik fukt antydning rundt flere at tilslagene. Kan 
det være ASR i tynnslipene utenom rundt armeringen som ikke er oppdaget? Det er meget 
almindeligt at tilslag som er potentielt reaktive, og som pludselig bliver eksponeret for fugt 
kan bløde! Men det betyder ikke nødvendigvis at der er tale om skadelig ASR. Du må kigge 
efter revner i tilslaget og følge disse ud i pastaen. 

 
Figur 1 M3 etter 5 måneder pakket i plast på kjøl. Fukt rundt flere tilslag som antageligvis er ASR. 

 
Figur 2 sprukket tilslag med tilsynelatende ASR rundt  (dette bildet er av kjerne M6 som ikke ble sendt inn til tynnslip). Ligner 
ASR men revnen går undersligt på tværs af bjergartensstruktur. Kan du se revner ud i pasta?  



2. Det er en front med en hvit linje i betongen i M5, denne linjen ligner på μ-xrf skanningen for 
klorider. Det er antageligvis trukket klorider inn i dette laget fra utsiden, muligens som følge 
av at sprekken kan ha vært fylt opp av vann. Kan det være at det er reparasjons betong eller 
KB-mørtel i laget innenfor sprekken? Nei, det er beton, dog ses ganske lidt mørtel rester på 
betonoverfladen, men dette kan ikke forklare dit profil. Din revne er hovedsaglit et 
vedhæftningsslip mellem mørtel og beton. Tror defektet er af en vis alder, derfor nok det 
store kloridindhold. Med tanke på mengden klorider er det annerledes enn slik brubetongen 
er utsatt enn  i de andre kjernene.  

  
Figur 3 Front i M5 kan sees i  μ-xrf skannen for klorider.  

 

 

3. Kan det være frostskader som vises i bildet her fra Figur 1 i rapporten? Nei, frostskader ser 
ikke sådan ud; disse revner er mikrorevner (<10μm bredde) orienteret vinkelret på 
tilslagskornenes overfladen – typisk for selvudtørringssvind). Frostrevner er grovere og 
generelt orienteret parallelt med overfladen. 

 
Figur 4 mulig frostskade fra figur 1. 

4. Det er en del svovel i ytterkanten av betongen, ikke unormale mengder, men kan være nok 
for thaumasittdannelse eller etringitt Det kan man ikke lige tolke, der er andre faktorer 



såsom carbonat som bestemmer om det dannes. Jeg har ikke med optisk mikroskopi kunne 
konstatere tilstedeværelse af thaumasit; normal kan jeg se thaumasit i luftporer men hvis det 
skal identifiseres i pasta behøves SEM-EDX. Kan det være små tilfeller av taumasittdannelse i 
nærheten av overgangen mellom KB-mørtel og brubetong? Om det har vært tilstrekkelig 
med vanntilgang skal det kunne være mulig da temperaturene som brua står i ofte er i 
området der thaumasitt dannes.  

 
Figur 5 svovelskann av M5 



 

 

Appendix D Depolarizations from 
Sortlandsbrua 1990-2018 
  



SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 1

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Bris

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,34 1,92 - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
1 V -609 -549 -60 -415 -313 -198
1 Ø -534 -519 -15 -414 -314 -197

2A Ø -537 -509 -28 -448 -383 -316
2B V -473 -449 -24 -388 -331 -280

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 2

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei bris Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,40 2,02

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -750 -670 -80 -493 -399 -315
1 Ø -606 -588 -18 -425 -318 -216
1 V -733 -718 -15 -617 -469 -294

2B V -681 -619 -62 -492 -403 -310

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 3

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Bris Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,40 1,98 - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
1 Ø -595 -568 -27 -476 -398 -307

2A Ø -612 -592 -20 -493 -416 -330
2B V -704 -697 -7 -582 -469 -341
1 V -688 -679 -9 -570 -413 -287

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 4

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,47 2,19 - 1,02 - 1,01

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -887 -704 -183 -559 -479 -391
2B V -800 -698 -102 -520 -435 -349
1 Ø -766 -696 -70 -587 -494 -377
1 V -746 -692 -54 -549 -444 -371

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 5

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Bris Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,47 2,08 - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -727 -639 -88 -496 -431 -358
2A V -647 -613 -34 -503 -429 -373
1 Ø -644 -574 -70 -513 -456 -416
1 V -722 -680 -42 -576 -493 -452

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 6

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,47 1,92 - 0,68 - 0,68

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -682 -654 -28 -556 -459 -382
1 Ø -167 -144 -23 -110 -82 -56
1 V -601 -561 -40 -464 -328 -328

2B V -639 -616 -23 -497 -421 -334

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 7

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,66 2,21 - 0,43 - 0,43

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
1 Ø -698 -659 -39 -596 -518 -442
1 V -737 -714 -23 -626 -547 -463

2A Ø -741 -696 -45 -579 -520 -433
2B V -841 -789 -52 -664 -549 -454

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 8

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,66 2,48 - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -857 -793 -64 -705 -644 -544
2B V -1146 -1093 -53 -1085 -1047 -953
1 Ø -762 -742 -20 -672 -532 -418
1 V -666 -619 -47 -492 -425 -365

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 9

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,96 2,45

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -856 -824 -32 -784 -710 -557
2B V -688 -649 -39 -595 -553 -501
1 Ø -400 -383 -17 -330 -280 -159
1 V -633 -592 -41 -534 -474 -403

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 10

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE - - 2,31 2,27

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
1 N -994 -954 -40 -939 -845 -659
1 N -213 -191 -22 -157 -126 -107
2 Ø -977 -944 -33 -934 -926 -836
2 Ø -693 -674 -19 -626 -554 -508

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 11

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,81 2,67 0,91 2,83

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
1 N -880 -767 -113 -550 -468 -419
2 Ø -1177 -945 -232 -850 -717 -592
1 N -720 -693 -27 -613 -592 -561
2 Ø -920 -845 -75 -470 -318 -382

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 12

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 1,14 2,73 - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -988 -983 -5 -923 -788 -550
2A V -839 -817 -22 -618 -548 -496

Ø -1088 -1073 -15 -1070 -1063 -1045
V -854 -811 -43 -750 -730 -717

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 13

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,71 2,12 - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -675 -642 -33 -498 -443 -316
2B V -645 -610 -35 -461 -390 -304

Ø -470 -455 -15 -385 -348 -310
V -618 -599 -19 -506 -422 -336

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 14

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,69 2,45 - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -811 -775 -36 -560 -488 -410
2B V -888 -842 -46 -730 -616 -470

Ø -907 -895 -12 -801 -653 -469
V -966 -951 -15 -918 -843 -596

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 15

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE - - - - - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
Ø -359 -359
V -247 -247
Ø -274 -274
V -326 -326

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 16

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,42 2,00 - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -762 -748 -14 -563 -429 -320
2A V -807 -782 -25 -502 -377 -272
1 Ø -578 -550 -28 -431 -358 -275
1 V -522 -516 -6 -430 -394 -359

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 17

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE - - - - - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
Ø -377 -377
V -369 -369
Ø -377 -377
V -443 -443

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 18

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,39 2,02 - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
1 Ø -785 -719 -66 -620 -514 -398

2A Ø -936 -854 -82 -814 -749 -616
2B V -800 -750 -50 -614 -555 -485
1 Ø defekt defekdefektdefekdefek defek defektdefekdefekdefektdefek

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 19

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,39 1,99 - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -736 -702 -34 -527 -441 -346
2B V -712 -686 -26 -497 -416 -327
1 V -721 -675 -46 -508 -421 -348
1 Ø -718 -706 -12 -506 -418 -345

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        07.01.1993

UTFØRT T.FJELLHEIM
PILAR I AKSE : 20

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
-2 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,3 2,11 -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -800 -725 -75 -499 -423 -339
2B V -851 -812 -39 -499 -414 -325
1 Ø -871 -803 -68 -522 -448 -360
1 V -900 -865 -35 -583 -471 -358

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 1

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 1,45 1,29 - 1,44 - 1,41

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
1 V -506 -480 -26 -422 -396 -332 -292
1 Ø -491 -479 -12 -439 -417 -363 -323

2A Ø -521 -503 -18 -473 -450 -367 -273
2B V -418 -396 -22 -379 -364 -311 -255

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 2

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,80 0,80 - 0,80 - 0,80

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -345 -352 7 -334 -325 -293 -252
1 Ø -350 -360 10 -346 -342 -327 -320
1 V -345 -372 27 -341 -338 -327 -320

2B V -343 -355 12 -332 -323 -286 -329

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 3

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,46 0,46 - 0,46 - 0,46

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
1 Ø -327 -329 2 -325 -324 -316 -321

2A Ø -240 -240 0 -239 -239 -233 -222
2B V -231 -231 0 -229 -228 -221 -208
1 V -245 -246 1 -244 -242 -235 -231

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 4

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 1,05 1,00 - 1,02 - 1,01

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -440 -413 -27 -384 -372 -315 -222
2B V -471 -463 -8 -441 -426 -362 -263
1 Ø -461 -452 -9 -428 -413 -357 -283
1 V -483 -478 -5 -450 -433 -380 -340

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 5

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,97 0,94 - 0,93 - 0,95

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -407 -403 -4 -382 -378 -338 -278
2A V -394 -392 -2 -382 -373 -336 -282
1 Ø -431 -429 -2 -429 -427 -407 -375
1 V -362 -360 -2 -354 -349 -324 -296

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 6

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,67 0,67 - 0,68 - 0,68

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -338 -338 0 -337 -336 -329 -326
1 Ø 13 10 3 13 14 16 18
1 V -288 -290 2 -286 -285 -279 -277

2B V -257 -257 0 -256 -256 -253 -251

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 7

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,58 0,43 - 0,43 - 0,43

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
1 Ø 43 22 21 30 30 30 30
1 V -126 -126 0 -126 -126 -126 -124

2A Ø 20 20 0 20 20 20 20
2B V 162 162 0 162 162 162 166

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 8

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,59 0,43 - 0,43 - 0,43

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -151 -151 0 -150 -150 -149 -148
2B V 198 198 0 197 197 196 195
1 Ø 216 216 0 216 218 212 207
1 V -265 -264 -1 -264 -264 -259 -256

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 9

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 2,79 2,53 - 1,71 - 2,01

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -663 -639 -24 -554 -534 -464 -380
2B V -549 -536 -13 -522 -514 -472 -394
1 Ø -1 -1 0 -2 -2 -2 -2
1 V -665 -651 -14 -638 -629 -571 -429

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 10

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE - - 2,31 2,27 3,37 3,00

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
1 N -798 -709 -89 -634 -611 -504 -374
1 N -469 -430 -39 -390 -372 -275 -136
2 Ø -448 -441 -7 -429 -423 -390 -351
2 Ø -324 -306 -18 -208 -258 -210 -153

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 11

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE - 0,79 3,72 0,79 3,48 0,80

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
1 N -613 -620 7 -408 -370 -252 -195
2 Ø -1432 -1428 -4 -1024 -1007 -992 -698
1 N -765 -714 -51 -584 -515 -455 -390
2 Ø -837 -841 4 -495 -495 -318 -188

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 12

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 2,20 1,36 - 1,31 - 1,34

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -543 -527 -16 -496 -469 -404 -310
2A V -785 -762 -23 -785 -773 -690 -426

Ø -336 -331 -5 -348 -341 -308 -244
V -591 -580 -11 -594 -583 -519 -365

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 13

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 2,11 0,46 - 0,46 - 0,46

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -574 -445 -129 -467 -439 -361 -266
2B V -523 -495 -28 -451 -423 -341 -232

Ø 10 100 -90 10 0 4 5
V 5 -14 19 10 5 5 5

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 14

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 2,03 1,79 - 1,64 - 1,69

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -671 -662 -9 -564 -538 -471 -443
2B V -706 -701 -5 -654 -651 -637 -615

Ø -583 -570 -13 -504 -495 -470 -445
V 6 5 1 6 6 6 6

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 15

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE - - - - - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
Ø -338 -334 -4 -334 -334 -332 -331
V -256 -254 -2 -254 -254 -253 -253
Ø -249 -247 -2 -247 -247 -247 -246
V -264 -267 3 -267 -267 -267 -266

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 16

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 2,21 1,58 - 1,68 - 1,68

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -646 -637 -9 -619 -608 -555 -444
2A V -939 -918 -21 -860 -842 -774 -658
1 Ø -764 -753 -11 -738 -729 -693 -650
1 V -750 -746 -4 -737 -732 -715 -646

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 17

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE - - - - - -

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
Ø -361 -356 -5 -362 -361 -356 -355
V -287 -285 -2 -289 -289 -289 -290
Ø -361 -357 -4 -363 -364 -365 -366
V -70 -63 -7 -72 -73 -75 -86

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer

ELEKTRO INSTALLASJON AS 
MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 18

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 0,64 1,61 - 1,54 - 1,49

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
1 Ø -257 -258 1 -255 -256 -254 -253

2A Ø -258 -259 1 -256 -256 -255 -255
2B V -268 -270 2 -267 -266 -266 -265
1 Ø -138 -137 -1 -136 -136 -135 -135

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer
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MARKVEIEN 21 ,   BOKS 371,   8400 SORTLAND     Tlf 76 11 06 20
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 19

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE 1,98 1,78 - 1,78 - 1,84

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -651 -636 -15 -560 -533 -446 -338
2B V -681 -662 -19 -567 -533 -426 -310
1 V -637 -611 -26 -540 -511 -419 -339
1 Ø -260 -190 -70 -170 -160 -120 -130

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer
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SORTLANDS BRUA
MÅLESKJEMA I DRIFTSFASE DATO        18.06.2018

UTFØRT T.FJELLHEIM
PILAR I AKSE : 20

VÆRFORHOLD VED MÅLING TEMP NEDBØR VIND SOL
10 c Nei Nei Nei

DRIFTSTRØM OG SONE 1 SONE 2A SONE 2B
DRIFTSPENNING A V A V A V
INGEN KATODISK BESKYTTELSE - - 0,87 3,30 - 3,30

REF. ELEKTRODE POTENSIALVERDIER
NR. SONE PLASS ON INST IR DEPOL. TID

OFF DROP 10m 30m 4T 24T
2A Ø -308 -316 8 -297 -293 -271 -243
2B V -300 -306 6 -286 -281 -257 -227
1 Ø -296 -320 24 -290 -289 -279 -271
1 V -293 -222 -71 -288 -286 -277 -267

FORKLARING TIL MÅLING
ON  :             Potensiale med strømmen tilsluttet.
INST.OFF  :   Potensialet direkte etter at strømmen er slått av.
IR DROP :     Differansen mellom ON og INST. OFF
DEPOL  :       Stigning i spenning  inntil 4 timer
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Appendix E Test report, µ-XRF investigations 
of concrete from Sortland Bridge, Norway 
(Tobias Danner 2018. SINTEF) 
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1 General 
SINTEF received 8 drilled concrete cores in November 2018 with a diameter of 75 mm and different 
length. Some of the concrete cores were broken at different depth from the concrete surface. The 
concrete cores were marked M1-M8. μ-XRF elemental mapping was performed on one half of each 
concrete core.  
 
Sampling of the specimens was done without SINTEF's contribution. 
 

2 Testing 
 
μ-XRF elemental mapping was performed on the flat cut surface of one half of each concrete 
core. In most cases the right side towards the top of the structure was used. Except for core 
M1 and M8, where the left side had to be used. These cores were broken, and the left side 
was more suitable for scanning.  
 
μ-XRF elemental mapping was performed with a M4 Tornado from Bruker. Measurements 
were acquired with 50 kV, 600 μA and 2 SDD-EDS detectors for fast data collection. A distance 
of 80 μm between each collected point was chosen with an acquisition time of 2.5 ms/pixel. 
All measurements were performed under vacuum at 20 mbar. All samples were measured 
with calibration samples aligned next to the concrete core. The calibration samples are 
cement paste samples with known chloride content. The chloride content of the calibration 
samples increases from left to the right with 0.0, 0.4, 1.2, 1.8 and 3.0 % chloride by weight of 
cement. In this way the chloride content in the cement paste of the concrete samples can be 
estimated.   
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3 Results 

3.1 Chloride ingress 
 
 

Core Comment Chloride ingress, normalized intensities 

M1_V Broken ath depth of 
a spacer. 
 
Very little chloride 
ingress in outermost 
3 mm 

 

M2_H Some chloride 
ingress in the first 2 
cm of the mortar on 
top of the concrete.  

 
M3_H Apparently high 

chloride ingress in 
the mortar on top of 
the concrete.  
 
Chloride 
contamination on 
aggregates, maybe 
from cutting process 
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M4_H High chloride levels 
in the concrete 
underlying the 
mortar 

 

M5_H Broken at the 
mortar-concrete 
interface. 
 
High chloride ingress 
in the mortar and 
first cm of the 
underlying concrete 

 
M6_H Broken at the 

mortar-concrete 
interface. 
 
High chloride ingress 
in the centre of the 
mortar.  
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M7_H High chloride ingress 
in the outermost 1 
cm of the mortar 
overlying the 
concrete 

 
M8_V Broken in several 

parts. 
 
Apparantly very low 
chloride ingress. 

 
 
 

3.2 Elemental maps 
 

M1 

Element Scanned Area 
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Appendix F Prøvingsrapport, Kloridprofiler 
for borkjerner Sortlandsbrua, (Ola 
Skjølsvold 2018, SINTEF) 
  



 

Prøveresultatene gjelder kun de objekter som er prøvd. 
Rapporten er oppdragsgivers eiendom og kan ikke uten vedkommendes skriftlige tillatelse overlates til tredjepart  

uten SINTEF sin skriftlige godkjenning kan rapporten kun reproduseres i sin helhet. 
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1 Prøving 
 
Borkjerner merket "NR 1A" – "NR 13A" ble frest i 5 mm sjikt inn til dybde 90 mm. Fresingen ble utført 2018-
08-14--22. Kloridinnholdet i alle sjikt ble bestemt med Methrom automatisk titrator med sølvelektrode. 
Resultatet er oppgitt som % Cl- av tørr betongvekt.  Prøvingen ble utført 2018-09-27--10-22.  
Resultatene er gjengitt i Tabell 1-2 og framstilt grafisk i Vedlegg 1. 
 
Tabell 1     Kloridprofiler for kjerner mrk 1A – 7A 

Kjerne mrk NR 1A NR 2A NR 3A NR 4A NR 5A NR 6A NR 7A 
Sjikt, mm Kloridinnhold, % Cl- av tørr betongvekt 
0-5 mm 0.708 0.114 0.407 0.685 0.604 0.586 0.159 

5-10 mm 0.580 0.132 0.545 0.870 0.550 0.690 0.115 
10-15 mm 0.496 0.127 0.471 0.857 0.541 0.574 0.079 
15-20 mm 0.438 0.130 0.471 0.696 0.441 0.484 0.051 
20-25 mm 0.394 0.124 0.419 0.691 0.338 0.378 0.036 
25-30 mm 0.323 0.148 0.374 0.604 0.298 0.299 0.033 
30-35 mm 0.253 0.063 0.318 0.603 0.282 0.246 0.032 
35-40 mm 0.190 0.073 0.295 0.623 0.282 0.182 0.033 
40-45 mm 0.149 0.065 0.266 0.623 0.029 0.136 0.039 
45-50 mm 0.115 0.057 0.155 0.121 0.128 0.111 0.024 
50-55 mm 0.113 0.046 0.171 0.173 0.172 0.116 0.062 
55-60 mm 0.119 0.033 0.151 0.221 0.188 0.090 0.083 
60-65 mm 0.111 0.030 0.145 0.210 0.165 0.078 0.101 
65-70 mm 0.105 0.031 0.138 0.168 0.137 0.079 0.068 
70-75 mm 0.107 0.032 0.115 0.167 0.153 0.091 0.064 
75-80 mm 0.103 0.030 0.098 0.224 0.167 0.107 0.058 
80-85 mm 0.112 0.026 0.079 0.247 0.149 0.134 0.045 
85-90 mm 0.145 0.007 0.062 0.212 0.152 0.178 0.033 

 
Tabell 2     Kloridprofiler for kjerner mrk 8A – 13A 

Kjerne mrk NR 8A NR 9A NR 10A NR 11A NR 12A NR 13A 
Sjikt, mm Kloridinnhold, % Cl- av tørr betongvekt 
0-5 mm 0.673 0.838 0.133 0.120 0.059 0.067 

5-10 mm 0.989 1.255 0.164 0.140 0.114 0.083 
10-15 mm 1.470 1.463 0.224 0.183 0.140 0.082 
15-20 mm 1.650 1.463 0.167 0.236 0.138 0.080 
20-25 mm 1.482 0.152 0.158 0.217 0.143 0.056 
25-30 mm 1.457 0.242 0.176 0.212 0.160 0.049 
30-35 mm 1.387 0.290 0.167 0.184 0.147 0.038 
35-40 mm 0.430 0.337 0.159 0.168 0.123 0.033 
40-45 mm 0.103 0.338 0.164 0.161 0.130 0.028 
45-50 mm 0.172 0.360 0.163 0.169 0.135 0.026 
50-55 mm 0.236 0.356 0.163 0.159 0.120 0.024 
55-60 mm 0.262 0.319 0.150 0.155 0.110 0.023 
60-65 mm 0.275 0.249 0.120 0.174 0.123 0.016 
65-70 mm 0.222 0.247 0.110 0.176 0.114 0.022 
70-75 mm 0.218 0.181 0.111 0.154 0.100 0.023 
75-80 mm 0.236 0.186 0.117 0.143 0.089 0.046 
80-85 mm 0.232 0.111 0.131 0.126 0.080 0.015 
85-90 mm 0.200 0.084 0.116 0.111 0.070 0.023 
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Vedlegg 1
Side 1 av 2 

Kloridprofiler 
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Vedlegg 1
Side 2 av 2 

Kloridprofiler 
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Appendix G Sortland bru Nordland fylke 
reparasjon med katodisk beskyttelse. 
(Vegvesenet) 
  







































 

 

Appendix H Sortlandsbrua, tilsandskontroll 
av søyler 1990. (Jan Østvik Ringtek) 
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