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 C were analysed solely using µ-XRF.  


The comparison was performed by determining chloride content in the seven concrete cores from 
 Structure A. The cores were sawn in two, where one half was used in the  


µ-XRF and the other was profile ground and used for both potentiometric titration and ICP-MS. 


The chloride content obtained from all three methods was used to generate chloride profiles which 
 were used for comparison. Accuracy, in addition to other aspects such as complexity, efficiency, 
 and versatility of the different methods, were considered. 


The µ-XRF was found to be significantly less accurate for chloride concentration determination 
 than the other methods of analysis. However, the µ-XRF was able to determine the depth at which 
 the chloride concentration had reached below Clcrit = 0.07% Cl/concrete [g/g], with an uncertainty 
 of less than ±2 mm for all concrete cores. Based on this, the accuracy regarding chloride ingress 
 depth measurements with µ-XRF was considered adequate. In addition, µ-XRF surpassed the 
 other methods on several of the other comparison aspects. 


Finally, the chloride ingress depth in all of the concrete cores was determined using µ-XRF. Using 
 a critical chloride content of Clcrit = 0.07% Cl/concrete [g/g], we found the chloride ingress in 
 Structure A to range from 3 mm to 29 mm. While for Structure C the range was 0 mm to 34 mm. 


For Structure A the deepest ingress is found in a core collected from the splash zone on the 
 seawater shaft. While for Structure C the deepest ingress was found in a core collected from the 
 inside of the utility shaft, in an area regularly exposed to seawater. As the cover depth of both 
 structures is 60±10 mm, there is no reason to suspect chloride-induced reinforcement corrosion in 
 the investigated areas. 


The 270 mm long concrete core collected from the inside of Structure C, at a depth of 201 m 
below sea level, showed no detectable signs of mass transport coming from the outside of the 1.2 
m thick wall. This led to a conclusion that the hydraulic pressure is not a dominating transport 
mechanism for such a dense concrete, even at this depth.   
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SAMMENDRAG: 


Formålet med denne masteroppgaven var å se nærmere på µ-XRF som målemetode for 


kloridinntrenging i offshore betongkonstruksjoner. For å evaluere bruk av µ-XRF til dette formålet, 
 ble den sammenlignet med to andre analysemetoder: ICP-MS og potensiometrisk titrering. µ-XRF 
 ble så benyttet for å evaluere kloridinntrengingen i to offshore betongkonstuksjoner. 


15 betongkjerner ble sendt fra vår industripartner, Equinor. Disse ble hentet fra to ulike offshore 
 betongkonstruksjoner, «Structure A» og «Structure C», begge med over 30 års operasjonstid. 


Selve oljeriggen hviler på betongskaft som går ned til havbunnen. Fra «Structure A» ble tre kjerner 
 tatt fra utsiden av sjøvannsskaftet over havnivå, samt fire kjerner fra innsiden av utstyrsskaftet. 


For «Structure C» ble alle de åtte kjernene hentet fra innsiden av utstyrsskaftet. Alle de syv 
 kjernene fra «Structure A» ble analysert ved bruk av alle tre metodene, mens kjernene fra 


«Structure C» kun ble analysert ved bruk av µ-XRF.  


Målemetodene ble sammenlignet ved at kloridinnholdet i de syv betongkjernene fra «Structure A» 


ble bestemt. Kjernene ble saget i to, hvor den ene halvdelen ble brukt til µ-XRF mens den andre 
 ble brukt til ICP-MS og titrering. Kloridinnholdet ble så bestemt ved bruk av de respektive 
 analysemetodene og det ble laget kloridprofiler som var grunnlaget for sammenligningen. 


Nøyaktigheten, sammen med andre aspekter som kompleksitet, effektivitet og allsidighet, ble så 
 vurdert. 


Resultatene indikerte at µ-XRF hadde betraktelig lavere nøyaktighet enn de andre metodene for 
 bestemmelse av kloridinnhold. Kloridinntrengningsdybden målt med µ-XRF derimot, vurdert mot et 
 kritisk kloridnivå, Clcrit = 0.07% Cl/betong [g/g], viste seg å kunne bestemmes med en usikkerhet 
 på under ±2 mm for samtlige betongkjerner. Det ble på bakgrunn av dette, konkludert med at 
 nøyaktigheten av kloridinntrengningsdybden var tilstrekkelig ved bruk av µ-XRF. I tillegg, viste den 
 seg å være svært konkurransedyktig på flere av de andre vurderte aspektene.  


Til slutt ble kloridinntrengningsdybden i samtlige betongkjerner bestemt med bruk av  


µ-XRF. Vurdert mot et kritisk kloridnivå, Clcrit = 0.07% Cl/betong [g/g], varierte dybden mellom 
 3mm og 29 mm i «Structure A» og mellom 0 mm og 34 mm i «Structure C». I «Structure A» finner 
 vi den største inntrengningsdybden i skvalpesonen på utsiden av utstyrsskaftet, mens i «Structure 
 C» finner vi den største inntrengningsdybden på innsiden av utstyrsskaftet, i et område 


regelmessig eksponert for sjøvann. Siden den tilsiktede betongoverdekningen er 60±10 mm i 
 begge konstruksjonene, er det ingen mistanke om kloridindusert armeringskorrosjon i de 
 undersøkte områdene. 


Den 270 mm lange betongkjernen som ble hentet fra innsiden av «Structure C» på 201 meters 
dyp, viste ingen synlige tegn på massetransport fra utsiden av den 1.2 m tykke veggen. Det ble 
derfor konkludert med at det hydrauliske trykket ikke er en dominerende transportmekanisme i en 
så tett betong, selv ved et slikt dyp. 
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Abstract 


The purpose of this Master Thesis was to look deeper into chloride ingress determination 
 for offshore concrete structures using µ-XRF. An evaluation of the use of µ-XRF for this 
 purpose was performed through a comparison with two other methods of analysis: 


potentiometric titration and ICP-MS. µ-XRF was then used to evaluate the chloride 
 ingress in two offshore concrete structures. 


A total of 15 concrete cores were received from our industrial partner, Equinor. The cores 
 were collected from two different offshore concrete structures, Structure A and Structure 
 C, both with over 30 years of operation. The oil rigs rest on top of concrete shafts which 
 continue all the way down to the seabed. In Structure A, three cores were collected from 
 the outside of the unsubmerged part of the seawater shaft, and four cores from the 
 inside of the utility shaft. For Structure C all eight cores were collected from the inside of 
 the utility shaft, at elevations ranging between 13 m above to 201 m below sea level. All 
 seven cores from Structure A were analysed using all three methods for the following 
 comparison, while the eight cores obtained from Structure C were analysed solely using 
 µ-XRF.  


The comparison was performed by determining chloride content in the seven concrete 
 cores from Structure A. The cores were sawn in two, where one half was used in the  
 µ-XRF and the other was profile ground and used for both potentiometric titration and 
 ICP-MS. The chloride content obtained from all three methods was used to generate 
 chloride profiles which were used for comparison. Accuracy, in addition to other aspects 
 such as complexity, efficiency, and versatility of the different methods, were considered. 


The µ-XRF was found to be significantly less accurate for chloride concentration 
 determination than the other methods of analysis. However, the µ-XRF was able to 
 determine the depth at which the chloride concentration had reached below Clcrit = 
 0.07% Cl/concrete [g/g], with an uncertainty of less than ±2 mm for all concrete cores. 


Based on this, the accuracy regarding chloride ingress depth measurements with µ-XRF 
 was considered adequate. In addition, µ-XRF surpassed the other methods on several of 
 the other comparison aspects. 


Finally, the chloride ingress depth in all of the concrete cores was determined using µ-
 XRF. Using a critical chloride content of Clcrit = 0.07% Cl/concrete [g/g], we found the 
 chloride ingress in Structure A to range from 3 mm to 29 mm. While for Structure C the 
 range was 0 mm to 34 mm. For Structure A the deepest ingress is found in a core 
 collected from the splash zone on the seawater shaft. While for Structure C the deepest 
 ingress was found in a core collected from the inside of the utility shaft, in an area 


regularly exposed to seawater. As the cover depth of both structures is 60±10 mm, there 
 is no reason to suspect chloride-induced reinforcement corrosion in the investigated 
 areas. 


The 270 mm long concrete core collected from the inside of Structure C, at a depth of 
201 m below sea level, showed no detectable signs of mass transport coming from the 
outside of the 1.2 m thick wall. This led to a conclusion that the hydraulic pressure is not 
a dominating transport mechanism for such a dense concrete, even at this depth.   
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Sammendrag 


Formålet med denne masteroppgaven var å se nærmere på µ-XRF som målemetode for 
 kloridinntrenging i offshore betongkonstruksjoner. For å evaluere bruk av µ-XRF til dette 
 formålet, ble den sammenlignet med to andre analysemetoder: ICP-MS og 


potensiometrisk titrering. µ-XRF ble så benyttet for å evaluere kloridinntrengingen i to 
 offshore betongkonstuksjoner. 


15 betongkjerner ble sendt fra vår industripartner, Equinor. Disse ble hentet fra to ulike 
 offshore betongkonstruksjoner, «Structure A» og «Structure C», begge med over 30 års 
 operasjonstid. Selve oljeriggen hviler på betongskaft som går ned til havbunnen. Fra 


«Structure A» ble tre kjerner tatt fra utsiden av sjøvannsskaftet over havnivå, samt fire 
 kjerner fra innsiden av utstyrsskaftet. For «Structure C» ble alle de åtte kjernene hentet 
 fra innsiden av utstyrsskaftet. Alle de syv kjernene fra «Structure A» ble analysert ved 
 bruk av alle tre metodene, mens kjernene fra «Structure C» kun ble analysert ved bruk 
 av µ-XRF.  


Målemetodene ble sammenlignet ved at kloridinnholdet i de syv betongkjernene fra 


«Structure A» ble bestemt. Kjernene ble saget i to, hvor den ene halvdelen ble brukt til 
 µ-XRF mens den andre ble brukt til ICP-MS og titrering. Kloridinnholdet ble så bestemt 
 ved bruk av de respektive analysemetodene og det ble laget kloridprofiler som var 
 grunnlaget for sammenligningen. Nøyaktigheten, sammen med andre aspekter som 
 kompleksitet, effektivitet og allsidighet, ble så vurdert. 


Resultatene indikerte at µ-XRF hadde betraktelig lavere nøyaktighet enn de andre 


metodene for bestemmelse av kloridinnhold. Kloridinntrengningsdybden målt med µ-XRF 
 derimot, vurdert mot et kritisk kloridnivå, Clcrit = 0.07% Cl/betong [g/g], viste seg å 
 kunne bestemmes med en usikkerhet på under ±2 mm for samtlige betongkjerner. Det 
 ble på bakgrunn av dette, konkludert med at nøyaktigheten av 


kloridinntrengningsdybden var tilstrekkelig ved bruk av µ-XRF. I tillegg, viste den seg å 
 være svært konkurransedyktig på flere av de andre vurderte aspektene.  


Til slutt ble kloridinntrengningsdybden i samtlige betongkjerner bestemt med bruk av  
 µ-XRF. Vurdert mot et kritisk kloridnivå, Clcrit = 0.07% Cl/betong [g/g], varierte dybden 
 mellom 3 mm og 29 mm i «Structure A» og mellom 0 mm og 34 mm i «Structure C». I 


«Structure A» finner vi den største inntrengningsdybden i skvalpesonen på utsiden av 
 utstyrsskaftet, mens i «Structure C» finner vi den største inntrengningsdybden på 
 innsiden av utstyrsskaftet, i et område regelmessig eksponert for sjøvann. Siden den 
 tilsiktede betongoverdekningen er 60±10 mm i begge konstruksjonene, er det ingen 
 mistanke om kloridindusert armeringskorrosjon i de undersøkte områdene. 


Den 270 mm lange betongkjernen som ble hentet fra innsiden av «Structure C» på 201 
meters dyp, viste ingen synlige tegn på massetransport fra utsiden av den 1.2 m tykke 
veggen. Det ble derfor konkludert med at det hydrauliske trykket ikke er en dominerende 
transportmekanisme i en så tett betong, selv ved et slikt dyp. 
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During the 20th-century chloride-initiated reinforcement corrosion got acknowledged as 
 one of the most severe deterioration processes for concrete structures. In Norway, the 
 effect was known to man through deterioration of bridges built along the western coast in 
 the marine environment. In the late 80s, this seemingly suspicious spalling of the 


concrete bridges initiated several research programs on the topic by the Norwegian 
 Public Road Administration [1]. 


At the same period-of-time, the construction of concrete oil platforms already was a 
 familiar sight along the southwestern coast of Norway. Due to harsh weather conditions 
 and more upscaled production rate in the North Sea, drilling technology companies had 
 to experiment with structures made of concrete instead of the more common rigs of 
 steel. This to make sure the oil platforms could handle deep waters and massive 
 equipment.  


One big actor in this industry is Equinor which is our industrial partner for the following 
 work. They are operating in total 11/12 concrete platforms in the North Sea and have 
 several years of experience regarding inspection and maintenance of these. For further 
 analysis in this thesis, Equinor will provide us with concrete samples that have been 
 exposed to the offshore climate for more than 30 years. In total, we will have access to 
 15 concrete cores drilled from two different platforms, hereby referred to as Structure A 
 and Structure C. 


The challenge with reinforced concrete placed in an offshore environment is the presence 
 of aggressive ions, mainly chlorides, from the seawater. Due to the porosity of concrete, 
 ions may penetrate through the surface and change the inner chemical climate. One of 
 the effects is a breakdown of the passive layers covering the reinforcement, which may 
 lead to reinforcement corrosion. This causes capacity reduction for members of a 
 structure which is supposed to handle the tensile stresses. In addition, the corrosion 
 products are more voluminous and through expansion, it can cause spalling and cracking 
 of the concrete. 


There are several methods for measuring the chloride ingress in concrete, both in-situ 
 and in the lab. Rapid Chloride Test (RCT) is the most used in-situ method, while the most 
 used laboratory method for the purpose is a wet chemical analysis by potentiometric 
 titration. Both are frequently used by Equinor. Our motivation is to evaluate a possible 
 additional laboratory method which is utilising micro X-ray fluorescence (µ-XRF). In order 
 to evaluate this method, it is to be compared to two other laboratory methods. One is 
 potentiometric titration, as mentioned, and second ICP-MS (Inductively Coupled Plasma 
 Mass Spectrometry).  


Finally, an evaluation of the chloride ingress of the fifteen concrete cores will be 
 performed.  



1  Introduction 
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1.1  Research Questions and Limitations 


The contributions of this master thesis are: 


•  An evaluation of the use of µ-XRF for determining chloride ingress in reinforced 
 concrete, based on a comparison with potentiometric titration and ICP-MS.  


•  An evaluation of the chloride ingress of two offshore concrete structures based on 
 15 concrete cores. 


o  Structure A: Three cores from the outside of the unsubmerged part of the 
 seawater shaft, and four from the inside of the utility shaft. 


o  Structure C: Eight cores from the inside of the utility shaft at elevations 
 ranging from 13 m above to 201 m below sea level.  


We will not investigate reinforcement corrosion, but rather evaluate the possibility of it 
 by comparing chloride ingress to cover depth and the critical chloride concentration limit. 


seven cores from Structure A will be analysed using all three methods, while eight cores 
 from Structure C will be analysed solely using µ-XRF. Even though RCT is the most used 
 in-situ method of analysis for Equinor, we will not perform analysis with this method in 
 this thesis.   



1.2  Structure of the Thesis 


The thesis has the following structure: Chapter 2 is a background chapter where history 
 and technology for the structures of interest for this thesis are presented. In addition, 
 information regarding their exposure is presented. Chapter 3 contains the theory 
 necessary to understand the ingress mechanisms, what makes the seawater harmful to 
 reinforced concrete and the methods of analysis. Chapter 4 gives an overview of the 
 concrete cores and the reference samples used in the analysis together with how the 
 different methods used for analysis are performed. Also, information on how these 
 methods are made comparable is presented. Chapter 5 contains results obtained from 
 the three laboratory methods on cores from Structure A. Further a discussion follows 
 based on these results. The chapter is concluded with an evaluation of the use of µ-XRF 
 as a tool for assessment of chloride ingress. Chapter 6 contains results from both 
 structures regarding chloride ingress, determined by µ-XRF. A discussion regarding the 
 15 cores will be presented and followed by a conclusion. Concluding remarks is presented 
 in chapter 7, where conclusions from chapter 5 are merged with the ones from chapter 6. 


Finally, thoughts on future research are presented in chapter 8. 
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This chapter presents the concrete structures used for production in the oil industry 
 where the concrete cores, used for analysis in this thesis, is collected from. The 
 motivation is to give the reader a brief understanding of the complex and massive 
 structures used to generate oil from the North Sea. This includes some history in section 
 2.1, an overview of the structures’ dimensions in section 2.2, a description of the climate 
 present at their locations and necessary service information in section 2.3.  



2.1  History 


Extraction of oil from offshore rigs have been done for a long period of time prior to the 
 discovery of oil on the Norwegian continental shelf. The Kerr-McGee Corporation found oil 
 in the Gulf of Mexico as early as in 1947. The technology for this was therefore already 
 existing when oil was first found on Norwegian soil in 1969. The methods used in the Gulf 
 of Mexico, however, proved to be insufficient for use in the North Sea. A much larger 
 production rate demanded bigger construction equipment on the decks of the platform. A 
 larger distance to shore made logistics a much more demanding task, making bigger 
 storage room on the platforms of greater importance. Both of this combined resulted in a 
 need for a platform with a foundation suitable for much larger compression forces than 
 those in use in the Gulf of Mexico. In the mid-’70s, a concept solving this problem was 
 developed by Norwegian Contractors. The solution was called a concrete deep-water 
 platform, or “Condeep” for short. This concept was used for the construction of 14 
 platforms [2] during a time span of 20 years and most of them are still used in 
 production. Further and more detailed information on this topic can be found in the 
 master thesis by Steffen Larsen [3]. 



2.2   Condeep Platform Technology 


A Condeep platform is a gravity base structure (GBS), which means that it rests on the 
 seabed, held in place by gravity. The top deck of the structure is made from steel, whilst 
 everything beneath is made from reinforced concrete. The shafts are shaped as hollow, 
 thin-walled, cylindrical concrete shells, gradually increasing in diameter and thickness 
 towards the bottom of the sea, to account for the increasing weight and hydraulic 
 pressure. The base of the structure is a set of tanks meant for storage of oil and 
 seawater. These tanks can be filled and emptied with water to generate the buoyancy 
 needed to make transportation and founding of the structure as easy as possible. The 
 shafts carrying the upper deck are merged into these in different ways, dependent on the 
 type of structure. 


Most of these structures are built partly on land and partly in the sea. The buoyancy and 
 storage tanks in the bottom are first constructed on land in a drydock. As soon as these 



2  Industry Insight 
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are big enough, water is let into the dock and the structure is towed into the ocean 
 where the rest of the shafts are made. The different platforms still used in production are 
 placed in various depths from 86 meters to 303 meters below sea level. An illustration of 
 the magnitude of these depths is presented in Figure 2-1. 


Figure 2-1: The concrete offshore platform “Troll A” compared to the height of the Eiffel tower. 


Picture extracted from [4].


The use of concrete for this purpose raised questions regarding the material’s 


performance in the offshore climate. At the time, concrete was known to be used in the 
 construction of both ships and ports. Taylor Woodrow Laboratories presented a report on 
 the long-term performance of concrete in the marine environment in 1974. This 


concluded that the concrete had great duration if the concrete was made and placed 
 properly [3]. A proper concrete for this purpose would be a dense concrete, which will be 
 addressed later in this thesis.  


The way of constructing the concrete tanks and shafts was mainly using vertical slip 
forming. This is a construction method where concrete is poured into a continuously 
upwards moving form. The planned cover depth for both Structure A and C were 60±10 
mm. This cover depth is, however, very variable mainly due to the high difficulty of slip 
forming of these proportions. As can be seen from Figure 2-1 the diameter of some of 
the shafts vary with the depth, this is the case for Structure A and C as well. This change 
in geometry makes it hard to maintain a constant cover depth throughout the process. A 
report made by SINTEF in 2017 investigating some parts of the inside of the utility shaft 
of Structure C, found cover depths ranging from 50-90 mm. 
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2.3  Exposure 


The weather conditions in the North Sea are known to be severe. Annually the structures 
 are subjected to wave heights up to 20 meters and wind speeds reaching 32 m/s [6]. 


This demands a lot of capacity of the structures regarding the structural performance, 
 but also regarding concrete technology. The variation of the sea level together with the 
 waves causes a continuous wetting and drying cycle for the part of the concrete shafts 
 above and a few meters below the mean sea level. Most of the shafts are, however, 
 submerged in the sea. Due to this the outer part of the structures can be partitioned into 
 different exposure zones with different expectations regarding chloride ingress, which we 
 will address later in this thesis. 


To be able to fight eventual fires inside the shafts, a deluge fire sprinkler system is 
 installed at selected levels, using seawater for extinguishing. An illustration of the floors 
 where this system is installed is presented in Figure 2-2. Every fourth year there is 
 arranged fire drills in the shafts of the different platforms. These fire sprinkler systems 
 are then activated. To be able to remove this extinguishing water and other excess water 
 in the shafts, each level is equipped with a drainage system. These will allow all excess 
 water to flow down, one level at the time, eventually arriving at the bottom of the shaft. 


Here, a drainage pump is installed, pumping all the water up and out of the shaft.  


Figure 2-2: Location of the fire sprinkler systems installed in both structures. The illustration is 
not to scale. Picture reproduced from [7] and [8]. 
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In this chapter, a literature review governing challenges for reinforced concrete in 
 offshore climate is presented. As the structures are exposed to seawater and hence 
 exposed to chlorides, the focus will be directed to chlorides and the transportation of 
 these in concrete. As the presence of chlorides is known to initiate reinforcement 
 corrosion, a presentation of necessary theory for this is also included. In addition, an 
 introduction to the theory behind the methods of analysis will follow.   


Section 3.1 will describe the ingress mechanisms and outline transportation of ions in the 
 concrete. The different exposure zones for the structures will also be outlined. Section 
 3.2 will present aggressive ions and outline critical chloride content. Section 3.3 will 
 cover the basic theory behind the methods of analysis used in this thesis. 



3.1  Ingress Mechanisms 


There are several different ways ions, and specifically, chlorides can be transported 
 within the concrete. As ions usually are dissolved in fluids, there are three main 


mechanisms of interest; permeation, diffusion, and migration. Which one is dominating is 
 very much dependent on the local environment for the relevant area. For further 


discussion, we will limit the mechanisms most relevant for our study to permeation and 
 diffusion. 



3.1.1  Permeation 


Permeation is all mass transportation due to a pressure gradient [9]. For an offshore 
 structure, this difference is caused by the hydraulic pressure subjected to the shafts 
 carrying the upper deck. In addition, such a gradient can be created by capillary action in 
 the pore structure of the concrete. This effect is dependent on several factors like the 
 pore size and viscosity of the liquid. Capillary suction is caused by an underpressure and 
 will initiate an absorption of all liquids getting in contact with the concrete surface.  



3  Theoretical Background 
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Figure 3-1: Illustration of capillary suction. Picture extracted from [10]. 


The coefficient of permeability due to a pressure gradient for steady-state and laminar 
 flow can be estimated using Darcy’s law [9]: 


𝐷𝑞


𝑑𝑡 = 𝐾 ∆𝑝 ∗ 𝐴


𝐿 ∗ 𝜇 (1) 


with 


𝐷𝑞


𝑑𝑡− 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑓𝑙𝑢𝑖𝑑 𝑓𝑙𝑜𝑤  [𝑚3
 s ] 
 𝜇 − 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑 [𝑃𝑎 ∗ 𝑠] 


∆𝑝 − 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 [𝑃𝑎] 


𝐴 − 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 [𝑚2] 
 𝐿 − 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑖𝑑 [𝑚] 


𝐾 − 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 [𝑚2] 


Another mechanism, also driven by capillary action, is wick-action. This is what happens 
 when you have one surface of the concrete subjected to a solution, and the opposite 
 surface subjected to air with relative humidity below 100%. The side subjected to the 
 non-saturated air will experience evaporation of the water into the air. This evaporation 
 will then serve as the driving force for continuous capillary action, pulling the solution 
 and dissolved ions towards the drying side of the concrete [11]. 
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3.1.2  Diffusion 


Diffusion is transport due to a concentration gradient. Ions will move from pore water with 
 a high concentration towards pore water with lower concentration. In general, this is a very 
 slow process [12]. If we assume an eternal and unchanged supply of ions to the surface 
 of  the  structure,  the  concentration  of  ions  at  a  certain  time,  t,  and  depth,  x,  can  be 
 estimated using the error function solution to Fick’s second law [9]: 


𝑐(𝑥, 𝑡) = 𝑐𝑠− (𝑐𝑠− 𝑐0)erf ( 𝑥


2√𝐷(𝑥, 𝑡) ∗ 𝑡)  (2) 


with 


𝑐𝑠− 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  [𝑚𝑜𝑙
 𝑚3] 


𝑐0− 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  [𝑚𝑜𝑙
 𝑚3] 


𝐷(𝑥, 𝑡) − 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 [𝑚2/𝑠] 



3.1.3  Permeability 


The permeability is a measure of how easily substances are transported within a pore 
 structure. The rate of transportation is therefore directly related to the permeability of 
 the concrete and is, by that, also of vital importance for the concretes durability. The 
 permeability is dependent on several factors. Capillary action is, for instance, dependent 
 on the surface tension, the angle of contact between the liquid and the pore walls, the 
 viscosity and density of the liquid and on the radius of the pores. A smaller radius gives a 
 higher magnitude of capillary action, but it will, however, decrease the rate of transport 
 because of an increase in friction. In general, a high porosity will lead to higher 


permeability, and thus a high rate of transport. Both in the form of diffusion and capillary 
 suction. But to get transport by diffusion, one is dependent on a certain degree of 


saturation, and certain connectivity of the pores. The ions will need a continuous passage 
 of water they can travel through. If, however, the concrete is fully saturated everywhere, 
 there will be no driving force for capillary suction to occur.  


Within the concrete, the cement paste is by far the most permeable part compared to the 
 aggregates. One would then be tempted to assume that more aggregates would lead to a 
 less permeable material. This is not the case. A concrete made from cement paste and 
 aggregates is far more permeable than the cement paste alone. This is due to the 
 interfacial transition zones (ITZ). These are approximately 10 µm thick zones 
 surrounding all aggregates, taking up around 50% of the cement pastes volume, 


depending on the dmax of the aggregates used. Bigger dmax results in bigger ITZs. These 
zones occur due to what is called “the wall effect”. A big solid object with a random 
placement in a concrete mix would cut through the grains. As this is impossible, a 
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redistribution of the grains, where the smaller ones are packed around the disruptive 
 object, will occur. This effect is illustrated in Figure 3-2.   


Figure 3-2: Illustration of the wall effect. Picture extracted from [14]. 


These zones of disruptive packing, the ITZs, have in general much higher porosity than 
 the rest of the paste and they may also, in many cases, contain microcracks. This will 
 lead to a much higher permeability in these areas than in the rest of the concrete, 
 ultimately leading to a more permeable concrete [9]. 


A similar effect can be seen on the surface of the concrete. Smaller grains and cement 
particles will be packed closer to the formwork than the aggregates, due to the wall 
effect. This will lead to a zone of lower aggregate content in the first millimetres from the 
surface of the concrete. 
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3.1.4  Exposure Zones 


An offshore structure is subjected to different types of exposure conditions on the 
 different parts of the structure. To simplify this, we can divide the structure into three 
 different exposure zones: The atmospheric zone, the submerged zone, and the splash 
 zone. This simplification is also used in the Euro Code, where they are classified as, XS1, 
 XS2, and XS3, respectively [15]. The partitioning of these exposure zones is illustrated in 
 Figure 3-3. 


Figure 3-3: Location of the different exposure zones. Illustration reproduced from [8]. 


The submerged zone is the part of the structure that is constantly fully submerged in the 
 sea. In this part of the structure, one could always expect a 100% saturation in the pores 
 located in the outermost 10-20 mm of the concrete, dependent on the concrete quality. 


This provides an easy pathway for ions to transport into the concrete through the water-
 filled pores, mostly through diffusion. At a certain depth, when the hydraulic pressure 
 gets large enough, permeation will also contribute to ionic transport. A fully saturated 
 concrete will have a low electrical resistance, making a redox reaction such as corrosion 
 of steel go fast. The reaction rate of corrosion is, however, greatly reduced by the lack of 
 oxygen in this area.  


The splash zone is the zone most vulnerable to chloride-induced corrosion [13]. This is 
 the area surrounding the mean sea level, which is subjected to cycles of wetting and 
 drying caused by wave action and changes in tides. The capillary saturation in this area 
 tends to be around 75-90% [16]. This is enough for diffusion to occur, but as it is not 
 fully saturated, permeation due to capillary suction will occur as well. When the concrete 
 is drying, water gets evaporated, but ions are left in the concrete. This causes an 


accumulation of ions in the part of the concrete that is experiencing drying and wetting 
cycles. This part of the concrete is called the convection zone. This accumulation of ions 
within the convection zone together with a combined transport of ions from permeation 
and diffusion causes a lot of ions to penetrate the concrete in a short period of time. The 
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corrosion rate in this zone will also be relatively fast, as the moisture content is just large 
 enough to provide low electrical resistance, and still provide access to oxygen.  


The atmospheric zone is the part of the structure never directly subjected to the 
seawater. The aggressive ions found in this area have mostly been airborne or have 
come as part of atmospheric precipitation. The capillary saturation in this zone tends to 
be low, meaning most of the transportation of ions in this area are from diffusion in the 
gas state, or from capillary suction. The corrosion rate in this area is reduced by a higher 
electrical resistance in the dry concrete but increased by high access to oxygen.  
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3.2  Aggressive Ions 


The seawater in the North Sea has a salinity of about 3.5 % [17]. This is mostly sodium 
 chloride, but it also contains a lot of other ions as can be seen in Table 3-1. For 


reinforced concrete, chloride is the most harmful regarding reinforcement corrosion. In 
 addition, magnesium and sulphur are known to be able to affect the concrete itself.  


Table 3-1: Elemental composition of seawater. Values extracted from [18]. 


Element  Mass percent 


Oxygen  85.84 


Hydrogen  10.82 


Chlorine  1.94 


Sodium  1.08 


Magnesium  0.1252 


Sulphur  0.091 


Calcium  0.04 


Potassium  0,04 


Bromine  0.0067 


Carbon  0.0028 


Vandanium  1.5*10^-11 



3.2.1  Chlorides 


The ion which is most problematic regarding the durability of reinforced concrete is 
 chloride. They are not harmful to the concrete binder itself, but they can initiate pitting 
 corrosion of the reinforcement when a certain chloride concentration is reached. 


Chlorides are transported into the concrete through the pore water in the concrete. The 
literature differs between free and bound chlorides, some of the chlorides will stay in 
solution, whilst some will be bound to the cement paste. It is only the free chlorides that 
are directly harmful to the structures because they must serve as an electrolyte for 
corrosion to be initiated. The paste has a capacity to bind chlorides, and thus remove 
some of the intruding dissolved chlorides and possibly delay chloride ingress. It is 
however uncertain how these mechanisms work in practice. Friedel’s salt is in some 
literature suggested to be the only part of the cement that is able to bind the chloride 
ions [19], whilst others designate the C-S-H phases to have significant binding capacities 
[20]. 
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When embedded in concrete, steel forms a passive layer of 𝛾 − 𝐹𝑒2𝑂3, 𝐹𝑒𝑂𝐻2 and 𝐹𝑒𝑂𝐻3, 
 due to the high pH in the pore solution, it serves as a protection of the reinforcement 
 steel against corrosion. An illustration of which pH and potential causes passivation of the 
 steel is shown in Figure 3-4. 


Figure 3-4: Pourbaix diagram for steel, indicating at which pH levels corrosion will occur. Picture 
 extracted from [21]. 


However, if the reinforcement is subjected to a sufficient concentration of chlorides, the 
 passive layer starts decomposing. The iron in the passive film combines with chloride 
 ions and create Fe(OH)Cl. This is much more soluble than the initial chemical 


compositions of the passive film and could therefore further be parted into hydroxyl 
 radicals and chloride ions, as shown in Figure 3-5.  


Figure 3-5: Depassivation of steel. Illustration extracted from [22]. 


With a high [𝐶𝑙−


𝑂𝐻−] ratio, this process will go on. However, when this ratio is decreasing, 
 the process will reverse, and the film will start repairing itself. 


With a high enough concentration of chlorides, the passive film will be penetrated. If also 
water and oxygen are present, corrosion could be initiated, as illustrated in Figure 3-6. 
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Figure 3-6: Corrosion cycle. Illustration extracted from [22]. 



3.2.2  Critical Chloride Content 


Regarding reinforcement corrosion, the magnitude of the critical chloride content, Clcrit, is 
 of great importance. The threshold value where corrosion occurs, however, has been 
 widely discussed over the years. In Table 3-2 ranges in these values is summed up, 
 extracted from a state-of-the-art report from 2019 [23]. 


Table 3-2: Scatter in critical chloride threshold values. 


By  Chloride concentration 


Weight of concrete  0.025-0.18% 


Weight of binder  0.09-3.4% 


As originally presented by Tuutti in 1982 [24], the service life with respect to 


reinforcement corrosion is divided into a period of initiation and a period of propagation 
 as illustrated in Figure 3-7. 


Figure 3-7: Sketch of reinforcement corrosion in concrete. Picture extracted from [24]. 
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Initiation being the time of depassivation of the protective layer of oxide film covering 
 the reinforcement, and propagation is the time when a considerable rate of corrosion has 
 been reached. Whether the critical boundary of chloride content should be set to the 
 amount that leads to depassivation, or the amount needed to generate a considerable 
 corrosion rate is not determined. If depassivation is used to determine the critical 
 content, it may lead to an overly conservative design of concrete structures, while “a 
 considerable corrosion rate” is a very vague and indefinite boundary to choose, which is 
 also tremendously dependent on other parameters, such as environmental conditions and 
 concrete properties. This, in addition to an inconsistency regarding the procedure of 
 retrieving Clcrit, is causing this wide scatter of threshold values, presented in Table 3-2. 


The threshold value should be calculated for each specific structure, taking both 


environmental conditions and concrete properties into account. We have not been able to 
 find such a procedure. For engineering purposes, one is dependent on a threshold value 
 in order to evaluate the risk of reinforcement corrosion. Because of this, a threshold 
 value, used by both the Norwegian Public Roads Administration [1] and Equinor [26], at 
 0.07% Cl/concrete [g/g] is used for further discussion in this thesis.   



3.2.3  Sulphur 


As can be seen from Table 3-1, seawater contains approximately 0.091% sulphur.  


Sulphur can penetrate the concrete along with the seawater. If the concentration of 
 sulphur in the concrete becomes large enough, it will start reacting with Aluminate (𝐶3𝐴) 
 or eventually also Ferrite (𝐶4𝐴𝐹) or portlandite (𝐶𝑎(𝑂𝐻)2) to form ettringite, gypsym or 
 monosulphate [27]. In these cases, the products are much more voluminous than the 
 reactants, causing tensile stresses in the concrete. If these exceeds the tensile capacity 
 of the concrete, the concrete will start to crack. In addition to a capacity reduction of the 
 concrete, these cracks will provide easy access for deeper penetration of ions, causing an 
 acceleration of the ingress rate. 



3.2.4  Magnesium 


About 0.13% of the total weight of seawater is magnesium. In addition to the previous 
mentioned sulphate reactions, magnesium produces brucite (𝑀𝑔(𝑂𝐻)2) at the expense of 
portlandite (𝐶𝑎(𝑂𝐻)2). This brucite forms a layer with very little solubility, meaning the 
formation of brucite will keep on going until almost all portlandite are gone. This 
consumption of portlandite will cause a decrease in pH, forcing a liberation of more 
portlandite from the C-S-H gel. This will again start reacting with magnesium, and a 
continuous loop is initiated. This will ultimately cause a breakdown of the vital C-S-H gel 
[28]. Eventually, this will result in the formation of M-S-H, which is a non-cementitious 
material. This could cause disintegration of the concrete. 
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3.3  Methods of Analysis 


For this project, three different laboratory methods for determination of chloride content 
 are to be presented. This section is dedicated to the theory necessary to understand the 
 basic principles of the methods. Analysis with µ-XRF is to be done by the authors, while 
 analysis with ICP-MS and potentiometric titration is to be performed by others.  



3.3.1  Micro X-ray Fluorescence (µ-XRF) 


Micro X-ray fluorescence is an elemental analysis technique, based on the same 


principles as X-ray fluorescence (XRF). The difference between regular XRF and µ-XRF is 
 the µ-XRFs ability to create small focal spots of just a few micrometres for the X-ray, 
 using advanced polycapillary focusing optics [29]. This allows for a high resolution 
 regarding the elemental composition of a sample. 


The setup, in general, contains an X-ray generating source, a detector which is counting 
 the emitted X-ray fluorescence from the sample of interest and a spectrometer 


(software) for computing. The sample, X-ray source, and the detector are placed in a 
 vacuum chamber. This is to be able to detect lighter elements as air will absorb low 
 energy radiation. Even in a vacuum chamber, no lighter elements than sodium can be 
 detected with XRF [30]. An illustration of the specific setup used in this master thesis is 
 presented in Figure 3-8. 


Figure 3-8: Bruker M4 Hardware. Picture extracted from [31].  


Spectrometer systems that utilize such a tube source are divided into two groups: energy 
 dispersive systems (EDXRF) and wavelength dispersive systems (WDXRF). In our case, 
 we utilize EDXRF, which means that the detector can measure the different radiation 
 energies coming from the sample [30]. This energy comes from the emitted X-ray 
 fluorescence and is characteristic for each element. 


This emitted fluorescence is obtained by irradiating the sample with X-rays from a 
source. This is illustrated in Figure 3-9. 
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Figure 3-9: Illustration of the basic principle of X-ray fluorescence. Picture extracted from [32]. 


If an element is exposed to this radiation, one or more electrons will be ejected from the 
 atoms. With a strong enough radiation energy, electrons from the inner orbital shells 
 could be expelled, making the electronic structure of the atoms unstable. Electrons from 
 higher orbital shells will then jump to the lower orbital shells to fill this void in the atom. 


This jump will cause exciting of X-ray fluorescence equal to the energy difference of the 
 two orbital shells involved. This is a unique number for every atom and can, if detected, 
 be used to determine the atomic composition of the material analysed. This energy is 
 independent of the chemistry of the material which means that the energy level of 
 calcium obtained from 𝐶𝑎𝐶𝑂3, CaO and 𝐶𝑎𝐶𝑙2 will all be equal. 


This method of analysis can be used both for qualitative and quantitative measurements. 


For qualitative measurements, a spectrum with the different elements’ intensities is 
 typically made through deconvolution and background fitting together with the 
 mathematical least squares method [30]. A way of presenting qualitative results is to 
 generate a heat-map of the sample where warmer colours represent higher intensities for 
 the element of interest.  


For quantitative measurements one is dependent on a calibration of the spectrometer, 
 relating intensities to concentrations. This can be done by either a standard- or standard-
 less method. The standard method only allows us to analyse an unknown sample with a 
 similar composition to the reference sample, while the standard-less method makes the 
 calibration independent of the unknown sample’s composition [30]. This is done by 
 applying an internal database of intensities to concentration ratios for different elements 
 and use this to quantify the different elements in the composite.   


For µ-XRF analysis, only the surface layer is analysed, and hence, the sample needs to 
be representative and homogenous. Concrete is not homogenous and is also vulnerable 
to matrix-, absorption and enhancement effects [30].  
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3.3.2  Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 


Inductively coupled plasma mass spectrometry (ICP-MS) is a type of mass spectrometry, 
 which can detect metals and several non-metals at concentrations as low as one part per 
 quadrillion (10−15). Mass spectrometry is an analytical technique where chemical species 
 are ionized and sorted out based on their mass-to-charge ratio, while an inductively 
 coupled plasma is a plasma that is ionized by inductively heating a gas using an 


electromagnetic coil [33]. These two principles are combined in the ICP-MS. Figure 3-10 
 shows a generic scheme of how ICP-MS work. 


Figure 3-10: Illustration of the principle of ICP-MS. Picture extracted from [34]. 


First, the ICP is sustained in a torch made of three concentric quartz tubes. The end of 
 this torch is placed inside an induction coil supplied with an electric current. A flow of 
 argon gas is added between the two outermost tubes of the torch. An electric spark is 
 then applied for a short time, to introduce free electrons into the gas stream. It is 
 important that the plasma contains enough concentration of ions and electrons so that it 
 is electrically conductive. These free electrons are then subjected to the electromagnetic 
 field of the induction coil, causing them to accelerate in the direction of the frequently 
 changing electromagnetic field. The accelerated electrons collide with the argon atoms 
 and cause these argon atoms to part with one of its electrons, which then gets affected 
 by the electromagnetic field and starts oscillating along with the other electrons. This 
 process continues until the rate of electrons parted from argon atoms is evened out by 
 the rate of electrons recombining with argon ions. This creates a fireball of mostly argon 
 atoms and a small fraction of free electrons, sometimes reaching temperatures of as 
 much as 10 000K.  


Further, the second flow of argon gas is introduced between the central tube and the 
 middle tube to keep the plasma away from the end of the central tube, and shortly after, 
 the third flow of argon gas is introduced to the central tube. This gas flow passes through 
 the centre of the plasma and forms a channel that is cooler than the surrounding plasma. 


The sample we want to analyse is then introduced into this central channel, where it is 
evaporated, its molecules start to break apart, and its atoms ionize, much due to the 
extreme temperatures. The ions are then transferred through a series of cones and into a 
mass spectrometer. The ions are then sorted after their mass-to-charge ratio. A detector 
will then receive an ion signal proportionate to the concentration, and one is then, with 
some calibration, able to determine the concentration of the different particles the 
sample consists of. 
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3.3.3  Potentiometric Titration 


Potentiometric titration is a laboratory test done to determine a concentration from a 
 given analyte.  


Figure 3-11: Principle of potentiometric titration. Picture extracted from [36]. 


Figure 3-11 is illustrating the principle of the method. Often, a silver chloride electrode is 
 used instead of the saturated calomel electrode depicted in the figure above. The titrant 
 is added incrementally to the solution, and the potential of this reference electrode with 
 respect to an indicator electrode is measured for each step. This is then plotted against 
 the known and increasing volume of the titrant. When the potential reaches the end 
 point, as illustrated in Figure 3-12, the titrant and the analyte have reached an 
 equilibrium, and the concentration of the analyte can be determined. 


Figure 3-12: Cell potential to titrant volume plot with end point. Picture extracted from [36]. 
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This chapter outlines the materials and methods used for analysis in this thesis. Section 
 4.1 presents the concrete used during construction of the two structures of interest for 
 this thesis. The cores received by us is presented in section 4.2 while the reference 
 samples used for calibration is presented in section 4.3. Two of the laboratory methods, 
 potentiometric titration, and ICP-MS, is not performed by us, but the methods are 
 described in section 4.4 and 4.5 respectively. The methods of µ-XRF are explained in 
 detail in section 4.6. How these methods were compared is outlined in section 4.7.  


Even though RCT is the standard method of analysing chloride ingress for Equinor, we did 
 not include this method in our thesis. RCT analyses require samplings from a much 


bigger area than what is obtainable from our concrete samples.  



4.1  Concrete Overview 


As stated in section 2.2 the density of concrete to be placed in the offshore environment 
 needs to be high. Hence, the w/b-ratio, for both structures, is 0.38 [5]. In addition, a 
 great cover depth is favourable regarding chloride ingress, and the depth aimed for in 
 these two structures is 60 ± 10 mm as stated in [37] and [38]. 


The cement used in the shafts of the structures is P30 and P30-4A. P30 was used in 
 Structure A, while P30-4 was used in Structure C. P30-4A is a combination of P30 and 
 HS65 made by mixing one part HS65 and three parts P30. Both P30 and P30-4A have a 
 density of 3160 𝑘𝑔/𝑚3  [39]. An oxide overview of the two cements is presented in Table 
 4-1.  


Table 4-1: Oxide overview of the two cement types in % [g/g]. See Appendix 128A.10 for details.  



Oxide  P30  P30-4A 



Na2O  0.3  0.3 



MgO  2.3  2.1 



Fe2O3  3.4  3.4 



K2O  1.1  0.9 



Al2O3  4.7  4.6 



SiO2  20.4  20.8 



SO3  2.8  2.9 



CaO  63.2  63.5 



Free CaO  1.0  1.0 


The aggregates used for both of the structures is granitic gneiss from Tøtlandsvik, often 
 referred to as “Årdal-aggregates”, with a density of 2680 𝑘𝑔/𝑚3 [40]. The elemental 
 composition of an arbitrary granitic gneiss is presented in Table 4-2. 



4  Materials & Methods 
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Table 4-2: Oxide composition of an arbitrary granitic gneiss. Numbers extracted from [41]. 



Oxide  Mass % 



SiO2  71.77 



Al2O3  13.66 



Fe2O3  0.81 



FeO  1.52 



MgO  0.66 



CaO  0.59 



Na2O  3.99 



K2O  5.94 



TiO2  0.70 



P2O5  0.08 



MnO  0.06 


Table 4-3 is showing the mix proportions for the concrete in the two different structures.   


Table 4-3: Typical mix proportions of the two concretes in [kg/m3]. Values extracted from [7]. 


Structure A  Structure C 


P30 Cement  440  300 


HS65 Cement  0  100 


Silica fume  0  8 


Aggregates 0/8  863  940 


Aggregates 8/16  863  945 


Water  167  155 


The density of the paste has been calculated by the steps presented in Appendix A.15 
and is found to be 1980±34 [kg/m3]. 
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4.2  Concrete Cores Overview 


A total of 15 concrete cores were received from Equinor. We checked them for defects, 
 and if there were any traces of rebar. For the grinding of concrete, which is to be 


addressed later in Chapter 4, it is important that the concrete does not include any traces 
 of rebar. Further, the cores were remarked, packed in plastic and put to storage at 5°C.  


Some of the cores were collected from the outside of a shaft, while most of them were 
 collected from the inside. See Table 4-4 and Table 4-5 for information about the concrete 
 cores collected from the two structures. Core name including “O” is collected from the 
 outside, while “I” means collected from the inside. For an illustration of where the 
 concrete cores were collected from, see Figure 4-1 and Figure 4-2. 


Table 4-4: Overview of concrete cores from Structure A. 


Core 
 Name 


Length 
 [mm] 


Approx. distance from sea level  
 [m] 


Diameter 
 [mm] 


Dmax 


[mm] 


A.1.O  256  +22  65  32 


A.2.O  290  +8  65  32 


A.3.O  240  +6  55  32 


A.4.I  280  -15  65  32 


A.5.I  205  -69  65  32 


A.6.I  160  -118  65  32 


A.7.I  190  -118  65  32 


Table 4-5: Overview of concrete cores from Structure C. 


Core 
 Name 


Length 
 [mm] 


Approx. distance from 
 sea level  


[m] 


Diameter 
 [mm] 


Dmax 


[mm] 


C.1.I  270  +13  55  32 


C.2.I  130  +13  55  32 


C.3.I  115  -58  55  32 


C.4.I  265  -58  55  32 


C.5.I  245  -151  55  32 


C.6.I  275  -151  55  32 


C.7.I  255  -201  55  32 


C.8.I  270  -201  55  32 
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Figure 4-1: Overview of locations of concrete cores collected form structure A, 3 from the outside 
 and 4 from the inside. The orientation of A.6.I and A.7.I is unknown. Picture reproduced from [7]. 


Figure 4-2: Overview of locations of concrete cores collected from structure C, all of them from 
the inside of the utility shaft. Picture reproduced from [8]. 
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Figure 4-3 shows the operator during the collection process of the concrete cores 
 obtained from the outside of the seawater shaft in Structure A. 


Figure 4-3: Collection of concrete cores from the outside of the seawater shaft. [Equinor, 2018] 



4.2.1  Concrete Sample Preparation 


We had all the concrete cores sawn in two. The sawing was performed partly at the 
 SINTEF laboratory (cores Structure A), and partly by Steinar Seehuus at the NTNU 
 laboratory(cores Structure C). This was done using a circular saw, with a blade thickness 
 of 3mm. It was important to use as little cooling fluid as possible during this process, to 
 prevent a washout of ions. After sawing, one half of the samples from Structure A was 
 profile ground by Roger Leistad at the SINTEF laboratory, while the other half was 
 repacked in plastic and stored at 5°C at the NTNU laboratory together with all halves 
 from Structure C.  


The utilisation of cores from Structure A is illustrated in Figure 4-4. For Structure C, only 
 one half of the cores were analysed, and the µ-XRF was the only method of analysis used 
 for these. 


Figure 4-4: Illustration of how the concrete cores were prepared for analysis. Illustration 
reproduced from [28]. 
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The powder from the profile grinding was used to create samples to be analysed by both 
 titration and ICP-MS. See Table 4-6 and Table 4-7 for details regarding partitioning of the 
 concrete cores.  


Table 4-6: Depth and thickness of sections analysed by both potentiometric titration and ICP-MS. 


Table 4-7: Depth and thickness of sections analysed by µ-XRF. 


Average depth  
 [mm] 


Partition interval 
  [mm] 


Thickness  
 [mm] 


2.5  0-5  5 


7.5  5-10  5 


12.5  10-15  5 


17.5  15-20  5 


22.5  20-25  5 


27.5  25-30  5 


32.5  30-35  5 


37.5  35-40  5 


42.5  40-45  5 


47.5  45-50  5 


Average depth 
 [mm]


Partition interval 
 [mm]


Thickness 
 [mm] 



X.1 0-2 2 



X.3 2-4 2 



X.5 4-6 2 



X.7 6-9 3 



X.11 9-13 4 



X.15 13-17 4 



X.20 17-23 5 



X.26 23-29 6 



X.32 29-35 6 



X.39 35-43 8 



X.47 43-51 8 



X.55 51-59 8 



X.63 59-67 8 



X.71 67-75 8 



X.80 75-85 10 
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4.3  Reference Samples Overview 


In order to perform quantitative chloride measurements using µ-XRF, one is dependent 
 on a calibration technique or adequate software. A calibration technique presented by 
 Rannei Ida Kaasa, which is to be addressed later in this work, was presented in her 
 master thesis in the spring of 2018 [43]. This is a standard method where reference 
 samples with known chloride content are required to create calibration points.  


The reference samples used in our thesis were made by R. Kaasa. The Portland cement 
 used for these samples was CEM I 52,5N, see Appendix A.11 for further details. In order 
 to add chlorides to the samples, two different mixes of NaCl and distilled water were 
 used. The concentrations were 5 and 25 weight percent. The samples were made by 
 mixing the cement with the NaCl solution and water to obtain a w/b ratio of 0.4. The 
 cement paste was then poured into tubes creating cylindric cores with 20 mm diameter 
 and a height of 25 mm.  


Further, the paste cylinders were sealed and stored for 28 days at 20 °C. After the curing, 
 2 mm of the bottom of the cylinder were removed before 5 mm thick discs were sawn 
 from each cylinder and put to storage. A second tube for each batch was then used to 
 created powder to be analysed by potentiometric titration. The samples were used by R. 


Kaasa in her master thesis and put to storage in plastic bags and then placed in a 
 desiccator over silicone gel and soda lime. The samples had been stored for 


approximately half a year at the time we started using them. Between measurements 
 performed by us, the samples were also stored in plastic bags and in the same 


desiccator. An illustration of these reference samples is shown in Figure 4-5. 


Figure 4-5: Illustration of the reference samples placed on a rack of LEGO. [Slotten, 2019] 


Potentiometric titration was, in the master thesis of R. Kaasa, performed on the 


reference samples in order to verify their chloride content. The results are shown in Table 
 4-8. 


Table 4-8: Overview of reference samples and their chloride content. Values extracted from [43]. 


Sample 
 [-] 


Intended chloride content 
 [wt-% of dry cement 


paste] 


Measured chloride content 
 [wt-% of dry cement 


paste] 


w/b  
 [-] 


F  0  Invalid  0.4 


A  0.2  0.250  0.4 


B  0.4  0.395  0.4 


C  1.5  1.160  0.4 


D  3.0  1.827  0.4 


E  4.0  2.947  0.4 
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As can be seen from Table 4-8 the reference F got an invalid result. As the 


potentiometric titration has a lower detection limit at a mass concentration of 0.005 % Cl 
 per concrete, the actual concentration could not be determined. We have however 


assumed it to be zero in our calibration curve presented later in this work. The fact that 
the measured chloride content deviates from the intended is discussed in the master 
thesis of R. Kaasa [43]. 
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