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The cement industry contributes about 8% of the anthropogenic CO2 emissions, partly due to large
consumption of cement and the emissions associated with the production (for Portland cement (PC)
approximately 800 kg/t). One approach to lower the CO2 footprint is to substitute part of the Portland clinker
by supplementary cementitious materials (SMCs), e.g. fly ash blends (PCFA). Blended cements may present
advantages compared to PC. However, a main drawback is a lower carbonation resistance. This
disadvantage is known and taken into account in the standards.

The objective of the PhD study was to improve the understanding of  carbonation-induced  corrosion in
reinforced concrete structures containing fly ash blends.

For the tested materials and exposure conditions, the carbonation depth measured using thymolphthalein
compared to carbonation depth determined using optical microscopy, calcium hydroxide to calcium
carbonate profiles determined using thermogravimetric analysis, and free alkali metals (Na, K) in the pore
solution determined using cold water extraction. Based on this, the pH indicator was used in the present
study for detection of carbonation. Thymolphthalein solution sprayed on a freshly split surface allows to
determine the spatial variation of the carbonation depth.

Based on investigations of the microstructure and solid phases, carbonation up to 5% CO2 appears
representative for natural carbonation. An increased degree of carbonation and an increased content of
sulphate in the pore solution were observed in samples carbonated at 100% CO2. However, the impact of
the exposure condition was limited compared to the changes upon carbonation (from non-carbonated to
carbonated condition).

Corrosion initiation is reported in the literature before the carbonation front compares to the concrete cover.
We found that corrosion did not start until the concrete (mortar)-steel interface was carbonated as identified
using pH indicator thymolphthalein. A relationship between the carbonated fraction of the mortar-steel
interface (as identified using thymolphthalein) and the open circuit potential was observed. Carbonation
causes a decrease in the hydroxyl concentration, variations into the carbon content, a reduction in the
carbonate-to-bicarbonate ratio, and a release of detrimental ions such as sulphates and chlorides in the pore
solution. This strongly increases the probability of corrosion compared to non-carbonated pore solution.

Microcell corrosion rates of reinforcement embedded in carbonated concrete were determined at different
moisture conditions. The moisture content was found to have a large impact on the microcell corrosion
current. High microcell current densities were observed for wet samples, whereas  low microcell current
densities were found over drying. The microcell current density was slightly higher in carbonated PCFA
compared to PC. When reinforcement embedded in wet carbonated concrete was electrically connected to
reinforcement in wet non-carbonated concrete, a macrocell corrosion rate of the same magnitude as the
microcell corrosion rate was measured. The relative contribution of the partial processes in macrocell
corrosion (cathodic polarization of passive steel, difference in potential between active and passive steel,
and anodic polarization of active steel) depended on the cathode-to-anode ratio of the macrocouple.  



vi 
 

Overall PCFA presented lower carbonation resistance and the embedded reinforcement corroded slightly 
faster than in PC. However, it appears that the corrosion rate in carbonated PC and PCFA concrete is only 
of importance at high moisture content. Reinforcement in carbonated PCFA concretes kept constantly at 
90% RH corroded at low rate. In summary:  

The total (microcell and macrocell) current density should be used for service life prediction of 
reinforced concrete structures exposed to CO2 and periods of wetness (i.e. XC4) 

The possible use of PCFA concrete exposed to CO2 and periods of wetness (i.e. XC4) should be 
carefully considered  
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1. Introduction 
Reinforced concrete is one of the most common construction materials. Portland cement (PC) is made from 
low-cost raw materials, mainly limestone and clay, which are available all over the world. When concrete 
is in fresh state, it is fluid and can fill moulds of complex geometry. These advantages have promoted the 
use of concrete as construction material. Concrete is used from small buildings to civil engineering 
infrastructures, which have a huge variety of exposure conditions. Concrete has been conceived as a 
construction material with durable properties. However, some exposure conditions or inadequately selected 
raw materials can lead to early deterioration. The deterioration processes which are more economically 
relevant in reinforced concrete structures are related to the deterioration of the embedded reinforcement 
rather than the concrete. The two main causes of reinforcement corrosion are the carbonation of the concrete 
surrounding the reinforcement and chloride contamination. 

The cement industry produces about 8% of the anthropogenic CO2 emissions [1]. Portland cement mainly 
consists of Portland clinker, which has a CO2 footprint of approximately 800 kg/t. Portland cements 
including supplementary cementitious materials (SMCs), have been developed among others to lower the 
CO2 footprint including for example fly ash or other bi-products from the industry. Other SCMs included 
in the standards are ground granulated blast furnace slag, limestone and natural pozzolans [2]. An example 
of Portland-fly ash cement is the CEM II/B-V produced by NORCEM AS with a CO2 footprint of 488 kg/t. 
Fly ash blends (PCFA) present some advantages compared to Portland cement such as lower heat hydration 
development and lower chloride diffusion coefficient [3]. A drawback is a lower carbonation resistance. 
This disadvantage is known and taken into account in the standards, e.g. in the NS-EN 206:2013+NA:2014 
where the water-to-cement ratio (w/c) requirements for environmental class (bestandighetsklasse) M60 
(M60 corresponds to exposure classes XC3 and XC4 in EN-1992-1 [4]) depends on the cement type. The 
higher the fly ash addition, the more restrictive the w/c allowed.  

The service life of reinforced concrete structures is usually divided into the initiation period and the 
propagation period [5]. Reinforcement does not suffer from corrosion during the initiation period, where 
aggressive substances, e.g. CO2 or Cl-, penetrate through the concrete cover and gradually move towards 
the reinforcement. The initiation period ends when the reinforcement is depassivated, e.g. reinforcement in 
carbonated concrete. [4] define the end of the service life regarding carbonation-
induced corrosion when the carbonation front reaches the reinforcement, accepting 10% probability of 
failure, which allows corrosion propagation to some extent.  

The addition of fly ash leads to increase electrical resistivity compared to PC when the concrete is non-
carbonated. Alonso et al. argued that a high electrical resistivity of the concrete could limit the corrosion 
rate in carbonated concrete [6]. Glass et al. pointed out that the resistance of the matrix limits the anodic 
reaction and overall controls the corrosion rate [7]. Gulikers claimed that the electrical resistivity in the 
vicinity of the corroding reinforcement together with the potentially restricted oxygen transport through the 
concrete cover determines the corrosion rate [8]. Stefanoni et al. proposed that the capillary condensation 
in the pore structure in contact with the steel is the parameter which controls corrosion in carbonated 
concrete [9].  

This PhD study focuses on carbonation-induced reinforcement corrosion and the potential influence of fly 
ash on the corrosion development (microcell and macrocell). 
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1.1. Objectives 
The objective of the PhD study was to improve the understanding of carbonation-induced corrosion in 
reinforced concrete structures containing fly ash blends. The following objectives were identified: 
1. Initiation period and properties of carbonated concrete 

a) Select technique for the PhD study and service life prediction 
b) Quantify the impact of accelerated carbonation on microstructure and phase assemblage 

2. Corrosion onset 
a) Identify the lack of knowledge in the current discussion on the relationship between the location 

of the carbonation front and the initiation of corrosion 
3. Propagation period  

a) Study the role of fly ash on corrosion propagation in carbonated concrete covering both 
microcell and macrocell corrosion  

4. Discus the implications for service life prediction. 

1.2. Research approach and limitations 
The study focuses on carbonation-induced reinforcement corrosion in reinforced/plain mortar and concrete. 
The performance of fly ash blends (CEM II/B-V and CEM II/B-M) was compared to the performance of 
Portland cement (CEM I) supplied by NORCEM AS (Norway). 

The cements were compared using the same w/c. According to [10], different w/c limitations are given 
depending on the cement type for M60 durability class (XC3 and XC4 exposure class according to [4]). 

The curing conditions used in this investigation (2 weeks at sealed condition and 20°C) may have limited 
the degree of reaction of the fly ash at the start of exposure. 

Carbonation is a slow-developing reaction, accelerated conditions were used (increased CO2 concentration 
compared to natural carbonation) to promote faster carbonation of the samples. 

1.3. Organization of the thesis 
The thesis consists of three parts: 

 Part I: Extended summary and overview of the theoretical background 
 Part II: Appended papers 

o A-I, A-II, A-III, A-IV 
 Part III: Appendices including reports and experimental unpublished work 

o I, II, III, IV 

As reference is made to several of the other publications prepared during the PhD study, they are included 
as supplementary papers in Part IV (S-I to S-VIII are enclosed). 

o S-I, S-II, S-III, S-IV, S-V, S-VI, S-VII, S-VIII, S-IX, S-X, S-XI 
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2. Theoretical background 
In this section, carbonation and corrosion of steel embedded in carbonated concrete are briefly described. 

Portland cement is mainly composed of CaO (60-70%), SiO2 (18-22%), Al2O3 (4-6%), and Fe2O3 (2-4%) 
[11]. The addition of SCMs modifies the chemical composition of the cement and influences the phase 
assemblage upon hydration [12, 13]. Fly ash1 is mainly composed of SiO2 (50-60%) and Al2O3 (20-30%), 
thus when PC is blended with fly ash the amount of CaO is reduced. The main hydration phases in hardened 
PC are calcium silicate hydrates (C-S-H), portlandite (CH) and monosulphate (AFm). In hardened PC paste 
(w/c of 0.5) the approximate volume of each hydration phase is 50% for C-S-H, 12% for CH, and 3% for 
AFm [12]. The hardened PCFA paste presents less CH, more C-S-H (with a decreased Ca/Si ratio), and 
more AFm compared to PC, depending on the amount of replacement [13]. 

2.1. Carbonation 
Carbonation is the spontaneous reaction of the CO2 with the cement paste [14]. The phase assemblage, the 
solid phases [15] and the pore solution composition [16], is affected by carbonation. Carbonation leads, 
among others, to a drop in the pH of the pore solution from values in the range of 13 -14 [12] to 7-8 [16]. 
The phases carbonating include  CH, C-S-H, AFt, AFm and unhydrated clinker particles [17]. 

The pore solution composition of non-carbonated concrete is rich in alkali metals, the addition of fly ash 
slightly reduces the alkali metal content in the pore solution [18]. The concentration of the alkali metals (Na 
and K) in the pore solution drops upon carbonation. Additionally, small amount of chlorides are released in 
the pore solution and the carbonation of AFt and AFm phases leads to an increased amount of sulphates in 
the pore solution [19, 20]. 

Natural carbonation is a slow process. For performance testing, carbonation is usually accelerated by 
keeping the relative humidity in a certain range (60-70%) [14] and using increased CO2 concentration 
compared to natural carbonation [21]. Whether the reaction products formed upon accelerated carbonation 
are representative of natural carbonation is a subject under study. Paper S-V includes a discussion of the 
impact of the exposure conditions on the microstructure and phase assemblage upon carbonation. 

2.2. Carbonation-induced corrosion 
Corrosion is defined as the tendency of manufactured goods to convert back to the original state in which 
they are found in nature [22]. When reinforcement is embedded in sound concrete, the high pH promotes 
the formation of a dense oxide layer on the surface of the reinforcement. This layer, termed as passive layer, 
is composed of Fe3O4 and -Fe2O3 and limits the iron dissolution. [23] The pH of the pore solution decreases 
upon carbonation, which leads to the dissolution of the passive layer and active corrosion may occur 
depending on the exposure conditions (mainly water and oxygen) [24].  

Once active corrosion can be sustained, the amount of electrons which are released on the anodic sites are 
consumed on the cathodic sites. The anodic reaction is the oxidation of iron and the cathodic reaction is the 
reduction of oxygen (for aerated structures). The corrosion process can be limited by different partial 
processes. If the dissolution of iron is limited, e.g. when a passive layer covers the reinforcement, the 
corrosion process is under anodic control. On the other hand, if the reduction of oxygen is limited, the 

                                                      
1 The fly ash used in Norway (NORCEM), class F according to ASTM C618-17a 
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corrosion process is under cathodic control. Finally, the ions should move through the electrolyte (pore 
solution) during the corrosion process. If the electrical resistance limits the reaction rate the corrosion 
process is under resistance control. Different partial processes have been proposed to control the corrosion 
process in carbonated concrete [6-9]. 

Microcell (uniform) corrosion occurs when the anodic and cathodic sites are randomly distributed and 
continuously changing. The oxidation of the metal and the reduction of oxygen take place on neighbouring 
areas. Gulikers [8] explained the basis of uniform corrosion by the existence of heterogeneities, either on 
the steel or in the electrolyte, which are irregularly distributed on the steel surface and change their position 
randomly. When the anodes are located in fixed places, localized attack will develop (macrocell (galvanic) 
corrosion).  

Macrocell corrosion occurs when two thermodynamically dissimilar metals are in electric contact. In the 
case of reinforced concrete, the metal is in principle the same (typically carbon steel) but the corrosion 
condition (open circuit potential) may vary due to differences in the thermodynamic condition, e.g. passive 
steel in contact with active steel [24]. Two kinds of macrocell corrosion can occur depending on the spatial 
location of the anode (active reinforcement) and the cathode (passive reinforcement) [25]. Face-to-face 
macrocell corrosion occurs in the case of carbonation-induced corrosion when a piece of reinforcement 
embedded in carbonated concrete is electrically connected to a piece of reinforcement embedded in non-
carbonated concrete. Coplanar macrocell corrosion occurs in the case of carbonation-induced when a piece 
of reinforcement is partially embedded in carbonated and partially in non-carbonated concrete.  

Thermodynamics of corrosion 
Thermodynamics allows to determine whether a certain metal exposed to specific conditions may dissolve 
(corrode) or will not dissolve. Thermodynamics does not provide information about the rate of metal 
dissolution (corrosion). Corrosion in reinforced concrete structures is usually assumed to be composed of 
two half-cell reactions, the oxidation of a metal (iron) and the reduction of oxygen (or hydrogen). To 
determine the corrosion likelihood, Nernst equation, the potential analogue to Gibbs equation, is used, see 
Eq. 1.  

  Eq. 1 

Where 

  

    

   

  

  

  

 

reversible potential [mV]

standard half cell potential [mV]

ideal gas constant [8.314 J/(mol Kelvin])

temperature [Kelvin]

number of electrons involved in the corrosion reaction [equi.]

product of the activities of reactions products divided by the product of activities of the
reactants 
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An equilibrium diagram, also named Pourbaix diagram, is a graphic representation of the Nernst equation. 
A Pourbaix diagram is used for distinguishing the different states in which a metal exposed to a certain 
electrolyte can be found [26]. Three states are possible in a Poubaix diagram. Active state means that stable 
corrosion products are soluble in the aqueous medium, passive state occurs when the stable species are solid 
products which deposit to a certain thickness over the metal surface, and immune state is the situation where 
the metal is not dissolved. It should be noted that a Pourbaix diagram gives information about the stability 
of different corrosion products of a metal submerged in an aqueous environment based on thermodynamic 
calculations assuming equilibrium. The Pourbaix diagram applied to reinforcement embedded in concrete 
is usually determined for pure iron in water [27]. However, the pore solution composition of concrete is a 
complex electrolyte [18] and could influence the equilibrium conditions. Other factor to be considered is 
the concentration of iron dissolved in the electrolyte [27]. 

The corrosion potential (or mixed potential) is determined by the rates of the oxidation and the reduction 
reactions. The open circuit potential (OCP) is the case when the oxidation and reduction reaction rates are 
equal (e.g. no external polarization). Steel embedded in sound aerated concrete presents OCP in the range 
of 100 to -200 mV vs. CSE, while once the concrete is carbonated the OCP range shifts to -200 to -500 mV 
vs. CSE [24]. The OCP of steel embedded in concrete is affected by the corrosion products formed, moisture 
content of concrete (concrete resistivity and oxygen content), presence of chloride or carbonation (reduced 
pH compared to sound concrete) among others [24]. It should be emphasised that OCP gives an indication 
of the corrosion likelihood, not the kinetics of the corrosion process. 

Kinetics of corrosion 
The current density (icorr) of reinforcement embedded in concrete can be calculated using the Stern-Geary 
equation, as presented in Eq. 2. This equation was developed for uniform corrosion on which both anodic 
and cathodic reactions were activation-controlled [28]. The icorr is calculated dividing a proportionality 
constant (B) by the polarization resistance (Rp). B depends on the slopes of the anodic and cathodic 
polarization curves. For steel embedded in concrete, tabulated B values are 56 mV for passive steel and 26 
mV for active steel [29]. The Rp is the slope of the potential-current relationship of the reinforcement when 
polarizing the metal a small range around the OCP. Various methods can be applied to determine the Rp of 
steel embedded in concrete: linear polarization resistance technique (LPR), potentiodynamic polarization 
curves (PDP), galvanostatic pulse technique (GVP) or AC electrochemical impedance spectroscopy (EIS) 
among others. Paper S-VI discusses the influence of the measurement technique on the Rp.  

 Eq. 2 

Where: 

 : instantaneous current density [A/cm2] 

 : proportionality constant [V] 

: p 2] 

: slope of anodic polarization curve [V/decade] 

: slope of cathodic polarization curve [V/decade] 
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2.3. Concrete electrical resistivity 
The electrical resistivity ( ) of a material gives an indication of how much the material opposes to the flow 
of electric current. The electrical resistivity is calculated from the electrical resistance (R) applying a cell 
constant, as presented in Eq.3. The cell constant takes into account the electrical field distribution during 
the measurement. The cell constant can be determined analytically, numerically or empirically.  

 Eq. 3 

Where: 

 : electrical resistivity [ m] 

 : cell constant [m] 

: electrical ] 

The electrical resistivity can be measured using direct current (DC) or alternating current methods (AC). 
The use of DC methods is not recommended in concrete due to the polarization of the electrolyte [30]. AC 
methods have been used in concrete and depending on the condition of the concrete different frequencies 
are recommended [30]. External or embedded electrodes can be used for the measurement. Embedded 
electrodes are recommended to avoid moisture changes in the samples when performing the measurement. 

The addition of supplementary cementitious materials leads to higher -carbonated. 
The  of carbonated concrete was reported to be higher compared to non-carbonated concrete [30]. It is not 
clear if carbonated concrete containing blended cements presents higher  compared to carbonated PC. 
Appendix II includes carbonated electrical resistivity of PC and PCFA exposed to 90% RH. 
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3. Overview of used experimental techniques 
A summary of the experimental techniques used during the PhD study is presented. For further description 
of each technique the reader is referred to the Appended papers. 

3.1. Detection of carbonation 
Carbonation of concrete is usually detected spraying a pH indicator on a freshly split surface. The indicator 
shows a colour change depending on the pH threshold of the indicator, e.g. phenolphthalein becomes 
colourless below pH 8.5 and pinkish beyond 10. Phenolphthalein was classified as potentially carcinogenic 
[31], and alternative indicators have been introduced. Thymolphthalein was observed to give similar results 
[Paper A-I and S-I]. Thymolphthalein becomes blueish in the pH range 9-10.5 and colourless below it. 
Detecting carbonation with a pH indicator is simple, fast and economical. Once the sprayed indicator dries 
on a freshly split sample, carbonation depth is measured using a ruler according to EN-12390-10 [32]. 
However, this technique merely shows where the pH at a certain depth compares to the threshold of the 
indicator. It was argued that the pH threshold determined in a solution may differ when the indicator is 
applied to concrete, as the ions present in the concrete may interfere [33]. 

Carbonation can be investigated by thermogravimetric analysis (TGA) on homogenized profile ground 
samples [34]. TGA consists of monitoring the weight changes of the samples while heating up (e.g. from 
room temperature to 900°C). TGA allows to quantify compounds of known thermal reaction such as CH 
(due to dehydroxylation) or CC (due to decarbonation). CH shows usually a well-defined dehydroxilation 
peak in the range of 400 to 500°C. The decarbonation temperature of CC varies depending on the amount 
and polymorphs [35]. A TGA curve shows the weight changes during the heating and the derivative curve 
(DTG) the slope of the change in weight. 

Crystalline phases such as CH and CC polymorphs can be investigated by X-ray diffraction (XRD) [36]. 
When using XRD, a crystalline material emits a characteristic pattern, which is related to the crystal 
structures and enables identificat CH and CC due to carbonation can 
be detected in homogenized profile ground samples. The CC polymorphs formed upon carbonation are 
aragonite, calcite and vaterite, which present different volume change compared to CH due to the crystal 
form. 

Carbonation can be detected on thin sections impregnated with fluorescence dye using an optical microscope 
[37]. When using crossed polarized light, carbonated areas appear opaline and bright in colour while non-
carbonated areas appear dark. When using fluorescent light changes in capillary porosity can be investigated 
based on the greenish tone of the cement paste. 

The microstructure of cementitious materials can be investigated using Scanning electron microscopy 
(SEM) in the back scatter electron mode (BSE) on polished sections [38]. The denser the material the 
brighter the colour, e.g. air voids show a characteristic black colour. Differences in elemental composition 
can be investigated using SEM-EDS (energy dispersive spectroscopy mode) point analysis. The elements 
in a certain interaction volume are analysed, e.g. 1 μm3. This volume comprises generally a mixture of 
cement phases. In order to be able to identify phases the results are expressed in ratios. Hence if a mixture 
of phases is analysed, the result should lie in between the ideal stoichiometry of these phases. 



Overview of the used experimental techniques    

8 

The pore solution composition can be determined using Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) [16]. First, the pore solution should be sampled, either by squeezing or cold leaching extraction 
methods [39]. The main elements which are found in the pore solution of concrete are Na, K, S, Ca, Al, Si, 
and Fe [18]. Carbonation lowers the pH of the pore solution and affects the composition [16].  

Carbonation can be detected based on changes in the electrical resistivity of concrete using sensors 
embedded at different depths as reported by [40]. In this study, we determined the electrical resistivity of 
carbonated concrete using different electrode arrangements and non-conclusive results were found. 

3.2. Detection of steel corrosion in concrete 
Thermodynamics of corrosion 
The open circuit potential is measured using a high-impedance voltmeter connected to a reference electrode 
(RE) and to the reinforcement (WE). The difference in potential between the WE and the RE is the OCP, 
which is related to the RE used. In this work different reference electrodes have been used: external saturated 
calomel reference electrode (SCE) supplied by Radiometer Analytical (France), embeddable ERE 20 
reference electrode supplied by Force Technology (Denmark), and pseudo-reference electrodes made of 
activated titanium mesh. 

Microcell corrosion, kinetics 
A potentiodynamic polarization curve (PDP) is the response of a metal when is potentiostatically polarized 
in both anodic and cathodic directions. A PDP gives a comprehensive view of the corrosion process: anodic 
and cathodic polarization curves. Anodic and cathodic Tafel slopes can be determined and the corrosion 
current can be obtained by fitting tafel lines to the response (crossing point). The anodic slope in carbonated 
concrete is a straight line with a slope between 60 to 120 mV/decade, and the cathodic reaction in aerated 
concrete depends on the moisture content according to [14].  

The polarization resistance methods allow to determine the instantaneous current density. The techniques 
used in this study are described: 

 Linear polarization resistance technique (LPR). The Rp is determined by polarizing the steel 
potentiostatically in the range of 10-25 mV in both anodic and cathodic directions [41]. The Rp is defined 
as the slope of the response. If both anodic and cathodic reactions are activation-controlled, linear 
relationship between current density and potential should be observed. The Rp determination using LPR 
is highly dependent on the ohmic drop (R ) between the WE and the RE, as both are included in the 
response.  

 Galvanostatic pulse technique (GVP). The Rp is determined by polarizing the embedded steel 
galvanostatically, e.g. Glass et al. proposed 15 mV [42]. The transient while the steel goes back to the 
OCP is recorded and the Rp can be obtained by fitting an equivalent circuit [41].This technique allows 
to break down the recorded response into the polarization of the reinforcement and the concrete 
contribution (R ). 

 AC electrochemical impedance spectroscopy (EIS). The corrosion process of the concrete-
reinforcement system is investigated by applying a sinusoidal alternating potential signal, e.g. ±10 mV, 
at varying frequencies. The bulk (concrete) properties are observed in the high frequency range while 
the electrode (concrete-reinforcement interface) properties in the low frequency range [43]. The Rp can 
be obtained from the low frequency response. 
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Macrocell corrosion, kinetics 
The galvanic current flowing between the active and passive steel (electrodes) can be determined coupling 
the electrodes using a zero resistance ammeter (ZRA). 

Total current density 
The total current density or total corrosion rate of a system, is the oxidation rate of the metal related to the 
anodic area. In the case of microcell corrosion, the dissolution of the metal is related to the exposed area. In 
the case of macrocell corrosion, the galvanic current is related to the anodic (depassivated) area. If both 
microcell and macrocell corrosion take place on the same metal, they should be quantified separated as they 
affect different areas [44].  

Gravimetric loss (GL) allows to investigate the average total corrosion rate in a destructive way. Only the 
average corrosion rate during the total exposure time can be estimated. The steel is weighted before 
embedding it in concrete and after the exposure. The accuracy of the measurement depends on the cleaning 
as well as on the initial measurement. Additionally, GL allows to investigate the corrosion morphology and 
the distribution. A similar approach is to determine the volume loss instead of gravimetric loss as presented 
in [45].  

3.3. Concrete electrical resistivity 
The electrical resistivity of concrete/mortar was determined using EIS. The resistance was attributed to the 
point with the lowest phase angle of the Nyquist plot. The resistivity was calculated applying a cell constant 
determined on electrolyte of known conductivity. Both external and internal electrodes were used in samples 
of different size and geometry. 
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4. Overview of the work 
Table 1 presents a detailed description of the different setups related to the propagation of corrosion 
investigations. 

Table 2 presents an overview of the PhD study. It is structured in three sections according to the corrosion 
condition of the embedded reinforcement: initiation period (carbonation propagation, no corrosion), 
corrosion onset (initiation of corrosion), and propagation period (active corrosion).  

Table 1: Description of the corrosion propagation investigations 
Geometry 

[mm] 
Cover 
[mm] Materials 

Exposure 
Topic Paper/ 

Appendix Carbonation Corrosion 

240x120x2604 20 

Concrete  
(CEM II/B-V) 
Ribbed carbon 
steel, Ø 16 mm 

20oC, 
90% RH, 
5% CO2 

20oC,  
90% RH, 
5% CO2 

Microcell and 
macrocell 

corrosion in 
carbonated 

PCFA 

Appendix III 

60x120x260 20 

Concrete 
(CEM I,  

CEM II/B-M, 
CEM II/B-V) 
Ribbed carbon 
steel, Ø 16 mm 

20-25oC, 
60% RH, 

100% CO2 

20-25oC, 
Wet-

drying 

Microcell 
corrosion in 
carbonated 

PCFA 

Paper S-VIII 
 

Appendix IV 

60x120x260 
+ 

70x120x260 

20 
+ 
30 

Concrete 
(CEM I,  

CEM II/B-M, 
CEM II/B-V) 
Ribbed carbon 
steel, Ø 16 mm 

20oC, 
60% RH, 

100% CO2 

20-25oC, 
 

Microcell and 
macrocell 

corrosion in 
carbonated 

PCFA 

Paper A-IV 

 

 

                                                      
4 The samples were not fully conditioned by the end of the current study. Appendix III presents a description and 
preliminary data 
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5. Main findings
The main findings are discussed according to the objectives presented in Section 1.1 and repeated below.

The objective of the PhD study was to improve the understanding of carbonation-induced corrosion in
reinforced concrete structures containing fly ash blends. The following objectives were identify:

1. Initiation period and properties of carbonated concrete
a) Select technique for the PhD study and service life prediction
b) Quantify the impact of accelerated carbonation on microstructure and phase assemblage

2. Corrosion onset
a) Identify the lack of knowledge in the current discussion on the relationship between the location

of the carbonation front and the initiation of corrosion
3. Propagation period

a) Study the role of fly ash on corrosion propagation in carbonated concrete covering both
microcell and macrocell corrosion

4. Discus the implications for service life prediction 
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5.1. Initiation period and properties of carbonated concrete 
A literature review on carbonation characterization was prepared including experimental analysis of mortar 
samples exposed to 20°C, 60% RH and 1.5% CO2 [Paper A-I]. The carbonation front was defined as the 
area/volume in which the measured property changes due to carbonation. The carbonation front is described 
by its width: a limited width leads to a sharp carbonation front. The carbonation depth spatial distribution 
can be defined by the average, standard deviation and range using a pH indicator. We observed that the 
carbonation depth detected using thymolphthalein compared to phenolphthalein in PC and PCFA [Papers 
A-I, S-I, S-XI]. Additionally, carbonation was detected using TGA and optical microscopy in the same 
materials. The methods yield to comparable carbonation depths considering the spatial variation [Paper A-
I].  

In contrast to expected, similar amount of carbonates were formed upon carbonation of PC and PCFA 
mortars exposed to 20°C, 60% RH and 1.5% CO2 determined using TGA. A difference in the degree of 
hydration (lower for the PC) was found to be the reason [Paper S-II].  

Mortars w/c of 0.55 containing PC and PCFA were prepared and exposed to 20°C, 60% RH and 1% CO2 
[Paper A-II]. The pore solution was analysed using CWE and ICP-MS, carbonation depths determined using 
pH indicators (phenolphthalein and thymolphthalein), and the solid phases were investigated using TGA in 
ground profiles. When the mortars were not carbonated, the PC samples presented higher amount of free 
alkali metals (Na and K) in the pore solution than the PCFA. Carbonation induced a decrease in the free 
alkali metal content and led to similar chemical composition in the two cements. The decrease in the free 
alkali metal content compared to the carbonation depths measured with pH indicator and CH-CC profiles 
determined using TGA when considering the spatial variation of the carbonation front. The decrease of the 
free alkali metal ions upon carbonation was attributed to their sorption by decalcified C-S-H.  

The influence of carbonation on the electrical resistivity of concrete was investigated in [19, Appendix II]. 
The resistivity of non-carbonated PCFA concrete is higher compared to PC, and the higher the fly ash 
content the higher the difference in electrical resistivity when exposed to the same environment. The 
electrical resistivity of carbonated concrete was similar when comparing carbonated PC and PCFA exposed 
to 90% RH [Appendix II] or in capillary saturated condition [S-VIII].  

The influence of the exposure condition on the microstructure and phase assemblage in carbonated concrete 
was investigated in [Paper S-V]. Concrete/mortar samples were prepared with w/c of 0.55 differing in fly 
ash content (0, 18 or 30%). The microstructure upon carbonation, investigated with optical microscopy, was 
similar for the concrete samples exposed to natural (XC3), 60% RH and 1% CO2, or 90% RH and 5% CO2. 
Local variations in the microstructure in the carbonated samples were attributed to inhomogeneities prior to 
carbonation. TGA indicated that the phase assemblage of samples carbonated at 1% and 100% CO2 (60% 
RH, 20°C) presented comparable solid phases. However, the samples exposed to 100% CO2 had a reduced 
peak(s) in the temperature range 100-200°C (corresponding to C-S-H, AFt, AFm and gypsum) and an 
increased peak in the carbonate range, indicating a higher degree of carbonation than the samples carbonated 
at 1% CO2. SEM-EDS point analysis showed that the outer reaction products formed upon carbonation were 
independent of the exposure condition (XC3, 60% RH and 1% CO2, or 90% RH and 5% CO2) and cement 
type tested. The pore solution analysis of the carbonated samples showed that the free alkali metal content 
was reduced upon carbonation, while sulphur and chlorine were released into the pore solution. When 
comparing the influence of exposure condition, carbonation at 100% CO2 led to a similar amount of free 
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alkali metals, and a higher amount of sulphates were found in the pore solution compared to the 1% CO2 
exposure. The impact of accelerated carbonation on the chloride content was non-conclusive. The increased 
sulphate content in the pore solution upon carbonation suggests further carbonation of the cement hydration 
phases containing sulphate (e.g. AFm and AFt), which is supported by TGA. According to the literature, 
carbonation up to 3% CO2 (RH<75%) is representative for natural carbonation (no data on carbonation 
above 75% RH was found). Based on our data the range could be extended up to 5% CO2. In agreement 
with literature reporting increased degree of carbonation at 10% and 100% CO2,we found slightly increased 
degree of carbonation of samples carbonated at 100% compared to samples carbonated at 1% CO2. 
Considering the impact of different exposure conditions, it should be noted that the influence of the exposure 
conditions was minor compared to the changes upon carbonation (from non-carbonated to carbonated 
condition). 

Summary of the findings related to initiation period and properties of carbonated concrete  

For the tested materials and exposure conditions the following conclusions were drawn:   

 pH indicator thymolphthalein allows to determine the spatial variation of the carbonation depth 
 Carbonation depth measured using thymolphthalein compared to carbonation depth determined 

using optical microscopy, calcium hydroxide to calcium carbonate profiles determined using 
thermogravimetric analysis and free alkali metals (Na, K) in the pore solution determined using 
cold water extraction 

 Electrical resistivity of carbonated PC and PCFA concrete exposed to 90% RH or capillary saturated 
condition compared 

 Carbonation up to 5% CO2 appears representative for natural carbonation. An increased degree of 
carbonation determined using thermogravimetric analysis and an increased content of sulphate in 
the pore solution determined using cold water extraction were observed at 100% CO2. However, it 
should be noted that the impact of the various exposure conditions was minor compared to the 
changes upon carbonation (from non-carbonated to carbonated condition) 
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5.2. Corrosion onset 
A literature review of the carbonation-induced corrosion onset [Paper A-III] showed that there are 
discrepancies regarding the location of the carbonation front and the time when corrosion starts. There seems 
to be an agreement that corrosion starts before the carbonation depth compares to the concrete cover. 
Reinforced mortar samples containing PCFA were exposed to 20°C, 60% RH and 1.5% CO2 until 
carbonation initiated corrosion. The open circuit potential (OCP) of the embedded steel was monitored and 
the carbonation development was followed by periodically spraying freshly split or dry-cut samples with 
thymolphthalein. The microstructure of the mortar around the rebars was investigated using optical 
microscopy on thin sections. 

The carbonation development differed in plain and reinforced samples: higher carbonation depths were 
measured in the vicinity of the reinforcement. Based on optical microscopy, we concluded that the potential 
reason was a difference in the microstructure of the matrix in the vicinity of the reinforcement. The spatial 
variation of the carbonation depth considering the influence of the reinforcement could explain the apparent 
early onset of corrosion reported in the literature.  

The carbonated fraction of the mortar-steel interface was determined and compared with the open circuit 
potential of the reinforcement right before examining the samples. A relationship between the OCP and the 
carbonated fraction of the concrete (mortar)-steel interface was observed. The higher the carbonated fraction 
of the interface the lower the OCP. This relationship illustrated that corrosion does not start until the concrete 
(mortar)-steel interface is carbonated. However the relationship it is not necessarily universal as depends on 
parameters such as moisture, concrete cover, cement composition or corrosion products among others. 

The influence of carbonation on the pore solution was modelled and the influence of these changes on 
corrosion initiation and propagation was discussed [Paper A-II]. The predicted [Cl-]/[OH-] compared to the 
suggested critical threshold given in literature for a pH as high as 12.5 due to the decrease in the hydroxyl 
concentration upon carbonation. Moreover, the [Cl-]/[OH-] is in the range of 100 for the  actual carbonation 
of the samples (exposed to 20°C, 60% RH, 1% CO2). According to the literature, high corrosion rates (10 
μA/cm2) were measured on carbon steel exposed to simulated pore solution within this [Cl-]/[OH-] [47]. It 
should be note that the [Cl-]/[OH-] can become high either due to a reduction in the [OH-], e.g. carbonation, 
or due to increased amounts of [Cl-], e.g. chloride penetration. The two cases may differ in corrosion 
mechanism. Additionally sulphur is realised in the pore solution, which is detrimental for corrosion of 
carbon steel. However, investigations on the role of sulphates on corrosion are limited. In addition the 
potential impact of combining chlorides and sulphates in the pore solution could increase the probability of 
corrosion. The modelled amount of carbon in the pore solution varied upon carbonation. For the actual 
carbonation of the samples, the carbon concentration was lower compared to the original for both cements. 
According to the literature, reduced amount of carbon promote active corrosion. In addition, the modelled 
carbonate to bicarbonate ratio was below 1 indicating that bicarbonates started to be predominant for the 
actual carbonation of the samples. Higher amount of bicarbonates increases the corrosion rate of carbon 
steel. 

  



Main findings    

16 

Summary of the findings related to corrosion onset 

 Corrosion did not start until the concrete (mortar)-steel interface was carbonated as identified using 
pH indicator thymolphthalein 

 A relationship between the carbonated fraction of the mortar-steel interface (as identified using 
thymolphthalein) and the open circuit potential was observed 

 The spatial variation of the carbonation depth when considering the influence of the reinforcement 
might explain the apparent early onset of corrosion reported in the literature 

 Carbonation causes a decrease in the hydroxyl concentration, variations into the carbon content, a 
decrease in the carbonate-to-bicarbonate ratio, and a release of detrimental ions such as sulphates 
and chlorides in the pore solution. This strongly increases the probability of corrosion and the 
corrosion rate compared to non-carbonated pore solution 
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5.3. Propagation period 
A literature review of the corrosion rate determination in carbonated concrete was prepared [Paper S-VI]. 
The polarization resistance of reinforcement embedded in carbonated concrete was determined using 
different techniques (LPR, GVP and EIS) and reference electrode locations (embedded or external). A three-
cell corrosion arrangement probe was used which consisted of a working electrode (reinforcement), an 
external counter electrode (titanium mesh), and either an embedded pseudo-reference electrode or an 
external saturated calomel reference electrode. LPR without compensation requires knowledge on the ohmic 
drop (the automatic compensation feature for LPR measurement of the equipment used in this study was 
found not suitable). EIS resulted in slightly higher Rp compared to LPR which may be related to the fitting 
of the data. GVP was found the most suitable technique as it can be executed in a short time and gives 
separated information on the ohmic drop and the polarization resistance -

. The location of the reference electrode only influenced 
the ohmic drop. The determined polarization resistance for the three methods was comparable when the 
ohmic drop was taken into account. 

A collaborative study with POLIMI [Paper S-VIII] was performed to investigate the relationship between 
current density and the electrical resistivity in carbonated concrete, and a supplementary discussion is 
presented in [Appendix IV]. An innovative approach was used to determine the electrical resistivity of 
concrete using post-embedded sensors [Paper S-IX]. This approach takes into account the influence of the 
contact material (grout). The corrosion activity (microcell) of reinforcement embedded in carbonated 
concrete samples exposed to wetting-drying cycles was investigated. Three different concretes differing in 
fly ash content (0, 18 or 30%) were prepared and carbonated at 100% CO2. Once carbonated, the samples 
were immersed in water until capillary saturated condition and subsequently exposed to drying in the 
laboratory. Microcell current density, open circuit potential, mass change (due to water evaporation) and 
concrete electrical resistivity were monitored. The relationship between the microcell current density and 
the electrical resistivity in carbonated concrete was in agreement with data previously reported in the 
literature. The icorr- the scatter of the measurements. 
The relationship between the open circuit potential and the microcell current density depended on the 
cement. For low current densities, the OCP-icorr trend of the PCFA samples compares to the trend of the PC 
samples, but shifted ca. 300 mV towards more positive values. In addition, there appears to be an impact of 
the sample position during the casting (bottom or top), especially for the PCFA samples. The OCP-icorr 

relationship changes for high current densities, especially for the OPC samples towards a more horizontal 
trend. Glass et al. [7] observed similar behaviour but they did not discuss the observations. The potential 
parameters which could have influenced the OCP-icorr relationship are the pore solution composition, the 
pore structure (pore water availability), the steel-concrete interface characteristics, and electrical resistivity 
of carbonated concrete. As mentioned by Glass al. [7], the OCP-icorr data seems to mirror a cathodic 
polarization curve. From our understanding, this means that the anodic reaction is affected by the change in 
moisture in a much more pronounced way than the cathodic reaction. Overall, the corrosion process seemed 
to be under anodic resistance control regardless the cement type. 

The influence of fly ash on macrocell corrosion in carbonated concrete was not previously reported in the 
literature. We investigated the corrosion activity of reinforcement embedded in carbonated concrete samples 
with and without electrical connection to reinforcement embedded in non-carbonated samples (microcell 
and macrocell (face-to-face) corrosion were measured) [Paper A-IV]. The cathode-to-anode ratio was either 
1.6 or 5.0



Main findings    

18 

investigated differing in fly ash content (0, 18 or 30%). The microcell current density was slightly higher in 
the PCFA samples compared to PC when exposed to 100% RH. The macrocell current density was in all 
cases of the same magnitude as the microcell current density. Overall, the total current density was high 
independent of the cement. A simplified model based on the experimental observations was implemented 
and the governing partial processes (cathodic polarization of the passive steel, difference in potential 
between the passive and the active steel, and anodic polarization of the active steel.) depended on the 
cathode-to-anode ratio. This investigation included face-to-face macrocell corrosion which takes place 
between different reinforcement bars. When the same reinforcement bar is partially embedded in carbonated 
concrete (coplanar macrocell) similar consequences are expected. Further research is needed to understand 
how the microcell and macrocell corrosion develop over time in coplanar macrocell corrosion. 

The setup described in Appendix III was prepared to investigate microcell and macrocell corrosion in 
carbonated concrete exposed to constant conditions (90% RH). Only data from the PCFA concretes (18% 
and 30% FA) is available and indicates low microcell corrosion rates. 

Summary of the findings related to propagation period 

 The microcell current density was found to be slightly higher in carbonated PCFA compared to PC 
(same w/c of 0.55) when exposed to the same environment 

 The moisture content has large impact on the microcell corrosion current density 
 Macrocell current density was not negligible in carbonated PC and PCFA reinforced concrete 

exposed to 100% RH, cathode-to-anode ratio 1.6 or 5.0, distance between reinforcement bars 50 
mm. The higher the cathode-to-anode ratio the higher the galvanic current. 

 The total current density (microcell and macrocell corrosion) was high in PC and PCFA exposed to 
100% RH 

 The governing partial process in macrocell corrosion depends on the cathode-to-anode ratio 
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5.4. Influence for service life prediction 
A literature review describing carbonation models was prepared [Publication S-X]. The main parameters 
affecting carbonation resistance were summarized and some of the models were applied and compared to 
laboratory (mortars exposed to 20°C, 60% RH and 1.5% CO2) and field measurements (Norwegian 
exposure, XC3 and XC4). The predictions ranged from 50% less to 50% more for the laboratory data. Three 
out of four predictions were in the same range as most the points for the field data (Norwegian field 
structures). Structures exposed to class XC4 presented considerable scatter, suggesting that a statistical 
approach is needed considering the spatial distribution of the carbonation depth. 

A literature review on the propagation period (carbonation) models was prepared [Publication S-X]. The 
main parameters affecting corrosion were summarized. The review shown that most of the empirical models 
are based on limited experimental investigations and none of the reviewed models take into account the 
distribution of the corrosion products or the influence of the binder. Further research is required in order to 
understand if the binder plays a role in corrosion propagation both from the chemical point of view (pore 
solution) and the physical point of view (pore structure). We performed investigations in samples of 
different materials and geometry which were exposed to different conditions (see Table 1).  

The influence of the sampling technique on the carbonation depth distribution and the predicted service life 
was studied in Portland cement concrete with and without fly ash exposed to 20°C, 90% RH and 5% CO2 
[Paper S-IV]. The manual approach described in the current standard (EN-12390-10 [32]) was compared to 
an image analysis approach which includes a detailed description of the statistics of the carbonation depth 
spatial variation. It was observed that the manual approach leads to measurements which could be operator 

ach leads to a lower standard deviation. However, 
only limited impact of the sampling technique on the predicted service life was observed. The carbonation 

on 
 

The total corrosion rate (microcell and macrocell) is the value which should be used for service life 
prediction, otherwise a non-conservative prediction may be done. 

The PCFA has showed a shorter initiation period and slightly higher total (microcell and macrocell) current 
densities in the propagation period compared to PC (100% RH or water immersion). Thus the use of fly ash 
blends should be carefully assessed depending on the exposure conditions. It seems that fly ash should be 
avoided when carbonation is a treat and concrete is exposed to wetting-drying cycles (i.e. XC4). PCFA 
presents advantages compared to PC in other exposure conditions, e.g. marine environments, where PCFA 
has shown higher chloride penetration resistance compared to PC. 
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6. Conclusions 
Carbonation-induced corrosion was experimentally investigated on mortars and concretes containing 
Portland cement and fly ash blends. The cements were compared using the same w/c of 0.55. The curing 
conditions used in this investigation (2 weeks in sealed condition at 20°C) may have limited the reaction of 
the fly ash. The following conclusions were drawn: 

Initiation period (carbonation) and properties of carbonated concrete 
  
   

  
    

  
  

pH indicator thymolphthalein allows to determine the spatial variation of the carbonation depth
Carbonation depth measured using thymolphthalein compared to carbonation depth determined
using optical microscopy, calcium hydroxide to calcium carbonate profiles using thermogravimetric
analysis and free alkali metals (Na, K) in the pore solution determined using cold water extraction
Carbonation up to 5% CO2 appears representative for natural carbonation. An increased degree of
carbonation determined using thermogravimetric analysis and an increased content of sulphate in
the pore solution determined using cold water extraction were observed at 100% CO2. However, it 
should be noted that the impact of the various exposure conditions was minor compared to the 
changes upon carbonation (from non-carbonated to carbonated condition) 

Corrosion onset 
 A relationship between the carbonated fraction of the mortar-steel interface (as identified using 

thymolphthalein) and the open circuit potential was observed 
 Corrosion did not start until the concrete (mortar)-steel interface was carbonated as identified using 

pH indicator thymolphthalein 
 Carbonation causes a decrease in the hydroxyl concentration, variations into the carbon content, a 

decrease in the carbonate-to-bicarbonate ratio, and a release of detrimental ions such as sulphates 
and chlorides in the pore solution. This strongly increases the probability of corrosion and the 
corrosion rate compared to non-carbonated pore solution 

Corrosion propagation 
 Based on investigations performed on wet reinforced concrete (w/c=0.55), carbonated at high CO2 

concentration (100%), exposed to drying in the laboratory, the moisture content has large impact 
on the microcell corrosion current density. The microcell current density was slightly higher in 
carbonated PCFA compared to PC 

 Based on investigations performed on wet reinforced concrete (w/c=0.55), carbonated at high CO2 
concentration (100%), electrically connected to non-carbonated reinforced samples (cathode-to-
anode ratio 1.6 or 5.0), the following conclusions were drawn: 

o The macrocell current density was of the same magnitude as microcell corrosion  
o The total current density was high for all cements 
o The calculated relative contribution of the partial processes in macrocell corrosion 

depended on the cathode-to-anode ratio 
 Based on preliminary data retrieved from reinforced concrete samples exposed to 20°C, 90% RH, 

and 5% CO2 (no data for PC available) the following conclusions were drawn: 
o The microcell current density was low to negligible for PCFA 
o The microcell corrosion rate and the electrical resistivity determined in this set of samples 

was in line with the data determined in the samples carbonated at 100% CO2  
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Service life prediction 
  
  

The total (microcell and macrocell) current density should be used for service life prediction
Based on microcell current density measurements, the corrosion rate in carbonated PC and PCFA
concrete is only relevant at high moisture content 
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7. Future research 
Some of the samples were not fully conditioned during the PhD study. They will be kept and investigate 
when ready. The following aspects were not fully understood during the PhD study: 

Electrical resistivity of carbonated concrete: 

 The pore solution of carbonated concrete seems comparable regardless the fly ash addition. The 
pore structure of carbonated blended fly ash cement may not be that different either. For high 
moisture content the electrical resistivity could be comparable, and this moisture state is the one 
relevant for corrosion propagation. Further research is needed to understand this complex relation 
and give background for the use of electrical resistivity measurements as health monitoring tool. 

Reinforced concrete wall elements 1200x1500x250 mm, concrete cover 20 mm, were prepared containing 
the same cements used in the PhD studies. The walls are exposed to natural carbonation (XC3 and XC4) 
and corrosion rates will be determined when the carbonation front compares to the concrete cover. 

Microcell corrosion in carbonated concrete: 

 The corrosion rates are slightly higher in the PCFA compared to PC when exposed to the same 
external environment, is it a question of a difference in the internal moisture in equilibrium due to 
a different pore structure?  
Additionally the kinetics of the water uptake and drying may pay a decisive role in the propagation 
period of field structures. 

 Does the use of SCM influence the quality of the concrete-steel interface and thus the initiation and 
propagation of corrosion in carbonated concrete? 

Macrocell corrosion in carbonated concrete: 

 Is there a threshold in moisture which triggers galvanic corrosion? 
 Coplanar macrocell corrosion in the same reinforcement bar partially embedded in carbonated 

concrete was not study in this PhD. Based on the observations for face-to-face macrocell corrosion 
similar effect is expected 

Service life prediction.  

 Probabilistic prediction coupling initiation and propagation periods 
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Abstract 
The aim of this paper is to investigate the applicability of selected techniques for the 
characterization of carbonation in mortar samples: pH indicators (phenolphthalein and 
thymolphthalein), thermogravimetric analysis, X-ray diffraction, analyses of thin sections and 
polished sections. The results obtained by the different techniques on two mortars (w/b= 0.55; 
Portland cement (CEM I) and Portland fly ash cement (CEM II/B-V)) exposed to accelerated 
carbonation (20oC, 60% RH and 1.5% CO2) were compared. Spraying with a pH indicator and 
treating the data by image analysis provides characterisation of the carbonation depth which is in 
agreement with the other investigated techniques and data on the spatial variation of the 
carbonation depth. 
 
Key words: Carbonation, Portland fly ash cement, pH indicators, TGA, XRD, optical microscopy, 
SEM  
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1. INTRODUCTION 

 

Carbonation-induced corrosion causes premature deterioration of reinforced concrete structures. 
Carbonation is the spontaneous reaction between the CO2 present in the air and the cement paste. 
Carbonation causes, among others, a drop in the pH of the pore solution. Steel embedded in 
carbonated concrete is not passivated and may corrode [1]. 
 
Carbonation is a stepwise reaction which causes gradual changes in the cement paste. First CO2 
is dissolved in the pore solution and carbonic acid is formed. The carbonic acid reacts with the Ca 
ions from the different cement phases to form calcium carbonate (CC). Portlandite (CH) is the 
first phase to react, followed by monosulphate and ettringite. Calcium silicate hydrate (C-S-H) 
starts to release calcium once CH is consumed [2]. Carbonation of C-S-H seems to follow two 
steps: first calcium from the interlayer and defect sites is consumed and once the Ca/Si ratio is 
0.67, the calcium from the principal layers is consumed and amorphous silica gel is formed [3]. 
Additionally, unhydrated phases as alite and belite may carbonate [4].  
 
Table 1 gives an overview of the techniques found in the literature to study carbonation in 
cementitious materials. The techniques are briefly described below. 
 
The most common way to measure the carbonation depth in concrete is to spray a pH indicator 
on a freshly split surface and measure the depth at which a colour change takes place. Typically 
phenolphthalein (PHE) has been used (see e.g. EN 13295:2003 [5]). However, PHE was classified 
as potentially carcinogenic by the Norwegian Environment Agency in 2015 [6], and alternative 
indicators are being introduced. Thymolphthalein was observed to give similar results as PHE, 
see e.g. [7], or [8] where the same materials as used in the present paper were used.  
 
Spraying with a pH indicator allows determination of the depth at which the pH of the pore 
solution changes in the range of the used pH indicator. If more detailed information is required 
the actual pH of the pore solution (PS) can be determined. The pH of the pore solution is usually 
measured on pressure extracted pore solution samples by the use of a pH electrode, see e.g. [9, 
10]. McPolin et al. [11] measured the pH of the pore solution with a fibre optic sensor using based 
on sol-gel technology using either fluorescence life time measurements or absorbance 
measurements. 
 
Carbonation can be characterized by thermogravimetric analysis (TGA) on homogenized profile 
ground samples. The monitoring of weight changes while heating up the samples allows the 
quantification of compounds with known thermal reaction such as the dehydroxilation of CH or 
the decarbonation of CC. In the case of CC the decarbonation temperature varies depending on 
the polymorphs which are formed [12]. CC present in concrete arrives from different sources: the 
binder, the aggregates and carbonation. 
 
Fourier-transform infrared spectroscopy (FTIR) allows detecting carbonation by studying the 
characteristic absorption frequencies of carbon-oxide bonds. Changes reflect the carbonation of 
CH to form CC [13, 14]. 
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X-ray diffraction (XRD) allows the identification of crystalline phases such as CH and CC 
polymorphs. XRD applied to a crystalline material produces a pattern characterized by the peaks 
at varying intensities and diffraction angles, which are related to the crystal structures and enables 
its identification . When XRD is combined with Rietveld analysis the 
crystalline phases can be quantified [31]. Changes in crystalline phases due to carbonation can be 
detected. 
 
Changes in the microstructure due to carbonation can be studied on thin sections by the use of 
optical microscopy (OM) with crossed polarized light. Carbonated areas appear opaline and 
brighter in colour, while non-carbonated areas appear in darker colours. [32] Additionally, 
changes in porosity can be observed by the use of fluorescent light in thin sections prepared with 
fluorescent dye [33]. 
 
Scanning electron microscopy with energy dispersive spectrometry (SEM-EDS) on polished 
sections can be applied to study carbonation of cementitious materials [34]. Differences in 
morphology and elemental composition can be investigated by studying the signals emitted by the 
electrons interacting with the atoms of the sample [30]. Changes in CH content and in the  C-S-H 
composition due to carbonation can be investigated. However to observed changes in the C-S-H 
composition and morphology it is advised to use transmission electron microscopy (TEM) on ion-
beam milled samples [27]. 
 
Mercury intrusion porosimetry (MIP) allows characterisation of the porosity. The connected pore 
volume and pore entry sizes can be characterized by MIP [35]. A non-wetting fluid (mercury) is 
intruded into the pore structure under increasing pressure. The intruded pore size is determined 
using the Washburn equation (assuming cylindrical pores) [36]. Changes in porosity due to 
carbonation can be investigated. 
 
Magic-angle nuclear magnetic resonance spectroscopy (MAS-NMR) allows the identification of 
amorphous and crystalline phases. Depending on the nuclear-spin isotope studied, different phases 
can be quantified. If 29Si is used, changes in the silicate chain structure of the C-S-H caused by 
carbonation can be investigated [37].  
 
In addition to the above mentioned techniques, neutron diffraction (ND), see e.g. [24] or [38], and 
gammadensimetry ( ), see e.g. [23], have been used to study carbonation of cementitious 
materials. A discussion of the applicability of these methods is considered outside the scope of 
this paper.  
 
Finally, chemical analysis (CA) has been applied to detect carbonation of cementitious materials: 
e.g. Litvan and Meyer [17] estimated the amount of CC by digestion in sulfuric acid and Möller 
[21] determined CH and bound CO2 by acid digestion of ground powder dissolved in hydrochloric 
acid.  
 
The aim of this paper is to investigate the applicability of selected techniques for the 
characterization of carbonation in mortar samples. Special emphasis is paid to the phase 
composition. The following techniques were investigated: pH indicators (phenolphthalein and 
thymolphthalein) were sprayed on freshly split samples, thermogravimetric analysis and X-ray 
diffraction were performed on homogenized profile ground samples, analyses of thin sections by 
optical microscopy and polished sections using scanning electron microscopy. The study is part 
of a larger project on the improvement of the carbonation resistance of low clinker blends and 
service life prediction, especially of fly ash blends. 
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2. EXPERIMENTAL 
 
Figure 1 provides an overview of the applied experimental techniques and the sampling 
undertaken on the mortar prisms. 
 

 
Figure 1- Overview of the used techniques and sampling on CEM I and CEM II/B-V mortar prism. The blue or pink 
area indicates the non-carbonated mortar identified by thymolphthalein or phenolphthalein. 
 
 
2.1 Material 
Mortar prisms 40 x 40 x 160 mm with two binders were investigated. The binders were: CEM I 
containing 4% limestone powder and CEM II/B-V containing 30% fly ash and 4% limestone 
powder. Table 2 presents the chemical composition of the binders determined by XRF. The mortar 
composition (water-to-binder ratio 0.55) was 450 g binder, 1350 g standard CEN sand (dmax 2 
mm) and 247.5 g water per batch. The mortars were mixed and compacted according to EN 196 
[39]. The prisms were stored in the moulds covered with a plastic wrap at 20°C for 24 hours after 
casting. After demoulding, the prisms were wrapped in plastic and stored at 20°C for 13 days in 
a sealed container.  
 
Table 2- Chemical composition of the investigated binders determined by XRF [% by mass]. 

 Compound SiO2 Al2O3 Fe2O3 CaO MgO SO3 P2O5 K2O Na2O 
CEM I 20.4 4.8 3.4 61.7 2.2 3.5 0.2 0.9 0.5 
CEM II/B-V 29.5 10.8 4.5 44.6 2 3.2 0.4 1.1 0.5 

 
2.2 Exposure  
Fourteen days after casting, the mortar prisms were exposed for four weeks to accelerated 
carbonation conditions: 20 ± 0.5oC, 60 ± 1.5% RH and 1.5 ± 0.1% CO2. Note that the short curing 
period only allows for a limited degree of reaction of the fly ash [27]. 
 
2.3 Experimental techniques 
 
2.3.1 pH indicators 
Freshly split mortar surfaces were sprayed with PHE 1% and THY 1% solution. The solutions 
were prepared by dissolving 1 g of each indicator in 30 ml of deionized water and 70 ml of ethanol. 
Pictures were taken with a reflex camera fixed on a frame with constant light conditions. 
Carbonation depth was measured by image analysis using a colour thresholding principle. The 
differentiation of the carbonated zone and the non-carbonated zone, pinkish for PHE (pH <9.5) 
and blueish for THY (pH <10.5), was determined using different threshold colour values 

Mortar prisms Profile ground samples 
TGA & XRD

Thin + polished sections
OM & SEM

Split samples
pH indicators: THY & PHE
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depending on the indicator. The image analysis treatment comprised the following steps: scaling 
of the image, determining sample area and non-carbonated area, and measuring the carbonation 
depth. Thirty points were taken per side avoiding the corner effect (due to the ingress from two 
directions). 
 
Additionally THY 1% was sprayed on a freshly dry cut surface instead of a split surface to allow 
optical microscopy investigation.  
 
2.3.2 Thermogravimetric analysis 
TGA was performed on homogenized profile ground samples. To study carbonation as a one 
dimensional phenomenon, the lateral sides (10 mm on each) were removed by dry cutting before 
profile grinding, see Figure 1. The right (R) and top (T) side were studied. The outer 0-1 mm step 
was omitted as different paste content was expected. The grinding step was 1 mm for the first 10 
mm and 2 mm-step for the rest of the sample. The TGA was performed with a Mettler Toledo 
TGA/DSC 3+, on samples of approximately 300 mg loaded in aluminum oxide crucibles. The 
samples were heated from 40 to 900oC at a rate of 20oC/min while the oven was purged with N2 
at 50 ml/min. The weight loss of the samples was monitored as a function of the temperature. The 
amounts of CH and CC were calculated following equation (1) and (2): 
 

  (1) 

   
 

(2) 

 
2.3.3 X-ray diffraction 
Ground mortar samples from the carbonated area (depth 1-2 mm) were investigated by XRD. The 
powder was sieved (300 m) and front loaded for analysis with a D8 DaVinci diffractometer from 
Bruker. The following parameters were used: angle range 7-55 o2 , step width 0.01 o2 , time per 
step 0.5 s, axial soller 2.5o, rotation 30 min-1, radiation 1.54 Å (K  Cu) and generator 40/40 
kV/mA. 
 
2.3.4 Optical microscopy 
Thin sections were studied by an optical microscope Nikon Eclipse LV 100 POL. CH and CC 
crystals were observed using crossed polarized light. Porosity changes due to carbonation were 
studied by comparing the intensity of the fluorescent light transmitted through the sample. 
 
2.3.5 Scanning electron microscopy 
Polished sections were investigated by a scanning electron microscope Quanta 400 ESEM from 
FEI, operated at high vacuum mode and accelerating voltage of 20 keV. Images were taken in 
back scatter electron (BSE) mode. 
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4. RESULTS 
 
4.1 Terminology 
Figure 2 introduces the used terminology and symbols applied in this paper: 
 
 The carbonation depth (xc,i

which a colour change is observed on a freshly split sample sprayed with a pH indicator. The 
carbonation depth is described by the spatial variation: 

o Average ( ) 
o Median ( )  
o Range ( ) 

 The carbonation front is the area/volume in which the measured property (e.g. pH, CC and 
CH content) changes due to carbonation. The carbonation front is described by its width (wx) 
 

 
Figure 2- Used terminology to describe carbonation. Left: carbonated and non-carbonated mortar identified by pH 
indicator (THY); xc,i: carbonation depth at 
CC content determined using TGA; wx: width of the carbonation front. Note that the width of the carbonation front 
depends on the measured property. 
 
4.2 pH indicators 
Carbonation depth estimated by the pH indicators show clear differences depending on the 
investigated side of the prisms: lateral and top sides showed similar carbonation depths, while the 
bottom side gave lower values. Similar observations were made on cut surfaces. Figure 3 
illustrates the variation of carbonation depth across and along a mortar prism.  
 

 
Figure 3- CEM II/B-V samples sprayed with pH indicators. Left: longitudinal section sprayed with TH. Middle: cross 
section sprayed with THY. Right: cross section sprayed with PHE. 
 
Figure 4 presents the carbonation depth histograms for both mortars sprayed with THY. It can be 
observed that if the data is split into bottom side and the rest of the sides, then it tends to distribute 
as a normal distribution. In the case of the bottom side as the number of points is smaller the 
tendency is not as clearly observable as with the lateral and top side plot together. Data from the 
bottom sides are not included in this study for the comparison of the techniques.  
 
Figure 5 illustrates the spatial variation of carbonation depth determined by the two pH indicators. 
Both PHE and THY showed clearly defined carbonation fronts and yielded similar carbonation 

xc,i

Carbonated

Non-carbonated

wx
Carbonation front

CC

CH

40  m
m
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distributions. The range ( x) is comparable to the maximum grain size of the used aggregates (2 
mm). As expected, the mortar with CEM II/B-V binder showed lower carbonation resistance 
compared to the mortar with CEM I. The values represent combined data from the lateral and top 
sides.  
 

 
Figure 4- Histograms of CEM I and CEM II/B-V samples sprayed with THY. Left: all four sides. Middle: bottom side. 
Right: lateral and top sides. 
 

 
Figure 5- Spatial variation of carbonation depths: lateral and top sides of CEM I and CEM II/B-V mortar samples 
determined using THY and PHE. Boxes: values from the second to the third quartile and , whiskers: x, grey bars: 

. 
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4.3 Thermogravimetric analysis and X-ray diffraction 
Figure 6 (left) presents an example of both mass loss and derivative curve for a non-carbonated 
sample (dark) and a carbonated sample (grey) determined by TGA. The carbonate peak for the 
carbonated sample (450-850 oC) presented different shoulders. One of the possible explanations 
could be the presence of different CC polymorphs. However, only calcite was observed by XRD. 
The broad range of decomposition temperatures for the CC can be attributed to variations in 
crystallinity, differences in participle size, and a large amount CC present e.g. [23, 12, 40].  
 
Ground powder taken from the carbonated area (depth 1-2 mm) of both mortars was analysed by 
XRD (see Figure 6 right), in order to identify potential CC polymorphs. Three different 
polymorphs can be found in concrete: calcite, vaterite and aragonite [41]. Due to the presence of 
the sand in the ground mortar samples, the spectrum was dominated by quartz peaks, complicating 
the identification of other crystalline phases. Nonetheless, for both mortars, calcite was the main 
CC polymorph which was observed, while the presence of vaterite and aragonite could not be 
confirmed. No distinct diffraction peaks related to CH could be observed in the carbonated 
sample. 
 
Figure 7 gives the derivative curves for the investigated depths from the right side of CEM II/B-
V. The amounts of CH and CC determined by TGA on the different profile ground sections are 
shown in Figure 10. The typical error for the CC estimation was not larger than 0.4% points and 
0.3% points for the CH estimation. The error of position is considered the grinding step; 1 mm 
for the first 10 mm and 2 mm for the rest of the sample.  
 

   
Figure 6- Left: weight loss in % of weight at 850 oC (TGA, solid) and differential weight loss (DTG, dotted) of non-
carbonated sample, depth 12-14 mm (black), and carbonated sample, depth 1-2 mm (grey) of CEM I. Right: XRD 
pattern of the carbonated samples, depth 1-2 mm. 
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Figure 7- Differential weight loss (DTG) curves for sample CEM II/B-V right side at the different homogenized profile 
ground depths 
 
4.4 Microscopy 
Figure 8 presents the images taken by the optical microscope on cut sections (normal light) and 
thin sections (cross polarized light), and by SEM in BSE mode on polished sections. CO2 
penetrated from the top side inwards. Note that the images of the cut section give an overview of 
the carbonation front while the images of both the thin and the polished sections are focused on 
the transition from carbonated to non-carbonated mortar using higher magnification. 
 
The normal light pictures demonstrate the sharpness of the front assessed by THY. In addition, 
the pictures show the spatial variation of the carbonation depth over the width of the samples and 
how the carbonation depth is affected by the presence of air voids and sand grains. 
 
Under cross polarized light in the optical microscope, CC crystals were observed in the carbonated 
zone, rendering the paste opaline and brighter in colour. In the non-carbonated area, CH crystals 
were observed as bright and colourful spots in the darker surrounding sound paste. A relatively 
sharp transition from carbonated to non-carbonated paste was observed. In addition, the spatial 
variation of the carbonation front and the impact of aggregates are once more demonstrated. The 
range of the carbonation front determined by optical microscopy using cross polarized light is 
presented in Table 3.  
 
Table 3- Carbonation depth range ( x) determined by optical microscopy. 
 CEM I Top CEM I Right CEM II/B-V Top CEM II/B-V Right 

x [mm] 4-5.5 3.5-4.5 6-7 6-7 
 
Changes in the microstructure caused by carbonation were difficult to observe by the use of SEM. 
The absence or presence of CH indicates the position of the carbonation front. However, neither 
clear difference in grey tone nor morphology of hydrates could be observed between carbonated 
and non-carbonated paste. This is further discussed in [40]. However, Shi et al. [30] observed 
clear differences in the microstructure between carbonated and non-carbonated paste using SEM-
BSE.  
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Figure 8 - Pictures taken by optical and scanning electron microscopy. Carbonation from the top side. Images of thin 
sections taken by Marit Haugen and images of polished sections taken by Ulla H. Jakobsen. 
 
Figure 9 presents the images taken on the thin sections by the optical microscope using 
fluorescence light. The porosity, investigated using UV light transmitted through the fluorescent 
impregnated thin sections did not seem to be affected by carbonation for any of the mortars. The 
images indicated no major changes in porosity due to carbonation in any of the mortars. The 
darker spots observed in the thin section were due to the penetration of form oil and should not be 
mistaken for densifications. This is in disagreement with the expected change in porosity [1]. The 
w/b at 0.55 is considered at the limit to estimate changes porosity by the eye, for high w/b more 
sophisticated methods should be used [32, 33]. 
 

 
Figure 9- Pictures of carbonated mortar taken by optical microscopy with fluorescence light on the thin section. 
Images taken by Marit Haugen. 
 
 

  

CEM I

CEM II/B-V

1 mm 1  mm1 mm

Cut section,
normal light

Thin section, 
crossed polarized light

Polished section, 
SEM-BSE

CEM I: top and right sides CEM II/B-V: top and right sides

1 mm1 mm 1 mm 1 mm
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5. DISCUSSION 
 

The carbonation characterization obtained by THY, TGA and optical microscopy are compared 
in Figure 10. For TGA, carbonation was characterized by a decrease in the CH content and an 
increase in the CC content. When comparing the results of the different techniques, the sampling 
process should be kept in mind. When profile grinding (as in the case of TGA), the content of the 
different phases is homogenized over the depth of the step (1 or 2 mm), thereby averaging the 
spatial variations. A split section (THY) or thin section, on the other hand, shows the spatial 
variation, but only represents a limited section of the mortar sample. Additionally, the comparison 
is also influenced by the spatial variation of carbonation in the longitudinal axes of the prism: 
each technique was applied to the same mortar sample, but on different sections (see Figure 1). 
From Figure 10, it can be seen that the carbonation depth determined by THY and the depth of 
CH depletion determined by TGA are in relatively good agreement when considering the impact 
of sampling. Using TGA an apparent gradual change of phases can be observed. For the CEM I 
mortar the width of the carbonation front determined by TGA can be explained by the spatial 
variation of the carbonation depth observed by THY, but could also be due to kinetics. For the 
CEM II/B-V mortar CC are formed at deeper depths. From Figure 10, it can also be seen that the 
carbonation depth determined by THY and optical microscopy are in relatively good agreement.  
 
Chang and Chen [14] investigated concrete samples made with Portland cement with w/b=0.65 
exposed to accelerated carbonation for 8 and 16 weeks (23oC, 70% RH and 20% CO2). They 
assumed that the carbonation depth determined by TGA was the depth where the CC content 
approached the bulk content of the non-carbonated material (which is deeper than the depth of 
CH depletion considered above). Using their definition the carbonation depth by TGA was for the 
investigated material and exposure found to be twice as deep compared to the one obtained with 
PHE. Shi et al. [30] compared PHE and TGA for mortars prepared with binders with calcined clay 
and limestone exposed to accelerated carbonation (20oC, 57% RH and 1% CO2). They also 
observed that CC were found deeper compared to the carbonation depth obtained by PHE, e.g. 
Portland cement mortar with limestone addition (30%) cured for 90 days showed after 90 days of 
exposure a carbonation depth of 8 mm determined by PHE while the plateau of the CC was found 
at a depth of 10 mm. Litvan and Meyer [17] observed that the CC approached the bulk content up 
to 15 mm inwards while the PHE colour changed was close to 5 mm in a Portland cement concrete 
exposed to natural carbonation for 20 years.  
 
Comparing the TGA data for the two cements it can be observed that CH is contributing to 
carbonation to a larger extent in the CEM I mortar than in the CEM II/B-V mortar. The CO2 
binding capacity of the two cement types is discussed in a separate paper [40]. 
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Figure 10- Carbonation characterization by the use of THY (continuous line: , dotted lines: x), TGA (CC: squares, 
CH: diamonds) and optical microscopy (shady area: x). The horizontal axis represents the depth (0 outer surface 
and positive inwards) while the vertical axis presents the CC content to the left and CH content to the right in each 
graph. Note the difference between the scales for CC and CH. The typical error for the CC estimation was not larger 
than 0.4% points and 0.3% points for the CH estimation. The error of position is considered the grinding step; 1 mm 
for the first 10 mm and 2 mm for the rest of the sample.  
 
Table 4 presents a summary of the applicability of the techniques and sampling used to investigate 
carbonation in this study. The carbonation front seems to be steep for the examined mortars and 
exposure. Carbonation characterization using THY sprayed on a freshly broken surface was found 
to be well in agreement with the optical microscopy and thermogravimetric analysis. THY was 
found to be the most economic and simple technique to apply, which together with the image 
analysis gives statistical information for service life design.  
 
Table 4 - Comparison of the investigated techniques. Brackets: limited information. 

 Technique Measured property Spatial variation of 
carbonation depth 

Width of the 
carbonation front 

Cost - 
Complexity 

pH indicator pH (threshold) Yes [Yes] Low 
TGA CH, CC No Yes Med 
XRD CH, CC polymorphs Not investigated Med 
OM Porosity, phases Yes Yes High 
SEM Porosity, phases [Yes] [Yes] High 
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When using carbonation data for probabilistic modelling of service life, statistical data are 
required. Maage and Smeplass [42] proposed to use a normal distribution for carbonation depth 
in connection with service life prediction. The statistical treatment of the carbonation depths 
determined by THY (see, Figure 4) suggests that carbonation depths are distributed in two groups 
for the tested materials and exposure. It was found that if lateral plus top side were plot together 
and the bottom side separated, each of the groups presented a normal distribution. Greve-Dierfeld 
and Gehlen [43] also suggested a normal distribution to be used for the carbonation depths, but 
including all four sides of the sample.  
 
 
6. CONCLUSIONS 
 
The following conclusions were found: 
 The carbonation depth determined by the pH indicator and optical microscopy and the depth 

of CH depletion determined by TGA are in relatively good agreement when considering the 
impact of sampling.  

 TGA results showed gradual changes in CH and CC. The wider width of the carbonation front 
detected with TGA compared with the narrower width found using the other techniques  can 
be explained by the observed spatial variation of the carbonation depth averaged in ground 
samples, but could also be due to kinetics. For the CEM II/B-V mortar, a broader width of the 
carbonation front is observed compared to CEM I mortar.  

 SEM did not allow clear identification of the carbonation depth for the examined material and 
exposure.  

 Using a pH indicator coupled with image analysis provides statistical information on the 
spatial variation of the carbonation depth 

 Carbonation depths in the same sample formed two normally distributed groups of data. 
Lateral and top sides presented higher values than bottom side. 

 
 
7. FURTHER RESEARCH 
 
In the continuation of this project, the propagation period will be studied by the use of 
electrochemistry measurements on embedded steel using the same binders for both accelerated 
and natural carbonation.  
 
 
8. ACKNOWLEDGEMENTS 
 

 
 
 
 
 



74 

9. REFERENCES  
 
[1] Bertolini, L., Elsener, B., Pedeferri, P., Redaelli, E. and Polder, R., "Chapter 5: 

Carbonation-induced corrosion," in Corrosion of Steel in Concrete, Wiley-VCH Verlag 
GmbH & Co, Weinheim, Germany, 2013, pp. 79-91. 

[2] Lagerblad, B., "Carbon dioxide uptake during concrete life cycle  State of the art," 
Report, Swedish Cement and Concrete Research Institute, Stockholm, 2006. 

[3] Sevelsted, T. F. and Skibsted, J., "Carbonation of C S H and C A S H samples studied 
by 13C, 27Al and 29Si MAS NMR spectroscopy," Cement and Concrete Research, Vol. 71, 
2015, pp. 56-65. 

[4] Papadakis, V. G., Vayenas, C. G. and Fardis, M. N., "Fundamental modelling and 
experimental investigation of concrete carbonation," Materials Journal, Vol. 88, No. 4, 
1991, pp. 363-373. 

[5] EN 13295:2003: Products and systems for the protection and repair of concrete structures. 
Test methods. Determination of resistance to carbonation, 2003. 

[6] Norwegian Environment Agency, 2015, http://www.miljodirektoratet.no/no/ 
[7] Yu, M.-Y., Lee, J.-Y. and Chung, C.-W., "The application of various indicators for the 

estimation of carbonation and pH of cement based materials," Journal of testing and 
evaluation, Vol. 38, No. 5, 2010. 

[8] Belda, A., De Weerdt, K. and Geiker, M., "Carbonation front characterization pH color 
indicators," 35th Cement and Concrete Science Conference, Aberdeen, Scotland, 2015. 

[9] Vollpracht, A., Lothenbach, B., Snellings, R. and Haufe, J., "The pore solution of blended 
cements: a review," Materials and Structures, 2015, pp. 1-27. 

[10] Plusquellec, G., Geiker, M., Lindgård, J., Duchesne, J., Fournier, B. and De Weerdt, K., 
"Determination of the pH and the free alkali metals content in the pore solution of 
concrete: review and experimental comparison," To be submitted to: Cement and Concrete 
Research, In preparation. 

[11] McPolin, D., Basheer, P., Long, A., Grattan, K. and Sun, T., "New Test Method to Obtain 
pH Profiles due to Carbonation of Concretes Containing Supplementary Cementitious 
Materials," Journal of Materials in Civil Engineering, Vol. 19, No. 11, 2007, pp. 936-946. 

[12] Lothenbach, B., Durdzinski, P. and De Weerdt, K., "Chapter 5: Thermogravimetric 
Analysis," in A Practical Guide to Microstructural Analysis of Cementitious Materials, 
Ed(s) K. Scrivener, R. Snellings and B. Lothenbach, CRC Press, Boca Raton, United 
States, 2015. 

[13] Lo, Y. and Lee, H. M., "Curing effects on carbonation of concrete using a phenolphthalein 
indicator and Fourier-transform infrared spectroscopy," Building and Environment, Vol. 
37, No. 5, 2002, pp. 507-514. 

[14] Chang, C.-F. and Chen, J.-W., "The experimental investigation of concrete carbonation 
depth," Cement and Concrete Research, Vol. 36, No. 9, 2006, pp. 1760-1767. 

[15] Schiessl, P., "Zur Frage de zulässigen rissbreite und der erforder lichen betondeckung im 
stahlbetonbau- unter besonderer berücksichtigung der karbonatisierung des betongs," PhD 
thesis, Technical University of Munich, Berlin, 1976. 

[16] Tuutti, K., "Corrosion of steel in concrete," PhD thesis, Swedish Cement and Concrete 
Research Institute, Stockholm, 1982. 

[17] Litvan, G. G. and Meyer, A., "Carbonation of Granulated Blast Furnace Slag Cement 
Concrete During Twenty Years of Field Exposure," American Concrete institue, special 
publication, Vol. 91, 1986. 

[18] Parrott, L. J. and Killoh, D. C., "Carbonation in a 36 year old, in-situ concrete," Cement 
and Concrete Research, Vol. 19, No. 4, 1989, pp. 649-656. 



75 

[19] Campbell, D. H., Sturm, R. D. and Kosmatka, S. H., "Detecting Carbonation," Concrete 
Technology Today, Vol. 12, No. 1, 1991. 

[20] Papadakis, V. G., Fardis, M. N. and Vayenas, C. G., "Hydration and carbonation of 
pozzolanic cements," ACI Materials Journal, Vol. 89, No. 89, 1992, pp. 119-130. 

[21] Möller, J. S., "Measurement of carbonation in cement-based materials," PhD thesis, 
Chalmers University of Technology, Göteborg, 1994. 

[22] Thiery, M., Villain, G., Dangla, P. and Platret, G., "Investigation of the carbonation front 
shape on cementitious materials: Effects of the chemical kinetics," Cement and Concrete 
Research, Vol. 37, 2007, pp. 1047-1058. 

[23] Villain, G., Thiery, M. and Platret, G., "Measurement methods of carbonation profiles in 
concrete: Thermogravimetry, chemical analysis and gammadensimetry," Cement and 
Concrete Research, Vol. 37, No. 8, 2007, pp. 1182-1192. 

[24] Castellote, M., Andrade, C., Turrillas, X., Campo, J. and Cuello, G. J., "Accelerated 
carbonation of cement pastes in situ monitored by neutron diffraction," Cement and 
Concrete Research, Vol. 38, No. 12, 2008, pp. 1365-1373. 

[25] Castellote, M., Fernandez, L., Andrade, C. and Alonso, C., "Chemical changes and phase 
analysis of OPC pastes carbonated at different CO2 concentrations," Materials and 
Structures, Vol. 42, 2009, pp. 515-525. 

[26] Herrera, R., Kinrade, S. D. and Catalan, L. J. J., "A Comparison of Methods for 
Determining Carbonation Depth in Fly Ash-Blended Cement Mortars," Materials Journal, 
Vol. 112, No. 2, 2015, pp. 287-294. 

[27] Herterich, J., Black, L. and Richardson, I., "Microstructure and phase assemblage of low-
clinker cements during early stages of carbonation," 14th International Congress on the 
Chemistry of Cement Beijing, 2015. 

[28] Leemann, A., Nygaard, P., Kaufmann, J. and Loser, R., "Relation between carbonation 
resistance, mix design and exposure of mortar and concrete," Cement and Concrete 
Composites, Vol. 62, 2015, pp. 33-43. 

[29] Wu, B. and Ye, G., "Comparative studies of carbonation fronts of cement paste blend with 
SCMs," 3rd International conference of service life design for infrastructures, Zhuhai, 
China, 2016. 

[30] Shi, Z., Lothenbach, B., Geiker, M. R., Kaufmann, J., Leemann, A., Ferreiro, S. and 
Skibsted, J., "Experimental and thermodynamic modeling studies on carbonation of 
Portland cement - metakaolin - limestone mortars," To be submitted to: Cement and 
Concrete Research, In preparation. 

[31] Snellings, R., "Chapter 4: X-Ray Powder Diffraction," in A Practical Guide to 
Microstructural Analysis of Cementitious Materials, Ed(s) K. Scrivener, R. Snellings and 
B. Lothenbach, CRC Press, Boca Raton, United States, 2015. 

[32] Jakobsen, U. H., Personal comunication: "Carbonation characterization by optical 
microscopy," 2016. 

[33] Jakobsen, U. H., Laugesen, P. and Thaulow, N., "Determination of Water-Cement Ratio 
in Hardened Concrete by Optical Fluorescence Microscopy," American Concrete institue, 
special publication, Vol. 191, 1999. 

[34] Scrivener, K., Bazzoni, A., Gassó, B. M. and Rossen, J. E., "Chapter 8: Electron 
Microscopy," in A Practical Guide to Microstructural Analysis of Cementitious Materials, 
Ed(s) K. Scrivener, R. Snellings and B. Lothenbach, CRC Press, Boca Raton, United 
States, 2015. 

[35] Berodier, E., Bizzozero, J. and Muller, A. C. A., "Chapter 9: Mercury Intrusion 
Porosimetry," in A Practical Guide to Microstructural Analysis of Cementitious Materials, 
Ed(s) K. Scrivener, R. Snellings and B. Lothenbach, CRC Press, Boca Raton, United 
States, 2015, pp. 419-444. 



76 

[36] Washburn, E. W., "Note on a method of determining the distribution of pore sizes in a 
porous material," the National Academy of Sciences of the USA, 1921, pp. 115-116. 

[37] Skibsted, J., "Chapter 6: High-Resolution Solid-State Nuclear Magnetic Resonance 
Spectroscopy of Portland Cement-Based Systems," in A Practical Guide to 
Microstructural Analysis of Cementitious Materials, Ed(s) K. Scrivener, R. Snellings and 
B. Lothenbach, CRC Press, Boca Raton, United States, 2015. 

[38] Galan, I., Andrade, C., Castellote, M., Rebolledo, N., Sanchez, J., Toro, L., Puente, I., 
Campo, J. and Fabelo, O., "Neutron diffraction for studying the influence of the relative 
humidity on the carbonation process of cement pastes," Journal of Physics: Conference 
Series, Vol. 325, 2011. 

[39] EN 196-1:2005: Methods of testing cement  Part 1: Determination of strength,  2005. 
[40] Belda, A., De Weerdt, K., Hornbostel, K. and Geiker, M., "Investigation of the effect of 

partial replacement of Portland cement by fly ash on carbonation using TGA and SEM-
EDS," International RILEM Conference on Materials, Systems and Structures in Civil 
Engineering, Lyngby, Denmark, 2016. 

[41] Matala, S., "Effects of carbonation on the pore structure of granulated blast furnace slag 
concrete," PhD thesis, Helsinki University of Technology, Espoo, 1995. 

[42] Maage, M. and Smeplass, S., "Third Workshop: Service Life Design of Concrete 
Structures From Theory to Standardisation," DuraNet, Tromsø, 2001. 

[43] Greve-Dierfeld, S. and Gehlen, C., "Performance based deemed-to-satisfy rules," The 
Fourth International fib-Congress 2014, Mumbai, 2014. 

 



 



 

 

 
 
 
 
 

 
Paper A-II 

 
 Effect of carbonation on the pore solution 

 
De Weerdt, Klaartje; Plusquellec, Gilles; Revert, Andres Belda; Geiker, Mette Rica; 

Lothenbach, Barbara  
 

Submitted to Cement and Concrete Research 

 

 
 

 

  



 



 

1 

 

 

De Weerdt K.1, Plusquellec G.1, Belda Revert A.1, Geiker M.R.1, Lothenbach B.1,2 

 

1Department of Structural Engineering, Norwegian University of Science and Technology 
(NTNU), 7491 Trondheim, Norway 
2EMPA, Dübendorf, Switzerland 
 

Email: klaartje.d.weerdt@ntnu.no 

 

Abstract 

Understanding the changes in the pore solution upon carbonation is crucial with respect to 

comprehending the mechanisms of reinforcement corrosion in carbonated mortar or concrete.  

In this paper we used Cold Water Extraction (CWE), a rapid leaching method, on profile 

ground powder from partially carbonated Portland cement and Portland-fly ash cement mortars 

to study changes in the pore solution composition.  

Carbonation decreased the free alkali metal content measured with CWE, which matched with 

the portlandite profiles determined by thermogravimetry and the carbonation depth detected 

with pH indicator.  

The alkali metal uptake by carbonation products was confirmed by SEM-EDS and 

thermodynamic modelling. Besides the decrease in the alkali metal concentration in the pore 

solution upon carbonation, we observed for both binders a considerable increase in chlorine 

and sulphur concentrations. This can further accelerate corrosion in carbonated concrete.  

 

Keywords 

B. pore solution, B. thermodynamic calculations, C. corrosion, C. carbonation, D. blended 

cement  
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1 Introduction 

Carbonation induced corrosion is one of the major deterioration mechanisms of reinforced 

concrete. The passive layer formed on the reinforcement in sound concrete turns unstable due 

to the decrease in pH of the pore solution upon carbonation. During the carbonation process, 

CO2 is dissolved in the pore solution as CO3
2- at 3

- at [1]. The pH 

of the pore solution of a standard Portland cement is generally between 12.5 and 14 [2], but 

decreases in presence of CO3
2-. As a result, hydrates like portlandite (Ca(OH)2) are destabilised 

while calcium carbonate (CaCO3) precipitates due to its low solubility [3, 4]. Similarly, 

ettringite is destabilised while gypsum, calcium carbonate and Al hydroxide precipitates [5-7]. 

Also decalcification of calcium silicate hydrate (C-S-H) occurs [8]; the decrease of its calcium-

to-silicon ratio (Ca/Si) leads to an elongation of its silica chains length and increases at the 

same time its ability to sorb alkali metal ions (Na+ and K+). For example, [9] 

showed that for a synthetic C-S-H in equilibrium with a 0.1 mol/l KOH solution, an alkali-to-

silicon ratio of approx. 0.02 was measured at Ca/Si of 1.5, whereas the alkali-to-silicon ratio 

increased to 0.26 at Ca/Si of 0.67.  

The changes in the solids upon carbonation are accompanied by changes in the pore solution. 

The concentration of alkali metal ions in the pore solution is expected to decrease with 

carbonation as more alkalis are sorbed by the decalcified C-S-H compared to non-decalcified 

C-S-H. The carbonation of ettringite is expected to increase the concentration of sulphates in 

the solution while the decomposition of C-S-H and potentially Friedel  could increase the 

chloride concentration.  

The pore solution composition in carbonated concrete is of particular interest for the corrosion 

process of the steel reinforcement, both with regard to corrosion initiation and corrosion rate. 

Even though the pore solution composition might play a major role in understanding corrosion 

in carbonated concrete, very little data is available [10]. One of the main reasons is that 

carbonated concrete is generally also exposed to drying resulting in low amounts of free water, 

which makes it difficult to extract pore solution.  

Different methods have been used to analyse the pore solution of paste, mortar or concrete [11]. 

The most common method is pore water expression (PWE), where a mechanical press is used 

to squeeze out the pore solution. PWE may not be applicable on samples containing too little 

free water as e.g. old, dense or dried samples. In these cases, cold water extraction (CWE) can 

be used as an alternative. CWE is a leaching method during which a powdered sample in mixed 
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with deionized water [12]. It is however not clear if CWE can be used to determine the free 

alkali metal content in carbonated concrete. The question remains whether alkali metal ions 

sorbed on C-S-H are released during CWE.  

Mortars with two different types of cement (CEM I and CEM II/B-V) exposed to accelerated 

carbonation conditions were investigated in this study. To follow the progress of carbonation, 

the samples were split and sprayed with a pH indicator. Free alkali metal profiles were 

determined using CWE on profile ground powder. The changes in the phase assemblage were 

determined using thermogravimetric analysis and SEM-EDS. The experimental findings were 

compared with a thermodynamic model. The model was further used to predict changes in the 

pore solution composition upon carbonation.  

2 Materials and methods 

2.1 Mortars 

Mortars were prepared with two cement types, Portland cement (CEM I) and Portland-fly ash 

cement (CEM II/B-V, 30% fly ash). CEN-standard sand according to EN 196-1 was used. The 

compositions of the cements and the sand determined by X-ray fluorescence (XRF) are given 

in Table 1. The mortars were prepared with a water-to-binder (w/b) ratio of 0.55 or 0.40 and 

apaste-to-sand volume ratio of approx. 0.7. Table 2 shows the mix composition of the mortars.  

A mixing procedure based on EN 196-1 was followed. First, the water and the cement were 

placed in the mixing bowl. The mixer was then immediately started and, after 30 seconds of 

mixing, the sand was added steadily during the next 30 seconds. Then, the mortar was mixed 

for 30 seconds and the mixing was stopped for 90 seconds while the mortar was manually 

homogenized using a spatula. Finally, the mixing continued for 60 additional seconds. Two 

types of samples were cast:  

1) mortar blocks (140x40x160 mm) for carbonation exposure, and  

2) cylinders, with 50 mm in diameter and 60 mm in height, which were later cut into 

disks.  

The blocks were casted in steel moulds and the compaction was done using a vibration table.   

Two 20-mm layers were compacted by applying 5 seconds of vibration for w/b 0.55 and 10 

seconds for w/b=0.40 on each layer. The vibration table applied a fixed frequency of 50 Hz 

and a vertical amplitude 0.65 mm. The moulds were firmly held against the vibrating table 

during the compaction.  
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The cylinders were cast in bottles, which were filled in three layers of 20 mm and jolted 

compacted (30 jolts per layer). After casting, the blocks were covered with plastic and the 

bottles were sealed. After one day, the blocks were demoulded, sealed in plastic and all the 

samples were stored at 20 °C for 13 days. Prior to carbonation, each bottle was cut in three 

disks of 15 mm in thickness to allow complete carbonation of the disks during the exposure 

period. 

After this, the mortar samples were exposed to different exposure conditions, see Table 3. The 

samples exposed to carbonation were stored for 9 weeks in a climate chamber at 20 °C, 60% 

RH and 1% CO2. The reference samples were stored sealed in plastic at 20 °C for 9 weeks. The 

different curing conditions might have affected the degree of reaction of the cements. 

Table 1: Chemical compositions measured by XRF (%wt) and physical characteristics of the two cements, fly ash 

(provided by the manufacturer) and the sand. 

  Sand FA CEM I CEM II/B-V 

SiO2 95.8 56.8 20.4 29.5 

Al2O3 1.6 24.3 4.77 10.8 

Fe2O3 0.67 6.90 3.43 4.51 

CaO 0.1 4.89 61.71 44.6 

MgO 0.07 1.74 2.19 2.01 

K2O 0.66 1.68 0.92 1.06 

Na2O 0.01 0.58 0.51 0.47 

SO3 0 0.64 3.48 3.16 

P2O5 - 0.80 0.17 0.39 

Na2O Eq. - 1.68 1.12 1.17 

CaOfree - - 1.59 1.37 

Chlorine - - 0.04 0.03 

LOI* 0.3 - 2.14 2.74 

Fly ash - - 0 30.3 

Blaine [m2/kg] - 301 420 501 

Density [g/cm3] 2.66  3.13 2.91 

*based on LOI we estimated the CO2 = 1.14% for CEM I  

Table 2: Mix composition of the mortars 
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w/b Binder Sample Binder (g) Water (g) Sand (g) 
Paste/sand 

(volume) 

0.55 CEM I block 2124 1169 6743 0.71 

0.55 CEM II/B-V block 2974 1636 9447 0.73 

0.55 CEM I cylinder (disk) 425 234 1350 0.71 

0.55 CEM II/B-V cylinder (disk) 425 234 1350 0.73 

0.40 CEM II/B-V block 2042   818  5399 0.73 

 

Table 3: Overview of the investigated samples and their exposure conditions 

Cement type CEM I CEM II/B-V 

w/b 0.55 0.55 0.55 0.55 0.40 

Exposure 20 °C 

100% RH 

Wrapped 

20 °C 

60% RH 

1% CO2 

20 °C 

100% RH 

Wrapped 

20 °C 

60% RH 

1% CO2 

20 °C 

60% RH 

1% CO2 

Type of sample block & disk block & disk block & disk block & disk block 

Label CEM Iref CEM I0.55 CEM IIref CEM II0.55 CEM II0.40 

 

The moisture content  of the mortar samples was determined by oven-drying. Pieces of 

approx. 70 g were retrieved by splitting the carbonated and non-carbonated mortars based on 

the carbonation detection using a pH indicator. The pieces obtained this way may include 

fractions of carbonated/non-carbonated mortar due to the spatial variation of the carbonation 

depth. For each mortar three parallel pieces were analysed, except for the reference mortars 

were only one piece was used. The pieces were dried for 7 days at 105 °C (the mass loss was 

lower than 0.025% within 24 hours after 7 days). The amount of pore solution or free water 

content in the mortar samples (mps,mortar), was calculated with Equation (1): 

   (1) 
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where mo is the mass of the piece prior to oven drying (g) and m105C is the mass after drying at 

105 °C (g). It should be noted that this method will overestimate the actual amount of free-

water, as at 105 °C hydrates such as ettringite and C-S-H are partially decomposed releasing 

water. On the other hand, a lower temperature would have increased the drying time and might 

therefore allow further hydration [11]. 

Table 4 presents the moisture content determined by oven-drying at 105 °C measured 11 weeks 

after casting. The sealed cured reference samples have a higher moisture content than the non-

carbonated zone of the samples exposed to 1% CO2 and 60% RH. For all three mortars, the 

carbonated zone has a lower moisture content than the carbonated zone.  

Table 4: Amount of pore solution or free water in the mortar samples 11 weeks after casting, mps,mortar, in (%wt) 

measured by oven-drying (average ± standard deviation). 

%mps,mortar CEM I0.55 CEM II0.55 CEM II0.40 

Sealed (ref) 8.3 8.9 n.d. 

Non-carbonated zone 6.1 ± 0.1 6.3 ± 0.2 6.3  ± 0.2 

Carbonated zone 4.5 ± 0.4 3.6 ± 0.1 4.6  ± 0.3 

n.d.: not determined 

2.2 Analytical techniques 

Each mortar block was split in five pieces (Fig. 1). The pieces were investigated with different 

techniques. The pieces (1) and (5) were used to determine the carbonation depth by spraying a 

freshly split surface with thymolphthalein and phenolphathalein pH indicators. The sides from 

pieces (2)-(4) were removed (approx. 15 mm) to eliminate the impact from carbonation from 

the sides. Piece (2) was profile ground and the obtained powder was investigated by 

thermogravimetric analysis (TGA) and cold water extraction (CWE). A sawn surface of piece 

(3) was scanned by micro-XRF to determine the elemental maps. On piece (4) the moisture 

content was determined by oven drying. 
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Fig. 1: Investigation program carried out for each mortar block. Methods applied on the different pieces: pH 

indicator: thymolphthalein (1) and phenolphthalein (5), profile grinding for CWE (also performed on the disks) 

and TGA (2), micro-XRF (3) and moisture content (4). Dimensions are given in mm. 

2.2.1 pH indicator 

The carbonation depth was determined by spraying freshly split surfaces with thymolphthalein 

or by phenolphthalein (1% solution). The solutions were prepared by dissolving 1 gram of each 

and 70 ml of ethanol. Thymolphthalein changes from colourless to blue in the pH range of 9 to 

10.5, and phenolphthalein changes in the pH range of 8.2 to 9.8. The distribution of the 

carbonation depth was determined by image analysis as described in [13]. First, pictures of the 

freshly split samples sprayed with the pH indicators were taken using a Reflex camera fixed to 

a frame with constant light conditions. Then, the pictures were treated using the freeware Image 

J as follows: the picture was scaled, the colour threshold was adjusted to differentiate between 

carbonated and non-carbonated areas, and the carbonated depth distribution was obtained on 

the top side of the samples over a length of 100 mm and avoiding the corners (sixty measuring 

points per sample). The carbonation depth measurements obtained using thymolphthalein are 

presented in Box-and-whisker plots. The solid line in the box indicates the median value, the 

box indicates the first and third quartile and the whiskers show the lowest and highest 
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carbonation depth measurements. The average carbonation depth value is indicated by the grey 

columns.  

2.2.2 Thermogravimetric analysis 

Profile grinding was performed with different step sizes depending on the carbonation depth 

determined with the pH indicators. 1-mm steps were used in the carbonated zone and broader 

steps, up to 4-mm, in the non-carbonated zone. For the reference samples grinding steps of 3 

mm were used. After grinding, the particles size was checked using an 80 μm sieve. If needed, 

the powder was ground one more time with a mortar by hand until all the material passed 

through the sieve. This was carried out as quick as possible to limit additional carbonation.  

The powder was analysed by TGA with a TGA/DSC 3+ from Mettler Toledo to identify 

changes in the phase assemblage and to quantify changes in the amount of portlandite (CH) 

and calcium carbonate (CC) upon carbonation. Approx. 300 mg of powder was placed in a 600 

μl alumina crucible. The weight was monitored while the powder was heated from 40 °C to 

900 °C at 10 °C/min and the sample chamber was purged with N2 at 50 ml/min in accordance 

with the guidelines from [14]. 

Phase changes upon carbonation were identified by comparing the DTG-curves (first derivative 

of the thermogravimetric curves) of the profile ground sections. The amount of portlandite and 

calcium carbonate in the sections are presented as a percentage of the dry mass (i.e. the mass 

of the dry and decarbonated sample at 800 °C) and calculated according to Equations (2) and 

(3). The temperatures indicated here are only informative  the exact boundaries were 

determined based on the derivative curves. 

  (2) 

  (3) 

where m is the weight loss at the indicated temperature, 74 g/mol is the molar mass of Ca(OH)2, 

18 g/mol is the molar mass of H2O, 44 g/mol is the molar mass of CO2, and 100 g/mol is the 

molar mass of CaCO3.  

2.2.3 Cold water extraction 

The remaining powder was used to measure the free alkali metal content by CWE. 5, 10 or 

20 g of powder (depending on the amount of powder left) were mixed with 5, 10 or 20 g of 

deionized water (resistivity of 18.2 
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filtrated for approx. 1 minute using a water pump and a Grade 40, 8 μm particle retention 

Whatman cellulose filter. Preliminary investigations showed no significant uptake of ions by 

the filter and no release/adsorption of alkali metals from the sand used [11]. Finally, each 

solution was diluted 10 times with deionized water and acidified with HNO3 in order to obtain 

a final HNO3 concentration of 0.1 mol/l. The solutions were analysed for Na and K using 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). 

Based on the ICP-MS results, the free alkali metal content was calculated using Equation (4) : 

ps extr
ps extr

sample

V V
X X

m
 (4) 

where X is either the free Na or K content in the sample (mmol/kg), [X]ps + extr is the 

concentration of the element in the filtrate obtained after CWE (mmol/L), Vps the volume of 

pore solution in the sample in L (considered equal to mps see Table 4), Vextr the volume of 

deionized water that is added during CWE (L) (considered equal to mextr ), and msample is the 

mass of the sample (kg). 

The concentration of the alkali metals in the pore solution was calculated with Equation (5): 

 ps extr
ps ps extr

ps

m m
X X

m
  (5) 

where [X]ps is the alkali metal concentration in the pore solution in (mmol/L).  

2.2.4  SEM-EDS 

Polished sections were prepared according to [15] and carbon coated. SEM-EDS point analysis 

was performed using a JEOL JXA  8500F Electron Probe Micro analyzer and a Hitachi S-

3400N equipped with an Oxford EDS at an accelerating voltage of 15 kV. EDS point analysis 

were performed to investigated the composition of the reaction products as described in [16]. 

The points were manually selected on the outer hydration products in carbonate and non-

carbonated mortar avoiding unreacted fly ash, clinker grains and sand. During SEM-EDS point 

analysis a volume of approx. 1 μm3 comprising a combination of different phases is analysed. 

In order to identify phases, the results are expressed as molar ratios. In a dot plot, the data point 

will be found in between the ideal stoichiometry of the phases it comprises. 
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2.2.5 μXRF 

Sawn mortar samples were investigated by μXRF analysis using a M4 Tornado from Bruker 

equipped with an Ag X-ray tube and two SDD detectors. Each sample was mapped with a pixel 

size of 40 μm and an analysis time of 2 ms/pixel. Contrary to CWE which only measures the 

free alkali metals present in the pore solution, the elemental analysis by μXRF considers the 

entire sample, i.e. pore solution and solid phase. First, the samples were mapped. We needed 

to differentiate between paste and sand as the sand contained K rich particles. We did so using 

a phase recognition tool of the μXRF based on the calcium map. Areas of approx. 200 μm2 

were selected for elemental analysis in the paste phase at different depths from the exposed 

surface. The results are presented as molar ratio profiles, in this case K/Ca ratio, due to the lack 

of calibration on a similar matrix. The results concerning sodium content are not presented here 

because it is a too light element to be measured with a good accuracy, using the applied settings. 

2.2.6 Thermodynamic modelling 

Thermodynamic calculations were carried out using the Gibbs free energy minimization 

software GEMS 3.5 [17, 18], which is a geochemical modelling code that computes 

equilibrium phase assemblages and speciation in complex chemical systems. The general 

thermodynamic database [19, 20] was expanded with the Cemdata18 database [21], which 

contains solubility products of solids relevant for cementitious systems. The data-set includes 

thermodynamic data for common cement minerals such as ettringite (AFt) and calcium 

aluminate ferrite hydrate monophases (AFm), hydrotalcite, hydrogarnet, zeolites and C S H 

phases. The C S H phases were modelled using the CSHQ model developed by Kulik [22], 

which is based on a continuous solid solution between four C-S-H end-members with different 

Ca/Si ratios resulting in C-S-H phases with Ca/Si ratios between 0.67 to 1.6. The formation of 

an ideal soli

[23]. Data for Na- and Ca-containing zeolites were taken from Lothenbach et al. [24], and 

completed with data for K-containing zeolites (Phillipsite(K), Clinoptilolite(K) and 

Merlinoite(K)) and Phillipsite(Na) using the solubility products provided by [25]. The 

formation of magnesite, dolomite, quartz, and thaumasite was suppressed in the modelling due 

to their slow formation kinetics at ambient temperature. 

The activity coefficients of the aqueous species yi were computed with the built-in extended 

Debye-Hückel equation with common ion-size parameter ai of 3.67 Å for KOH solutions and 

common third parameter by according to Equation (6)  
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 Ib
IaB

IzA
y

iy

iy
i 1

log
2

 (6) 

where zi denotes the charge of species i, I the effective molal ionic strength, by is a semi-

empirical parameter ( 0.123 for KOH electrolyte at 25°C), and Ay and By are P,T-dependent 

coefficients. This activity correction is applicable up to approx. 1 M ionic strength [26]. 

For the modelling, mortar recipes normalised to 100 g of cement were used, the masses are 

summarised as mcem, mwater and msand in Table 5. For the mortars exposed to 100% relative 

humidity (RH), the total amount of water added to the mix was used for the calculations, i.e. 

55 or 40 g water per 100 g cement. For the samples exposed to 1% CO2 and a relative humidity 

of 60%, part of the moisture was lost due to drying. Thus the total mass of water (bound and 

free) in the non-carbonated mortar samples exposed to 60%RH, mwater,60%RH, was calculated as 

follows: 

    (7) 

where mo,60%RH is the mass of the mortar after exposure to 60% RH and mtot,dry, the dry mass 

of the mortar both relative to 100 g of cement.  

In order to determine mo,60%RH, using the measured %mps,mortar,60%RH in Equation (8) (rearranged 

Equation (1)), we need to know the amount of bound water, which was calculated from the 

mass of the mortar at 105 °C relative to 100 g cement.  

   (8) 

Assuming that the sealed and exposed samples have the same amount of bound water, the m105C 

per 100 g of cement can be calculated based on the amount of pore solution measured in the 

sealed samples, %mps,mortar,sealed , using Equation (9). 

   (9) 

where mtot is the total mass of the sealed mortar sample relative to 100 g of cement (g) and 

%mps,mortar,sealed is the mass percentage of pore solution in the sealed mortar samples determined 

by drying (%) see Table 4.  
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Table 5: Calculations for the input of water in the GEMS files. 

 CEM I0.55 CEM II0.55 CEM II0.40 

mcem (g) 100 100 100 

mwater (g) 55 55 40 

msand (g) 317 318 264 

mtot (g) 473 473 404 

mtot,dry (g) 417 418 364 

%mps,mortar,sealed 8.3% 8.9% 8.9% 

m105C (g) 436 434 371 

%mps,mortar,60%RH 6.1% 6.3% 6.3% 

mo,60%RH (g) 465 463 396 

mwater,60%RH (g) 47 46 32 

 

The mo,60%RH obtained with the above described calculations are given in Table 5. Thus upon 

exposure to 60% RH the amount of water in the system was reduced from 55 to 47 g for CEM 

I0.55, from 55 to 46 g for CEM II0.55, and from 40 to 32 g for CEM II0.40.  

When modelling the carbonation of the CEM I mortars, complete hydration was assumed for 

the Portland cement, while for the 30% fly ash in the CEM II mortar, a reaction degree of 20% 

of the fly ash was used after 1 month [27], and complete hydration of the Portland clinker. 

To simulate the effects of accelerated carbonation on the hydrate assemblage, the hydrated 

CEM I and CEM II were virtually titrated with varying volumes of dry synthetic air containing 

1% CO2, as described in detail in [28, 29]. The modelling was performed at 20°C and a pressure 

of 1 atm. The amounts of CO2 were varied from 0 g to 40 g per 100 g cement in the calculations, 

which is equivalent to a variation from 0 L to 2222 L of CO2 containing air per 100 g of cement. 

This allows predicting the progressive changes in solid and solution composition and porosity 

and is used to mimic the ingress of CO2 assuming that the surface of the mortar is fully 

carbonated and centre of the mortar is not carbonated. The uptake of alkali metals by the C-S-

H phase was taken into account by employing distribution ratios, Rd in (ml/g), to describe the 
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partitioning of alkali metals between C-S-H and solution as a function of the alkali metal 

concentration in the solution according to Equation (10): 

  (10) 

where cs corresponds to the alkali metal concentration in the solid phase (mol/l), cd to the alkali 

concentration in the solution (mol/l) and w/s is the water/solid ratio in ml/g as described in 

more detail in [30]. The same Rd values were used for both Na and K and a continuous increase 

of the Rd value from 0.45 ml/g at Ca/Si = 1.62 to Rd = 6.7 ml/g at Ca/Si = 0.67 was considered 

based on the experimental data published by Hong and Glasser [31]. This simplified approach 

has been observed to predict alkali metal concentration in the pore solution satisfactorily [30, 

32, 33], although it might somewhat over predict alkali metal binding to C-S-H.  

 

3 Results 

3.1 Carbonation depth by pH indicators 

Fig. 2 presents the carbonation depth distribution measured on the thymolphthalein sprayed 

samples (colour change between pH 9.3  10.5). Similar carbonation depths were measured 

with phenolphthalein (colour change between pH 8.2  10). This is in line with observations in 

[34] where the similar materials and exposure conditions were used. The mortar containing 

CEM I presented a higher carbonation resistance compared to the CEM II with the same w/b 

ratio (0.55). The CEM II with w/b 0.40 presented the highest carbonation resistance.  

 

Fig. 2: Box-and-whisker plot for the carbonation depth distribution for the investigated mortars using 

thymolphtalein pH indicator. 
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3.2 Measured changes in the hydrated assemblage upon carbonation 

Fig. 3 shows the first derivative of the thermogravimetric (DTG) curves as a function of the 

temperature for the different profile ground sections of the carbonated CEM I0.55, CEM II0.55 

and CEM II0.40 mortars. 

For CEM I0.55, the DTG curves of the non-carbonated sections, such as 10-14 mm or 14-16 

mm, show decomposition peaks of portlandite, C-S-H, ettringite and monocarbonate. Upon 

carbonation, i.e. moving towards the outermost sections, there is a clear gradual increase in the 

weight loss peak associated with carbonates as well as changes in the hydration products. When 

comparing the outermost sections such as 0-3 mm and 3-4 mm with the non-carbonated 

sections, a decrease in the peaks associated with portlandite, C-S-H and ettringite is observed. 

The remaining weight loss peaks in the temperature range from 100 to 400 °C in the carbonated 

sections might indicate the presence of hemi-hydrate or gypsum (typical weight loss 100-130 

°C), strätlingite (around 200 °C), or zeolite-like phases such as phillipsite (100-200 °C) or 

natrolite (300 - 350 °C) [14, 24].  

The phase changes observed for the CEM II0.55 and CEM II0.40 samples are similar to the 

changes described above for the CEM I0.55 sample. The main difference is the presence of less 

portlandite in the non-carbonated sections and slightly higher monocarbonate content in the 

CEM II samples compared to the CEM I sample. The presence of fly ash diluted the clinker 

and the pozzolanic reaction of the fly ash consumed portlandite and provided additional 

aluminates to form monocarbonate [2, 11, 27]. The carbonated sections of all investigated 

mortars have very similar DTG curves, besides that a little shoulder of remaining portlandite 

in the outermost section of the CEM I sample whereas no remaining portlandite was observed 

for the CEM II samples.  
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Fig. 3: The DTG curves for the profile ground sections of the CEM I0.55 , CEM II0.55 and CEM II0.40 mortars 

exposed to carbonation. The decomposition peaks of the following phases are indicated: ettringite, C-S-H, 

gypsum, hemihydrate (Hh), monocarbonate, strätlingite, hydrogarnet (Hg), hydrotalcite (Ht), portlandite (CH) 

and carbonates. 
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Fig. 4 presents the amount of calcium carbonate (CC) and portlandite (CH) obtained by TGA 

on the profile ground sections of the mortar samples as a function of the depth. 

Some CH and small amounts of CC (approx. 4%) were detected in the reference samples (CEM 

Iref and CEM IIref - indicated by the not filled symbols). This is due to the presence of limestone 

in the cement as indicated by the high loss on ignition reported in Table 1. The amount of CH 

and CC in the reference samples were found to be approx. constant over the entire depth in the 

reference samples. 

In the samples exposed to carbonation, the CH and CC content varied as a function of depth. 

A clear increase in the amount of CC was found in the carbonated surface zone while no or 

very little CH was detected. In Fig. 4 the carbonation depth determined by pH indicator (Fig. 

2 from first to the third quartile) is represented by the dashed lines. This pH decrease coincides 

more or less with the zone in which the CC content drops and CH content increases in 

agreement with the observations reported in [34]. There are some differences, however, in the 

depth determined by the pH indicator and the CH and CC profiles in samples CEM II0.55 and 

CEM II0.40, which could be due to the spatial variation of the carbonation front in the individual 

samples and to the sampling techniques. The non-carbonated zones have in all cases similar 

amounts of CH and CC compared to the reference samples. 

For the CEM I mortar, the exposure conditions (sealed (Ref) or accelerated carbonation (0.55)) 

do not seem to influence considerably the degree of clinker reaction as the CH content is 

similar. However, for the CEM II mortar, sealed curing (Ref CH) resulted in a lower CH 

content compared to the mortars exposed to accelerated carbonation (0.55  CH), indicating 

that fly ash has reacted slightly more and consumed more CH under the sealed curing 

conditions.   

As mentioned above the non-carbonated CEM II mortars contain less CH than the CEM I 

mortar due to the clinker dilution by fly ash and the pozzolanic reaction of the fly ash [2, 11, 

27]. The lower CaO content in CEM II (see Table 1) could also explain the lower CC content 

upon carbonation for the CEM II mortars, although differences in the degree of clinker reaction 

also affect the amount of calcium carbonate formed as shown in [34]. 
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Fig. 4: The portlandite (CH) and calcium carbonate (CC) profiles for a) the CEM I mortars and b) the CEM II 

mortar. The marked area corresponds to the carbonation depth measured with thymolphthalein (first and third 

quartiles of the box-and-whisker plot (Fig. 2)). 

3.3 SEM/EDS data 

Fig. 5 shows the SEM-EDS dot plots for carbonated and non-carbonated CEM I0.55 mortar. Fig. 

5 a) is the conventional SEM-EDS plot showing the Al/Ca molar ratio versus the Si/Ca ratio. 

The data confirms the presence of C-S-H, CH and AFm phases in non-carbonated CEM I 

mortar as data points can be found in between the ideal stoichiometry of these phases. The 

major part of the EDS points of carbonation products collect around lower Si/Ca ratios 

compared to the non-carbonated C-S-H. This seems odd as carbonation causes decalcification 

of the C-S-H resulting in an increasing the Si/Ca ratio. The observed lowering of the Si/Ca 

ratio has observed previously by [16] and has been attributed to the fine intermixing of the 

decalcified C-S-H and the precipitated calcium carbonate.  

For the other graphs in Fig. 5, the horizontal axis is kept the same as in Fig. 5 a), while different 

molar ratios are shown on the vertical axes. This allows us to compare the effect of carbonation 

on C-S-H. In Fig. 5 b) and c) the vertical axes are replaced by K/Si and Na/Si molar ratios, 

which allows the comparison of the alkali metal uptake by the reaction products. The data 

points of reaction products upon carbonation shift upwards relative to the points related with 

C-S-H in the non-carbonated mortar, indicating a higher K and Na uptake by the carbonation 

products. Fig. 5 d) shows that the Al uptake in the carbonation products is similar or slightly 

higher compared to the Al-uptake in the C-S-H. Sulfur uptake in C-S-H is similar in the 
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carbonated as in the non-carbonated mortar as shown in Fig. 5 e), while Fig. 5 f) shows a lower 

Cl uptake by the carbonation products compared to C-S-H in the not-carbonated mortar.  

Fig. 6 shows the SEM-EDS dot plots for carbonated and non-carbonated CEM II0.55 mortar. It 

should be noted that fewer points were analyzed compared to the CEM I mortar. Both the Si/Ca 

and Al/Ca ratio of the C-S-H in the CEM II mortar and its alkali metal uptake are higher 

compared to the C-S-H in the CEM I mortar, as reported previously [27]. The composition 

after carbonation, however, is similar in both mortars. 
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Fig. 5: SEM-EDS dot plots for carbonated and non-carbonated CEM I0.55 mortar, showing the molar ratio of a) 
Al/Ca, b) K/Si, c) Na/Si, d) Al/Si, e) S/Si and f) Cl/Si in function of the Si/Ca molar ratio. C-S-H (dotted circle) 
and carbonation products (full circle) are indicated as a guide for the eye. 
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Fig. 6: SEM-EDS dot plots for carbonated and non-carbonated CEM II0.55 mortar, showing the molar ratio of a) 
Al/Ca, b) K/Si, c) Na/Si, d) Al/Si, e) S/Si and f) Cl/Si in function of the Si/Ca molar ratio. C-S-H (dotted circle) 
and carbonation products (full circle) are indicated as a guide for the eye. 
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Fig. 7: SEM-EDS dot plots of K/Mg molar ratio in function of Na/Mg molar ratio for carbonated and non-
carbonated CEM I0.55 and CEM II0.55 mortar. 

In Fig. 7, the effect of carbonation on potassium and sodium uptake by the solid phases is 

investigated. Potassium and sodium are plotted against Magnesium to assess whether there is 

a correlation between the potassium and sodium and whether preferences change upon 

carbonation. The element magnesium was chosen as denominator as it is present in the cement 

only (see Table 1) in contrast to for example silicon, which is present both in the cement and 

the aggregates. Magnesium is finely dispersed such that it is found in low levels in most point 

analyses. In addition, magnesium is predominantly present as unreacted MgO or as 

hydrotalcite, both phases are not expected to interact with alkalis such that magnesium can be 

considered as an independent element.  

From Fig. 7 it can be seen for both CEM I and CEM II, that similar amounts of sodium and 

potassium are present in the solids of the non-carbonated mortar even though the cement 

contains 15 molar-% more potassium than sodium (Table 1). In the carbonated mortars, a shift 

towards higher levels of potassium is observed, in particular for the CEM II, which indicates 

the presence of somewhat more potassium in the solids.   

3.4 Measured total potassium profiles 

Fig. 8 shows the K/Ca profiles obtained in the paste phase of the mortars by μXRF on cut 

samples. For the reference mortars, the K distribution is more or less homogeneous within the 

paste. The level of the K/Ca molar ratios are in the range of what would be expected based on 

the XRF compositions of the cements (Table 1), 0.02 for CEM I and 0.03 for CEM II. After 

exposure to carbonation, a redistribution of K can be observed: the carbonated surfaces present 

a higher K/Ca ratio than the inner part of the samples. For the CEM I mortar a clear drop in the 
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K/Ca ratio is observed at approx. 5 mm inwards from the surface, which coincides with the 

carbonation depth determined by the pH indicator. Similarly, a drop in the K/Ca ratio is 

observed at around 10 mm for the CEM II0.55 mortar, which is also in line with the depth given 

by the pH indicator. For CEM II0.40 the carbonation depth is limited and therefore only in the 

outermost section an increase in the K/Ca ratio is observed. 

The increase in K content towards the exposed surface in the carbonated samples is most likely 

caused by drying, leading to transport of moisture and thereby also ions from the core of the 

sample towards the surface. Near the surface the relative humidity will drop below a certain 

level causing the ions to precipitate and leading to an accumulation of ions near the surface. 

This phenomena is known as wick action [35]. As the increase in K at the carbonated surface 

is not observed by CWE as discussed below, the accumulated K near the surface indicates an 

increase of K in the solid phases.   

  
Fig. 8: K/Ca profiles obtained by μXRF a) on the CEM I mortars exposed to carbonation (CEM I 0.55) or sealed 
cured (CEM I ref), and b) on the CEM II mortars exposed to carbonation (CEM II 0.55 and CEM II 0.40) or sealed 
cured (CEM II ref). The dotted lines indicate the carbonation depth determined by the pH indicator.  

 

3.5 Measured free alkali metal profiles 

Fig. 9 presents the free alkali metal profiles obtained by CWE, i.e. the alkalis present in solution 

and easily extractable, for the CEM I and CEM II mortars. The carbonation depths measured 

with the pH indicator are also marked. 

For both reference samples, CEM Iref and CEM IIref, the free alkali metal content does not vary 

with the depth. The free K content determined by CWE is higher than the free Na content for 

both samples in agreement with the higher K than Na content in the cements (Table 1).  
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It should be noted that even deepest points in the non-carbonated zone exhibit lower free alkali 

metal contents than the reference samples. The concentrations of free Na and K in the pore 

solution in (mmol/L) are compiled in Appendix 1. As the concentrations have been calculated 

based on the results obtained by CWE in mmol/kg using Equation (5) the values presented in 

Appendix 1 strongly depend on the measurement of the free water content as given in Table 4. 

For the samples exposed to accelerated carbonation, CEM I0.55, CEM II0.55 and CEM II0.40, we 

can observe a decrease of the free alkali metal content towards the surface indicating an 

increased binding of alkalis by the solid phases. The lower end of the CWE profiles 

systematically coincide with the carbonation depths measured with the pH indicators and gives 

thus the same ranking regarding carbonation resistance: CEM II0.55 < CEM I0.55 < CEM II0.40. 

In contrast to the not-carbonated areas, less free K is observed in the carbonated zone indicating 

an increased uptake of K in the solid phase in agreement with SEM-EDS and μXRF data.  

Fig. 10 compares the free alkali metal content obtained by CWE on the outer- and innermost 

sections of the carbonated blocks (CEM I0.55 and CEM II0.55 blocks) and non-carbonated (CEM 

Iref and CEM IIref, blocks) with results obtained on sealed non-carbonated disks and fully 

carbonated mortar disks of both CEM I and CEM II mortar (for details see Table 3). 

Comparable free alkali metal contents were obtained for the selected area of the block samples 

and the disks as expected, only a slightly higher alkali metal content was found in the non-

carbonated CEM II/B-V disks compared to the blocks. On the disks samples, in addition the 

free sulphate and chloride content was determined by CWE. The results, shown in Fig. 11 

indicate the release of sulphates and chlorides into the pore solution upon carbonation, which 

is consistent with the observed destabilisation of ettringite and AFm-phases during 

carbonation. Appendix II summarises the free Na, K, S and Cl concentrations retrieved on the 

mortar disks. 
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Fig. 9: Free alkali metal profiles obtained by CWE for a) the CEM I mortar exposed to carbonation (0.55 Na  and 
K for CEM I0.55) and the sealed cured reference mortar (Ref-Na and K for CEM Iref), and b) the CEM II mortars 
(w/c 0.40 and 0.55) exposed to carbonation (0.55 and 0.40-Na and K for CEM II0.55 and CEM II0.40) and the sealed 
cured reference mortar (Ref-Na and K for CEM IIref). The horizontal bars represent the grinding step and the 
vertical error-bars the standard deviation based on three measurements. The marked area corresponds to the 
carbonation depth measured with thymolphthalein (first and third quartiles of the box-and-whisker plot (Fig. 2)). 

    

Fig. 10:  Free alkali metal obtained by CWE from blocks and disk samples: CEM I mortar exposed to carbonation 
(CEM I0.55) and the sealed cured reference mortar (CEM Iref), and the CEM II mortars exposed to carbonation 
(CEM II0.55) and the sealed cured reference mortar (CEM IIref). Error bars represent standard deviation 
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Fig. 11: Free sulphate and chloride content obtained by CWE from disk samples: the sealed cured reference mortar 
(CEM Iref), CEM I mortar exposed to carbonation (CEM I0.55), the sealed cured reference mortar (CEM IIref) and 
the CEM II mortars exposed to carbonation (CEM II0.55). Error bars represent standard deviation. 

 

3.6 Modelling of changes in phase assemblage due to carbonation 

3.6.1 Predicted phase changes 

Fig. 12 shows the calculated changes in the phase assemblage as carbonation progresses in the 

cement paste of the CEM I and CEM II mortar in an environment containing 1% CO2. 

The top graphs of Fig. 12 shows the volume of the solids phases in the cement paste in (cm3/kg 
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of the graph), the presence of C-S-H, portlandite, and ettringite is predicted plus minor 

quantities of monocarbonate, hydrotalcite and siliceous hydrogarnet. This is in agreement with 
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Equation (11) (for siliceous hydrogarnet and C-S-H simplified formulas, C3ASH4 and CSH,

have been used). After the monocarbonate and siliceous hydrogarnet are depleted, C-S-H is

further decalcified while the pH drops to <11. Finally, at around pH 10.5, strätlingite and C-S-

H are calculated to be destabilised to calcite and to zeolitic phases such as natrolite (NAS3H2)

and K-phillipsite (KAS6H6) consuming Na and K from the pore solution as indicated by

Equation (12). Also, ettringite is calculated to be destabilised to calcite, gypsum and zeolitic

phases at pH 10.3 (Equation (13)).

(11)

(12)

(13)

Even though the above described carbonation reactions are valid for both CEM I and CEM II,

the total amount of CO2 needed for complete carbonation of C-S-H in CEM I (> 40 g CO2) is

considerably more than for CEM II (32 g CO2). It looks like the CEM II figure is shifted by

about 10-15 g CO2 to the right. This underlines that the amount of CO2 bound depends to a

large extent on the availability of CaO as previously discussed by [29, 36].

As the crystallisation of well-ordered zeolites can be very slow in a cementitious environment

[24], it can be expected that rather zeolitic precursors might be present, similar as in alkali

activated systems [37] or that they only form after long reaction times. For comparison, the

calculations were repeated while the zeolite formation was prevented (see Fig. 13). The major

differences in the phase assemblage occur at progressed carbonation (20-40 g CO2). Instead of

zeolites, amorphous silica and aluminium hydroxide (Al(OH)3) are predicted to form. The

gypsum content also reduces almost to half.

Carbonation is calculated to increase the binding of alkalis in the solids as shown in the middle

graphs of Fig. 12 and Fig. 13. At intermediate carbonation level this is related to the decrease

of the Ca/Si in the C-S-H allowing for increased alkali binding.  If the possible formation of

zeolites is considered  (Fig. 12), the  alkali metals are calculated to be bound also in the most

carbonated zones, while if the formation of zeolites is supressed, the alkali binding is expected

to decrease once C-S-H is destabilised (Fig. 13).

During the carbonation reactions, carbonates are bound in the solids and water is released as

can be seen from Equation (11) to (13). This leads to an increase in the predicted amount of

pore solution (see middle graphs of Fig. 12 and Fig. 13). In reality, part of the produced
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moisture will be transported towards the drying surface of the mortar. However, in the current 

model such transport is not accounted for. 

              

 

                     
Fig. 12: Modelled changes in the phase assemblage (cm3/ kg mortar), the amount of pore solution (mL), the pH, 

the molar Ca/Si ratio of C-S-H, the (Na+K)*10/Si molar ratio in the solids, and the pore solution composition 
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(mmol/L) upon carbonation of a) CEM I0.55 mortar (317 g sand, 100 g of fully hydrated cement and 47 g of water), 

and b) CEM II0.55 mortar (317 g sand, 70 g fully hydrated PC, 30 g FA 20% reacted and 46 g of water) both 

exposed to accelerated carbonation, 1% CO2 and 60%RH. 

                   

               
Fig. 13: Modelled changes in the phase assemblage (cm3/ kg mortar), the amount of pore solution (mL), the pH, 

the molar Ca/Si ratio of C-S-H, the (Na+K)*10/Si molar ratio in the solids, and the pore solution composition 
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(mmol/L) upon carbonation of a) CEM I0.55 mortar (100 g of fully hydrated cement and 47 g of water), and b) 

CEM II0.55 mortar (70 g fully hydrated PC, 30 g FA 20% reacted and 46 g of water) both exposed to accelerated 

carbonation, 1% CO2 and 60%RH.  Zeolite formation supressed. 

The bottom graphs in Fig. 12 and Fig. 13 show the predicted changes in pore solution 

composition in equilibrium with the solids for the CEM I and CEM II mortars upon carbonation 

in (mmol/L) respectively with and without zeolite formation. The predicted changes in the pore 

solution upon carbonation for CEM II0.55 compared to CEM II0.55 in Fig. 12 showed besides a 

shift in the CO2 additions comparable trends.  

The Si and Al concentration are in general low (<5 mmol/L) and fluctuate depending on the 

predicted silicon and aluminium contain solid phases. The Ca and Mg concentrations are also 

rather low but they increase as the pH of the pore solution decreases upon carbonation, as 

expected. Contrary to what one might expect, the predicted carbon concentration does not 

increase upon exposure to CO2 gas and remains below (1 mmol/L).  

The changes in the major elements in the pore solution such as Na, K, S and Cl upon 

carbonation are discussed using Fig. 15 in which the concentrations are converted to mmol/kg 

mortar, which enables comparison with the experimental results. 

3.6.2 Predicted free alkali metal profiles  

The free OH-, K, Na, S, and Cl content1 in (mmol/kg mortar), shown in Fig. 14, was calculated 

using their modelled concentration in the pore solution multiplied with the modelled amount 

of pore solution (per 100 g cement see Fig. 12 and Fig. 13) and divided by the mass of the 

mortar (containing 317 g sand, 100 g cement and 47 or 46 mL of water for the CEM I0.55 and 

CEM II0.55 mortar, as detailed in Table 4). The predicted contents in mmol/kg mortar are 

therefore very sensitive to the predicted amount of pore solution. One should also keep in mind 

that the model does not account for moisture and ion movement in the mortar. The predictions 

are plotted both for allowing (solid lines) and preventing (dashed lines) zeolite formation.  

Upon complete carbonation of the portlandite (<15 g CO2 for CEM I and <5 g CO2 for CEM 

II), a modest increase of the free alkali metal content is predicted. This is due to the formation 

of additional water during the carbonation reaction, which leads to an increase in the amount 

of predicted pore solution and thereby to an increase in the amount of free alkali metals. This 

                                                 

1 The free C concentration is not added in Fig. 14 as the values remain below 1 mmol/kg mortar 

for all investigated CO2 levels (see also the low concentrations in Fig. 12 and Fig. 13). 



 

30 

increase in volume of pore solution is probably overestimated in the calculations in comparison 

to the experiments, where additional water and ions will be transported towards the drying 

surface of the sample. Similarly an increase in free chlorine and sulphur content upon moderate 

carbonation is predicted due to the increase in the predicted amount of pore solution. It is 

however less visible in Fig. 14 due to their relatively low contents. 

At a higher degree of carbonation (>16 g CO2 for CEM I and >6 g CO2 for CEM II), a decrease 

of the free alkali metal content is predicted as decalcified C-S-H is able to bind significantly 

more alkali metals than C-S-H with a high calcium content [9, 31, 38]. Up to 10 g and 20 g of 

CO2 for CEM II0.55 and CEM I0.55 mortar the predictions with and without zeolites are similar.  

However, at higher levels of carbonation (>30 g CO2 for CEM I and >20 g CO2 for CEM II), 

the zeolite formation resulted in a drastic decrease of the free alkali metal content as the zeolites 

are predicted to take up nearly all alkali metals present in the system. When zeolite formation 

is blocked the following phases are predicted to form: calcite, magnesite, ferrihydrite, alumium 

hydroxide and amorphous silica, and the amount of gypsum predicted is about halved (Fig. 12 

and Fig. 13). The predicted higher levels of alkali metals, when zeolite formation is blocked, 

are thus explained by the inability to take up alkali metals by the predicted phases, and the high 

free sulphur contents are explained by the partial decomposition of the gypsum. The predicted 

chlorine content in Fig. 14 does not show any distinct changes upon carbonation. 

   

Fig. 14: Modelled changes in the free alkali metals, hydroxyl, sulphur and chlorine profiles (mmol / kg mortar) 

due to carbonation in a) fully hydrated CEM I0.55  and b) hydrated CEM II0.55 and CEM II0.40 mortars (20% reaction 

of FA) exposed to accelerated carbonation (1% CO2 and 60% RH). The solid lines represent the predictions 

including the formation of zeolites and the dashed lines indicate the predictions if the formation of zeolites is 
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supressed.  The symbols give the measured concentrations in the carbonated (34 g and 27g CO2 for the CEM I0.55 

and CEM II0.55 samples respectively), and the non-carbonated disc samples (0 g CO2). 

It should be noted that the hydroxide and pH levels with or without zeolites are similar (Fig. 

12 and Fig. 13) even though the alkali metal levels peak when zeolites are blocked. This is due 

to the increase in sulphur concentration in the pore solution, reducing the hydroxyl levels 

necessary to charge compensate for the high alkali metal concentration in the pore solution, as 

illustrated in Fig. 14.  

The experimentally determined free alkali metals, sulphur and chlorine contents in carbonated 

and non-carbonated discs are also indicated in Fig. 14 with stars at respectively 34 g and 27 g 

of CO2 for  the fully carbonated CEM I and CEM II samples, and 0 g CO2 for the non-

carbonated samples. The predicted and measured results are compared in the discussion section 

of the paper.   

4 Discussion 

Understanding the changes in the pore solution upon carbonation is crucial with respect to 

understanding the mechanisms of reinforcement corrosion in carbonated mortar or concrete. 

As carbonated mortar or concrete is generally dry, we are not able to obtain pore solution by 

pressing it out with a mechanical press. In this paper Cold Water Extraction (CWE), a rapid 

leaching method, was used to provide further insights into the composition of pore solution in 

carbonated mortar. The experimental findings are compared with the predictions of a 

thermodynamic equilibrium model.  

4.1 Comparison of the free alkali metal profiles from CWE with portlandite profiles 

from TGA and carbonation depth determined by the pH indicator 

In Fig. 15 the sodium and potassium profiles determined by CWE are compared to the 

portlandite profiles determined by TGA and the carbonation depth determined by the pH 

indicator (data from Fig. 2). It should be noted that the TGA and CWE analysis were performed 

on samples taken from the same homogenised ground section of mortar, whereas the 

carbonation depth is determined in one split surface, which can lead to variation in carbonation 

depth due to spatial inhomogenities.  

Within the experimental uncertainty the carbonation depth determined by the pH indicator 

coincides with the depth at which the alkali metal levels start to increase considerable when 

moving further inwards into the mortar for all investigated mortars. For the CEM I0.55 and CEM 

II0.55 this is also the depth after which the portlandite content starts to be detected and its amount 
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starts to increase. For the CEM II0.40 mortar some portlandite is already present at this depth 

indicating that the mortar is not fully carbonated at the depth.  

The increase of the free alkalis tends to occur at somewhat higher depths compared to the 

increase of the portlandite content. The reason for this is unclear but it might indicate that either 

alkali metal ions start to be taken up by the solids before the portlandite starts to carbonate, 

which is unlikely, or that free alkali metals have been transported together with water towards 

the exposure surface due to drying.  

  

 

Fig. 15: Comparison of the portlandite profiles (TGA  CH), the sodium and potassium profiles (CWE  K and 

Na) and the carbonation depth obtained with pH indicators (dashed vertical lines) for the CEM I0.55, CEM II0.40 

and CEM II0.55 mortars. 
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4.2 Changes in the solid phases upon carbonation 

4.2.1 Solids that sorb alkali metals 

With CWE, a decrease of the free alkali metal content of mortar is measured upon carbonation. 

This indicates that more alkali metals are taken up by the solids upon carbonation. This was 

confirmed with the SEM-EDS point analysis of both CEM I and CEM II mortar shown in Fig. 

5 and Fig. 6. The carbonation products contain considerably more sodium and potassium than 

in the C-S-H in the non-carbonated samples.   

The exact composition of the reaction products which incorporated the alkali metals upon 

carbonation could however not be identified with SEM-EDS as the analysed volume for each 

EDS point analysis was too large. The carbonation leads to an intimate intermixing of the 

reaction products and the analysed volume does not contain a single phase but always a mixture 

of different phases. This is amongst others demonstrated by the apparent lowering of the Si/Ca 

ratio of the carbonation products in the SEM-EDS dot-plots (Fig. 5 and Fig. 6), indicating a 

fine intermixing of the precipitated calcium carbonated and the decalcified C-S-H in almost all 

analysed points [16]. 

Also the thermodynamic model predicts an increase of alkalis in the solid phase in the 

carbonated zones, in particular when the formation of zeolites was considered (Fig. 12 and Fig. 

13). However, it should be noted that the thermodynamic model used is an equilibrium model 

and thus transport is not taken into account. As indicated by the total potassium profiles 

obtained with the μXRF (Fig. 8), there is transport of ions towards the exposed surface as 

carbonation in conditions of 1% CO2 and 60%RH goes along with drying, and thereby transport 

of water and ions. In addition, alkali uptake was considered by a simple uptake coefficient 

approach, which introduces further inaccuracy in the predictions of the alkali concentrations.  

Upon initial carbonation (<20 g CO2 for CEM I and <8 g CO2 for CEM II in Fig. 12 and Fig. 

13), the model predicts a reduction of alkali metals in the pore solution mainly due to the 

increased alkali metal sorption by low Ca/Si C-S-H. C-S-H is the main hydrate and is able to 

sorb Na and K [9, 39, 40] due to its negative surface charge. C-S-H with high Ca/Si binds only 

little alkalis, while the ability to bind alkalis is dramatically increased at lower calcium-to-

silicon ratio (Ca/Si) [39-41]. The Ca/Si of the C-S-H prior to carbonation is predicted to be 

about 1.6 (Fig. 12 and Fig. 13), comparable to the Ca/Si ratio of CEM I (Fig. 5) and CEM II 

(Fig. 6) of about 1.8 and 1.4 determined by SEM-EDS point analysis. Thus, only little alkali 

metal ions are sorbed on C-S-H before carbonation. The carbonation process induces a 
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decalcification of the C-S-H, i.e. a decrease of Ca/Si resulting in an increase of the alkali uptake 

in agreement with the higher alkali to silicon ratios experimentally determined (Fig. 5 and Fig. 

6) for the samples after carbonation.  

Upon progressed carbonation (>20 g CO2 for CEM I and >8 g CO2 for CEM II), the formation 

of zeolitic phases is predicted by the model (Fig. 12). Zeolites are aluminosilicates capable of 

incorporating relatively large amounts of cations such alkali metals and their formation is 

predicted to cause a drastic decrease in the alkali metal concentration in the pore solution, in 

particular for K where the formation of K-phillipsite (KAlSi3O8·3H2O) is predicted. However, 

the formation of zeolitic phases is generally very slow [24] and the formation of crystalline 

products seems unlikely to occur during such a short period of time, i.e. 3 months, although 

amorphous, more soluble zeolitic precursors might have formed as in the case of alkali 

activated systems [37]. We therefore also predicted the phase assemblage supressing the zeolite 

formation (Fig. 13), where the predicted reduction in the alkali metal concentration in the pore 

solution is much more modest compared to the system with zeolite formation. When C-S-H 

starts to decompose to amorphous silica, which in the model does not have ability to sorb alkali 

metals (>37 g CO2 for CEM I and >25 g CO2 for CEM II in Fig. 13), the alkali metal 

concentration in the pore solution are calculated to even start to increase again.  The EDS 

results presented in Fig. 7 point towards a preferential uptake of K in the carbonated mortar. 

 

4.2.2 Portlandite (CH) and calcium carbonate (CC) 

Besides the decalcification of the C-S-H and the increase of its alkali metal uptake, carbonation 

also causes the decomposition of series of phases such as portlandite, monocarbonate and 

ettringite. Most of the calcium in the solid phase of the system ends up as calcium carbonate 

upon carbonation, and a small part as gypsum. Fig. 16 shows the changes in the predicted 

amounts of calcium carbonate and portlandite upon carbonation. The experimental data for the 

non-carbonated and carbonated mortar (inner- and outermost section in Fig. 4) are shown with 

square symbols at 0 and 40 g CO2 respectively. There is a relatively good correspondence 

between the initial amount of portlandite and calcite of the CEM I0.55 mortar. For the CEM 

II0.55 mortar, the amount of portlandite is slightly underestimated which might be due to some 

deviation in the degree of reaction of the fly ash or the predicted Ca/Si ratio of the C-S-H. 

When comparing the experimentally determined amount of calcite with the predicted one, we 

can estimate the CO2 level in the model, which corresponds to carbonation in the outmost 
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sections of the investigated mortars. For CEM I0.55, the CO2 level is approx. 34 g and for the 

CEM II0.55 it is approx. 27 g. These are the CO2 levels corresponding to the following phase 

assemblage when zeolites formation is supressed (Fig. 13) resulting in C-S-H with a Ca/Si ratio 

of approx. 0.7, decomposition of almost all ettringite and the formation of calcite, ferrihydrite, 

aluminium hydroxide, M-S-H and gypsum. 

   

Fig. 16: Modelled (line) and measured (square symbol) changes in calcium carbonate (CC) and calcium hydroxide 
(CH) content upon carbonation in a) CEM I0.55 mortar (100 g of fully hydrated cement and 47 g of water), and b) 
CEM II0.55 mortar (70 g fully hydrated PC, 30 g FA 20% reacted and 46 g of water) both exposed to accelerated 
carbonation, 1% CO2 and 60%RH. The modelled amounts only change marginally dependent on whether or not 
zeolite formation is blocked. The measured CC and CH values are taken from the outermost section and innermost 
section of the carbonated CEM I and CEM II mortars shown in Fig. 4 

4.3 Changes in the pore solution upon carbonation 

The CWE method gives the free element content in mortar in mmol/kg mortar. The model on 

the other hand predicts the concentration of the elements in the pore solution in equilibrium 

with the predicted solids in mmol/L. In order to compare the experimental with the modelled 

results we need to make an assumption with regard to the amount of pore solution in the mortar. 

We do not have accurate moisture profiles in the samples neither experimentally nor through 

modelling (as drying was not considered in the modelling) so the assumption of the measured 

moisture content is a considerable source of error.  

In Fig. 14 the modelled results are converted to mmol/kg mortar, and are compared to the CWE 

results in carbonated and non-carbonated mortar. Fig. 17 gives a direct comparison of the 

predicted free Na, K, S and Cl content for 34 g CO2 for CEM I and 27 g CO2 at CEM II, with 

the measured pore solution composition. The predicted carbonate content was rather low (<1 

mmol/L see Fig. 13) and is therefore not presented in Fig. 17.  
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For non-carbonated mortar (CEM Iref and CEM IIref), the free Na and K content is 

underestimated by the model compared to the measured amount (CEM I0.55 and CEM II0.55). 

This is either due to a discrepancy in the assumptions of alkali metal sorption by the C-S-H in 

the simple sorption model used, and/or due to the release of some of the loosely sorbed alkali 

metals during CWE. The free Cl and S content in the non-carbonated mortar are on the other 

hand overestimated by the model. In the case of Cl, this can be due to the fact that the model 

does not take into account the presence of Cl in the diffuse layer of the C-S-H [42] which might 

not be released during CWE [43].  

The overestimation of S by the model cannot be explained, but it does indicate that ettringite 

does not decompose during CWE. 

Upon carbonation the free alkali metal content drops considerably, however, not to the same 

extent as predicted when allowing zeolite formation (see Fig. 14). This points towards the 

absence of crystalline zeolites although some zeolitic precursor might have formed during 

carbonation. When preventing zeolite formation a more moderate reduction in the free alkali 

metal content is observed as well as an increase in the free sulphur content, which agrees 

somewhat better with experimental observation. The model predicts no change in the chlorine 

concentration upon carbonation whereas the experimental data shows an increase upon 

carbonation. The experimentally observed increase in the free chlorine content upon 

carbonation is caused by the release of the chlorine originally sorbed onto the non-carbonated 

C-S-H and present as a minor element in monocarbonate upon their decomposition. Both the 

model and the experimental results show and increase in the free sulphur content upon 

carbonation, which can be related to the decomposition of ettringite and gypsum. 

It should be noted that the carbonated mortars have very similar measured free Na, K, S and 

Cl contents independent of the binder used. This is in accordance with a previous 

investigation [16], in which the carbonation of Portland cement and fly ash blends leads to 

similar chemical composition of the reaction products. The slight differences in the predicted 

free contents should not be over-interpreted as they depend strongly on the CO2 level chosen 

for the comparison.  

Based on the pore solution composition in the carbonated concrete, the pH can be calculated. 

The model predicts a pH of 10.9 for the CEM I mortar exposed to 34 g CO2 and a pH of 9.7 

for CEM II mortar exposed to 27 g CO2. These values are considerably lower than the 

roughly estimated pH solely based on the free alkali metals which ends up around 13 as 
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described in2.  The pore solution composition and its pH in carbonated concrete is strongly 

influenced by the free S content besides the Na and K content. 

 

Fig. 17: Comparison of measured and modelled pore solution composition for the non-carbonated (ref) and 
carbonated (0.55) mortar in (mmol/kg mortar). For the modelled results 34 g CO2 was used for CEM I and 27 g 
CO2 for CEM II, and zeolite formation was supressed. 

4.4 Effect of carbonation on corrosion 

The pore solution composition plays a decisive role in the corrosion process of the steel 

reinforcement, both for corrosion initiation and corrosion propagation. The interaction between 

the components in the pore solution of carbonated concrete and carbon steel is complex; see 

e.g. [44]. For the discussion here, we choose to focus on changes in the molar ratios of chlorine 

to hydroxyl ([Cl-]/[OH-]), sulphate to hydroxyl ([SO4
-2]/[OH-]),  and carbonate to bicarbonate 

([CO3
2-]/[HCO3

-]) in the pore solution, as well as the total concentration of carbonate and 

bicarbonate ([CO3
2-] + [HCO3

-]). 

Fig. 18 and Fig. 19 present the modelled changes in [Cl-]/[OH-], [SO4
-2]/[OH-], and [CO3

2-

]/[HCO3
-] molar ratios upon carbonation in the pore solution with and without zeolite formation 

for CEM I0.55 and CEM II0.55 mortar, respectively. In addition we include the total carbon 

                                                 
2 The pH could be roughly estimated assuming that the alkali metal concentration equals the 

hydroxyl concentration: pH=14+log([OH-])=14+log([Na+]+[K+]). If this is done using the 

alkali metal concentrations of the outermost carbonated sections of the exposed mortar blocks 

(see Appendix) a pH of in the range of 13 is achieved.  
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content in the pore solution as a measure of the total concentration of carbonate and bicarbonate 

([CO3
2-] + [HCO3

-]).  

Higher concentrations of chlorides and sulphates relative to the hydroxyl concentration [45, 

46], and lower carbonate relative to bicarbonate concentrations in the pore solution can increase 

the corrosion rate of carbon steel [44]. Selected thresholds for corrosion initiation for [Cl-]/[OH-

], [SO4
-2]/[OH-], and [CO3

2-]/[HCO3
-] suggested in the literature are included in Fig. 18 and 

Fig. 19 ([Cl-]/[OH-]>0.6 [45], [SO4
-2]/[OH-]>1.5 based on [46], [CO3

2-]/[HCO3
-]<0.1 to 0.01 

based on [44]). It should be mentioned that the use of thresholds is a simplification as corrosion 

depends on many factors. 

When the zeolite formation is suppressed, the modelled [Cl-]/[OH-] decreases, the [SO4
-2]/[OH-

] increases, and the [CO3
2-]/[HCO3

-] increases somewhat compared to the predicted ratios when 

zeolite formation is allowed (see Fig. 18 and Fig. 19). However, the trends are similar 

independent of whether the zeolite is considered or not.  

When the materials are not carbonated (0 g CO2 on the horizontal axes in Fig. 18 and Fig. 19), 

the [Cl-]/[OH-] and [SO4
-2]/[OH-] are slightly higher in the CEM I0.55 mortar compared to the 

CEM II0.55 mortar due to the dilution effect of fly ash (less clinker) and differences in the phase 

assemblage. The [Cl-]/[OH-] and [SO4
-2]/[OH-] thresholds are reached for the CEM I0.55 mortar 

in the range of 25-30 g CO2 compared to 15-20 g CO2 for the CEM II0.55 mortar. These CO2 

levels are below the actual carbonation level of the samples (34 g CO2 for the CEM I0.55 and 

27 g for the CEM II0.55), i.e. the thresholds will be reached before complete carbonation. The 

threshold for the chloride is reached at slightly lower CO2 levels than the sulphate threshold. 

The predicted pH in the pore solution, at the CO2 levels corresponding to the critical chloride 

and sulphate content, is 12 or higher (Fig. 12 and Fig. 13). At the actual carbonation level of 

the samples (34 g CO2 for the CEM I0.55 and 27 g for the CEM II0.55), the [Cl-]/[OH-] and [SO4
-

2]/[OH-] are in the range of 100 for the CEM I0.55 mortar and in the range of 1000 for the CEM 

II0.55 mortar. This [Cl-]/[OH-] range indicates the potential for high corrosion rates (10 μA/cm2), 

as measured in [47] on carbon steel exposed to simulated pore solution within this [Cl-]/[OH-] 

range.  

The carbonate-to-bicarbonate ratio, [CO3
2-]/[HCO3

-], is very high (in the range of 10 000) in 

both non-carbonated samples (0 g CO2 on the horizontal axes) as mainly carbonates are found 

in the pore solution, while [CO3
2-]/[HCO3

-] becomes lower upon carbonation as the bicarbonate 

concentration increases. At the actual carbonation levels, the modelled carbonate-to-
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bicarbonate ratio was around 10 for the CEM I0.55 mortar and around 1 for the CEM II0.55 

mortar, indicating that bicarbonates are becoming more predominant in the pore solution. This 

range is getting closer to the suggested threshold [CO3
2-]/[HCO3

-] below which corrosion is 

expected to be promoted, 0.1 to 0.01 based on [44].  

Carbonate and bicarbonate have been found to act as depassivators at low concentrations, but 

as inhibitors at high concentrations [44, 48-50]. Critical concentrations at 0.1 M for HCO3
- and 

0.01 M for CO3
2- were suggested in [48]. The modelled amount of total carbonates in the pore 

solution varied upon carbonation. At the actual level of carbonation of the samples, the 

carbonate concentration was lower (0.02 mmol/L for the CEM I and 0.001 mmol/L for the 

CEM II) compared to the non-carbonated mortar for both cements (2 mmol/L for the CEM I 

and 0.8 mmol/L for the CEM II).  

In summary, there are several reasons for reinforcement corrosion to be promoted in such 

systems. The modelled [Cl-]/[OH-] and [SO4
-2]/[OH-] in the pore solution of the carbonated 

mortar are beyond the applied thresholds and are expected to promote reinforcement corrosion. 

The predicted [CO3
2-]/[HCO3

-] in the pore solution approaches a critical level and the total 

carbon concentration in the pore solution is low. However, it should be noted that the applied 

thresholds and concentrations are derived for simplified systems and not necessarily generally 

applicable.  

  

Fig. 18: Modelled changes in the [Cl-]/[OH-], [SO4
-2]/[OH-], and [CO3

2-]/[HCO3
-] molar ratios and the carbon (C) 

concentration in the pore solution upon carbonation of CEM I0.55 mortar (fully hydrated CEM I exposed to 
accelerated carbonation, 1% CO2 and 60% RH (47 g of water). Dashed lines are used for the modelled results 
including zeolite formation, solid lines for the model where zeolite formation is suppressed and dotted lines for 
the corrosion threshold from literature (Cl-]/[OH-]>0.6 [45], [SO4

-2]/[OH-]>1.5 based on [46], [CO3
2-]/[HCO3

-

]>0.1 based on [44]). 
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Fig. 19: Modelled changes in the [Cl-]/[OH-], [SO4
-2]/[OH-], and [CO3

2-]/[HCO3
-] molar ratios and the carbon (C) 

concentration in the pore solution upon carbonation of CEM II0.55 mortar (70 g fully hydrated CEM I and 30 g FA 
20% reacted) exposed to accelerated carbonation, 1% CO2 and 60% RH (46 g of water). Dashed lines are used for 
the modelled results including zeolite formation, solid lines for the model where zeolite formation is suppressed 
and dotted lines for the corrosion threshold from literature (Cl-]/[OH-]>0.6 [45], [SO4

-2]/[OH-]>1.5 based on [46], 
[CO3

2-]/[HCO3
-]>0.1 based on [44]). 

 

5 Conclusion 

Understanding the changes in the pore solution upon carbonation is crucial with respect to 

understanding the mechanisms of reinforcement corrosion in carbonated mortar or concrete. 

As carbonated mortar or concrete is generally dry, we are not able to obtain pore solution by 

pressing out pore solution with a mechanical press. In this paper we used Cold Water Extraction 

(CWE), a rapid leaching method, to provide further inside into the composition of pore solution 

in carbonated mortar. We applied CWE to obtain the free alkali metal profiles in carbonated 

mortar with Portland cement (CEM I) and mortar with fly ash Portland cement containing 30 

mass% fly ash (CEM II).  

We succeeded in obtaining decreasing alkali metal profiles in the carbonated mortar, indicating 

uptake of alkali metals by the solids upon carbonation. The depth where the changes in the free 

alkali metal profiles were observed agree well with the decreasing portlandite profiles obtained 

on the same sections of the mortar using TGA and with the carbonation depth determined by a 

pH indicator. 

The alkali metal uptake by the carbonation products was confirmed by SEM-EDS. A 

thermodynamic model of the system predicted the increased uptake of alkalis in the decalcified 

C-S-H formed during carbonation and hinted towards the possible formation of zeolites or 
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zeolitic precursors, i.e. aluminosilicate minerals able to take up alkali in the cementitious 

system under strongly carbonated conditions. However, the observation of measureable free 

alkali metals in the CWE and the relatively high sulphate concentrations indicates that no or 

very little zeolites have formed; such that the carbonated cements were rather a combination of 

calcite, decalcified C-S-H, amorphous silica, aluminium hydroxide and gypsum.  

The experimentally obtained pore solution composition and the predicted one indicate that 

upon carbonation the chlorine and sulphur concentrations increase while the pH decreases. The 

pore solution plays a decisive role in the corrosion process of the steel reinforcement, both for 

corrosion initiation and corrosion propagation. Carbonation causes a decrease in the hydroxyl 

concentration, variations in the carbon content, a reduction of the carbonate-to-bicarbonate 

ratio, and a release of detrimental ions such as chlorides and sulphates. This strongly increases 

the probability of corrosion and the corrosion rate. 

Finally, we could also conclude that the phase assemblage and pore solution chemistry for the 

two tested binders was rather similar upon carbonation.   
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8 Appendix 

Appendix 1: The calculated Na and K concentration in in the pore solution as a function of the depth. The volume 
of pore solution used for the calculation is also indicated. 

Sample Depth (mm) Na (mmol/l)  K (mmol/l)  Moisture content (wt. %) 

    Average Std dev. Average Std dev.  

CEM Iref 0-3 350 - 380 - 8.3 

  3-6 329 - 383 - 8.3 

  6-9 345 - 387 - 8.3 

  9-12 346 - 408 - 8.3 

  12-15 348 - 412 - 8.3 

CEM I0.55 0-3 79 16 37 10 4.5 

  3-4 103 8 48 9 4.5 

  4-5 113 6 59 8 4.5 

  5-6 137 34 92 30 4.5 

  6-7 164 46 133 45 6.1 

  7-8 196 31 168 25 6.1 

  8-10 299 40 277 47 6.1 

  10-14 374 64 385 70 6.1 

  14-16 359 17 386 26 6.1 

CEM IIref 0-3 221 - 270 - 8.9 

  3-6 206 - 246 - 8.9 

  6-9 221 - 273 - 8.9 

  9-12 230 - 278 - 8.9 

  12-15 229 - 279 - 8.9 

  15-20 228 - 278 - 8.9 

CEM II0.55 0-5 99 9 42 4 3.6 

  5-7 116 47 46 21 3.6 

  7-8 81 28 30 14 3.6 

  8-9 99 21 40 6 3.6 

  9-10 93 37 67 42 6.3 

  10-11 92 13 81 29 6.3 

  11-12 151 25 151 9 6.3 

  12-14 216 6 241 8 6.3 

  14-15 148 3 163 4 6.3 

CEM II0.40 0-2 70 16 38 8 4.6 

  2-3 61 20 30 10 4.6 

  3-4 67 2 36 3 4.6 

  4-5 89 29 70 21 4.6 

  5-6 159 33 156 33 6.3 

  6-7 190 50 201 52 6.3 

  7-9 250 10 286 14 6.3 

  9-14 263 8 309 10 6.3 

  14-16 256 12 303 17 6.3 
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Appendix 2: The determined free Na, K, S and Cl content in carbonated and non-carbonated mortar disks.  

Sample 
Na  

(mmol/kg) 

K  

(mmol/kg) 

S  

(mmol/kg) 

Cl  

(mmol/kg) 

CEM Iref 25.9 30.4 0.3 0.2 

  26.4 30.3 0.4 0.3 

  24.9 29.3 0.4 0.3 

CEM I0.55 5.3 2.3 11.0 2.2 

  6.2 2.5 12.5 2.6 

  5.8 2.4 11.6 2.2 

CEM IIref 19.9 25.9 0.1 0.3 

  22.0 29.4 0.1 0.3 

  21.6 29.0 0.1 0.3 

CEM II0.55 4.7 1.9 12.2 2.0 

  4.5 1.8 11.8 2.0 

  4.6 1.8 12.1 1.9 
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h i g h l i g h t s

� Apparent early carbonation-induced corrosion onset is reported in the literature.
� Conditions for corrosion are met once the mortar-steel interface is carbonated.
� The spatial variation of the carbonation depth is influenced by the reinforcement.
� The apparent early corrosion onset was due to the influence of reinforcement.
� The influence of reinforcement should be considered in service life prediction.
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a b s t r a c t

There are different views in the literature on the relationship between the location of the carbonation
front and the onset of reinforcement corrosion. Theoretically, corrosion starts when the carbonation front
reaches the reinforcement, but some authors have observed an apparent earlier start of corrosion. In the
present study, mortar samples with and without reinforcement were exposed for up to 22 weeks to 20 �C,
60% RH and 1.5% CO2. The state of the reinforcement was monitored by potential measurements. The car-
bonation of the bulk and the mortar-steel interface was detected by spraying a pH indicator on a freshly
split or cut surface. Good agreement was found between low potential values (compared to reinforce-
ment in the passive state) and the carbonation of the mortar-steel interface. A difference in the spatial
variation of the carbonation depth was observed between plain and reinforced samples. The differences
found in the literature between the location of the carbonation front and the corrosion onset can probably
be explained by the spatial variation of the carbonation depth in the vicinity of the reinforcement.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Corrosion is one of the major causes of deterioration in rein-
forced concrete structures [1]. Chloride ingress and carbonation
are the most common causes of initiation of reinforcement corro-
sion. Reinforcement embedded in concrete is prevented from cor-
rosion by a thin layer of iron oxides, which is stable in the high-
alkaline environment of sound concrete [2]. Upon carbonation,
the pH of the pore solution is reduced to values below 7 [3]. The

oxide layer is no longer stable in such a low pH and reinforcement
embedded in carbonated concrete can corrode depending on the
exposure. Differences are found in the literature on the location
of the carbonation front and the onset of the reinforcement corro-
sion. Some authors have observed that reinforcement corrosion
can start before the carbonation depth compares to the concrete
cover. Table 1 presents a summary of published experimental
investigations on carbonation-induced corrosion onset.

Parrott detected corrosion when the difference between the
average carbonation depth in plain concrete and the concrete cover
(in reinforced samples), the ‘‘unneutralized remainder”, was 10–
15 mm, i.e. he observed corrosion before the apparent carbonation
front reached the reinforcement [4,5]. He determined ongoing cor-
rosion by gravimetric analysis of the reinforcement, and the
unneutralized remainder from the carbonation depth measure-
ments in plain samples. For further description of materials and
exposure conditions, see Table 1. Carbonation development in

https://doi.org/10.1016/j.conbuildmat.2017.12.066
0950-0618/� 2017 Elsevier Ltd. All rights reserved.

Abbreviations: CO2, carbon dioxide concentration in the air (volume); Dmax,
maximum aggregate size; FA, fly ash; GGBFS, ground-granulated blast-furnace slag;
L, limestone; OCP, open circuit potential; pH, pH indicator; RH, relative humidity;
SCE, saturated calomel reference electrode; t, time; T, temperature; w/b, water-to-
binder ratio; wx, width of the carbonation front; xc,i, carbonation depth measure-
ment ‘‘i”; dx, spatial variation of the carbonation depth; Ø, reinforcement diameter.
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the plain samples and corrosion in the reinforced samples were
measured after 6, 18 and 48 months of exposure.

Yoon et al. also compared the corrosion onset in reinforced sam-
ples with carbonation depth measurements in plain samples. They
found that corrosion started before the apparent carbonation front
reached the reinforcement, but as long as the unneutralized
remainder was more than 5–10 mm in thickness the risk of
carbonation-induced corrosion was low [6]. This is in agreement
with the findings by Parrott [4,5], although the unneutralized
remainder determined is lower. For further description of materi-
als and exposure conditions, see Table 1. Carbonation development
was monitored in the plain samples and the corrosion rate in the
reinforced samples using linear polarization resistance and gravi-
metric analysis at the end of the exposure.

In agreement with the above observations, Hussain et al. found
that corrosion started when the carbonation depth in plain samples
was 80% of the concrete cover [8]. For further description of mate-
rials and exposure conditions, see Table 1. The corrosion potential
wasmonitored during the exposure and the corrosion rate was esti-
mated from gravimetric analysis of the reinforcement after expo-
sure. Corrosion onset was identified by a potential drop of 200 mV.

The above observations are also reflected in JSCE Guidelines,
which state that corrosion starts before the carbonation front
reaches the reinforcement: ‘‘It has been learned from laboratory tests
and investigations on actual structures that the corrosion of steel may
begin before the carbonation depth actually exceed(s) the cover thick-
ness” [9]. According to the JSCE, to avoid corrosion onset the
unneutralized remainder should be at least 10 mm, and as much
as 25 mm if chlorides are present. No references are given to sup-
port these statements.

In this study, we investigated three possible hypotheses that
could explain the apparent early onset of carbonation-induced
reinforcement corrosion:

1. Width of carbonation front (wx). When detecting carbonation,
there will be a volume where the investigated property changes
from sound to carbonated concrete. The detected width of this
carbonation front depends on the characterisation method used
[10]. A large carbonation front width could lead to conditions
for corrosion onset before carbonation can be detected at the
level of the reinforcement.

2. Spatial variation of carbonation depth:
2.1. Spatial variation in plain samples (dx). The spatial variation

in the carbonation depth measured in plain samples could
induce corrosion on parts of the reinforcement before the

average carbonation depth reaches the level of the
reinforcement.

2.2. Spatial variation in reinforced samples (dx). Differences in
microstructure between plain and reinforced samples could
induce differences in the spatial variation of the carbonation
depth and faster carbonation in the vicinity of the
reinforcement.

Fig. 1 illustrates the nomenclature used. Moreover, when we
refer to the data from the literature, all the authors detected the
carbonation in plain samples, so the term ‘‘apparent” carbonation
front is used.

Mortar samples varying in size and reinforcement position were
prepared using 3 different compaction methods. The samples were
sealed, cured for 2 weeks, and exposed to accelerated carbonation
for up to 22 weeks. The state of the embedded steel was monitored
by potential measurements. The carbonation of the bulk and the
mortar-steel interface was studied by spraying a pH indicator on
a freshly split or cut surface. In addition, thin sections were inves-
tigated using optical microscopy. We found that the embedded
steel affects the spatial variation of the carbonation depth, possibly
due to differences in microstructure between plain and reinforced
samples. These differences cannot be attributed to the specific
materials or the exposure; similar observations were reported in
a field assessment [11]. Based on these observations, monitoring
carbonation development in plain samples and assuming similar
carbonation development in reinforced samples might give non-
conservative prediction of the corrosion onset.

2. Experimental

A set of plain and reinforced mortar samples with different
geometries were prepared using various compaction methods:

Table 1
Summary of the experimental investigations on carbonation-induced corrosion onset.

Authors Parrot [4,5] Yoon et al. [6] Hussain et al. [7,8]

Materials Type Concrete Concrete Concrete
SCMs FA, GGBFS, L – –
w/b 0.35, 0.47, 0.59, 0.71, 0.83 0.45, 0.5, 0.55 0.45

Geometry Samples [mm] Cubes, 100 Prims, length 200 Prims, 200 � 100 � 100
Cover [mm] 4, 8, 12 and 20 12 13
Dmax [mm] 10 25 20
Ø [mm] 6.4 8 13

Curing T [�C] not reported 20 20
Moisture conditions Wet cured Wet cured Sealed
t [days] 1, 3, 28 28 28

Exposure T [�C] Indoors 20 20
RH [%] 45–58% outdoors sheltered or exposed 65 55
CO2 [%] 0.04% 3, 5, 10 10

Characterization Carbonation pH in plain samples pH in plain samples pH in plain samples
Corrosion onset Gravimetric analysis Gravimetric analysis, LPR Corrosion potential
Criteria for corrosion onset Weight loss [not reported] Weight loss 0.2–0.5 g Potential drop �200 mV

FA: fly ash, GGBFS: ground granulated-blast furnace slag, L: limestone, Dmax: maximum aggregate size, Ø: reinforcement diameter, pH: pH indicator.

Fig. 1. Nomenclature used: dx: spatial variation of the carbonation depth, xc,i:
carbonation depth measurement ‘‘i”, wx: width of the carbonation front. The sketch
illustrates carbonation detected using a pH indicator, adapted from previous work
[10].
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jolted (J), vibrated (V) and tapped (T). Table 2 summarizes the
experimental matrix.

2.1. Geometry

Reinforced (A, B and C) and plain (A0 and C0) mortar sampleswere
prepared. The reinforced samples contained ribbed carbon steel bars
(Ø 6 mm)embedded in different positions, but alwayswith a 10 mm
cover, see Fig. 2. Type A samples contained only one reinforcement
bar, type B three bars, and type C eight bars (for labelling of the bars,
cf. Fig. 2). In addition, one stainless steel bar was embedded in the
middle of the C samples, cf. Fig. 2. In the following sections, the sam-
ples are labelled as follows: <sample type>-<compaction method>-
<bar position>, e.g. 120 � 80 � 160 mm tapped samples with rein-
forcement in position 1 are labelled: C-T-1.

2.2. Mortar composition and reinforcement

The mortar samples contained Portland-fly ash cement (CEM II/
B-V in accordance with EN-197-1 [12]) supplied by NORCEM AS
and standard sand in accordance with EN 196-1 [13] (Dmax 2
mm). Filtered tap water was used for the mixing. The XRF analysis
of the cement given by NORCEM AS is: 29.5% SiO2, 10.8% Al2O3,
4.5% Fe2O3, 44.6% CaO, 2% MgO, 3.2% SO3, 0.4% P2O5, 1.1% K2O,
0.5% Na2O, and 0.03 chlorine.

The recipe was based on EN 196-1 [13], but the cement and
water content was adjusted to obtain w/b 0.55, keeping the volu-
metric paste-sand ratio constant. Two batches (each approxi-
mately 12 Ls) were required to cast all the samples. The
following amount of each component was required per batch:
4355 g of cement, 2395 g of water and 13,500 g of sand. The mixing
steps were as defined in EN 196-1 [13], except that the mixer was
used with a constant mixing speed. Water and binder were placed
in the mixing bowl and the mixer was immediately started. After
30 s of mixing, sand was added steadily over the next 30 s, and
the mortar was mixed for 30 more seconds once all the sand had
been added. The mixing was stopped for 90 s while the mortar
adhering to the wall and bottom of the bowl was detached and
moved to the middle of the bowl. Finally, the mixing was contin-
ued for another 60 s. Ribbed carbon steel bars 6 mm in diameter
(B500NC in accordance with NS 3576 [14]) were used as reinforce-
ment, and an additional AISI 2205 6 mm bar was embedded in the
middle of the type C samples for use as a pseudo-reference elec-
trode. The reinforcement was cut into 160 mm pieces and both
ends were polished. The steel was cleaned in HCl containing uro-
tropine (HCl 1:1 + 3 g/l urotropine), placed in an ultrasonic bath

for 5 min, rinsed with distilled water, and dried using a hairdryer.
Finally, 30 mm of both ends of each bar were coated with beeswax
by dipping the reinforcement into the melted wax twice. The rein-
forcement pieces were kept in a desiccator including a drying
agent (silica gel), until they were embedded in mortar.

2.3. Preparation of the samples

Three compaction methods were used to prepare the samples:
jolting, vibrating table, and tapping. Jolting is the standard com-
paction method for mortar samples according to EN 196-1 [13],
in which the moulds are filled in two layers, applying sixty jolts
per layer. For the vibrating table compaction, 20 mm layers were
compacted by applying 5 s of vibration, frequency 50 Hz and verti-
cal amplitude 0.65 mm, to each layer. The mould was firmly held
against the vibrating table during compaction. The vibration time
was selected on the basis of the cessation of air bubbles and limited
bleeding. For the tapping compaction, a 6 mm diameter, smooth,
straight, stainless steel rod with rounded ends was used. 20 mm
layers were tapped compact by applying 30 strokes per layer uni-
formly distributed over the cross section of the mould. The first
layer was compacted without tapping the bottom of the mould
and the subsequent layers were compacted avoiding penetration
of the previous layers. At the end, the sides of the mould were
gently tapped with the steel rod until large air bubbles ceased to
appear.

The samples were kept in the moulds covered with plastic for
one day after casting at room temperature (approx. 20 �C). Then
they were demoulded, wrapped in plastic, and stored at 20 �C for
13 days.

2.4. Exposure

After the 14 curing days, the samples were exposed to 20 �C, 60
± 2% RH, and 1.5 ± 0.1% CO2 for up to 22 weeks in climate cabinets
with forced ventilation, which were set up to ensure homogeneous
exposure conditions for the samples.

2.5. Methods

2.5.1. Open circuit potential (OCP)
The open circuit potential (OCP) of the embedded steel was

monitored using an external saturated calomel reference electrode
(SCE) and a high impedance voltmeter (Fluke 76, input impedance
10 MO). Ultrasound gel was applied on the mortar surface to pro-
vide electrical contact. The OCP was monitored twice a week.

Table 2
Summary of samples and measurements. Reinforced (A, B and C) and plain (A0 and C0).

Samples Property investigated

OCP Carbonation Micro-structure

Id. Size [mm] Compaction method No. Bars Duration [weeks] Bulk Mortar-steel interface

A 40 � 40 � 160 Jolted (J) 2 1 20 x – –
Vibrated (V) 1 1 20 x – –
Tapped (T) 1 1 20 x – –

A0 40 � 40 � 160 Jolted (J) 1 – – x – –
Vibrated (V) 1 – – x – –
Tapped (T) 1 – – x – –

B 120 � 40 � 160 Vibrated (V) 1 3 20 – – –
Tapped (T) 1 3 20 – – –

C 120 � 80 � 160 Vibrated (V) 1 8 10 x x –
Tapped (T) 1 8 10 x x x

C0 120 � 80 � 160 Vibrated (V) 1 – – x – –
Tapped (T) 1 – – x – –
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2.5.2. Carbonation characterization
Carbonation was detected by spraying a thymolphthalein solu-

tion on either a freshly split or a freshly dry-cut sample. Pictures
were taken using an Olympus E-630 camera attached to a set-up
with fixed lighting conditions. The thymolphthalein solution was
prepared by dissolving 1 g of the indicator (powder, grade ‘‘ACS,
Reag. Ph Eur” (VWR)) in a mix of 30 ml of deionized water and
70 ml of ethanol. The colour change of thymolphthalein occurs in
the pH range of 9 to 10.5. Above this range, an intense bluish colour
is observed while, below it, thymolphthalein becomes colourless.
Phenolphthalein is the pH indicator recommended for detecting
carbonation according to EN 13295 [15], but it has been classified
as carcinogenic [16]. We have previously tested thymolphthalein
on the same materials and exposure, and observed similar carbon-
ation depths to those found with phenolphthalein [10].

The distribution of the carbonation depth was determined by
image analysis using a colour threshold principle. First, the pic-
tures were scaled, then the sample area and the non-carbonated
area were determined, and finally the carbonation depths were
measured. When taking measurements, we avoided the corners
(due to the ingress from two directions).

The carbonation of the mortar-steel interface was investigated
by splitting reinforced samples longitudinally and spraying the
imprint of the reinforcement bar (the mortar-steel interface) with
thymolphthalein. To quantify the carbonated fraction of the
mortar-steel interface, the colour threshold of the pictures was
manually adjusted to differentiate more clearly between the car-
bonated and non-carbonated areas. Next, the interface was dis-
cretized in a 1 � 1 mm grid and the state of each cell was assessed
(carbonated or non-carbonated). A geometric factor was applied
to take into account the circular shape of the reinforcement. The
mortar-steel interface of the reinforcement bars in some of the
vibrated samples could not be investigated, because the samples
broke into small pieces when split longitudinally.

2.5.3. Petrographic analysis of thin sections
Thin sections were prepared at the Danish Technological Insti-

tute in accordance with Nordtest [17] for a general investigation
of the microstructure. The samples were impregnated with an
epoxy resin containing fluorescent dye, mounted on a glass plate,
ground to a thickness of 20 mm, and then covered with a second
glass plate. The thin sections prepared included reinforcement
located in three different positions (bottom, middle and top) from
sample C-T. The thin sections were prepared after 22 weeks of
exposure (after corrosion onset). The thin sections were investi-
gated with an optical microscope Nikon Eclipse LV 100 POL using
transmitted, crossed polarized and fluorescent light.

3. Results

3.1. Open circuit potential (OCP)

Fig. 3 presents the OCP measurements in the A and B samples
over 20 weeks. Fig. 4 presents a summary of the OCP measure-
ments in the C samples over the first 10 weeks of exposure. The
mortar-steel interface of the C samples was investigated after 10
weeks of exposure.

3.2. Carbonation depth

Fig. 5 presents the carbonation investigation of the A0 samples.
The carbonation front presented a trapezoidal shape in the jolted
samples, indicating separation in these samples. The other two
compaction methods seem to have caused less segregation, leaving
the top and lateral sides comparable. The impact of an air bubble is
observed in the tapped sample (Fig. 5, right). Fig. 6 shows the car-
bonation front in the C0-T and C-T samples after 10 and 22 weeks of
exposure. Similar trends were observed in the vibrated samples,
which are not shown here. Fig. 7 presents the histograms of the
carbonation depth measurements taken in the plain C0-T after 10
and 22 weeks of exposure. The data set includes the measurements
from the top and lateral sides. Figs. 8 and 9 present the carbonation
of the mortar-steel interface for the reinforced C-T and C-V sam-
ples after 10 weeks of exposure. Note that the data from the
vibrated samples is limited due to problems with the sampling.

3.3. Petrographic analysis of thin sections

Fig. 10 presents micrographs taken by Ulla Hjorth Jakobsen
(DTI) and sketches of microcracking observed. Photographs using
fluorescent lighting were taken close to the reinforcement in the
top, middle and bottom positions. A radial crack pattern was
observed in the vicinity of the reinforcement in the top and middle
positions, while fewer cracks and a different pattern were observed
in the vicinity of the bottom reinforcement. According to Ulla
Hjorth Jakobsen, all the cracks observed were formed during the
plastic stage and were smaller than 10 mm. If we compare the
greenish colours of the micrographs, a small difference in porosity
can be observed between the thin sections from the bottom and
the top and middle positions. However, it was not possible to
quantify this difference.
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Fig. 2. Reinforced mortar samples [mm]. A0 and C0 plain mortar samples have the same geometry as A and C. Numbers refer to the position of steel bars. The mortar was
poured from the top.

850 A. Belda Revert et al. / Construction and Building Materials 162 (2018) 847–856



4. Discussion

4.1. Relationship between carbonation of the mortar-steel interface
and the OCP

The pictures shown in Figs. 8 and 9were used to quantify the car-
bonated fraction of themortar-steel interface. In Fig. 11, the carbon-
ated fraction of the interface is plotted against the OCP for each
reinforcement bar at the time the samples were split (after 10
weeks of exposure). During the carbonation of the mortar-steel
interface, there seems to be a gradual change towards more nega-
tive OCP values. Similar OCP trends were observed during carbona-
tion in all the samples regardless the compactionmethod. Although

the data is limited, we found that the carbonated fraction of the
mortar-steel interface correlates with the OCP measured. For steel
embedded in non-carbonated mortar, OCP in the range of +60 to
+90 mV vs. SCE was measured, whereas when the carbonated frac-
tion of the mortar-steel interface exceeded 75% the values gathered
around�70 to�110 mV vs. SCE. Overall, we observed that a drop of
approx. 140–200 mV in theOCP indicated the complete carbonation
of the mortar-steel interface. The OCP remained within the same
range after the onset of corrosion, see Fig. 3. On this basis, we con-
clude that the OCP drop was due to the carbonation of the mortar-
steel interface rather than other factors, e.g. moisture changes.

RILEM TC-235 CTC defines the onset of chloride-induced corro-
sion as follows: ‘‘significant drop of the measured potential, and the

Fig. 3. OCP of jolted (J), vibrated (V) and tapped (T) 40 � 40 � 160 (A) and 120 � 40 � 160 mm (B) samples over the first 20 weeks of exposure at 20 �C, 60% RH, and 1.5% CO2.

Fig. 4. OCP of tapped (T) and vibrated (V) 120 � 80 � 160 mm (C) samples over 10 weeks of exposure at 20 �C, 60% RH, and 1.5% CO2.
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corrosion activity is defined as being stable when the potential has
dropped and remained at a potential at least 150 mV lower than the
passive level for more than 7 days” [18]. The literature reports a sim-
ilar potential drop for carbonation-induced corrosion [7,8], which is
in agreement with the present study. However, for carbonation-
induced corrosion, the time required for stable OCP indicating cor-
rosion seems to be longer. In the present study, a gradual change in

OCP towards more negative values was observed. The change in
potential took from 4 to 10 weeks depending on the sample, see
Fig. 3. We attribute the gradual change in OCP to the steady carbon-
ation of themortar-steel interface, as shown in Fig. 11. In contrast to
what is typically seen for chloride-induced corrosion, there was no
indication of re-passivation of the steel embedded in the carbon-
ated mortar within the test period.

4.2. Width of the carbonation front

When detecting carbonation using a pH indicator, the pH
threshold of the indicator should be taken into account. In a previ-
ous investigation, we compared a set of pH indicators, including
phenolphthalein (pH 8.2–9.8) and thymolphthalein (pH 9–10.5)
among other indicators [19]. Comparable carbonation depths were
measured and all the indicators illustrated a sharp drop in pH and a
narrow carbonation front width for the tested materials and expo-
sure conditions. According to the Pourbaix diagram [20] for Fe-H2O
(10�6 mol/L), active corrosion starts at approx. pH 7 [21] for the
OCP range measured. For this simplified system, therefore, active
corrosion is not expected before thymolphthalein becomes colour-
less. The observations indicate that the width of the carbonation
front may not have caused the early corrosion onset reported in

Fig. 5. Carbonation detection in the plain A0 (40 � 40 � 160 mm) mortar samples. From left to right: cross sections of A0-J, A0-V and A0-T. The samples were sprayed with
thymolphthalein after 8 weeks of exposure.

Fig. 6. Carbonation detection in C0-T and C-T samples (120 � 80 � 160 mm). Cross sections sprayed with thymolphthalein after 10 weeks (top) and 22 weeks (bottom) of
exposure.

Fig. 7. Carbonation depth histograms of the plain C0-T mortar sample after 10 and
22 weeks of exposure, giving average and range. The line shows the normal
distribution curve.
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the literature. However, cementitious materials do contain some
chloride, and during carbonation the pH drops, which might
increase the [Cl�]/[OH�] ratio in the pore solution and thus the
probability of corrosion.

4.3. Spatial variation of the carbonation depths in plain samples

For the plain tapped samples (C0), the carbonation depth on the
top and lateral sides merged together is normally distributed
(Fig. 7). After 10 weeks of exposure, the average carbonation depth
was 9.4 mm and the standard deviation of 0.7 mm. Assuming a
cover depth of 10 mm and a reinforcement diameter of 6 mm, as
used in the reinforced samples, the carbonation of the mortar
embedding the steel would have been complete when the carbon-
ation front had penetrated up to 16 mm. In Fig. 12, the carbonation
depth distribution in the plain mortar samples after 10 weeks of
exposure is compared with the position of the reinforcement in

the reinforced samples. After 10 weeks of exposure, 20% of the car-
bonation depth population in the plain mortar samples was higher
than the cover (10 mm). Part of the steel was therefore embedded
in carbonated mortar when the average value of the carbonation
front was 9.4 mm. If we assume that the mortar is uniformly car-
bonated to a depth of 11.6 mm (worst-case scenario), 20% of the
steel surface would be embedded in carbonated mortar. Consider-
ing the relationship between the carbonated fraction of mortar-
steel interface and the OCP presented in Fig. 11, positive OCP val-
ues are expected at this stage. Nevertheless, corrosion onset indi-
cated by low potential values was observed for several of the
rebars after 10 weeks (see Figs. 3 and 4), which cannot be
explained by the spatial distribution of the carbonation depth in
the plain samples.

4.4. Spatial variation of the carbonation depth in reinforced samples

The observations made by Parrott [4,5], Hussain et al. [6], and
Yoon et al. [7,8] were based on carbonation depth measured in
plain samples. In the present investigation, we found that the pres-
ence of reinforcement has an impact on the spatial variation of the
carbonation depth (cf. Fig. 6). Fig. 13 shows the carbonation depth
distribution of the reinforced tapped (C-T) sample after 22 weeks
of exposure. The carbonation depth was measured in areas without
reinforcement (‘‘M”) and in the vicinity of the reinforcement (‘‘R”).
The data set includes the measurements from the top and lateral
sides. The measurements are grouped in two populations: popula-
tion ‘‘M”, which is similar to the carbonation depth measured in
the plain tapped (C-T) sample (Fig. 7), and population ‘‘R”, which
presented higher carbonation depths. This shows that the rein-
forcement influenced the spatial variation of the carbonation depth
distribution. The impact of embedded steel on carbonation
development has also been observed by Köliö et al. [11], who

Fig. 8. Carbonation investigation of the mortar-steel interface of the C-T sample
after 10 weeks of exposure. The shaded areas represent the length of the
reinforcement which was coated with beeswax.

Fig. 9. Carbonation investigation of the mortar-steel interface of the C-V sample
after 10 weeks of exposure. The shaded areas represent the length of the
reinforcement which was coated with beeswax.
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report deeper carbonation depths in the vicinity of the reinforce-
ment in cores extracted from façades exposed to natural
carbonation.

A recent publication presented an overview of the characteris-
tics of the concrete-steel interface [22]. One of the characteristics
is the so-called ‘‘top-bar effect’’, which is defined as void formation
under the horizontal rebars located mainly in the upper parts of
the structural members as a result of segregation, settlement,
and bleeding of fresh concrete [23]. This top-bar effect is observed

to increase the higher in a cast section the position of the reinforce-
ment is. Based on the shape of the carbonation front, which is
evenly distributed around the top and middle reinforcements
and the observation of micro-cracks radiating in all directions from
the top and middle reinforcements (see Fig. 10), we attribute the
deeper carbonation depth in the vicinity of the reinforcement to
these microstructural defects rather than to the top-bar effect.
The assessment of the mortar-steel interface (see Figs. 8 and 9)
indicated no bleeding underneath any of the rebars.

Fig. 10. Micrographs taken in fluorescent light using an optical microscope with magnification �16 (width of each micrograph 6.5 mm) on the C–T sample after 22 weeks of
exposure. Arrows indicate the cracks observed. Crack patterns observed in the top, middle and bottom reinforced samples are included in the sketches on the right.(For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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5. Conclusions

The aim of the present study was to investigate the conditions
for carbonation-induced corrosion onset. In the literature, it has
been observed that corrosion can initiate before the apparent car-
bonation depth (measured in parallel plain samples) compares to
the depth of the reinforcement. Plain and reinforced mortar sam-

ples were prepared. The samples were exposed to 20 �C, 60% RH
and 1.5% CO2 for up to 22 weeks. The open circuit potential
(OCP) of the embedded steel was monitored and the carbonation
development was followed by periodically spraying freshly split
or dry-cut samples with thymolphthalein. The microstructure of
the mortar around the rebars was investigated by optical micro-
scopy on thin sections. The following conclusions can be drawn:

1. When plain and reinforced mortar samples are compared, cor-
rosion onset is observed before the carbonation depth in the
plain mortar samples compares to the cover depth of the rein-
forced samples. This apparent early corrosion onset is in agree-
ment with the literature.

2. Neither the width of the carbonation front nor the spatial distri-
bution of the carbonation depth in the plain samples can
explain this apparent early corrosion onset.

3. However, the spatial variation of the carbonation depth was dif-
ferent in the reinforced and the plain mortar samples. Increased
carbonation depth in the vicinity of the reinforcement was
observed in the reinforced samples, which can explain the
apparent early onset of corrosion reported in the literature.

4. Good agreement was observed between the carbonation of the
mortar-steel interface and the corrosion potential drop. Corro-
sion does not start until the mortar-steel interface is (partially)
carbonated.

5. When predicting carbonation-induced corrosion onset in field
structures, the potential influence of reinforcement in carbona-
tion development should be taken into account to avoid a non-
conservative prediction.
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Abstract 

The corrosion of reinforcement in moist carbonated concrete was measured with and without electrical 

connection to reinforcement in non-carbonated concrete. The impact of the fly ash content, casting 

position (microstructure), and cathode-to-anode ratio was studied. A model was applied to quantify the 

contribution of the anodic, cathodic and ohmic partial processes to the macrocell corrosion.  

The total current density was high in all cases regardless the cement type. The governing partial process 

depends on the cathode-to-anode ratio. 

 

Keywords: 

C. Carbonation 

C. Corrosion 

D. Blended cement 

D. Fly ash 

E. Concrete  



2/22 

Nomenclature/definitions: 

Microcell (uniform) corrosion: the corrosion process in which the anodic and cathodic sites are randomly distributed 

and continuously alternating. The oxidation of the metal and reduction of oxygen (or hydrogen) take place in adjacent 

places on the same metal part. 

Macrocell (galvanic) corrosion: the corrosion process in which the oxidation of the metal and reduction of oxygen (or 

hydrogen) take place in defined and spatially separated places that can be either on the same metal part or on two 

different metal parts that are electrically connected. 

AC-EIS (EIS): alternating electrochemical impedance spectroscopy 

C/A: cathode-to-anode area ratio [-] 

CE: counter electrode 

i: current density [μA/cm2] 

imi-A: microcell current density when there is no macrocouple [μA/cm2] 

imi-A+C: microcell current density in the active electrode of the macrocouple [μA/cm2] 

ig: macrocell (galvanic) current density in the active electrode of the macrocouple [μA/cm2] 

Ig: galvanic current intensity [μA] 

LPR: linear polarization resistance  

mA-an: activation control slope for active reinforcement [mV/Dec] 

mA-cath: activation control slope for passive reinforcement [mV/Dec] 

mC-an: activation control slope for sample C anodic reaction [mV/Dec] 

mC-cath: activation control slope for sample C cathodic reaction [mV/Dec] 

OCP: open circuit potential [mV] 
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PC: Portland cement 

PCFA: Portland-fly ash cement 

PDP: potentiodynamic polarization curve 

RA-C: electrical resistance between reinforcement in carbonated concrete and non-carbonated concrete [ ] 

RE: reference electrode 

RH: relative humidity [%] 

Rp: polarization resistance [ ] 

SCE: external saturated calomel reference electrode  

w/c: water-to-cement ratio [-] 

WE: working electrode 

ZRA: zero resistance ammeter 

EA: anodic polarization of active steel (anode) when coupled with passive steel [mV] 

EA-C: difference in potential between active and passive steel when coupled [mV] 

EC: cathodic polarization of passive steel when coupled with active steel [mV] 

: electrical resistivity of concrete [ m] 

  



4/22 

1. Introduction 

1.1. Corrosion of reinforcement in carbonated concrete 

Carbonation is the spontaneous reaction of the CO2 present in the atmosphere with hydrated cement. 

Reinforcement embedded in sound concrete is covered with a thin oxide layer which protects the 

reinforcement from further corrosion [1]. Once the carbonation front reaches the reinforcement and the 

concrete-steel interface is carbonated, active corrosion can develop, mainly depending on the moisture 

content [2]. 

The corrosion process of steel embedded in carbonated concrete comprises four complementary 

processes: the oxidation of the iron at the anodic site, the reduction of oxygen or hydrogen at the cathodic 

site, the transport of electrons through the reinforcement, and the transport of ions through the concrete. 

At any given time, the most restrictive process controls the overall corrosion process. [1] Microcell 

corrosion (uniform) occurs when both the anodic and cathodic reactions take place randomly at 

neighbouring sites on the same metal part [3]. Macrocell corrosion takes place when the anodic sites are 

spatially separated from the cathodic sites. Two kinds of macrocell corrosion can occur [4]: face-to-face 

(e.g. a reinforcement bar fully embedded in carbonated concrete electrically connected with a bar 

embedded in non-carbonated concrete) or coplanar (e.g. a reinforcement bar which is partially embedded 

in carbonated and partially embedded in non-carbonated concrete).  

Carbonation is usually assumed to lead to microcell (uniform) corrosion in the depassivated fraction of the 

reinforcement. However, carbonation is a process over time and space, so parts of the reinforcement will 

remain passive due to either the  progress and spatial variation of the carbonation front [2], or the 

reinforcement layout. This leads to macrocell corrosion in carbonated concrete.  

In the current investigation, we studied the extent to which the face-to-face macrocell contribution to the 

total corrosion rate is relevant, and the potential influence of selected parameters: fly-ash addition, 

microstructure (casting position), and the cathode-to-anode ratio (C/A)). Reinforcement embedded in 

carbonated concrete with different amounts of fly ash was electrically connected to reinforcement 

embedded in non-carbonated concrete (C/A=1.6 or C/A=5.0) and kept in a moist environment ( 100% RH). 

The concrete resistivity of every sample was measured individually, and the electrical resistance between 

the reinforcement embedded in carbonated and non-carbonated concrete was measured. The microcell 

current density and open circuit potential were measured for the reinforcement in the carbonated 

samples. Once the reinforcement in the non-carbonated samples was connected with the reinforcement 

in the carbonated samples, the galvanic current and corrosion potential of the macrocouples were 

monitored. The total current density (microcell and macrocell) was high for all the binder compositions 

investigated. We found that the governing partial process of macrocell corrosion in carbonated concrete 

depends on the cathode-to-anode ratio. It should be noted that the performance of fly ash blends is 

compared to Portland cement concretes using the same water-to-cement ratio (w/c). According to the NS-

EN 206 [5], the w/c is limited to maximum 0.60 for CEM I and 0.50 for CEM II/B-V, while CEM II/B-M cannot 

be used for concretes in the M60 durability class (M60 corresponds to exposure classes XC3 and XC4 in 

EN-1992-1-1  [6]). 
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1.2. Microcell corrosion in carbonated Portland and Portland-fly ash concrete 

Results in the literature indicate slightly higher microcell current density for steel embedded in carbonated 

Portland-fly ash (PCFA) concrete/mortar than in Portland (PC) concrete/mortar when exposed to the same 

environment [7-11]. Figure 1 summarizes our literature review of documented current densities in various 

exposure conditions, including the average, maximum and minimum values reported in each investigation 

reviewed. The following paragraphs give a summary of the investigations. 

Alonso et al. [7] investigated mortar samples (w/c 0.50) containing PC and PCFA (30% FA) among other 

cements. They prepared 20x55x80 mm mortar samples and cured them for 28 days at 100% RH. The 

samples were carbonated at 50-70% RH in a high CO2 concentration (not specified). The carbonated 

samples were exposed to cycles of 100% RH, 50% RH, and partial immersion. The microcell current density 

was determined using Linear Polarization Resistance (LPR) with positive feedback for the ohmic drop 

compensation. Their measurements were non-conclusive. 

Dhir et al. [8] prepared a series of concretes varying in w/c (0.35-0.66) and fly ash replacement (26%-36% 

by mass). They prepared 100 mm reinforced concrete cubes with embedded steel (ribbed carbon steel 

with diameter 10 mm and concrete cover 25 mm). The cubes were cured for 28 days either immersed in 

water or exposed to air at 55% RH. Then the cubes were exposed to accelerated carbonation (55% RH, 4% 

CO2) until the carbonation front reached 35 mm. Carbonation development was monitored in 

complementary plain samples. The carbonated cubes were exposed for 20 weeks to various exposure 

conditions: 55%, 75% or 95% RH or 55-95% RH cycles. The corrosion rate was determined using LPR 

(Sycopel potentiostat) with automatic ohmic drop compensation. The microcell current density in the 

PCFA samples was slightly higher than in the PC samples. 

Arachchige [9] prepared 100 mm reinforced concrete cubes containing PC and PCFA (30% FA) and varying 

amounts of cement and of fine and coarse aggregates, aiming at a w/c of 0.55. Embedded steel (ribbed 

carbon steel with diameter 10 mm and concrete cover 25 mm) was used. The cubes were cured for 28 

days at 55% RH and subsequently exposed to carbonation (55% RH, 4% CO2) until the carbonation front 

was 35 mm. Finally, the cubes were exposed to 95% RH for 24 weeks. The corrosion rate was determined 

using LPR with automatic ohmic drop compensation. The microcell current density measured at 95% RH 

was higher in the PCFA samples than in PC samples. 

Zornoza et al. [10] prepared 20x60x80 mm mortar samples (w/c 0.40) containing PC and PCFA (30% FA) 

including two 8 mm reinforcement bars with 6 mm of cover. The samples were cured for 80 days at 100% 

RH and then exposed to carbonation at 65% RH and 100% CO2. Once carbonated, they were kept at 100% 

RH. The corrosion rate was determined by LPR using a potentiostat-galvanostat (EG&G PAR Model 362). 

No information is given on how the ohmic drop was compensated. The microcell current density measured 

in the PCFA samples was similar to the current density in the PC samples, but lower values were reported 

than in other investigations. 

Messina et al. [11] prepared reinforced concrete samples (w/c 0.55) containing PC and PCFA (18% or 30% 

FA). They used ribbed carbon steel diameter 16 mm, and the concrete cover was 20 mm. The samples 

were sealed cured for two weeks and then exposed to high CO2 concentration (5% for 10 months and 

100% until fully carbonated (detected using pH indicator thymolphthalein)). The samples were exposed 

to wetting drying cycles while monitoring the current density. The current density was determined using 

non-compensated LPR, and the ohmic drop was determined using EIS. The microcell current density 

measured in the PCFA samples was slightly higher than in PC samples. 
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Figure 1: Microcell current density of carbon steel embedded in carbonated cementitious materials containing PC (grey bars) 

and PCFA (green bars) in three different exposure conditions (RH 95%, 100%, or partial immersion). Average (bars) and range 

(error bars). The number in brackets indicates the reference. After [7-11] 

1.3. Macrocell corrosion in carbonated concrete 

The literature provides no results on the influence of fly ash on macrocell corrosion in carbonated 

concrete, so the literature review given here focuses on macrocell corrosion in carbonated concrete 

prepared with plain Portland cement.  

Castel et al. [12-14] investigated galvanic corrosion in reinforcement embedded in carbonated PC concrete 

coupled with reinforcement embedded in non-carbonated PC concrete. They prepared reinforced 

concrete samples (w/c 0.45) containing reinforcement bars (diameter 12 mm) either as-received or 

cleaned (the mill scale was removed), and with or without casting defects in the concrete-steel interface 

(owing to so-called top-bar effect [15]). The carbonated samples were coupled with the non-carbonated 

samples with half of their height immersed in water using a zero-resistance ammeter (ZRA). The distance 

between the reinforcement bars was 60 mm, and both C/A=2.0 and C/A=5.0 were tested. The microcell 

activity was determined in complementary fully carbonated samples using LPR, compensating for ohmic 

drop using EIS. Castel et al. found that the macrocell current density was higher than the microcell current 

density in the materials and conditions tested. They investigated the influence of casting defects in the 

concrete-steel interface, the so-called the top-bar effect, and concluded that microcell corrosion was not 

affected, while macrocell corrosion depended on the defects. Figure 2 presents a summary of the current 

density in samples with reinforcement as-received, with and without casting defects on the concrete-steel 

interface (C/A=2). 

Sohail et al. [16] investigated macrocell corrosion between reinforcement embedded in carbonated PC 

concrete and reinforcement embedded in non-carbonated PC concrete. First, they carbonated a concrete 

cylinder (diameter 65 mm) containing a carbon steel bar diameter 20 mm. The carbonated sample was 

cast in new concrete, in the middle of a cylindrical mould with four concentric carbon steel bars (diameter 

20 mm) with 65 mm between reinforcement bars. The samples were kept with half their height immersed 

in water for the measurements. Sohail et al. measured galvanic currents, using a ZRA when coupling 1, 2, 

3 or all 4 bars and determined macrocell current densities from 0.7 to 4.0 μA/cm² depending on the C/A. 

Microcell activity was not determined in this investigation, but the results show that the macrocell 

contribution may not be negligible.  
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Figure 2: Microcell and macrocell current density of as-received reinforcement embedded in PC concrete (w/c 0.45, C/A=2.0). 

Half of the sample height immersed in water. Samples with casting defects in the concrete-reinforcement interface (top bar 

during casting) or no defects (bottom bar during casting). Bars (average) and error bars (range). After [14] 

2. Experimental 
Reinforced concrete samples were prepared and fully carbonated in a previous investigation [11]. In the 

following, these samples are referred to as A samples , indicating active corrosion. In addition, reinforced 

concrete samples with three reinforcing bars were prepared. These samples are referred to as C samples , 

i.e. samples that offer additional cathode when coupled with A samples. Similar cement, aggregates and 

reinforcement were used in both types of sample.  

Figure 3 presents an overview of the samples, methods and coupling conditions together with a legend. 

Samples were prepared with three different cements, which are indicated with different colours: grey is 

used for the PC (0% FA), blue for the 18% FA, and green for the 30% FA. There is an additional parameter 

which is the position of reinforcement in the A samples during the casting: top (open symbol) or bottom 

(solid symbol)). When the samples were coupled (A+C), two cathode-to-anode ratios were investigated: 

1.6 (circle symbols) and 5.0 (square symbols). 
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Figure 3: Overview of the reinforced concrete samples and methods: sample dimensions [mm] (carbonated (A) and non-

carbonated (C)); legend (sample type, amount of fly ash (FA), casting position, and coupling condition (A and C samples isolated 

or coupled with C/A=1.6 or C/A=5.0)); and experimental techniques. The experimental techniques are described in the text 

2.1. Concrete composition 

Table 1 gives the chemical composition of the three cements investigated, as determined by XRF. 

Table 1: Chemical composition of the cements investigated, as determined by XRF facilitated by NORCEM AS [% by mass] 

Cement % FA SiO2 Al2O3 Fe2O3 CaO MgO SO3 P2O5 K2O Na2O 

CEM I 0% 19.6 4.9 3.1 60.8 2.3 3.7 0.1 0.9 0.5 

CEM II/B-M 18% 25.5 7.6 4.2 50.7 2.1 3.3 0.2 1.1 0.6 

CEM II/B-V 30% 28.4 8.8 4.4 46.9 2.2 2.7 0.2 1.2 0.6 

Concretes were prepared aiming at water-to-cement (w/c) ratio 0.55. Table 2 presents the concrete 

composition of the type A samples, which were cast in a precast plant in Norway, with a batch volume of 

1 m3, and the concrete composition of the type C samples, which were cast in the laboratory, with a batch 

volume of 7 litres. 
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Table 2: Concrete compositions of A and C samples [kg/m3]. Weight of the aggregates given in saturated-surface dry condition 

Constituent 
A samples [kg/m3] C samples [kg/m3] 

CEM I CEM II/B-M CEM II/B-V CEM I CEM II/B-M CEM II/B-V 

Cement 371.4 369.8 369.5 376.6 376.6 376.6 

Sand 0/8 mm 1173.2 1166.9 1160.3 923.2 923.2 923.2 

Gravel 5/16 mm 624.2 628.5 629.6 769.2 769.2 769.2 

Free Water 206.9 202.9 200.9 207.2 207.2 207.2 

Superplasticiser  

(Dyn. XTend) 
3.78 3.69 3.68 - - - 

w/c 0.56 0.55 0.54 0.55 0.55 0.55 

 

2.2. Preparation and conditioning of A samples 

The A samples were cast with two reinforcement bars 260 mm in length. Both ends of the bars were coated 

with beeswax to a length of 50 mm. The concrete was poured into the moulds and gentle compaction was 

applied by tapping on the sides with a rod until no air bubbles appeared on the surface. The samples were 

sealed cured for 14 days. Initially, they were 150x120x260 mm in size, but they were longitudinally cut into 

two samples differing only in casting position (casting position 1 (bottom and 2 (top)). The samples were 

carbonated using a high CO2 concentration (5% for 10 months and 100% until fully carbonated (detected 

using pH indicator thymolphthalein)). Probes were embedded in one of the longitudinal sides on each 

sample and a pseudo-reference electrode (a piece of activated titanium 25 mm in length and 1 mm in 

diameter) was embedded close to the reinforcement. The samples were exposed to one wetting-drying 

cycle and kept in the laboratory until the current investigation.  

For the current investigation, the samples were immersed in water for 4 weeks and then kept over water 

in a sealed plastic box while coupled with C samples. At this time, the samples were approximately two 

years old.  

2.3. Preparation and conditioning of samples C 

The C samples were cast in the laboratory. Three reinforcement bars 16 mm in diameter, 260 mm in length, 

were embedded in each C sample. An electrical connection was prepared for each bar. The reinforcement 

bars were separated from each other by 50 mm and by 25 mm from the edges of the sample. The concrete 

was poured into the moulds and gentle compaction was applied by tapping on the sides with a rod until 

no air bubbles appeared on the surface. The samples were sealed cured for 5 weeks at 20°C and 4 weeks 

at 38°C to promote the hydration of the cement and enhance differences in the electrical resistivity of the 

concretes. After the curing, the samples were kept over water for 3 days in a sealed plastic box before 

they were coupled with A samples. 

2.4. Exposure 

During the experimental period, the samples (both A and C) were kept over water in sealed boxes. To 

ensure electrical contact between them, a piece of wet cloth was placed as illustrated in Figure 3 (thick 

black line). The temperature varied between 18 and 22 °C, and the RH in the boxes was close to 100%. The 

distance between the reinforcement bars embedded in the A and C samples was approximately 50 (±5) 

mm. Two cathode-to-anode configurations were investigated: 1) the middle bar from the C samples 

connected to the bar from the A samples (C/A=1.6), and 2) all the three bars from the C samples connected 

to the bar from the A samples (C/A=5.0). 
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2.5. Methods 

A diagrammatic summary of the experimental techniques used on each sample is presented in Figure 3. A 

description of each technique is given in the following text.  

The open circuit potential (OCP) was measured on A and C samples before they were coupled, and at 

regular intervals after coupling. The OCP of the reinforcement was measured using an external saturated 

calomel reference electrode (SCE) applied on the concrete surface and a high impedance voltmeter (Fluke 

76, input impedance The measurement was taken every day for C/A=5.0 and occasionally for 

C/A=1.6. 

The microcell corrosion in the A samples was determined using linear polarization resistance (LPR) before 

the coupling. The polarization resistance of the reinforcement was determined using LPR without 

compensating for the ohmic drop. The current density was calculated from the Stern-Geary equation [17] 

assuming B=52 mV [18]. We used a three-probe corrosion cell consisting of an embedded pseudo-

reference electrode (RE), a titanium mesh applied to the concrete surface (CE), and the reinforcement 

(WE). The reinforcement was polarized ±10 mV from the OCP at a rate of 0.167 mV/min. The ohmic drop 

between the RE and WE was determined using AC electrochemical impedance spectroscopy (EIS) applying 

an alternating sinusoidal voltage of 10 mV in the range of 500 kHz to 1 Hz. The ohmic drop was attributed 

to the lowest phase angle of the Bodo plot.  

The electrical resistivity of the concrete ( ) in the A samples was determined from the ohmic drop between 

the WE and RE (same setup as used for LPR). The cell factor of this corrosion cell was empirically 

determined from the data retrieved in a previous investigation [11]. The electrical resistivity of the 

concrete in the C samples was determined using EIS with each of the two neighbouring reinforcement bars 

as electrodes. An alternating sinusoidal voltage of 10 mV in the range of 500 kHz to 1 Hz was applied and 

the resistance associated with the lowest phase angle of the Bodo plot was attributed to the electrical 

resistance of the concrete. The cell factor of each sample was empirically determined using an electrolyte 

of known conductivity before the concrete was cast.  

The electrical resistance (RA-C) between the reinforcement bars embedded in the A and C samples was 

determined using EIS. An alternating sinusoidal voltage of 10 mV in the range of 500 kHz to 1 Hz was 

applied and the resistance associated with the lowest phase angle of the Bodo plot was attributed to the 

electrical resistance of the concrete. The resistance between the reinforcement in the C and A samples 

was determined before the macrocoupling and after disconnecting them. 

The macrocell (galvanic) current (Ig) flowing between the reinforcement embedded in carbonated and 

non-carbonated concrete was measured using a ZRA. 

Potentiodynamic polarization curves (PDPs) were performed on A and C samples. An SCE applied on the 

concrete surface was used as RE, a titanium mesh applied on the opposite concrete surface as CE, and the 

reinforcement as WE. The reinforcement was polarized at a rate of 1 mV/s, step height 1 mV (ohmic drop 

non-compensated), first cathodically, and once back to the OCP, anodically. The C samples (with 3 

reinforcement bars electrically connected) were polarized from -500 mV to + 250 mV vs. the OCP, while 
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the A samples were polarized from -400 mV to + 200 mV vs. the OCP. The ohmic drop was determined 

using the same procedure as for LPR.  

3. Results  

3.1. Electrical resistivity of concrete and electrical resistance between electrodes 

The electrical resistivity ( ) of the carbonated and non-carbonated concrete was determined before the 

macrocoupling, see Figure 4.  

The electrical resistance between the reinforcement embedded in sample A and sample C (RA-C) was 

determined before and after the macrocoupling (C/A=5.0 and C/A=1.6), see Figure 5. 

 

Figure 4: Left: the electrical resistivity of concrete ( ) measured before coupling for C/A=1.6: orange bars are an A sample (1 

measurement), and dark bars are the C samples (average of 2 measurements). Right: the electrical resistivity of concrete ( ) 

measured before coupling for C/A=5.0: orange bars are the A samples (average of 4 measurements), and dark bars are the C 

samples (average of 2 measurements). Error bars indicate the range. Colour legend given in Figure 3 

 

Figure 5: Left: the electrical resistance measured between reinforcement embedded in A and C samples (RA-C) before 

macrocoupling for C/A=1.6 (solid purple bar) and after disconnection (light purple). Right: the electrical resistance measured 

between reinforcement embedded in A and C samples (RA-C) before macrocoupling for C/A=5.0 (solid purple bar) and after 

disconnection (light purple). Colour legend given in Figure 3 

 

3.2. Potentiodynamic polarization curves 

Figure 6 presents the polarization curves measured for the A samples (area 0 cm2) and the C samples 

(the three reinforcement bars connected, area 0 cm2). The parameters derived from the PDPs are 

summarized in Table 3. They are the slopes of the lines fitted to the PDPs assuming activation control in 
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the polarization range of the macrocouples. They are not necessarily the Tafel slopes of the anodic and 

cathodic reactions, because they were taken in a higher polarization range than the range in which Tafel 

slopes are usually calculated. The results were used for modelling the macrocell corrosion process 

  

Figure 6: Left: potentiodynamic polarization curves for A samples (carbonated, a 2). Right: potentiodynamic 

polarization curves for C samples (non-carbonated, a 2). Colour legend given in Figure 3  

Table 3: Electrochemical parameters derived from the PDP (slope of regression lines assuming activation control) [mV/Dec] 

  Fly ash content 

  0 % 18 % 30 % 

A samples  

(carbonated concrete) 

mA-an 340 330 290 

mA-cath 360 360 320 

C samples  

(non-carbonated concrete) 

mC-an 8000 6000 7000 

mC-cath 260 280 280 

 

3.3. Microcell corrosion 

The microcell current density was determined for the A samples before coupling, see Figure 7. The data 

includes daily measurements over four consecutive days before the coupling. 

 

Figure 7: Left: microcell current density in the A samples before macrocoupling. Right: OCP in the A samples before 

macrocoupling. Average (bars) and range (error bars) of 4 measurements taken on consecutive days. Colour legend given in 

Figure 3 
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3.4. Macrocell corrosion 

Figure 8 gives a summary of the OCP results before the A and C samples were connected, and 10 days after 

connecting them (A+C).  

Figure 9 shows the galvanic current and the OCP of the macrocouples over time (C/A=5.0).  

Figure 10 presents the macrocell current densities determined after 10 days of coupling for C/A=5.0 (left) 

and for C/A=1.6 (right). 

   

Figure 8: Left: the OCP measured before coupling (A and C samples) and after 10 days of coupling (A+C samples) for C/A=1.6. 

Right: the OCP measured before coupling (A and C samples) and after 10 days of coupling (A+C samples) for C/A=5.0. Colour 

legend given in Figure 3 

 

Figure 9: Left: the galvanic current (Ig) of macrocouples over time for C/A=5.0. Right: the OCP of macrocouples over time for 

C/A=5.0. The colour legend given in Figure 3 is followed depending on the FA amount even where samples A+C are represented 

 

Figure 10: Left: the macrocell current density determined after 10 days of coupling for C/A=1.6. Right: the macrocell current 

density determined after 10 days of coupling for C/A=5.0. Colour legend given in Figure 3 
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4. Macrocell contribution in carbonated PC and PCFA concrete 
The microcell current densities determined when the carbonated (A) samples were not coupled with the 

non-carbonated (C) samples were compared with the macrocell current densities determined when they 

were coupled. The corrosion rate was assessed using the classification of severity suggested by Andrade 

et al. [19] among others, see Table 4. 

Table 4: Ranges of corrosion rates in reinforcement embedded in concrete according to [19-21] 

Severity Negligible Low Moderate High Very high 

Corrosion rate [μA/cm2]  0.1-0.5 0.5-1 1-10 10-100 

 

The microcell current density range measured in this investigation is in agreement with the data reported 

in the literature and in the moderate to high range according to Table 4. Two parameters were 

investigated: the influence of the fly ash and the influence of the microstructure (casting position).  

Slightly higher microcell corrosion rates were measured in the PCFA samples than in the PC samples. This 

is in agreement with most studies in the literature (see Figure 1). Moreover, fly ash led to more negative 

OCP values (ca. 100 mV) than in PC samples. 

Systematically higher microcell corrosion rates were measured in the samples cast in the top position than 

in  samples cast in the bottom position. The impact of casting position was greater than the impact of 

binder composition. OCP values were not affected by the casting position.  

The macrocell current densities were in the moderate to high range for C/A=1.6, and in the high range for 

C/A=5.0 according to Table 4, similar to the ranges Castel et al. [12-14] reported for PC samples with 

C/A=2.0 and C/A=5.0.  

Figure 11 illustrates the microcell corrosion current density determined in the A samples before coupling 

(imi-A), and the total current density (itot) determined from the galvanic current (ig) and microcell 

contribution (imi-A+C) when the A and C samples were connected. The stacked bars in Figure 11 (itot: lower 

bar imi-A+B and upper bar ig) take into account the local changes in the active reinforcement due to anodic 

polarization, as shown in Figure 12. The red dashed line indicates the threshold value for the corrosion 

rate being considered high according to Table 4. The total current density is classified as high for all the 

cement types, casting positions, and C/A ratios tested in this study. The PCFA presented slightly higher 

total corrosion rates than the PC samples. 
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Figure 11: Left: the microcell current density for the A samples (imi-A) two hours before coupling, and the total current density 

(itot) when the samples were coupled (A+C), for C/A=1.6. Right: the microcell current density for the A samples (imi-A) two hours 

before coupling, and the total current density (itot) when the samples were coupled (A+C), for C/A=5.0. The numbers in the bars 

show the contributions of the macrocell (ig) and microcell (imi-A+C) as a percentage of the whole. The red dashed line indicates 

the threshold for high current density according to Table 4 

 

4.1.1. Influence of fly ash on macrocell corrosion 

We expected that because the electrical resistivity of the non-carbonated PCFA is higher than that of PC, 

this would increase RA-C and overall limit the galvanic current in the macrocell. However, this effect was 

not observed in the materials and conditions tested. The following section discusses the parameters which 

did affect the result: the resistivity of carbonated and non-carbonated concrete, the driving potential, and 

the slope of the activation control lines.  

Figure 4 presents the electrical resistivity of the concrete determined in the A (carbonated) and the C (non-

carbonated) samples before they were coupled. When concrete is non-carbonated, the higher the amount 

of fly ash, the higher the electrical resistivity. When concrete is carbonated, the resistivity of the PC and 

PCFA samples is similar. The electrical resistivity of our non-carbonated concrete samples cannot be 

directly compared with the electrical resistivity of our carbonated concrete samples due to the different 

age and preconditioning of the samples. Figure 5 presents the electrical resistance between the 

reinforcement bars (electrodes) embedded in the A and C samples right before the electrical connection 

was established and right after disconnection (after 10 days of connection). The electrical resistance 

between the electrodes did not change during this period, which indicates that there were limited changes 

in the moisture state of the samples during the coupling.  

If we compare the electrical resistance in PC and PCFA (30%), see Figure 5, it seems the C/A did not 

influence the electrical resistance determined in the PC samples. However, in the PCFA (30%) samples, the 

electrical resistance increased for the lower C/A. This can be explained by the electrical resistivity of the 

non-carbonated PCFA being higher than that of PC. The more reinforcement is embedded in non-

carbonated concrete, the higher becomes the possible beneficial influence of the fly ash in the form of 

higher electrical resistance. This could give PCFA an advantage over PC when the C/A is high, e.g. when a 

macrocouple starts to develop. 

The driving potential between the carbonated and non-carbonated samples was higher in the PCFA 

samples than in the PC samples, see Figure 8 (the A samples presented more negative values while the C 
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samples presented more positive values in the PCFA than in the PC samples). In addition, the slope of the 

cathodic activation control lines of the PCFA samples was slightly higher than those of PC (see Table 3), 

which means higher current for the same polarization in the PCFA samples. 

The parameters described above may explain the differences between expectations and observations. The 

results are limited to the moisture condition ( 100% RH) and C/A ratios tested (1.6 and 5.0). 

4.1.2. Influence of microstructure in macrocell corrosion 

The casting position has previously been found to introduce casting defects under reinforcement bars in 

the upper part of the mould [15]. According to Castel et al. [12-14], the so- top-bar effect  does not 

influence the microcell corrosion in carbonated concrete, but does have an impact on the galvanic current 

once a macrocouple is established. They explain this as due to the higher driving potential observed in the 

samples with defects in the concrete-steel interface.  

In the current investigation, we studied the influence of the position of the reinforcement during the 

casting: A-1 samples (bottom position) and A-2 samples (top position). Systematically higher microcell 

current density was observed in the A-2 samples than in the A-1 samples, but similar OCP. And when we 

compared the galvanic current of the macrocouples (Figure 9), systematically higher values were 

measured in the A-2 samples than in the A-1 samples (except for the 18%-A+C-2 sample). The reason in 

this case is probably not the difference in the driving potential, which was similar in samples from positions 

1 and 2 (Figure 8), but the electrical resistance between the reinforcement embedded in carbonated 

concrete and non-carbonated concrete before they were connected (Figure 5). Overall, when we 

compared the total current density, systematically higher values were measured in the samples from 

position 2 than in samples from position 1. In a previous investigation [2], we found microstructural defects 

in terms of crack patterns that depended on the relative position of the reinforcement during the casting, 

so this may be the parameter that affects the microcell and macrocell corrosion processes. 

4.2. Macrocell corrosion mechanism in carbonated concrete 

The mechanism of macrocell corrosion in carbonated concrete has been described by Bertolini et al. [1] 

and Castel et al. [13] amongst others. Here we describe the macrocell mechanism using parameters which 

can be experimentally retrieved.  

Figure 12 uses Evans diagrams to present a simplified model which illustrates the influence of coupling 

active reinforcement embedded in carbonated concrete (an A sample) with passive reinforcement 

embedded in non-carbonated concrete (a C sample). The vertical axis is the corrosion potential (Ecorr) 

against the saturated calomel reference electrode (SCE), and the horizontal axis is the current in 

logarithmic scale. The sketch presented here shows one of the couplings tested in this investigation with 

C/A=5.0. 

When the reinforcement embedded in carbonated concrete (the A sample) is coupled with reinforcement 

embedded in non-carbonated concrete (the C sample), the A sample is anodically polarized ( EA) to more 

positive Ecorr values, while the C sample is cathodically polarized ( EC) to more negative Ecorr values. 

According to this simplified model, there is a difference in potential between the active and passive 

reinforcement ( EA-C) which equals to the electrical resistance (RA-C) between them times the current 
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flowing (Ig). The equilibrium of the macrocell depends on the anodic and cathodic polarization curves of 

the two samples. The oxidation current in the C sample is almost constant (practically a vertical line), while 

the oxidation current in the A increases with the anodic polarization. It is possible to maintain this higher 

oxidation rate due to the additional reduction of oxygen in the C sample. Figure 12 illustrates how the 

microcell current density is affected by the coupling.  

This model together with the PDPs make it possible to quantify the contribution of the partial processes 

involved in macrocell corrosion: the cathodic polarization of the C sample ( EC), the difference in potential 

between the A and C samples ( EA-C), and the anodic polarization of the A sample ( EA). Moreover, we can 

investigate local changes in the A sample due to the anodic polarization: the decrease in microcell current 

density (due to the lower reduction of oxygen in the A sample) and the increase in total current density 

(due to the galvanic couple).  

 

Figure 12: Proposed schematic representation of macrocell corrosion between reinforcement embedded in non-carbonated 

concrete (passive) and reinforcement embedded in carbonated concrete (active) based on Evans diagrams. The sketch 

presented here is based on experimental data for C/A=5.0 

Figure 13 presents a comparison of the differences in potential between the A and C samples determined 

experimentally before they were connected (purple bars) and the values obtained by applying the model 

presented in Figure 12 and the electrochemical parameters presented in Table 3 for C/A=1.6 and C/A=5.0. 

The contribution of the three partial processes involved in the macrocell is depicted: the cathodic 

polarization of the C ( EC=f(Ig, mC-an, mC-cath)); the difference in potential between the A and C samples ( EA-

C=f(Ig, RA-C)); and the anodic polarization of the A ( EA=f(Ig, mC-an, mC-cath)). 

For C/A=1.6, the EC dissipates about 60% of the driving potential, the EA-C dissipates about 25%, and the 

remaining 15% is due to EA. EC depends on the ability of the cathode to reduce oxygen, and for C/A=1.6, 

it is needed higher polarization compared to C/A=5.0 to sustain the increased oxidation rate of iron in the 

A sample. EA-C becomes less relevant due to the lower galvanic current than in C/A=5.0.  

For C/A=5.0, the EC dissipates about 30% of the driving potential, the EA-C dissipates about 50%, and the 

remaining 20% is due to EA. In this case, the reduction rate of oxygen can be sustained with a relatively 

small polarization. EA-C is the process which dissipates more potential due to the high galvanic current.  
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EA is the partial process which dissipates least potential in both cases tested (C/A=1.6 and C/A=5.0).  

   

Figure 13: Left: calculated contribution (in percentage terms) of the three partial processes involved in macrocell corrosion 

(stacked bars) and measured driving potential (purple bars) for C/A=1.6. Right: calculated contribution (in percentage terms) 

of the three partial processes involved in macrocell corrosion (stacked bars) and measured driving potential (purple bars) for 

C/A=5.0 

 

Figure 14 presents the relationship between the difference in potential in the carbonated and non-

carbonated samples before connecting them and the macrocell current density once connected. The 

driving force for macrocell corrosion is the difference in potential between the active and passive steel 

before coupling them. To make it possible to compare the results of the current investigation with the 

results reported by Castel et al. [12-14], their data have been treated as expressed in terms of current 

density.  

Castel et al. [13] concluded that there is an exponential correlation between the macrocell driving 

potential and the current density that mirrors the polarization curves of the system (linear in log scale, see 

Figure 6). Our data set compares to their observations as illustrated in Figure 12. The driving potential is a 

decisive parameter, but on its own does not make it possible to determine the galvanic current. Additional 

parameters need to be considered, e.g. the cathodic polarization of the passive steel, the electrical 

resistance between active and passive steel, and the anodic polarization of the active steel. 

 

Figure 14: Relationship between the difference in the corrosion potential before coupling and the macrocell current density 

after coupling. Squares indicate C/A=5.0, circles indicate C/A=1.6, and red diamonds indicate values after [12-14]  

57
57

57
54 53 55

26

22

26

33
35 33

17

20

17

12

12 12

0

150

300

450

600

E
 [

m
V

]

C-A

C

exp

A

30
34 35

26 29
36

46

39

44
60 56

47

24

27

22 14
15

18

0

150

300

450

600

E
 [

m
V

]

A

C-A

C

exp

0.00

0.50

1.00

1.50

2.00

2.50

0 100 200 300 400 500 600 700

M
a

cr
o

ce
ll

 c
u

rr
e

n
t 

d
e

n
si

ty
 

[μ
A

/c
m

²]

E (sample C- sample A) [mV]



19/22 

4.2.1. Influence of the cathode-to-anode ratio on macrocell corrosion  

According to Table 4, the total current density is classified as high for all the samples tested in the current 

investigation. It is slightly higher for the PCFA samples than for the PC samples for the two C/A ratios 

tested. In all cases, the 0%-1 sample gave the lowest microcell and total current density. The microcell and 

macrocell activity contribution is greatly influenced by the C/A. For C/A=1.6, the galvanic contribution 

varies in the range of 45-70% of itot, while for C/A=5.0, the galvanic contribution is about 60% to 80%. 

When the microcell current density before macrocoupling is compared with the total current density once 

connected, the ratio varies between 1.1 and 3 regardless of the amount of fly ash present.  

The model presented in this investigation made it possible to determine the relative influence of each of 

the partial processes involved in macrocell corrosion. This section discusses the influence of the cathode-

to-anode ratio. In the modelling, the size of the cathode was varied while the size of the anode was fixed. 

In addition to C/A=5, two other cases were calculated, one low (C/A=0.5) and the other high (C/A=50), to 

illustrate the impact of the C/A ratio. The electrochemical parameters of the passive steel were 

determined from the PDPs (Figure 6) assuming they were proportional to the exposed area of 

reinforcement. The electrochemical parameters of the active steel were also determined from the PDPs 

(Figure 6). The data retrieved from the PC samples was used for this numerical application. The electrical 

resistance between the electrodes was assumed constant , based on (Figure 5) and the discussion 

in [22]. Figure 15 summarizes the results.  

When we compare the relative influence of the three partial processes involved in the macrocell 

mechanism, the higher the C/A, the more relevant becomes the difference in potential between the active 

and passive steel ( EA-C), and the lower the C/A, the more important the role played by the cathodic 

polarization of the passive steel ( EC). The anodic polarization of the active steel ( EA) seems to play a 

similar role when the C/A is high.  

The higher the C/A, the higher is the total current density and the galvanic contribution becomes more 

relevant than the microcell contribution. The calculation showed that even if the active steel is coupled 

with a limited amount of passive steel (C/A=0.5), the macrocell effect is not negligible for this moisture 

condition (a factor of 1.4 when the total and microcell current densities are compared).  

The total current density is the value which should be considered when making a service life prediction, 

otherwise a non-conservative calculation can be made. The exposure condition investigated might be 

considered representative of a period of wetness in a reinforced concrete structure in service. 
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Figure 15: Left: Calculated contribution (In percentage terms) of the three partial processes involved in macrocell corrosion 

(stacked bars). Right: Microcell current density and calculated total current density contributions (in percentage terms) 

5. Conclusion 
The corrosion activity of reinforcement in carbonated concrete samples was measured with and without 

electrical connection to reinforcement in non-carbonated samples; i.e. microcell and macrocell corrosion 

were measured. The cathode-to-anode ratio (C/A) was either 1.6 or 5.0, and the samples were kept in a 

moist environment ( 100% RH). Three binder compositions were used, differing in fly ash content (0%, 

18% or 30%). All the concretes were prepared with the same water-to-cement ratio (0.55), which is not in 

accordance with NS-EN 206 where more restrictive limitations are given for the fly ash blends than 

Portland cement. The concrete resistivity of every sample was measured individually, and the electrical 

resistance between the reinforcement embedded in carbonated and non-carbonated concrete was 

determined. Microcell corrosion rates and corrosion potentials were measured in the reinforcement in the 

carbonated samples. After the non-carbonated and carbonated samples were connected, the corrosion 

potential and galvanic currents of the macrocouple were monitored. A model was introduced to quantify 

the partial processes involved in the macrocell corrosion. The following conclusions can be drawn: 

 The microcell current density in the carbonated concretes was moderate-to-high for the exposure 

condition tested. The impact of casting position (microstructure) was greater than the impact of 

cement composition. The microcell current density was slightly higher in the Portland-fly ash 

concretes than in plain Portland concrete  

 In all cases, the macrocell current density was of the same magnitude as the microcell current 

density and not negligible 

 The total current density was calculated taking into account the local changes in the active steel 

due to the anodic polarization. The total current density was high in all cases and slightly higher in 

the Portland-fly ash concretes than in plain Portland concrete  

 Macrocell effects due to coupling between reinforcement in carbonated and non-carbonated 

concrete should be considered when making service life predictions. The exposure investigated in 

this study might be considered representative of a period of wetness in a field structure 

 The macrocell corrosion mechanism was assessed based on Evans diagrams. The contributions of 

the different partial processes involved in the macrocell corrosion were modelled: cathodic 

polarization of passive reinforcement, the difference in potential between active and passive 

reinforcement, and anodic polarization of active reinforcement. It was shown that the macrocell 
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current depends on the C/A ratio, and that for high C/A the potential drop between the active and 

passive steel was the dominant partial process, whereas for low C/A the polarization of the 

cathode was the dominant partial process. 
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1. Introduction 

The following report is prepared on the request of Andres Belda, NTNU, Trondheim, Norway.  

 
Nine laboratory made concrete samples were, December 21th 2016, received for petrographic 
analysis. Details regarding the samples are in Table 1 below.  
 
Table 1: Data supplied by NTNU. 

 
The three analyzed binders contain various fly ash replacements: CEM I (0% FA), CEM II/B-M 
(18% FA), and CEM II/B-V (30% FA). The concretes were exposed to different conditions (Table 1). 

 

  

 

The appearance of the samples as received. 
 
Numbers in red are DTI identification 

numbers. Specimens made from the samples 
have the lab number 7842. 

1.1 Scope of Analysis 

The scope of this examination is to perform a petrographic analysis of each concrete sample using 
optical fluorescent microscopy and SEM-EDX.  
 
Special emphasis is on the effect of 3 different exposure conditions on the appearance and 
composition of the cement paste.  

 
Detailed petrographic analysis as well as photo plates are attached to this document. 
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2. Result 

The following observations were obtained during the petrographic analysis of nine concrete 

samples: 
 
Generally, all the concrete appears with a plane and intact surface (Figure 1), though in most of 
the concrete several small micro-cracks formed in the plastic stage are present in the surface. The 
concrete containing CEM II, 18%FA seem to have the highest amount of surface defects. 
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Figure 1: Appearance of the carbonated surface of the 9 concrete samples.Relatively many partially hydrated and 
non-carbonated cement grains are seen in the surface region of 4 of the concrete (light grey phases, arrows). All 
images are takein the same magnification and in backscatter mode. 

 
A summary of observations is seen in Table 2a and 2b. All of the concrete has a relatively porous 
paste as well as having a somewhat inhomogeneous paste texture with alternating porous and less 

porous areas (patchy). Furthermore, adhesions defects (formed in the plastic stage) between paste 
and aggregate are observed in most of the concrete samples.  
 

The paste of the concrete is, dependent on exposure condition carbonated to varying depths. 
Deepest carbonation and the sharpest carbonation front is seen in concrete exposed to 60% RH 
and 1% CO2. The carbonation is also deep in concrete exposed to 90% RH and 5% CO2, but the 
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carbonation front is very uneven varying from 4-15mm. Lowest depth of carbonation is seen in the 
natural exposed concrete where the max. carbonation depth is 5mm (Table 2).  
 
Table 2a: Summary of petrographic observations; ordered after exposure condition 

 
 
Table 2b: Summary of petrographic observations; ordered after binder type 

 
 
 

Generally, the cement in the concrete samples are well hydrated, but in all sample larger partially 
hydrated cement grains are visible. 
 
Partially hydrated and non-carbonated cement grains are present in the carbonated, especially 
surface region, of some of the concrete. This feature is most pronounced in concrete containing 
CEM I and CEM II w. 18%FA and exposed naturally and at 60% RH (Figure 1). In concrete 
containing CEM II w. 30%FA, and in concrete exposed to 90% RH most of the cement grains are 

fully hydrated. 
 
Generally, no sign of calcium hydroxide, CH is seen in carbonated pasta. 
 
As the paste in generally has a patchy appearance the carbonated paste also appears patchy with 

less carbonated islands  in a zone of carbonated paste (see Plate 1-9). The most distinct patchy 
feature is seen in concrete containing CEM I, and to some extent in concrete exposed to 90% RH. 

 
Most of the concrete except those containing 30% FA, has a normal carbonation texture (Figure 2). 
In concrete containing 30% FA a popcorn-like texture is observed (Figure 2). 
 
The concrete containing CEM I has an apparent very high capillary porosity similar or higher than 
our w/c reference of 0.70. The other concrete has an apparently lower capillary porosity. Generally, 

an increased porosity of the carbonated paste is seen in all concrete (Table 2). 
 
An about 1mm wide, somewhat opaline zone containing very little CH, is recognized in most 
concrete except in the concrete containing 30% FA and lab-exposed.   
 

Petrographic Observations

Patchy Porosity mm Front

Popcorn 

carb.

Non-carb. 

areas Porosity mm Porosity In paste In voids

I-60 Distinct High 12 Even - Many Slightly increased 1.2 - High Present High Some

II-60 Somewhat Medium 12-14 Relative even - Some Slightly increased 1.2 - Medium None Low Many

III-60 Weak Medium 20-22 Relative even X None Slightly increased - - Low None Low Some

I-90 Distinct High 4-14 Un-even - Many Increased 1 Decreased High Present High Few

II-90 Somewhat Medium 7-14 Un-even - Few Increased 1 Decreased Medium None Low Few

III-90 Somewhat Medium 11-15 Un-even X Some Increased - Decreased Low None Low Few

I-N Somewhat High 2-5 Un-even - Some Slightly increased 0.8 - High Present High Few

II-N Somewhat Medium 2-5 Un-even - None Slightly increased 0.8 Decreased Medium None Low Some

III-N Somewhat Medium 4 Even X Few Slightly increased 1 - Low None Low Some

Adhesion 

cracks

Air, 

amount

Sample 

ID

Paste Carbonation zone Interface zone CH

Petrographic Observations

Patchy Porosity mm Front

Popcorn 

carb.

Non-carb. 

areas Porosity mm Porosity In paste In voids

I-60 Distinct High 12 Even - Many Slightly increased 1.2 - High Present High Few

I-90 Distinct High 4-14 Un-even - Many Increased 1 Decreased High Present High Few

I-N Somewhat High 2-5 Un-even - Some Slightly increased 0.8 - High Present High Few

II-60 Somewhat Medium 12-14 Relative even - Some Slightly increased 1.2 - Medium None Low Some

II-90 Somewhat Medium 7-14 Un-even - Few Increased 1 Decreased Medium None Low Few

II-N Somewhat Medium 2-5 Un-even - None Slightly increased 0.8 Decreased Medium None Low Some

III-60 Weak Medium 20-22 Relative even X None Slightly increased - - Low None Low Some

III-90 Somewhat Medium 11-15 Un-even X Some Increased - Decreased Low None Low Few

III-N Somewhat Medium 4 Even X Few Slightly increased 1 - Low None Low Some

Adhesion 

cracks

Sample 

ID

Paste Carbonation zone Interface zone CH

Air, 

amount
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Figure 2: Appearance of the carbonated paste of the 9 concrete samples. A popcorn-like texture is seen in the 
concrete containing 30% FA. All images are takein the same magnification and in backscatter mode. 
 
Phase analysis performed from EDX analysis on carbonated versus non-carbonated paste is 

presented in Figure 3. 
 

The analysis shows generally that phase composition generally depends on the cement 
composition.  
 
CEM I 
Non-carbonated paste in concrete with CEM I, mainly consist of a mixture of CH and CSH and when 
exposed to 90% RH or natural conditions, ettringite seem to be more frequent.  
 

CEM II 18%FA 
Non-carbonated paste in concrete with CEM II 18%FA, consist of a mixture of mainly CSH, 
ettringite and monosulphate.  
 
CEM III 30%FA 
Non-carbonated paste in concrete with CEM III 30%FA, consist of a mixture of mainly CSH and 

monosulphate. 
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A certain amount of mono-carboaluminate hydrate phases is present in all concrete. 
 
The carbonate phases present in carbonated paste is quite similar in composition to CSH (when 

plottet in the S/Al diagram), except in concrete with 30%FA where the phases have a distinct lower 
and more uniform S/Ca ratio. 
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Figure 3: Phase analysis performed on carbonated and non-carbonated paste of the 9 concrete samples. 

 
No distinct differences in phase composition is observed comparing binder type versus exposure 
condition (Figure 3). 
 
Table 3 shows the average Si/Ca ratio of the carbonated and non-carbonated paste ordered after 
binder type and exposure condition. As seen, the Si/Ca ratio is in general lower in carbonated paste 

compared to non-carbonated paste. When ordered after binder type the lowest Si/Ca ratio in non-
carbonated paste is in concrete with CEM I, and there is a tendency to it is also lowest in 

carbonated paste. 
 
Table 3: Average Si/Ca ratios in carbonated and non-carbonated paste ordered after 
exposure condition and binder type, respectively 
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3. Analytical Methods 

3.1 Petrography 

The petrographic analysis (both macroscopic and microscopic examination) is carried out according 
The 

samples are for documentation photographed when received. 
 
The microscopic examination is performed on totally 9 fluorescent impregnated thin sections. A section 
represents an area of 30 x 45 mm. The section is positioned from the surface and 45 mm into the 
concrete. The cast surface is indicated with an arrow on the section. All photographs taken, are 

positioned with the cast surface facing up. 

 
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 

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).  

 
Three photographs using the three light modes have been taken from 3 position in each section; 
carbonated paste, interface between carbonated and non-carbonated paste, and non-carbonated 
paste. The photographs are presented in nine Plates attached. 
 
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 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  

3.2 Scanning Electron Microscopy 

SEM-EDX analysis is performed on 9 polished sections using a Quanta 400 from FEI at DTI. 

An accelerating voltage of 15 KeV, spot size 5 and a working distance of around 10 mm are 

used during analysis. The data are Proza corrected. The analyses were performed using 

carbon-coated polished sections in high vacuum mode. 

Paste analysis is performed on each sample by analyzing 50 point in carbonated area and 50 

points in non-carbonated area. 
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4. PETROGRAPHIC ANALYSIS 

 

Project No.  735718 Sample No.: I-60 Section #: 7842-1 Size: 30x45mm 

 

Petrographic Analysis 

Binder type: CEM I, 0%FA 

Paste: The cement is well hydrated. The paste appears distinctly patchy throughout 
with alternating highly porous and less porous areas. Generally, the paste 

appears highly porous with an apparent w/c ratio equal or higher to our 0.70 
reference. A slightly higher porosity is seen in the carbonated surface area. 

Ca(OH)2: Present throughout the paste and in many air voids as relatively large crystals. 
The content of CH is highest in the most porous areas. CH is observed in few 
voids of the carbonated zone.  

Opaline paste: Not observed. 

Carbonation (mm): 12mm, relatively even front. The zone contains many non-carbonated areas 
where the cement grains are only partially hydrated. Larger cement grains in 

the carbonated zone is non-carbonated.  

A 1.2mm thick slightly opaline zone, with very little CH, is present in front of 
the carbonated paste.  

Surface: The surface appears plane and intact with few plastic cracks. 

Interior cracks: Few adhesion cracks are observed. 

Ettringite: Not observed. 

Air (type, est. 
vol%): 

Many small air voids present, well-distributed, estimated to 5-6vol%. 

 

Phase Analysis 
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SEM-EDX analysis  

Project No.  735718 Sample No.: I-60 Section #: 7842-1 Size: 30x45mm 

 

  
Overview, carbonated surface; several un-
hydrated cement grains 

Carbonated paste 

  
Carbonated paste Non-carbonated paste 
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PETROGRAPHIC ANALYSIS  

Project No.  735718 Sample No.: II-60 Section #: 7842-2 Size: 30x45mm 

 

Petrographic Analysis 

Binder type: CEM II, 18%FA 

Paste: The cement is well hydrated. The paste appears somewhat patchy with 
alternating porous and less porous areas. Generally, the paste is porous, with a 
slightly higher porosity in the carbonated surface area. 

Ca(OH)2: Present throughout the paste, small crystals. CH is not observed in air voids. 

Opaline paste: Somewhat opaline in non-carbonated areas. 

Carbonation (mm): 12-14mm, relatively even front. The zone contains some non-carbonated areas 
where the cement grains are visible. Larger cement grains in the carbonated 
zone, especially near the surface, is non-carbonated.  

A 1.2mm thick slightly opaline zone, with very little CH, is present in front of 

the carbonated paste.  

Surface: The surface appears plane and intact with many plastic cracks. 

Interior cracks: Some adhesion cracks are observed. 

Ettringite: Not observed. 

Air (type, est. 

vol%): 

Few, large air voids present. 

 

Phase Analysis 
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SEM-EDX analysis  

Project No.  735718 Sample No.: II-60 Section #: 7842-2 Size: 30x45mm 

 

  
Overview, carbonated surface; several unhydrated 
cement grains 

Carbonated paste 

  
Carbonated paste Non-carbonated paste 
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PETROGRAPHIC ANALYSIS  

Project No.  735718 Sample No.: III-60 Section #: 7842-3 Size: 30x45mm 

 

Petrographic Analysis 

Binder type: CEM II, 30%FA 

Paste: The cement is well hydrated. The paste appears relatively homogeneous 
throughout. Generally, the paste is porous, with a slightly higher porosity in the 
carbonated surface area. 

Ca(OH)2: Difficult to observe due to the distinct opalinity of the paste, but present 

throughout. CH is not observed in air voids. 

Opaline paste: Distinctly opaline in non-carbonated areas. 

Carbonation (mm): 20-22mm, relatively even front. Only few larger cement grains in the 
carbonated zone is non-carbonated. The texture of the carbonated paste looks 
like popcorn. 

No distinct interface zone between carbonated and non-carbonated paste is 
recognized. 

Surface: The surface appears plane and intact with few plastic cracks. 

Interior cracks: Some adhesion cracks are observed. 

Ettringite: Not observed. 

Air (type, est. 
vol%): 

Few, large air voids present. 

 

Phase Analysis 
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SEM-EDX analysis  

Project No.  735718 Sample No.: III-60 Section #: 7842-3 Size: 30x45mm 

 

  
Overview, carbonated surface Carbonated paste 

  
Carbonated paste Non-carbonated paste 
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PETROGRAPHIC ANALYSIS  

Project No.  735718 Sample No.: I-90 Section #: 7842-4 Size: 30x45mm 

 

Petrographic Analysis 

Binder type: CEM I, 0%FA 

Paste: The cement is well hydrated. The paste appears distinctly patchy throughout 
with alternating highly porous and less porous areas (bleeding?). Generally, the 
paste is highly porous with an apparent w/c ratio equal or higher to our 0.70 
reference, however a distinct lower porosity is seen in the interface zone 
between carbonated and non-carbonated paste. 

Ca(OH)2: Present throughout the paste and in many air voids as relatively large crystals.  

Opaline paste: Not observed. 

Carbonation (mm): 4-14mm, highly un-even front, difficult to draw a line. The zone contains many 
non-carbonated areas where the cement grains are visible. Many larger cement 

grains in the carbonated zone is only partially hydrated and non-carbonated.  

An approximate 1mm thick slightly opaline zone, with very little CH, is present 
in front of the carbonated paste.  

Surface: The surface appears plane and intact with few plastic cracks. 

Interior cracks: Few adhesion cracks are observed. 

Ettringite: Observed within the non-carbonated paste of the carbonated zone. 

Air (type, est. 
vol%): 

Many small air voids present, well-distributed, estimated to 5-6vol%. 

 

Phase Analysis 
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SEM-EDX analysis  

Project No.  735718 Sample No.: I-90 Section #: 7842-4 Size: 30x45mm 

 

  
Overview, carbonated surface, some un-hydrated 
cement grains 

Carbonated paste 

  
Carbonated paste Non-carbonated paste 
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PETROGRAPHIC ANALYSIS  

Project No.  735718 Sample No.: II-90 Section #: 7842-5 Size: 30x45mm 

 

Petrographic Analysis 

Binder type: CEM II, 18%FA 

Paste: The cement is well hydrated. The paste appears somewhat patchy with 
alternating porous and less porous areas (most distinct in non-carbonated 
paste). Generally, the paste is porous, with a slightly higher porosity in the 
carbonated surface area. A distinct lower porosity is observed at the interface 
between carbonated and non-carbonated paste. 

Ca(OH)2: Present throughout the paste. CH is not observed in air voids. 

Opaline paste: Somewhat opaline in non-carbonated areas. 

Carbonation (mm): 7-14mm, relatively un-even front. The zone contains few non-carbonated areas 
where the cement grains are visible. Few larger cement grains in the 

carbonated zone appears non-carbonated.  

An approximate 1mm thick slightly opaline zone, with very little CH, is present 
in front of the carbonated paste.  

Surface: The surface appears plane and intact with some plastic cracking. 

Interior cracks: Few adhesion cracks are observed. 

Ettringite: Not observed. 

Air (type, est. 
vol%): 

Few, large air voids present. 

 

Phase Analysis 
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SEM-EDX analysis  

Project No.  735718 Sample No.: II-90 Section #: 7842-5 Size: 30x45mm 

 

  
Overview, carbonated surface Carbonated paste 

  
Carbonated paste Non-carbonated paste 
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PETROGRAPHIC ANALYSIS  

Project No.  735718 Sample No.: III-90 Section #: 7842-6 Size: 30x45mm 

 

Petrographic Analysis 

Binder type: CEM II, 30%FA 

Paste: The cement is well hydrated. The paste appears somewhat inhomogeneous with 
patchy areas (especially in non-carbonated areas). Generally, the paste is 
porous, with a somewhat higher porosity in the carbonated surface area. 

Ca(OH)2: Difficult to observe due to distinct opalinity of paste, but present throughout. 

Opaline paste: Distinctly opaline in non-carbonated areas. 

Carbonation (mm): 11-15mm, somewhat un-even front. Non-carbonated paste is present along 
some of the coarse aggregate particles. Only few larger cement grains in the 
carbonated zone is non-carbonated. The texture of the carbonated paste 
appears like popcorn. 

No distinct interface zone between carbonated and non-carbonated paste is 
recognized. 

Surface: The surface is plane and intact with few plastic cracks. 

Interior cracks: Few adhesion cracks are observed. 

Ettringite: Not observed. 

Air (type, est. 
vol%): 

Few, large air voids present. 

 

Phase Analysis 
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SEM-EDX analysis  

Project No.  735718 Sample No.: III-90 Section #: 7842-6 Size: 30x45mm 

 

  
Overview, carbonated surface, popcorn 
carbonated 

Carbonated paste 

  
Carbonated paste Non-carbonated paste 
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PETROGRAPHIC ANALYSIS  

Project No.  735718 Sample No.: I-N Section #: 7842-7 Size: 30x45mm 

 

Petrographic Analysis 

Binder type: CEM I, 0%FA 

Paste: The cement is well hydrated. The paste appears patchy throughout with 
alternating highly porous and less porous areas. Generally, the paste is highly 
porous with an apparent w/c ratio equal or higher to our 0.70 reference. 

Ca(OH)2: Present throughout the paste and in many air voids as relatively large crystals. 

Opaline paste: Not observed. 

Carbonation (mm): 2-5mm, somewhat un-even front. The zone contains some less-carbonated 
areas where non-carbonated cement grains are visible; these areas are most 
distinct near the surface. Larger cement grains in the carbonated zone, 
especially near the surface, is only partially hydrated and non-carbonated.  

A 0.8mm thick slightly opaline zone, with very little CH, is present in front of 
the carbonated paste.  

Surface: The surface is plane and intact with some plastic cracking. 

Interior cracks: Few adhesion cracks are observed. 

Ettringite: Not observed. 

Air (type, est. 
vol%): 

Many small air voids present, well-distributed, estimated to 5-6vol%. 

 

Phase Analysis 
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SEM-EDX analysis  

Project No.  735718 Sample No.: I-N Section #: 7842-7 Size: 30x45mm 

 

  
Overview, carbonated surface, several un-
hydrated cement grains 

Carbonated paste 

  
Carbonated paste Non-carbonated paste 
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PETROGRAPHIC ANALYSIS  

Project No.  735718 Sample No.: II-N Section #: 7842-8 Size: 30x45mm 

 

Petrographic Analysis 

Binder type: CEM II, 18%FA 

Paste: The cement is well hydrated. The paste appears somewhat patchy. Generally, 
the paste is porous, with a slightly higher porosity in the carbonated surface 
area. A distinct lower porosity is observed at the interface between carbonated 
and non-carbonated paste. 

Ca(OH)2: Present throughout the paste. CH is not observed in air voids. 

Opaline paste: Slightly opaline in non-carbonated areas. 

Carbonation (mm): 2-5mmmm, relatively un-even front. Many larger cement grains in the 
carbonated zone, near the surface, are less hydrated and non-carbonated.  

An approximate 0.8mm thick slightly opaline zone, with very little CH, is 

present in front of the carbonated paste.  

Surface: The surface is plane and intact, with a high number of plastic cracks. 

Interior cracks: Some adhesion cracks are observed. 

Ettringite: Not observed. 

Air (type, est. 

vol%): 

Few, large air voids present. 

 

Phase Analysis 
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SEM-EDX analysis  

Project No.  735718 Sample No.: II-N Section #: 7842-8 Size: 30x45mm 

 

  
Overview, carbonated surface with many 
unhydrated cement grains 

Carbonated paste 

  
Carbonated paste Non-carbonated paste 
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PETROGRAPHIC ANALYSIS  

Project No.  735718 Sample No.: III-N Section #: 7842-9 Size: 30x45mm 

 

Petrographic Analysis 

Binder type: CEM II, 30%FA 

Paste: The cement is well hydrated. The paste appears somewhat patchy. Generally, 
the paste is porous, with a somewhat higher porosity in the carbonated surface 
area. 

Ca(OH)2: Difficult to observe, but present throughout the paste.  

Opaline paste: Distinctly opaline in non-carbonated areas. 

Carbonation (mm): 4mm, rather even front. Most cement grains in the carbonated zone is hydrated 
and carbonated. The texture of the carbonated paste looks like popcorn. 

An approximate 1mm thick slightly opaline zone, with very little CH, is present 
in front of the carbonated paste. 

Surface: The surface is plane and intact with few plastic cracks. 

Interior cracks: Some adhesion cracks are observed. 

Ettringite: Not observed. 

Air (type, est. 
vol%): 

Few, large air voids present but larger agglomerates are observed. 

 

Phase Analysis 
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SEM-EDX analysis  

Project No.  735718 Sample No.: III-N Section #: 7842-9 Size: 30x45mm 

 

  
Overview, porous carbonated surface Carbonated paste 

  
Carbonated paste Non-carbonated paste 
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1. Introduction 
Concrete samples were prepared to investigate the influence of carbonation on the electrical resistivity of 
concrete. Some of the samples where used in complementary investigations [1-4]. 

2. Experimental 
100-mm concrete cubes were wet-saw cut in slices and the two central slices (25 mm in thickness) of each 
cube were kept and exposed to carbonation or a reference environment, see Table 1 and Figure 1.  

Table 1: Experimental matrix (label of slices and exposure) 
Cement FA [%] 90% RH, 0% CO2, 20° 90% RH, 5% CO2, 20° 
CEM I 0 0%-2, 0%-4 0%-1, 0%-3 

CEM II/B-M 18 18%-2, 18%-4 18%-1, 18%-3 
CEM II/B-V 30 30%-2, 30%-4 30%-1, 30%-3 

 

    

Figure 1: 100-mm concrete cubes and sampling 

2.1. Concretes 
Table 2 gives the chemical composition by XRF of the three investigated cements. Concretes were prepared 
aiming at w/b ratio 0.55. Table 3 presents the concrete composition. 

Table 2: Chemical composition of the investigated binders determined by XRF facilitated by NORCEM AS [% by mass] 
Cement Label SiO2 Al2O3 Fe2O3 CaO MgO SO3 P2O5 K2O Na2O 
CEM I 0% 19.6 4.9 3.1 60.8 2.3 3.7 0.1 0.9 0.5 

CEM II/B-M 18% 25.5 7.6 4.2 50.7 2.1 3.3 0.2 1.1 0.6 
CEM II/B-V 30% 28.4 8.8 4.4 46.9 2.2 2.7 0.2 1.2 0.6 

Table 3: Concrete compositions [kg/m3]. Weight of the aggregates given in saturated-surface dry condition 
Constituent CEM I CEM II/B-M CEM II/B-V 

Cement 371.4 369.8 369.5 
Sand 0/8 mm 1173.2 1166.9 1160.3 

Gravel 5/16 mm 624.2 628.5 629.6 
Free Water 206.9 202.9 200.9 

Superplasticiser (Dyn. XTend) 3.78 3.69 3.68 
Stabilisor (Viscostar 6K) 0.55 0.55 0.55 

w/c 0.56 0.55 0.54 

Trowelled side
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2.2. Preparation 
The concretes were cast and prepared at a Norwegian precast factory in batches of 1 m3. The concrete was 
poured in the moulds and gentled compaction was applied on the sides until no air bubbles appeared on the 
surface. The cubes were kept in the moulds for two weeks and subsequently kept in a laboratory environment 
(60± 10% RH, 20± 4°C) for 6 months.  

The cubes were cut in four slices using wet-saw cutting. The cutting direction was parallel to the casting 
side. The two inner slices of each cube were kept. The actual dimensions of each slice were measured using 
a Vernier calliper. Three measuring points were determined on the cross section of the slices and the area 
was 10x10 cm2 for all the slices (dimensions of the moulds). Once the cubes were cut, they slides were 
wrapped in wet clothes for a week before the first resistivity measurement. 

The samples exposed to the reference environment were kept in a desiccator containing saturated barium 
chloride solution and soda lime sticks to remove any trace of CO2 (Figure 2) at 20oC. 

The samples exposed to carbonation were kept in a climate cabinet at 20oC, 90% RH, 5% CO2. A climate 
cabinet with forced ventilation was set to ensure steady conditions (Figure 2). 

Table 4 describes the conditions to which the samples have been exposed including the dates. 

       

Figure 2: Reference samples (left) and samples exposed to carbonation (right) 

Table 4: Dates and conditions for casting, curing and exposure 

  Date T  
[oC] 

RH  
[%] 

CO2  
[%] 

Casting  28-04-2016  20  - 0.04  

Curing  28-04-2016 
 12-05-2016  20  Sealed   

Conditioning  12-05-2016 
21-11-2016  20  60  0.04 

Exposure  21-11-2016 
Ongoing by the submission of the PhD Thesis  20 90   5/0 

Last measurement 16-03-2018 20 90 5/0 
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2.3. Measurement of electrical resistivity of concrete 
The resistivity was calculated from the resistance determined using the two-plate method. An LCR meter 
was used adjusting the frequency to obtain the lowest phase angle (square pulse circa 0.9 V). Two pieces of 
wet cloth were used during the measurement to provide electric contact. The cell constant was individually 
determined for each sample. Based on the geometry of the samples the following equation applies to obtain 
resistivity from resistance: 

 

Where 

 : electrical resistivity of concrete  
 : cross section of the slice [m2] 
 : thickness of the slice [m] 
 : electrical resistance of concrete  

3. Results  
The electrical resistivity of the concrete was determined on the samples before starting the exposure. The 
electrical resistivity was similar for each cement before the exposure to carbonation started. The electrical 
resistivity and the mass change were determined over time, see Figure 3.  

Based on samples containing the same cements and exposed to the same environment (further description 
is given in Appendix III), the slices were fully carbonated after 50 weeks of exposure. The electrical 
resistivity of the carbonated samples seemed comparable within the two last measurements. However, 
Figure 3 right shows that the change in mass of the carbonated samples did not reach a plateau, suggesting 
non-equilibrium conditions. The samples exposed to the reference environment seemed to have reached 
moisture equilibrium. 

 

Figure 3: Left: electrical resistivity of concrete over time exposed to reference environment (continuous line) or 
carbonation (dashed line), each series is the average value of two measurements. Right: mass change (related to mass after 
23 weeks of exposure) of the concrete slices over time exposed to reference environment (continuous line) or carbonation 
(dashed line), each point represents a sample (slide) 
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4. Further research 
The results were non-conclusive as the samples appear not have reached equilibrium conditions within the 
test period. It is suggested to keep the samples exposed to carbonation and reference environment and repeat 
the measurement e.g. each 25 weeks until equilibrium conditions are reached (week 37 in 2018 next 
measurement). 

5. References 
[1] A. Belda Revert, K. De Weerdt, M.R. Geiker, U.H. Jakobsen, SEM-EDS analysis of products formed 
under natural and accelerated carbonation of concrete with CEM I, CEM II/B-M and CEM II/B-V in:  
XXIIIth Symposium on Nordic Concrete Research & Developement, Aalborg, Denmark, 2017. 
[2] A. Belda Revert, K. Hornbostel, K. De weerdt, M.R. Geiker, Determination of the polarization resistance 
of steel in carbonated fly-ash concrete- effect of measurement technique, in:  EUROCORR- 20th 
International corrosion congress-Corrosion of Steel in Concrete, Prague, 2017. 
[3] M. Messina, A. Belda Revert, K. Hornbostel, M.R. Geiker, M. Gastaldi, Corrosion current density as a 
function of electrical resistivity of carbonated concrete, (In preparation). 
[4] A. Belda Revert, K. Hornbostel, K. De Weerdt, M.R. Geiker, Macrocell corrosion in carbonated Portland 
and Portland-fly ash concrete - contribution and mechanism, Submitted to Cement and Concrete Research, 
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6. Raw data 
The raw data from the measurements is included in the following tables (geometry including cell constants 
and the measurements). The orange cells refer to the samples which were exposed to carbonation. The mass, 
frequency, real part of the impedance (Zre), imaginary part of the impedance (Zim), phase angle and 
determined electrical resistivity are included in the tables. 

 0%-1 0%-2 0%-3 0%-4 18%-1 18%-2 18%-3 18%-4 30%-1 30%-2 30%-3 30%-4 

Thickness 
[mm] 

22.21 22.44 22.52 22.6 22.54 22.56 22.31 22.46 22.36 22.23 22.71 22.42 
22.18 22.36 22.68 22.53 22.47 22.39 22.31 22.54 22.57 22.34 22.54 22.42 

22.01 22.57 22.63 22.72 22.57 22.42 22.41 22.35 22.51 22.31 22.53 22.33 
Area [m²] 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

k [m] 0.45 0.45 0.44 0.44 0.44 0.45 0.45 0.45 0.44 0.45 0.44 0.45 
 

INITIAL MEASUREMENT 

             
 0%-1 0%-2 0%-3 0%-4 18%-1 18%-2 18%-3 18%-4 30%-1 30%-2 30%-3 30%-4 

Frequency [Hz] 40000 40000 40000 40000 15000 15000 15000 15000 10000 10000 10000 10000 

  116.5 122.5 106.3 112.3 230.4 223.3 188.6 210.0 206.5 212.1 225.1 226.3 

  -1.1 -1.2 -0.9 -1.1 -3.9 -4.0 -3.1 -3.8 -4.1 -4.4 -4.7 -4.8 

Phase -0.54 -0.57 -0.48 -0.55 -0.98 -1.01 -0.93 -1.03 -1.14 -1.18 -1.19 -1.21 

 53 55 47 50 102 99 84 94 92 95 100 101 

             
23 weeks exposure 

             
 0%-1 0%-2 0%-3 0%-4 18%-1 18%-2 18%-3 18%-4 30%-1 30%-2 30%-3 30%-4 

Frequency [Hz] 100 100 100 100 100 100 100 100 100 100 100 100 

m [g] 484.7 484.9 492.9 489.4 516.7 516.2 511.4 516.2 529.8 521.6 528.6 523.2 

  1980.0 272.4 1960.0 297.9 1960.0 1200.0 1950.0 1260.0 2540.0 2190.0 2600.0 2200.0 

Phase -2.40 -0.80 -2.40 -0.70 -2.00 -0.70 -2.00 -0.70 -1.50 -0.90 -1.50 -0.90 

 895 121 867 132 870 534 873 561 1130 982 1151 983 

             
30 weeks exposure 

             
 0%-1 0%-2 0%-3 0%-4 18%-1 18%-2 18%-3 18%-4 30%-1 30%-2 30%-3 30%-4 

Frequency [Hz] 100 100 100 100 100 100 100 100 100 100 100 100 

m [g] 484.9 484.7 493.1 489.2 516.7 516.1 511.6 516.1 529.9 521.5 528.8 523.0 

  2480.0 267.0 2402.0 306.0 2380.0 1448.0 2290.0 1480.0 2830.0 2812.0 2770.0 2659.0 

Phase -2.30 -0.70 -2.30 -0.70 -2.00 -0.70 -2.00 -0.70 -1.50 -1.00 -1.50 -1.00 

 1120 119 1062 135 1057 645 1025 659 1259 1261 1226 1188 
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52 weeks exposure 

             
 0%-1 0%-2 0%-3 0%-4 18%-1 18%-2 18%-3 18%-4 30%-1 30%-2 30%-3 30%-4 

Frequency [Hz] 100 100 100 100 100 100 100 100 100 100 100 100 

m [g] 485.8 484.6 494.1 489.0 517.5 515.9 512.4 516.0 530.6 521.4 529.4 523.0 

  3060.0 248.0 3010.0 263.0 2750.0 1800.0 2760.0 1870.0 2875.0 3580.0 2970.0 3450.0 

Phase -2.30 -0.60 -0.60 -0.60 -2.30 -0.80 -2.30 -0.80 -1.50 -1.10 -1.60 -1.10 

 1383 110 1331 116 1221 802 1235 833 1279 1606 1315 1541 
             

70 weeks exposure 

             
 0%-1 0%-2 0%-3 0%-4 18%-1 18%-2 18%-3 18%-4 30%-1 30%-2 30%-3 30%-4 

Frequency [Hz] 100 100 100 100 100 100 100 100 100 100 100 100 

m [g] 486.22 484.49 494.56 488.95 517.91 515.85 512.81 515.87 530.87 521.37 529.88 522.91 
  3300.0 270.0 3080.0 300.0 3000.0 2000.0 3040.0 2070.0 2800.0 4150.0 2750.0 3910.0 

Phase -2.30 -1.30 -2.40 -1.30 -2.40 -0.80 -2.40 -0.90 -1.50 -1.20 -1.60 -1.10 

 1491 120 1362 133 1332 891 1361 922 1246 1862 1217 1746 
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1. Introduction 
Plain and reinforced (with or without additional embedded instrumentation) concrete samples were prepared 
to investigate microcell and macrocell corrosion in carbonated Portland-fly ash concrete. The set of samples 
was not fully conditioned during the PhD study. Some of the samples where used in complementary 
investigations [1-4]. Microstructural analysis of these concretes is presented in Appendix I. 

The aim of this study was to investigate macrocell corrosion in carbonated concrete and to which extent it 
is relevant compared to microcell corrosion. 

2. Experimental 
Table 1 presents the experimental matrix, Table 2 the performed measurements, and Figure 1 an overview 
of the samples. 

The plain samples were prepared to monitor the carbonation development. 

The reinforced samples contained two carbon steel reinforcement bars, placed in the middle of the sample 
either close to the bottom or top side, 20 mm concrete cover.  

The reinforced samples including instrumentation (referred as  six 
carbon steel (CS) reinforcement bars (WE): three on the top and three on the bottom, 20 mm concrete cover, 
two stainless steel (SS) bars (CE) which are positioned in the middle of the prism, one reference electrode 
ERE 20 (RE), and one pseudo-reference electrode made from a piece of titanium mesh.  

Table 1: Original experimental matrix. In rounded brackets samples left for future investigations 

Cement Sample Label 
(laboratory) 

DataLabel 
(report) 

Plain 
150x120x260 

Reinforced 
150x120x260 

Instrumented 
320x120x3000 

CEM I IND 0% 3 (1) 3 (2) 1 (1) 
CEM II/B-M STDFA 18% 3 (1) 3 (2) 1 (1) 
CEM II/B-V LKS 30% 3 (1) 3 (1) 1 (1) 

Table 2: Summary of the performed measurements  
Measurement Sample Reinforcement 
Carbonation depth (pH indicator) Plain - 
Open circuit potential  Reinforced 1, 2 
Open circuit potential  Instrumented 1, 2, 3, 4, 5, 6 
Microcell corrosion  Instrumented 1, 2, 3, 4, 5, 6 

 Instrumented 1-2, 2-3, 4-5, 5-6 
 Instrumented SS1-SS2 

Electrical resistance between CS and SS Instrumented 1-SS1, 3-SS2, 4-SS1, 6-SS2 
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Figure 1: Plain, reinforced and instrumented concrete samples [mm]. Blue: carbon steel, yellow: stainless steel, green: 
reference electrode (ERE 20), and  red: pseudo reference electrode (titanium mesh) 

2.1. Materials 
2.1.1. Cements 
The XRF analysis of the cements is given in Table 3. 

Table 3: Chemical composition of the investigated binders determined by XRF facilitated by NORCEM AS [% by mass] 
Binder SiO2 Al2O3 Fe2O3 CaO MgO SO3 P2O5 K2O Na2O 
CEM I 19.6 4.9 3.1 60.8 2.3 3.7 0.1 0.9 0.5 

CEM II/B-M 25.5 7.6 4.2 50.7 2.1 3.3 0.2 1.1 0.6 
CEM II/B-V 28.4 8.8 4.4 46.9 2.2 2.7 0.2 1.2 0.6 

2.1.2. Embedded elements 
Carbon steel diameter 16 mm B500NC was used as reinforcement, Table 4 presents the limitations on the 
chemical composition according to NS 3576 NS-3576-3 [5]. The steel was received in straight lengths of 6 
meters, cut in 29.5-mm in length pieces using a mechanical saw, both ends were polished to round the sharp 
edges, and an electric connection was set in one of each of the ends. Then, the bars were weighted and 
finally a 50-mm length of each of the ends was coated with bee wax by dipping each end of the bar twice in 
melted beeswax. The steel was cleaned with acetone to remove dirt and grease, and then embedded in the 
concrete.  

Table 4: Limitations on the chemical composition of steel B500NC [%] according to NS 3576 [5] 
Element C Si Mn P S N Cu 

Upper limit 0.24 0.65 1.7 0.055 0.055 0.014 0.85 

Stainless steel reinforcement bars were embedded to be used as cathodes in the macrocell corrosion 
measurements. Stainless steel diameter 12 mm (AISI 2250, X2CrNiMoN22-5-3 (number 1.4462) according 
to NS-EN-10088 [6]) was used, see Table 5. 

Table 5: Limitations on the chemical composition of steel number 1.4462 [%] according to NS-EN-10088 [6] 
Element C Si Mn P S Cr Mo Ni N 

Upper limit 0.03 1 2 0.035 0.015 21-23 2.5-3.5 4.5-6.5 0.1-0.22 
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ERE 20 (supplied by FORCE Technology) is an embeddable reference electrode based on the equilibrium 
of manganese dioxide (MnO2) in an alkaline electrolyte (NaOH). The chemicals are placed in a stainless 
steel case which is covered with a plastic isolator. A shift in potential of 30 mV/unit-of-pH is expected if 
carbonation reaches the sensor. The potential of the ERE 20 reference electrode was measured against an 
external saturated calomel electrode to check the stability. 

A 20-mm width strip titanium mesh (diamond opening 3.5 x 6 mm, thickness 2 mm) was used as pseudo-
reference electrode. Table 6 presents the chemical composition. 

Table 6: Chemical composition of the titanium mesh (given by Wuxi Advanced Titanium Technology Co.) [% in mass] 
 Element N C H Fe O Ti 
Upper limit 0.02 0.01 0.009 0.11 0.06 Balance 

 

2.2. Concretes 
Concretes w/b 0.55 containing Portland cement and Portland-fly ash cements according to EN-197-1 [7] 
were prepared, see Table 7. The concretes were prepared at a Norwegian precast factory in batches of 1 m3. 
The concrete was poured in the moulds and gentled compaction was applied on the sides until no air bubbles 
appeared on the surface. The samples were kept in the moulds covered with a plastic wrap for 72 hours after 
casting, then demoulded and wrapped in plastic at 20°C for 11 days in a sealed container. The curing time 
was 14 days before starting the exposure. 

Table 7: Concrete compositions [kg/m3]. Weight of the aggregates given in saturated-surface dry condition 
Constituent CEM I CEM II/B-M CEM II/B-V 

Cement 371.4 369.8 369.5 
Sand 0/8 mm 1173.2 1166.9 1160.3 

Gravel 5/16 mm 624.2 628.5 629.6 
Free Water 206.9 202.9 200.9 

Superplasticiser (Dyn. XTend) 3.78 3.69 3.68 
Stabilisor (Viscostar 6K) 0.55 0.55 0.55 

w/c 0.56 0.55 0.54 
 
2.3. Exposure 
Samples were exposed to accelerated carbonation (20°C, 90% RH and 5% CO2) after the sealed curing. 
Climate cabinets with forced ventilation were set up to ensure homogeneous exposure conditions on the 
samples. 

Table 8 describes the conditions to which the samples have been exposed. 
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Table 8: Dates and conditions for casting, curing and exposure 

  Date T  
[oC] 

RH  
[%] 

CO2  
[%] 

Casting  28-04-2016  20  - 0.04  

Curing  28-04-2016 
 12-05-2016  20  Sealed  - 

Exposure  12-05-2016 
Ongoing by the submission of the PhD Thesis  20 90   5 

Last measurement 26-03-2018 20 90 5 
 

2.4. Methods 
2.4.1. Carbonation 
Carbonation was detected on the plain samples. Samples 50 mm in thickness were obtain using a mechanical 
splitter. The freshly split surface was sprayed with thymolphthalein solution. The solution was prepared by 

deionized water and 70 ml of ethanol. The pH threshold of thymolphthalein is in the range of 9.5 to 10.5, 
below it becomes colourless and above it presents an intense blueish colour. The carbonation depth 
distribution was characterized using image analysis as described in [8]. 

2.4.2. Open circuit potential 
The open circuit potential of the reinforcement was monitored using the embedded ERE 20 reference 
electrode during the exposure time. The OCP was additionally determined using an external SCE applied 
on the concrete surface in the middle length of each reinforcement bar. A custom-made acquisition system 
with an internal impedance  

2.4.3. Linear polarization resistance 
The polarization resistance of the reinforcement was determined using LPR technique without compensating 
for the ohmic drop. The reinforcement was polarized ±10 mV from the OCP potential at a rate of 0.167 
mV/min. The ohmic drop between the RE and WE was determined using AC Electrochemical impedance 
spectroscopy (EIS). EIS was performed applying an alternative sinusoidal voltage of 10 mV in the range of 
500 kHz to 1 Hz. The ohmic drop was associated with the lowest phase angle of the Bodo plot. The microcell 
current density was determined from the polarization resistance using Stern-Geary equation [9] and 
assuming the B values given by [10]. 

2.4.4. Electrical resistivity of concrete 
The electrical resistivity of concrete was determined using EIS in a two-cell probe arrangement. The 
resistivity of the concrete cover was determined using pairs of neighbouring carbon steel reinforcement 
bars. EIS was performed applying an alternative sinusoidal voltage of 10 mV in the range of 500 kHz to 1 
Hz and the resistance associated with the lowest phase angle of the Bodo plot was determined. The cell 
factor of the setup was empirically determined in a sample with same geometry containing same 
instrumentation using an electrolyte of known resistivity. 

2.4.5. Galvanic currents 
The galvanic current can be measured coupling the reinforcement embedded in carbonated concrete with 
the stainless steel reinforcement using a zero-resistance ammeter. 
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3. Preliminary results  
3.1. Carbonation detection 
Table 9 presents the carbonation depth distribution determined over time. Note that the carbonation 
distributions were determined in the plain samples. The carbonation development may differ in plain and 
reinforced samples due to microstructural defects [8]. 

Table 9: Carbonation depth distribution determined on plain samples over exposure time 

Exposure time 
[Weeks] 

Carbonation depth [mm] 
0% FA 18% FA 30% FA 

Mean SD COV Mean SD COV Mean SD COV 
8 7.8 1.9 24.3 8.3 2.3 27.7 11.1 3.2 29.2 

31 10.4 2.8 27.2 10.9 2.2 20.5 14.4 3.1 21.8 
45 10.1 3.3 32.4 14.3 3.1 21.8 20.1 5.6 28.0 
72 12.6 3.0 23.9 17.0 4.2 24.5 20.7 4.3 20.9 
100 12.6 4.0 32.1 19.0 3.3 17.3 24.7 5.9 23.7 

 

3.2. Microcell corrosion (instrumented samples) 
The open circuit potential and microcell current density determined after 100 weeks of exposure in the 
instrumented samples are presented in Figure 2. Each bar includes the measurement of one reinforced-
instrumented sample (6 measurements per sample). 

  

Figure 2: Open circuit potential and microcell current density. Solid bar (average) and error bar (range) 

3.3. Electrical resistivity of concrete 
Figure 3 presents the electrical resistivity of the concrete cover determined in the instrumented samples 
using the reinforcement bars as electrodes (4 measurements per sample). 
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Figure 3: Electrical resistivity of the concrete cover (solid bars) determined between each two neighboring carbon steel 
reinforcement bars after 100 weeks exposed to 90% RH and 5% CO2. Error bars indicate the range 

3.4. Electrical resistance between reinforcement bars and stainless steel bar 
Figure 4 presents the electrical resistance between each carbon steel reinforcement bar and the nearest 
stainless steel bar (instrumented samples). Six measurements were performed per sample. 

 

Figure 4: Electrical resistance between each carbon steel reinforcement bar and the nearest stainless steel bar after 100 
weeks exposed to 90% RH and 5% CO2 

4. Preliminary discussion 
4.1. Carbonated fraction of the concrete-steel interface 
Figure 5 left presents the carbonation distributions determined after 100 weeks of exposure including the 
position of the reinforcement (20 mm cover, 16 mm in diameter). Figure 5 right illustrates the carbonation 
depth distributions determined in plain samples overtime including the position of the reinforcement (20 
mm cover, 16 mm in diameter).  

The samples used for further discussion are the 18% and 30% FA due to the potential limited fraction of 
reinforcement embedded in carbonated concrete in the 0% samples. According to Figure 5, most of the 
reinforcement is embedded in carbonated concrete after 100 weeks of exposure for the 30% FA samples 
and part of it for the 18% FA samples. These carbonation measurements were performed in plain samples, 
while faster carbonation development was observed in reinforced samples due to microstructural defects 
[8]. Thus, a higher fraction of the reinforcement than shown in Figure 5 could be embedded in fully 
carbonated concrete. 
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Figure 5: Left: carbonation depth distribution determined after 100 weeks of exposure in the plain samples. Right: 
carbonation depth distributions determined on the plain samples over time (8, 31, 45, 72 and 100 weeks) and development 
assuming square root law (solid line average, dashed lines 5% and 95% of the carbonation distribution). Concrete exposed 
to 90% RH and 5% CO2. The reinforcement indicates the position and size (concrete cover 20 mm and diameter 16 mm). 

4.2. Microcell corrosion in carbonated concrete: OCP, icorr  
The determined OCPs after 100 weeks of exposure compares to passivity in aerated concrete or negligible 
corrosion in dry carbonated and chloride-free concrete according to [11]. The current densities determined 
on this condition are assessed as low to negligible according to [12].The electrical resistivity determined in 
these samples compares to the one determined in carbonated concrete slices which contain the same 
materials and were exposed to the same condition (Appendix II).  

Figure 6 presents a comparison of the data retrieved in [3] and the data retrieved from the 18% and 30 % 
FA samples in the current investigation (blue and green arrows). Note that the data retrieved in [3] was 
determined in samples exposed to drying, so equilibrium conditions were not reached. The data determined 
at 90% RH is comparable but on the low side of the corrosion rate-concrete electrical resistivity trend found 
in [3]. When comparing the OCP-corrosion rate relationship comparable OCP was measured in both cases. 

  

  
 

Figure 6: Left: relationship between microcell current density and concrete electrical resistivity of carbonated concrete.
Right: relationship between open circuit potential and microcell current density. From capillary saturated condition upon
drying in the laboratory [Paper S-VIII],[3]. Blue and green arrows indicate the parameters determined in the 18  and 30% 
FA samples exposed to 90% RH and 5% CO2 for 100 weeks 
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The corrosion rate in the 30% FA exposed to 90% RH was low to negligible. Higher corrosion rates were 
expected for this external humidity [13]. However, carbonated concrete presents lower moisture compared 
to non-carbonated concrete exposed to the same external conditions [14, 15]. The limited amount of 
electrolyte seems to limit the corrosion propagation in carbonated concrete. Only when carbonated concrete 
is in direct contact with water, high corrosion rates were measured as presented in Figure 6 left (left side) 
and Figure 6 right (right side). 

4.3. Macrocell corrosion in carbonated concrete 
The electrical resistance between the reinforcement bars (CC) and the stainless steel bars (SS) is highly 
influenced by the amount of fly ash. If a macrocouple is stablished between the CC (embedded in carbonated 
concrete) and the SS, the high electrical resistance of the fly ash samples is expected to limit the galvanic 
current compared to the Portland cement samples. The model presented in [4] is applied to investigate the 
potential influence of the electrical resistance between the reinforcement embedded in carbonated concrete 
and the reinforcement embedded in the non-carbonated concrete on macrocell corrosion. From Figure 4, a 
factor of 10 is observed when comparing the electrical resistance determined in the 0% to the 30% samples. 
For the tested conditions, the hypothetical galvanic current flowing between the CS and SS when connected 
is calculated using the model presented in [4]. The galvanic current is lowered from 5 μA to 4 μA when the 

 (0% FA samples)  (30% FA samples). The addition 
of fly ash could present an advantage compared to PC and reduces the galvanic current for these conditions. 
The electrochemical parameters derived in [4] are used and the following hypothesis are taken (see Figure 
7): 

 Area of CS 100 cm2, and area of SS 75 cm2 
 The anodic polarization of the SS is a vertical line 
 The cathodic polarization of the CS has a slope of 300 mV/Dec 
 Corroding CS in carbonated concrete:  

o OCP -60 mV vs SCE, icorr 0.08 μA/cm2 
 The anodic polarization of the CC has a slope of 300 mV/Dec 
 The cathodic polarization of the CS has a slope of 300 mV/Dec 
  (0% FA)  (30% FA) 

 

Figure 7: Application of macrocell corrosion model presented in [4] based on Evans diagram of CS (active) and SS  
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5. Further research 
When the carbon steel bars are fully embedded in carbonated concrete the microcell corrosion should be 
determined. Macrocell corrosion when coupled with the stainless steel bars should be determined also. 
Based on Figure 5 this assessment can be performed after 150 weeks (March 2019).  

The microcell current density determined was assessed as low, either because of the low  carbonated fraction 
of the concrete-reinforcement interface or due to the limited moisture content in carbonated concrete 
exposed to 90% RH (too low to sustain active corrosion).  

The numerical calculation shown that the fly ash could reduce the galvanic current 20% compared to PC 
thanks to the higher electrical resistance when non-carbonated.  
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7. Raw data: reinforced samples, OCP vs SCE 
  

0% samples (Reinforcement position- Concrete sample number) 
Top-1 Bottom-1 Top-2 Bottom-2 Top-3 Bottom-3 

26.01.2017 143 151 135 160 150 173 
03.02.2017 160 168 121 146 117 138 
14.02.2017     119 139 115 137 
17.02.2017     132 155 130 150 
21.02.2017     170 190 128 149 
24.02.2017     160 177 128 150 
28.02.2017     129 149 128 148 
07.03.2017     160 191 130 149 
10.03.2017     164 191 136 152 
14.03.2017     165 193 130 150 
17.03.2017     138 160 143 162 
21.03.2017     120 143 108 130 
24.03.2017     156 178 120 139 
28.03.2017     133 154 120 137 
31.03.2017     163 186 124 141 
07.04.2017     137 157 135 152 
18.04.2017     129 152 89 108 
21.04.2017     187 204 140 157 
24.04.2017     172 190 127 144 
02.05.2017     166 184 124 140 
05.05.2017     156 170 122 137 
09.05.2017     169 187 121 136 
12.05.2017     137 154 120 133 
16.05.2017     164 180 127 140 
19.05.2017     170 186 124 136 
23.05.2017     122 138 123 135 
26.05.2017     155 172 119 131 
30.05.2017     149 164 124 136 
02.06.2017     140 155 115 126 
25.07.2017     137 149 125 132 
15.09.2017     150 160 130 140 
26.10.2017     168 176 157 155 
02.11.2017     146 154 145 152 
13.11.2017     161 169 156 160 
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18% samples (Reinforcement position- Concrete sample number) 

Top-1 Bottom-1 Top-2 Bottom-2 Top-3 Bottom-3 
26.01.2017 140 160 130 182 152 194 
03.02.2017 158 184 114.8 169 127 167 
14.02.2017     83 134 104 138 
17.02.2017     65 121 116 154 
21.02.2017     72 120 115 153 
24.02.2017     71 121 111 148 
28.02.2017     85 132 120 155 
07.03.2017     89 137 122 158 
10.03.2017     93 138 124 161 
14.03.2017     95 142 124 161 
17.03.2017     109 154 133 172 
21.03.2017     78 126 108 150 
24.03.2017     91 138 117 156 
28.03.2017     93 138 117 154 
31.03.2017     97 142 121 159 
07.04.2017     108 155 125 167 
18.04.2017     73 120 98 140 
21.04.2017     122 162 139 175 
24.04.2017     105 153 127 164 
02.05.2017     109 155 128 166 
05.05.2017     107 154 128 167 
09.05.2017     117 165 140 180 
12.05.2017     111 160 136 174 
16.05.2017     112 156 130 168 
19.05.2017     105 152 125 164 
23.05.2017     108 154 127 165 
26.05.2017     103 149 122 159 
30.05.2017     107 154 128 165 
02.06.2017     99 149 121 159 
25.07.2017     117 160 134 161 
15.09.2017     110 162 149 173 
26.10.2017     141 185 167 150 
02.11.2017     136 180 159 166 
13.11.2017     131 179 159 170 
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30% samples (Reinforcement position- Concrete sample number) 

Top-1 Bottom-1 Top-2 Bottom-2 Top-3 Bottom-3 
26.01.2017 72 181 121 190 110 172 
03.02.2017 74 182 124 187 128 171 
14.02.2017     80 144 100 137 
17.02.2017     89 158 108 146 
21.02.2017     95 160 105 144 
24.02.2017     87 157 101 140 
28.02.2017     90 163 106 147 
07.03.2017     85 166 94 128 
10.03.2017     94 164 96 114 
14.03.2017     96 167 97 121 
17.03.2017     96 174 88 125 
21.03.2017     81 154 52 107 
24.03.2017     81 159 55 112 
28.03.2017     72 159 49 124 
31.03.2017     72 159 52 113 
07.04.2017     96 166 68 125 
18.04.2017     43 160 38 89 
21.04.2017     74 179 55 115 
24.04.2017     76 166     
02.05.2017     70 168     
05.05.2017     75 170     
09.05.2017     78 186     
12.05.2017     92 178     
16.05.2017     78 165     
19.05.2017     68 163     
23.05.2017     63 165     
26.05.2017     60 160     
30.05.2017     66 168     
02.06.2017     72 164     
25.07.2017     11 87     
15.09.2017     35 102     
26.10.2017     53 100     
02.11.2017     51 122     
13.11.2017     44 98     
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Appendix IV presents a supplementary discussion to Paper S- Correlation between corrosion current 
density and electrical resistivity of carbonated concrete
Hornbostel, Matteo Gastaldi and Mette Rica Geiker. 
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1. Description 
This Appendix includes a supplementary discussion of the data presented in Paper S-VIII. Further 
description of the samples and methods can be found in [1, 2]. A brief description of the samples and 
methods is given and a supplementary discussion is presented supporting that the corrosion process in 
carbonated concrete is under anodic resistance control. 

2. Experimental 
Concrete reinforced samples 150x120x260 mm were cast with water-to-cement ratio of 0.55 containing two 
reinforcement bars 260 mm in length (cover 20 mm) were prepared. Both ends of the bars were coated with 
beeswax to a length of 50 mm. The concrete was poured into the moulds and gentle compaction was applied 
by tapping on the sides with a rod until no air bubbles appeared on the surface.  

The samples were sealed cured for 14 days and then longitudinally cut into two samples differing only in 
casting position (casting position 1 (bottom) and 2 (top)). The samples were carbonated using a high CO2 

thymolphthalein)). Probes were embedded in one of the longitudinal sides on each sample and a pseudo-
reference electrode (a piece of activated titanium 25 mm in length and 1 mm in diameter) was embedded 
close to the reinforcement.  

Once the samples were carbonated they were immersed in water until capillary saturated condition. Then, 
the samples were exposed to drying in the laboratory while monitoring the corrosion current density (icorr) 
of the reinforcement using LPR, the open circuit potential (OCP) using an external saturated calomel 
reference electrode and a voltmeter, a
the embedded probes by using a conductivity meter.  

Table 1 presents the description of the samples investigated. They are referred to by the amount of fly ash 
(0%, 18% or 30%) and the position of the reinforcement during the casting (bottom (1) or top (2)).  

The data presented in Figure 1 and Figure 2 is a summary of the corrosion current density, the open circuit 
potential and the electrical resistivity of concrete monitored from capillary saturated condition of the 
samples over drying in the laboratory. 

Table 1: Label of the samples 
   CEM I CEM II/B-M  CEM II/B-V  

   

 0%-2 18%-2   30%-2 

 0%-1  18%-1 30%-1  
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3. Supplementary discussion to Paper S-VIII
Alonso et al. [3] found a linear trend when plotting the electrical resistance of carbonated mortar containing
various cement types versus the corrosion current density (icorr) of the embedded reinforcement in log-log
scale (Andrade et al. [4] post-treated the data and presented the icorr- onated
mortar relationship). The higher the electrical resistivity, the lower the icorr. Based on the observations, they

. Glass et al. [5]
found
the same trend investigating reinforced PC mortar samples. In addition, they compared the open circuit
potential (OCP) and icorr; the higher the icorr, the lower the OCP. They argued that resistance control alone
could not explain the OCP-icorr relationship and proposed that the anodic reaction is limited by the electrical

. According to 
this
theory, the OCP-icorr data set should mirror a cathodic polarization curve: the reduction of oxygen remains
unaffected while the anodic reaction changes depending on the electrical resistivity of the matrix (as
presented in Fig 9 in [5]).

The icorr- tionship obtained in the current investigation is presented in Figure 1. Additionally, the
regression lines reported by Alonso et al. [3, 4] are included in Figure 1. In agreement with Alonso et al. [3]
the icorr- dition,
sample (18%-2), showed a systematically higher icorr compared to the other samples which could not be
explained.

The OCP-icorr relationship obtained in the present investigation is given in Figure 2. Additionally the
regression line reported by Glass et al. [5] and the regression lines determined from the data published by
Alonso et al. [3] (they presented the OCP and icorr data separately) are showed in Figure 2. For low current
densities, the OCP-icorr trend of the FA samples compares to the trend of the PC samples, but is shifted ca.
300 mV towards more positive values. In addition, there appears to be an impact of the sample position
(bottom or top) during the casting, especially for the PCFA mortars. For high current densities, the OCP-
icorr relationship changes, especially for the OPC samples towards a more horizontal trend, and seems to be
affected by other parameters. Glass et al. [5] observed similar behavior but they did not discuss the
observations.

The potential parameters which could have influenced the OCP-icorr relationship are: a) pore solution
composition, e.g. [6], b) pore structure  (pore water availability), e.g. [7], c) steel-concrete interface
characteristics, e.g. [8], and electrical resistivity (influenced by a) c)), e.g. [9].

As mentioned by Glass al. [5], the OCP-icorr data seems to mirror a cathodic polarization curve. From our
understanding, this means that the anodic reaction is affected by the change in moisture in a much more
pronounced way than the cathodic reaction. All samples showed comparable behaviour indicating that the
corrosion process is under anodic resistance control regardless the cement type. The shift between OPC and
PCFA samples indicate that the addition of fly ash could have influenced the cathodic reaction. The data
taken from Alonso et al. [3] also depicts an influence of fly ash, but in their case the shift was observed in
the opposite direction.
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Figure 1: Corrosion current density of reinforcement versus electrical resistivity of carbonated 
concrete from capillary saturated condition (left side) over drying in laboratory exposure (to the 
right) 

   

Figure 2: Open circuit potential versus corrosion current density of reinforcing steel from capillary 
saturated condition (right side) over drying in laboratory exposure (to the left) 
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An alternative way of presenting the data is given in Figure 3. In this case the ratio between the ohmic 
resistance (R ) between the reinforcement and the reference electrode, and the polarization resistance of the 
reinforcement (Rp) is presented versus the weight loss due to water evaporation during the laboratory 
exposure. When comparing the data, similar trends are observed for all samples. An initial plateau is 
observed in the R /Rp until a certain weight loss (critical weight loss), when an abrupt increase in the R /Rp 
takes places. The critical weight loss seems to depend on the amount of fly ash added.  

This alternative presentation of the data may illustrate a change of the partial process controlling the 
corrosion process over drying. In very moist conditions, the R  of the concrete and the Rp of the 
reinforcement change similarly, whereas after the critical weight loss the R  increases more rapidly than the 
Rp. When comparing Figure 1, Figure 2, and Figure 3 changes upon drying are observed. In Figure 1, the 
scatter of the trend for each sample increases over drying. In Figure 2, a change in the OCP icorr relation 
from the high current density range towards lower current densities is observed while in Figure 3 a 
remarkable change in the R /Rp is detected after the critical weight.  

This is a preliminary discussion of the governing partial process of carbonation-induced corrosion, which 
we expect to continue.  

 

Figure 3: R /Rp ratio versus weight loss due to water evaporation. From capillary saturated 
condition (left side) over drying in laboratory exposure (to the right) 

4. Summary 
The data suggests that the corrosion process in carbonated concrete is under anodic resistance control. 
However, the controlling partial process may vary depending on the moisture conditions. 

We found that under the accelerated carbonation conditions tested here, the icorr-
dependent, while the OCP-icorr relationship is binder dependent. 
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Carbonation front characterization 
pH colour indicators 

A. Belda, K. De Weerdt, M.R. Geiker 
Norwegian University of Science and Technology (NTNU). Dept. of Structural Engineering 

Summary: A PhD project dealing with carbonation induced corrosion has been initiated at 
NTNU in 2015. The main goal of the project is to obtain improved understanding of 
parameters controlling carbonation induced corrosion: onset and development. Emphasis is 
put on studying low carbon footprint cements, specifically blends of Portland cement and fly 
ash. This paper presents some preliminary results on carbonation front characterization for 
mortar samples subjected to accelerated carbonation. 
Keywords: phenolphthalein, thymolphthalein, thymol blue, rainbow indicator, image 
analysis 
1. Introduction  
CO2 from the atmosphere can diffuse into the concrete cover. Through reaction with the 
pore solution and hydration phases, the CO2 can cause a decrease in the pH of the pore 
solution from about 13 to values below 9 (Schiessl, 1976). The thickness of the concrete 
layer from the exposed surface inwards affected by CO2 is called the carbonation depth. In 
sound concrete the steel reinforcement is protected from corrosion by the high pH of the 
pore solution. However, when the carbonation front reaches the steel corrosion may initiate.   
The most common way to measure the carbonation depth is by spraying a freshly broken 
surface with a pH colour indicator such as phenolphthalein as recommended in EN-13295. 
Carbonated concrete remains colourless while sound concrete (pH above 9) is coloured by 
the indicator. However, phenolphthalein has recently been classified as carcinogenic by the 
Norwegian Environment Agency and therefore alternative indicators need to be identified.  
It should be noted that the carbonation depth determined by a pH indicator only shows 
where the pH of the pore solution drops below a certain level, but does not give any 
information regarding the extent of carbonation of the solids. The carbonation was early 
observed to cause a more gradual change in the pH of the pore solution and in the 
composition of the hydrates (Schiessl 1976 and Tuutti 1982). Hence alternative techniques 
are required to investigate the changes at the carbonation front, methods such as 
thermogravimetric analysis (TGA), X-ray diffraction (XRD) or Fourier transformed infrared 
spectroscopy (FTIR) on profiles ground powder (Chang et al. 2006) have been used.  
In this preliminary study different pH indicators were tested and compared with TGA 
analysis of profile ground powder. This paper presents a critical evaluation of the different 
pH indicators used on mortars prisms subjected to accelerated carbonation testing. 
2. Experimental methods  
2.1. Sample preparation 
Standard mortar prisms 40 x 40 x 160 mm were prepared according to EN 196-1. Standard 
CEN sand was used (dmax 2 mm).Two binders were investigated: CEM I containing 4% 
limestone powder and CEM II/B-V containing 30% fly ash and 4% limestone powder, both 
with two different water-binder ratios: 0.5 and 0.55. After casting, the mortar prisms were 
stored in the moulds covered with a plastic at 20°C during 24 hours. Then, they were 



2 

demoulded, wrapped in plastic and store at 20°C during 13 days in a sealed barrel over 
water. Fourteen days after casting, samples were exposed for four weeks to the following 
conditions: temperature 20 oC ± 0.5 oC, relative humidity 60% ± 1.5% and CO2 
concentration 1.45% ± 0.1%. 
 

2.2. pH indicators 
Carbonation depth was measured after four weeks of accelerated carbonation for both 
binders and w/b ratios. The following indicators and concentrations (% in mass) were used: 
phenolphthalein (P) 1% and 0.1%, thymolphthalein (T) 1% and 0.1%, thymol blue (TB) 
0.2% and 0.04% and rainbow indicator (R) acquired premixed. The solid indicators were 
dissolved in ethanol: water solutions with a volume ratio of 70:30. The indicators were 
sprayed on freshly broken surfaces. After one hour, pictures were taken with constant light 
conditions. The pH threshold values given by the supplier are shown in Figure 1 Left. 
Depending on the indicator the colour change can start from 7.8 (TB) to 10.5 (T). 
Image analysis free-ware, Plotdigitizer (http://plotdigitizer.sourceforge.net/), was used to 
measure carbonation depth. The following procedure was applied: scaling of the picture, 
dividing into 4 x 4 mm grid; measuring manually 30 points from the six central grids of each 
side i.e. top (no contact with mould during casting), bottom, left and right. The average, 
standard deviation, maximum and minimum value were calculated. Only the images for the 
highest indicator dosages and rainbow indicator were treated.  
3. Experimental results  
Figure 2 shows the fractured surfaces of the samples with different binders and water-
binder ratios sprayed with the tested pH indicators. The average value and standard 
deviation of the carbonation depths are given in Figure 1 Right (using data from the four 
sides of the prism). Table 1 gives the carbonation depth depending on the side of the prism 
for the CEM II/B-V, w/b 0.55 sprayed with T 1%.  

 
Figure 1: Left - pH threshold values given by supplier; Right  carbonation depth.  

 
Figure 2: Carbonation depth for the different indicators, binder types and w/c ratios tested. 
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4. Discussion  
From Figure 2 it can be seen that higher concentrations of the pH indicators give a darker 
colour, which makes it easier to assess the difference between the un-coloured and 
coloured area. The best contrast was obtained with T 1% and P 1%.  
According to the Figure 1 Left, the measured carbonation depth values should have the 
following sequences: TB< P< T<R. However, as can be seen from Figure 1 Right, there is 
no considerable difference between the carbonation depths determined with the different 
indicators. This suggests that the pH drops abruptly at the carbonation front. The pH levels 
from the different indicators (8-10) were obtained at approximately the same depth. 
Carbonation depth determination by spraying with a pH indicator is therefore relatively 
insensitive for the indicator used (within the 8-10 pH range). 
The carbonation depth seems to be strongly dependent on the binder type, as expected 
(Figure 1 Right). The CEM I has a lower carbonation rate compared to the CEM II for the 
investigated conditions due to its higher buffer capacity and possibly lower early age 
porosity. The effect of the w/b is rather small for the CEM I mortars and slightly larger for 
the ones with CEM II in the investigated range. 
From Table 1 a slight reduction in the carbonation depth can be observed for the bottom 
side compared to the other sides of the prism. Further investigation is required to find the 
cause of this discrepancy. 
Table 1: Carbonation depths [mm]: CEM II/B-V, w/b 0.55 sprayed with T 1%. 

 
It should be noted that there is a range of important factors which also affects the 
carbonation depth measurements for example the presence and size of aggregates, 
bleeding or segregation and air voids. 
5. Conclusions 
Thymolphthalein 1% (T 1%) is an equally good pH indicator for the determination of the 
carbonation depth as the traditionally used and potentially carcinogenic phenolphthalein 1% 
(P 1%) for the tested mortar compositions and exposure conditions.  
6. Acknowledgements 
NFR project no. 235211/O30: LAVKARBSEM.  
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Bottom Right Top Left
Average 5.5 7.5 7.4 7.3

Standard Deviation 0.24 0.26 0.24 0.29
Maximum value 6.1 8 8 8.1
Minimum value 5.1 6.8 7 6.7



 



 

 

 

 
 
 
 
 

 
Paper S-II 

 
Investigation of the effect of partial replacement of Portland Cement by 

 Fly Ash on carbonation using TGA and SEM-EDS 
 

Revert, Andres Belda; De Weerdt, Klaartje; Hornbostel, Karla; Geiker, Mette Rica 

Proceedings of the International RILEM Conference Materials, Systems and Structures in 
Civil Engineering , Lyngby, Denmark (2016) 

 

 

 
 

 

  



 



International RILEM Conference on Materials, Systems and Structures in Civil Engineering 
Conference segment on Concrete with Supplementary Cementitious Materials 

22-24 August 2016, Technical University of Denmark, Lyngby, Denmark 

413 

INVESTIGATION OF THE EFFECT OF PARTIAL REPLACEMENT 
OF PORTLAND CEMENT BY FLY ASH ON CARBONATION USING 
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Andres Belda Revert(1), Klaartje de Weerdt(1), Karla Hornbostel(1), Mette Rica Geiker(1) 
 
(1) Department of Structural Engineering, NTNU, Norwegian University of Science and 
Technology, Trondheim, Norway 
 
 
 
 
 
 
 
 
Abstract 
The aim of this paper is to investigate the effect of partial replacement of Portland cement by 
fly ash on the phase changes upon carbonation and the resulting CO2-binding capacity. Two 
mortars with water-to-binder ratio 0.55 and two different binders, Portland cement (CEM I) 
and Portland fly ash cement (CEM II/B-V) were cured sealed for 14 days at 20oC and 
subsequently exposed to accelerated carbonation (20oC, 60% RH and 1.5% CO2) for 4 weeks. 
The changes in the phase assemblage upon carbonation were studied by TGA and SEM-EDS. 
TGA allowed the quantification of changes in Portlandite and calcium carbonate content. 
SEM-EDS was used to investigate changes in the C-S-H composition and the microstructure. 
It was observed that both binders formed similar amounts of carbonates upon accelerated 
carbonation, even though their CaO content differed. This could be attributed to differences in 
the reaction degree of the Portland clinker and a larger contribution to the uptake of CO2 by 
C-S-H for the fly ash containing cement. Hence care should be taken when applying the CaO 
content as a measure for the CO2-binding capacity. 
 
 
1. Introduction 

 

Carbonation is the spontaneous reaction of CO2 present in the air with the cement paste, 
which causes, among others, a drop in the pH of the pore solution. Once the carbonation front 
reaches reinforcement, embedded steel is no longer passivated and corrosion may start 
depending on the exposure [1]. Carbonation-induced corrosion is one of the major causes of 
premature deterioration of reinforced concrete structures [2].  
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Carbonation is a stepwise reaction which causes gradual changes in the cement paste. First 
CO2 is dissolved in the pore solution and carbonic acid is formed. Then the carbonic acid 
reacts with Ca ions from the different cement phases and calcium carbonate (CC ) is formed. 
Portlandite (CH) is the first to react, followed by monosulphate (AFm) and ettringite [3]. 
Calcium silicate hydrate (C-S-H) decalcifies gradually once CH is consumed until it becomes 
silica gel [4, 5]. Additionally, unhydrated phases as alite and belite can be carbonated [6]. 
 
Replacing Portland cement partially with fly ash results in changes of the overall CaO content 
and the phase assemblage such as consumption of CH by the pozzolanic reaction, and 
lowering of the Ca/Si ratio of the C-S-H [7]. This affects the CO2-binding capacity of the 
resulting binder [3, 8].  
 
The most common way to identify carbonation in concrete is to spray a freshly split surface 
with a pH indicator (EN 13295 [9]). It is a simple, non-expensive and reliable method to 
determine the carbonation depth [10]. However, pH indicators do neither reveal information 
about the changes in the phase assemblage nor the microstructure upon carbonation.  
 
The authors used thermogravimetric analysis (TGA) to quantify the content of CH and CC on 
homogenized profile ground samples and scanning electron microscopy with energy 
dispersive spectrometry (SEM-EDS) to investigate differences in morphology and elemental 
composition upon carbonation on polished sections. The aim was to investigate the effect of 
partial replacement of Portland cement by fly ash on the phase changes upon carbonation and 
the resulting CO2-binding capacity. In this paper, two mortars with water-to-binder ratio 0.55 
and two binders, Portland cement (CEM I) and Portland fly ash cement (CEM II/B-V), 
exposed to accelerated carbonation (20oC, 60% RH and 1.5% CO2) were investigated.  
 
The present study is part of a PhD project on carbonation of Portland fly ash cement. The 
final aim of the project is to improve the understanding of the mechanisms affecting the 
service life of concrete structures with Portland fly ash cements. Both the initiation period 
(carbonation) and the propagation period (corrosion) are considered.  
 
 
2. Experimental 
 
Figure 1 provides an overview of the experimental techniques and the sampling undertaken on 
mortar prisms. 
 
2.1 Mortar samples 
Mortar prisms 40 x 40 x 160 mm with two binders were investigated. The binders were:  
CEM I containing 4% limestone powder and CEM II/B-V containing 30% fly ash and 4% 
limestone powder. Table 1 presents the chemical composition of the binders determined by 
XRF. Clinker with similar mineralogy was used for both cements. The mortar composition 
(water-to-binder ratio 0.55) was 450 g binder, 1350 g standard CEN sand (dmax 2 mm) and 
247.5 g water per batch. The mortars were mixed according to EN 196 [11]. The prisms were 
stored in the moulds covered with a plastic wrap at 20°C for 24 hours after casting. Then, they 
were demoulded, wrapped in plastic and stored at 20°C for 13 days in a sealed container.  
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Figure 1: Schematic overview of the undertaken experimental techniques including sampling. 
The blue area indicates the non-carbonated mortar identified by thymolphthalein. 
 
Table 1: Chemical composition of the investigated binders determined by XRF [% by mass] 
 Compound SiO2 Al2O3 Fe2O3 CaO MgO SO3 P2O5 K2O Na2O 
CEM I 20.4 4.8 3.4 61.7 2.2 3.5 0.2 0.9 0.5 
CEM II/B-V 29.5 10.8 4.5 44.6 2 3.2 0.4 1.1 0.5 
 
2.2 Exposure  
Fourteen days after casting, the mortar prisms were exposed for four weeks to accelerated 
carbonation conditions: 20 ± 0.5oC, 60 ± 1.5% RH and 1.45 ± 0.1% CO2. Note that the short 
curing period only allows for a limited degree of reaction of the fly ash [7, 13]. 
 
2.3. Methods 
TGA was performed on profile ground samples. To study carbonation as a one dimensional 
phenomenon, the lateral sides (10 mm on each) were removed by dry cutting before profile 
grinding, see Figure 1. The right (R) and top (T) side were studied. The outer 0-1 mm step 
was omitted as different paste content was expected. The grinding steps were 1 mm for the 
first 10 mm and 2 mm-steps for the rest of the sample. The TGA was performed with a 
Mettler Toledo TGA/DSC 3+, on samples of approximately 300 mg loaded in aluminum 
oxide crucibles. The samples were heated from 40 to 900oC at a rate of 20oC/min while the 
oven was purged with N2 at 50 ml/min. The weight loss of the samples was monitored as a 
function of the temperature. The amounts of CH and CC were calculated according to 
equation (1). However, the exact boundaries were taken from the derivative curve: 
 

 ;            (1) 

 
Polished sections were prepared according to [12]. All polished sections were carbon coated. 
Images were taken in back scatter electron (BSE) mode using a Quanta 400 ESEM from FEI 
operated at high vacuum mode at an accelerating voltage of 20 kV. SEM-EDS point analysis 
was performed using a JEOL JXA  8500F Electron Probe Micro analyzer and a Hitachi S-
3400N equipped with an Oxford EDS at an accelerating voltage of 15 kV. The following 
elements were analysed Al, Ca, Cl, Fe, K, Na, Mg, S, and Si. The points were manually 
selected avoiding sand grains and unreacted fly ash and clinker grains. 

Profile ground samples: 
TGA

Polished sections:
SEM-EDS
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3. Results 
 
3.1 TGA 
Figure 2 presents an example of both mass loss and derivative curve for a sound sample 
(dark) and a carbonated sample (grey) determined by TGA for both CEM I (left) and       
CEM II/B-V (right) mortar after 2 weeks curing and 4 weeks of exposure. It can be seen that 
the carbonate peak for the carbonated sample (450-850 oC) has broad shoulders extending 
from temperatures as low as 450oC up to 850oC. This could relate to the decomposition of 
different CC polymorphs which decompose at lower temperatures compared to calcite. 
However, XRD analysis reported in [10] did not indicate the presence of polymorphs such as 
vaterite or aragonite. The broadness of the carbonation peak is therefore attributed to large 
amount of CC present and to the variation in crystallinity of the CC formed. The carbonation 
of CH has been observed to result in more crystalline CC which decomposes at higher 
temperatures. Carbonation of C-S-H, on the other hand, results in microcrystalline CC, of 
which the decomposition starts at temperatures as low as 450 oC [13]. This is in agreement 
with the results presented in Figure 2 where the decarbonation peak related to more crystalline 
CC at about 800 oC seems to be larger for the carbonated CEM I mortar compared to the  
CEM II/B-V one, as more of the CC originate from CH carbonation for the former compared 
to the latter. Note that the AFm peak at about 200 oC disappears upon carbonation.  
 

    
Figure 2: TGA (solid) and DTG (dotted) of sound sample (black), and carbonated sample 
(grey). Left: CEM I sample. Right: CEM II/B-V sample. 
 
Figure 3 shows the CH and CC profiles determined by TGA on profile ground powder. The 
horizontal axes indicate the depth inwards, with the origin at the exposed surface. The outer  
4-6 mm for CEM I and 6-8 mm for CEM II/B-V are affected by carbonation. Carbonation is 
associated with a decrease in the CH content and an increase in the CC content. The amount 
of CC seems to be stable in the carbonated zone, and both binders appear to form comparable 
amounts of CC upon carbonation. Except for the first measurement on the top side of the 
CEM I mortar prism (depth 1-2 mm) which indicates a higher amount of CC compared to the 
other measurements. However, this might be due to a higher paste content at the top surface 
caused by e.g. instability in fresh state. 
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Figure 3: The amount of CH (diamonds) and CC (squares) in function of the depth 
determined on profile ground powder using TGA. The horizontal axis represents the depth (0 
outer surface and positive inwards) while the vertical axis presents the CC content to the left 
and CH content to the right in each graph. Note the difference between the scales for CC and 
CH. The typical error for the CC estimation was not larger than 0.4 percentage points and 0.3 
percentage points for the CH estimation. The error of position is considered the grinding step; 
1 mm for the first 10 mm and 2 mm for the rest of the sample. 
 
In the non-carbonated mortar, the amount CH seems to be stable for both binders. The CH 
content in the CEM II/B-V (about 3%) is notably lower than for the CEM I mortar (about 
5%). This lower content is expected both due to the dilution of clinker by the fly ash (dilution 
effect: 5% 66/96=3.4%) resulting in less clinker to form CH, as well as the pozzolanic 
reaction of the fly ash consuming part of the CH formed by the clinker (difference between 
measured CH content in the CEM II/B-V, 3%, and the diluted content due to fly ash, 3.4%: 
the 0.4% is consumed by the pozzolanic reaction). 
 
It should be noted that for profile grinding in the case of TGA, the content of the different 
phases is homogenized over the depth of the step (1 or 2 mm). Gradual variations in the CH 
and CC content, between 4-6 mm for CEM I and 6-8 mm for CEM II/B-V, could therefore be 
partially due to spatial variations in the carbonation depth as stated in [10].  
 
3.2 SEM-EDS 
Figure 4 shows BSE images of the carbonated side of CEM I and CEM II/B-V after 2 weeks 
curing and 4 weeks of exposure. 
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Figure 4: BSE image of side of mortar samples. Left: CEM I. Right: CEM II/B-V (scale 
indicates 500 μm). 
 
A remarkable difference between the two mortars is the presence of lots of unhydrated cement 
particles (brighter particles size 10-20 μm) in the CEM I mortar and the near absence of them 
in the CEM II/B-V mortar. This indicated that the degree of hydration of the cement clinker is 
considerable higher in the CEM II/B-V mortar compared to the CEM I mortar. The 
explanation for this might be the higher effective water to clinker ratio in the CEM II/B-V 
mortar. The observation indicates that unhydrated cement grains resist carbonation within the 
period of exposure. 
 
It should be noted that SEM-BSE imaging is not the most recommended technique to detect 
carbonation [10]. Detection of the carbonation is far more efficient using optical microscopy 
with cross polarized light on thin sections, as calcium carbonate crystals formed upon 
carbonation change the colour of the cement paste from dark brown to bright opaline colours. 
Nevertheless, one can distinguish between carbonated and non-carbonated paste in BSE 
images, tracing CH, as indicated in Figure 5. In the carbonated paste CH can no longer be 
observed. The presence or absence of CH is, however, difficult to identify, especially for the 
CEM II/B-V sample containing a lower amount of CH.  
 
Figure 6 shows SEM-EDS dot-plots for carbonated and non-carbonated paste of the mortars. 
During an EDS point analysis the elements in a certain volume are analysed, e.g. 1 μm3. This 
volume comprises generally a mixture of phases. In order to be able to identify phases the 
results are expressed in ratios. Hence if a mixture of phases is analysed, the result should lie in 
between the ideal stoichiometry of these phases. 
 
The SEM-EDS analyses of the non-carbonated pastes indicate the presence of hydration 
phases such as AFm, CH and C-S-H. The C-S-H composition of the two binders seems to be 
slightly different. The Ca/Si ratio of the CEM I mortar seems to be 1.8 (Si/Ca = 0.56) 
compared to 1.55 (Si/Ca = 0.65) in the case of CEM II-B/V. The C-S-H of the CEM II-B/V 
also seems to have a slightly higher Al/Si ratio compared to CEM I, respectively 0.14 versus 
0.09. These findings are in agreement with [14, 15]. 
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Figure 5: Identification of carbonated and non-carbonated paste in BSE images of CEM I 
mortar based on presence or absence of CH (scale indicates Left - 500 μm. Right  100 μm). 
CH with its typical grey tone is indicated with arrows. 
 
Upon carbonation the data points move to lower Si/Ca ratios. The majority of the points 
gather around a Si/Ca ratio of 0.25 and an Al/Ca ratio of 0.05. This is contradictory to what is 
expected. Carbonation results in decalcification of the C-S-H and hence in an increased Si/Ca 
ratio [5]. However, as mentioned before during SEM-EDS point analysis a volume 
comprising a combination of phases is analyzed. The lower Si/Ca ratio might indicate a 
consistent intense intermixing between decalcified C-S-H and CC. 
 
Due to the fine intermixing, EDS on smaller volumes e.g. combined with TEM is required in 
order to differentiate between the calcite and the decalcified C-S-H and the Ca/Si ratio of the 
decalcified C-S-H [13]. Alternatively, other techniques e.g. Si NMR could be used as in [5]. 
 
 
4. Discussion 
 
From Figure 3 it can be seen that both binders, CEM I and CEM II/B-V seem to bind 
comparable amounts of CC in the carbonated cement paste, being slightly higher in the case 
of CEM I binder. This is unexpected as CEM I has a considerably higher CaO content 
compared to CEM II/B-V (see Table 1). Calculations of CO2-binding capacities of binders are 
commonly related in one way or another to the CaO content of the cement [3, 8, 16]. 
 
Hence, one would expect considerably higher amounts of CC in the carbonated zone of the 
CEM I mortar compared to the CEM II/B-V mortar. However, in this investigation it was 
observed that even though the CaO content in the Portland cement was 40% higher than in the 
fly ash cement, the amount of CC was only about 10% higher in the Portland cement sample 
upon carbonation. Thus it seems that other factors should be considered when estimating the 
binding capacity of a given concrete/mortar.  

Carbonated Non-carbonated Carbonated Non-carbonated 
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Figure 6: SEM-EDS point analysis of non-carbonated (Left) and carbonated (Right) paste 
expressed as molar ratios of Si/Ca versus Al/Ca. The ideal composition of ettringite (AFt), 
monosulphate (AFm), and portlandite (CH), as well as the assumed composition of C-S-H for 
the different binders is marked. 
 
In order to understand this apparent discrepancy, the origin of the CC was estimated. Figure 7 
presents the different contributions for the carbonated section at 1-2 mm depth. To be able to 
calculate the different contributions, the CC and CH content of the non-carbonated samples 
(depth 12-14 mm) were determined by TGA. These samples contained CC due to minor 
limestone additions to the binders (L). The CC originating from the carbonation of CH were 
calculated based on the amount of CH in the non-carbonated samples (CC=100/74 CH). The 
remaining amount of CC was assumed to originate from carbonation of C-S-H. For the CEM I 
a larger part of the formed CC originates from the carbonation of CH compared to            
CEM II/B-V. This can be expected as CEM II/B-V contains less CH compared to CEM I due 
to both dilution of Portland clinker and the pozzolanic reaction of the fly ash.  
 

 
Figure 7: Estimated origin of carbonates (CC) for carbonated samples. CH and L content 
taken from sound sample (depth 12-14 mm) and total CC content from carbonated sample. 
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The CEM II/B-V seems to bind more CO2 through carbonation of C-S-H compared to CEM I. 
Based on the results presented two potential explanations can be put forward for the similar 
CO2-binding capacity of the two binders even though their CaO contents differ:  
 
 First, the degree of reaction of the clinker is considerably higher in the CEM II/B-V 

mortar compared to the CEM I (Figure 4). This results in an increased CO2-binding 
capacity relative to the clinker content for the CEM II/B-V mortar compared to the   
CEM I mortar, as the unreacted clinker grains do not seem to have carbonated.  

 In addition, the CEM II/B-V binder seems to bind more CO2 during the carbonation of 
the C-S-H compared to CEM I (Figure 7). This might be both due to differences in the 
amount of C-S-H formed and due to the binding capacity of the C-S-H for the two 
mortars. In the CEM II/B-V mortar, potentially more C-S-H can have formed due to the 
combination of higher reaction degree of the clinker and the pozzolanic reaction of the fly 
ash. The binding capacity of the C-S-H will also be influenced by the composition of the 
non-carbonated and the carbonated C-S-H. With the applied techniques, we are neither 
able to quantify the amount of C-S-H formed nor to identify the Ca/Si ratio of the 
carbonated C-S-H. Therefore, we cannot at present quantify the contributions of the 
before named effects on observed difference in CO2-binding in the C-S-H for the two 
mortars. 

 
Even though both binders seem to have a similar CO2-binding capacity, their carbonation rate 
is very different. As Figure 3 shows that CC was found at greater depth for the CEM II/B-V 
mortar compared to the CEM I for the same accelerated carbonation conditions. This indicates 
the CO2-binding capacity is not a rate limiting factor for carbonation. Additional 
investigations are needed to identify the parameters determining the carbonation rate i.e. 
porosity. 
 
 
5. Conclusions 
 
 The TGA results show that the CEM I mortar contains more CH than the CEM II/B-V 

mortar, as expected. The TGA also reveals that both binders, CEM I and CEM II/B-V, 
bind a similar total amount of CO2 upon accelerated carbonation. As both binders, CEM I 
and CEM II/B-V, differ considerably in CaO content, respectively 62 and 45%, the     
CO2-binding capacity can therefore not be related to the CaO content of the binders. 

 SEM-EDS analyses indicate that both binders form similar reaction products upon 
carbonation, i.e. finely inter-mixed decalcified C-S-H with calcium carbonate. The BSE 
images reveal a large difference in the reaction degree of the clinker in the two binders. 
The partial replacement of Portland cement by fly ash leads to a near to complete reaction 
of the clinker whereas lots of unreacted clinker grains were observed for the pure Portland 
cement. The unreacted clinker did not seem to carbonate.  

 CEM II/B-V has a similar CO2-binding capacity compared to CEM I, which can be 
explained by a higher degree of reaction of the clinker and a larger contribution of C-S-H 
to the uptake of CO2 for the CEM II/B-V mortar compared to CEM I. 
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ABSTRACT
Carbonation resistance of concrete is usually tested under accelerated conditions, i.e. by 
elevating the CO2 concentration compared to natural conditions and keeping the RH close to 
60%. However, it is not clear if these conditions mirror the natural process. Using SEM-EDS we
investigated the composition of the reaction products of carbonated and non-carbonated concrete 
containing 0, 18 and 30% fly ash exposed to three different carbonation conditions. In non-
carbonated concrete the reaction products depended on the binder. However, in carbonated 
concrete the reaction products were similar in composition in all the concretes and exposure 
conditions tested. 

Key words: Carbonation, Supplementary Cementitious Materials (SCM), Testing

1. INTRODUCTION
Carbonation is a spontaneous reaction of the cement paste with the CO2 present in the
atmosphere. It is a slow process under natural conditions (0.03% CO2) and is therefore
accelerated for testing purposes by controlling the relative humidity (50-65%) and using
increased CO2 concentration (e.g. 1 to 50%, see summary in [1]). Carbonation causes changes in
microstructure, phase composition and pH of the pore solution in the cement paste [2]. It is,
however, not clear if the accelerated exposure conditions cause similar changes compared to
natural carbonation.
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The investigation is part of a PhD study on carbonation-induced corrosion in fly ash concrete. In 
the project two different accelerated conditions were used in addition to natural conditions: one 
to accelerate carbonation (60% RH and 1% CO2) and one where also corrosion in carbonated 
concrete is facilitated (90% RH and 5% CO2). The aim of the investigation is to check if the 
tested accelerated conditions mirror the natural carbonation process. The phase composition, 
pore solution and other microstructural features in the carbonated concrete, especially in the 
vicinity of the reinforcement, will influence reinforcement corrosion. In this paper, we focus on
the composition of the reaction products.  

2 EXPERIMENTAL
Concretes containing three different cements water-to-binder ratio 0.54-0.56 and 370 kg/m3

cement were prepared. The cements contained limestone addition (4%) and different amounts of 
fly ash CEM I (0%), CEM II/B-M (18%) and CEM II/B-V (30%), see Table 1. The concrete 
samples were kept in the mould for three days and when demoulded wrapped in plastic for 11
days. After this period, they were carbonated for 20 weeks. Three exposure conditions were 
used: “N”: natural carbonation sheltered from rain, “1-60”: 60% RH and 1% CO2, and “5-90”: 
90% RH and 5% CO2. The temperature was in all cases close to 20ºC. Polished epoxy 
impregnated sections were prepared at the Danish Technological Institute (DTI). All polished 
sections were carbon coated before testing. A scanning electron microscope Quanta 400 ESEM 
from FEI operated at high vacuum mode, accelerating voltage of 15 kV, spot size 5 and working 
distance of around 10 mm was used. The data was Proza corrected. 50 points were manually 
taken selecting the outer reaction products in carbonated (”Carb”) and non-carbonated (”Non”)
areas of each sample.

3 RESULTS AND DISCUSSION
Figure 1 presents the data obtained by SEM-EDS point analysis. The horizontal axis shows the 
Si/Ca molar ratio and the vertical the Al/Ca molar ratio. The ideal stoichiometry of the 
following phases is indicated: calcium hydroxide (CH) and calcium carbonate (CC) in the 
origin, and on the vertical axes ettringite (AFt) and monosulphate (AFm). The estimated
composition of the C-S-H for the tested non-carbonated concretes is marked with large black 
squares. During the SEM-EDS point analysis a certain volume is analysed, which generally 
includes a mixture of phases and the resulting point lies in between the ideal stoichiometry of 
the phases in the mixture. The points taken in the non-carbonated areas indicate the presence of 
AFm, AFt, CH/CC and C-S-H. In the carbonated areas less AFm and AFt phases seem to be 
present as fewer points are found between the C-S-H and AFt or AFm compositions. The points 
associated with C-S-H in the carbonated concrete seem to gather mainly around a Si/Ca ratio 
from 0.15-0.35. This is opposite of what one would expect. Upon carbonation C-S-H decalcifies 
[3] and one would expect the data point to move to higher Si/Ca ratios. A possible reason for the
observation is that during SEM-EDS point analysis a volume comprising several phases is
analysed. The lower Si/Ca ratio may originate from fine intermixing of decalcified C-S-H and
CC. This is in line with recent TEM observations indicating the formation of finely dispersed
CC crystals in C-S-H upon carbonation [4].

Table 1 – Chemical composition of the cements determined by XRF [% by mass] 
Cement Label SiO2 Al2O3 Fe2O3 CaO MgO SO3 P2O5 K2O Na2O
CEM I A 20.4 4.8 3.4 61.7 2.2 3.5 0.2 0.9 0.5
CEM II/B-M B 27.5 8.4 3.9 52.7 1.6 2.6 0.2 0.6 0.5
CEM II/B-V C 29.5 10.8 4.5 44.6 2 3.2 0.4 1.1 0.5
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Figure 1 – SEM-EDS point analysis, Si/Ca versus Al/Ca ratios. The ideal composition of 
ettringite (AFt), monosulphate (AFm), portlandite (CH) and calcium carbonate (CC), as well as 
the estimated compositions of C-S-H in the non-carbonated concretes with fly ash (Si/Ca=0.65) 
and without fly ash (Si/Ca=0.5) are marked. The shaded area indicates the data points in 
carbonated concrete (0.15-0.35 Si/Ca) where decalcified C-S-H is finely intermixed with CC. 
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The lowering of the Si/Ca ratio of C-S-H related points upon carbonation indicates that Ca 
redistributes in the system. For example, Ca originating from portlandite will dissolve and 
precipitate as very small CC crystals finely intermixed with the decalcified C-S-H. Note that a
mass balance of the Ca cannot be performed as only few manually selected points were 
analysed. Similar observations using SEM-EDS point analysis on mortars containing similar 
binders exposed to 60% RH and 1% CO2 were reported earlier [5]. The results presented in this 
paper show that upon carbonation decalcified C-S-H is finely intermixed with CC independently
of the binder as well as the exposure conditions. As the reaction products are in equilibrium with 
the pore solution, the results indicate that the composition of the pore solutions upon 
carbonation might not be that different either. Assuming similar pore structure, it could lead to 
comparable concrete resistivity in carbonated concrete. Further research is needed to confirm 
this.  

5 CONCLUSION
Concretes with varying fly ash content were exposed to natural and accelerated carbonation and 
the reaction products were investigated using SEM-EDS. The data shows that the reaction 
products upon carbonation are similar for the tested concretes and exposures conditions even if 
the initial hydration products were different.  
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CARBONATION-INDUCED CORROSION, IMPACT OF SAMPLING 
TECHNIQUE ON PREDICTED SERVICE LIFE  
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Abstract 

Limit state equations for the depassivation of reinforcement due to carbonation are available 
in guidelines and standards. The physical uncertainty of the carbonation process due to the 
inherent nature of the concrete is taken into account by using probabilistic modelling and 
statistical distributions of the material properties. The probability of failure, and thus the service 
life of a reinforced concrete structure, is determined comparing the carbonation depth 
distribution to the concrete cover distribution. In this investigation, the influence of the 
sampling technique on the carbonation depth distribution and the predicted service life are 
discussed. 
 

Keywords: Carbonation, corrosion onset, probabilistic design 

 

1. INTRODUCTION 
The carbonation depth is the depth measured from the exposed surface inwards at which the 

pH indicator phenolphthalein (1% in mass solution) sprayed on a freshly split surface changes 
from colourless to pink according to [1]. The carbonation distribution is determined manually 
by taking five points per side on mortar (40x40x160 mm) or concrete (100x100x400 mm) 
samples. [1] There are other standards and recommendations, which suggest different 
procedures, e.g. [2-5]. The carbonation development of the bulk (plain) concrete is assumed to 
represent the carbonation development in reinforced concrete. However, systematic variations 
may be introduced due to microstructural changes in the vicinity of the reinforcement [6].  

 
The the assumed period for which a 

structure or part of it is to be used for its intended purpose with anticipated maintenance but 
without major repair being necessary according to [7]. To quantify the service life a limit state 
and the level of reliability (or probability of failure) for not passing it in a period should be 
defined [8]. A limit state equation for the depassivation of reinforcement due to carbonation is 
available in e.g. [8], which also recommends a probability of failure (Pf) of 10%. 

 
The aim of the paper is to illustrate the impact of the sampling technique on the statistical 

distribution of the measured carbonation depth and implications of this on the predicted service 
life. 
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2. EXPERIMENTAL 
Concrete prisms (w/b=0.55) 120x120x260 mm and wall elements 1500x1300x250 mm were 

prepared containing Portland and Portland-fly ash cement (18% or 30% FA), maximum 
aggregate size 16 mm. The prisms and wall elements were cured for two weeks wrapped in 
plastic. Subsequently, the prisms were exposed to 20°C, 90% RH and 5% CO2 in a climate 
chamber and the wall elements were exposed to natural carbonation ((XC3) according to EN 
1992 [9]) at a field station in Trondheim [10], Norway.  
 

Carbonation was detected by spraying thymolphthalein on a freshly split surface of prisms 
or drilled cores and quantified either manually (M), selecting five points taken per side 
according to [1], or by image analysis (I), using pictures taken by an Olympus E-630 camera 
attached to a setup with fixed lighting conditions. The pictures were scaled, and the sample/non-
carbonated areas were determined using ImageJ freeware (https://imagej.net/Welcome). 140 
measuring points were taken per sample (3 points/cm). The carbonation depths were determined 
avoiding the corner effect (due to the ingress from two directions). [6]  

3. RESULTS AND DISCUSSION 
Table 1 presents the carbonation depth distribution determined using the image analysis 

(samples exposed to 20°C, 90% RH and 5% CO2 ) and the manual approach (samples exposed 
to XC3, or to 20°C, 90% RH and 5% CO2 for 72 weeks). Figure 1 illustrates the impact of the 
sampling technique on the measured carbonation depth distributions after 72 weeks accelerated 
exposure. When using the manual approach, the measurements are operator dependent and the 
average of the determined distribution can be higher or lower compared to the real carbonation 
distribution. In addition, the manual approach leads to a lower standard deviation (the tails of 
the distribution are cut off ). The overlapping area between carbonation distributions and 
concrete cover distribution indicates the probability of failure. The calculated values (Pf) 
assuming a concrete cover distribution of 30 ± 5 mm (average ± standard deviation) are given 
in Figure 1.  
 

Assuming square root-time dependency, the carbonation rates (coefficients) were 
determined for the two exposure conditions, see Table 2. The carbonation coefficients when 
exposed to XC3 compare to coefficients found in well-cured and compacted concrete [11].  

 
The service life for structures made from the three concrete compositions was determined 

using the data from Table 1, and assuming Pf=10%, concrete cover 30 ± 5 mm. Table 3 
illustrates that for the present data, the sampling technique has limited impact on the predicted 
service life.  
 

The applicability of data from the accelerated exposure condition is supported by SEM-EDS 
point analysis [12], which showed comparable chemical composition of the reaction products 
in the same concretes investigated here which were carbonated under natural and different 
accelerated conditions. Further investigations of the microstructure are ongoing. 
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Table 1: Determined carbonation depth distributions. t: time in weeks, : average value, COV: 
coefficient of variation, I: image analysis, M: manual  
 

Exposure t [w] 
Carbonation depth [mm] Sampling 

0% FA 18% FA 30% FA 
Approach Points Length 

[cm] 
Points 
/cm  COV  COV  COV 

20°C, 
90% RH, 
5% CO2 

8 7.8 24 8.3 28 11.1 29 I 160 54 3 

31 10.4 27 10.9 21 14.4 22 I 160 54 3 
45 10.1 32 14.3 22 20.1 28 I 160 54 3 

72 
12.6 24 17 25 20.7 21 I 160 54 3 
13.1 18 18.2 22 20.4 16 M 20 54 0.4 

XC3 
20 2.8 13 3.8 13 4.1 10 M 5 10 0.5 
78 4.7 23 5.2 12 6.3 16 M 5 10 0.5 

 
 

 
Figure 1: Determined carbonation depth distributions using image analysis (I) or manual (M) 
approach (72 w, 20°C, 90% RH, 5% CO2). Calculated Pf assuming concrete cover 30 ± 5 mm 

 
 
Table 2: Calculated carbonation rates 
(mm/year0.5) 
 

Exposure 0% FA 18% FA 30% FA 
20°C, 90% RH, 

5% CO2 
11.8 15.0 19.5 

XC3 4.0 4.6 5.4 

Table 3: Calculated service life [years] for 
XC3, concrete cover 30 ± 5 mm, Pf=10% 
 

Approach 0% FA 18% FA 30% FA 
M 48 26 18 
I 48 23 20 

0 10 20 30 40 50

Concrete depth [mm]

30%-FA-I

30%-FA-M

0%-FA-M

0%-FA-I

18%-FA-M

18%-FA-I

0% FA 18% FA 30% FA

M 0.1 2.3 8

I 0.1 3.3 5.3

Probability of failure [%]
Approach

Cover
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4. CONCLUSIONS 
The influence of the sampling technique on the carbonation depth distribution and the 

predicted service life was quantified. The manual approach described in [1] was compared to 
an image analysis approach. Only limited impact on the predicted service life was observed 
using carbonation depth distribution of Portland cement concrete with and without fly ash 
exposed to 20°C, 90% RH and 5% CO2. The carbonation depth determined manually is 
representative of the real carbonation distribution. 
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ABSTRACT 
The current investigation presents a summary of the characterization of the microstructure and 
phase assemblage of carbonated mortar and concrete samples containing Portland and Portland-fly 
ash cement, which were exposed to various conditions. Different characterization techniques were 
used: thermogravimetric analysis to study the solid phases, SEM-EDS point analysis to investigate 
the chemical composition of the solid phases, optical microscopy to investigate the microstructure, 
and cold water extraction to characterize the chemical composition of the pore solution. The 
combined results on microstructure and phase assemblage indicate that carbonation up to 5% CO2 
appears representative for natural carbonation.  
 
 
Key words: Carbonation, microstructure, solid phases, pore solution, Portland-fly ash cement 
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1. INTRODUCTION 
 
Carbonation is the reaction of the CO2 present in the atmosphere with the phases in the hydrated 
cement paste. Carbonation causes a change in the microstructure, solid phases, and lowers the pH 
of the pore solution [1]. Carbonation in natural exposure is a slow process. For performance testing, 
carbonation is therefore usually accelerated by means of optimal relative humidity (60-70%) [1] 
and increased CO2 concentration (25-250 times than natural) [2]. However, it is not clear to which 
extent the microstructure and phase assemblage developed upon accelerated carbonation mirrors 
that for natural carbonation.  
 
Castellote et al. [3] investigated cement paste exposed to various CO2 concentrations (0.03 
(natural), 3, 10 and 100%). The samples were prepared with Portland cement and a water-to-binder 
ratio (w/b) of 0.5. Phase changes due to carbonation were investigated using 29Si MAS-NMR, TGA 
and XRD. The authors concluded that accelerated carbonation up to 3% CO2 gives similar products 
compared to natural carbonation. For 10% and 100% CO2 the C-S-H was more extensively 
carbonated and silica gel was formed. 
 
Auroy et al. [4] investigated cement paste (w/b=0.40) containing a ternary blend (50% PC + 25% 
FA + 25% GGBFS). Exposure conditions were 25°C, 55% RH, and 0.04 or 3% CO2. Carbonation 
was investigated using XRD, TGA and 29Si NMR3. They found that similar products were formed 
upon carbonation at the two CO2 concentrations. Some calcium hydroxide was found in the 
carbonated area, and C-S-H decomposed to a Ca-enriched silica 
hydroxide and carbonate contents were similar in both exposures. After further research using 
XRD, TGA and 29Si NMR they confirmed that the carbonation products formed at 3% CO2 were 
representative of the products formed at long term natural carbonation [5]. In agreement, Shah et 
al. using XRD, TGA and SEM-EDS point analysis found that the products formed at 60% RH and 
3% CO2 compared to products formed at natural carbonation [6]. No results on carbonation at 
relative humidity higher than 75% were found. 
 
Table 1 presents the summary of pore solution investigations of carbonated cementitious materials 
found in the literature. For the studies reported in [7, 8], the pore solution was obtained by high 
pressure squeezing on moisturized samples. Carbonated concrete is usually dry and therefore pore 
solution squeezing by mechanical procedures requires that the samples are moisturized. The water 
added in the samples in [7, 8] was however not reported and the dilution was not taken into account 
when determining the pore solution composition. For the studies reported in [9, 10] cold water 
extraction (CWE), a rapid leaching method on ground mortar or concrete was used to study the 
pore solution composition.   
 
All studies show that the amount of alkali metals (Na and K) in the carbonated pore solution is 
reduced compared to pore solution of non-carbonated samples [11]. Anstice et al. [7] found similar 
amounts of alkali metals in the pore solution of carbonated mortars (first carbonated and then 
moisturized) at different CO2 concentrations while higher amounts of sulphates and chlorides were 
found in the samples exposed to 100% CO2. Pu et al. [8] reported higher amounts of free alkali 
metals compared to [7]. The addition of fly ash reduces the amount of alkali metals in the pore 
solution in non-carbonated samples [11]. The studies reported in [9, 10] using CWE showed that 
the amount of free alkali metals in the pore solution of carbonated Portland cement was similar to 
the content in carbonated Portland-fly ash cement.   
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The current paper summarizes observations of the impact of different exposure conditions on the 
microstructure and phase assemblage of carbonated mortar and concrete. Various techniques were 
applied: SEM-EDS point analysis (chemical composition of the solid phases), optical microscopy 
(microstructure), cold water extraction (chemical composition of the pore solution), and 
thermogravimetric analysis (solid phases). The aim was to investigate the influence of the exposure 
conditions on the carbonation reaction products. The impact of the exposure condition was found 
to be minor compared to the changes upon carbonation. 
 
Table 1: Summary of pore solution investigations in carbonated mortar and cement paste found in 
the literature. T is given in [°C], RH in [%] and CO2 in [%] 

Ref Cement w/b 
Exposure 

Technique 
Composition 

Unit 
T RH CO2 Na K Cl S 

[7] CEM I 

0.6 22 
75a 

100 

Squeezed pore 
solution  

(300 MPa) 
+ 

Ion 
chromatographic 

analysis 
 

4 10 21 17 

mmol/l 

0.6 22 5 4 9 13 20 
0.6 22 0.03 3 15 4 1 
0.6 22 

65b 

100 2 6 11 15 
0.6 22 5 7 16 12 24 
0.6 22 0.03 4 13 8 11 
0.6 22 

55c 

100 5 11 23 18 
0.6 22, 5 0 1 8 2 
0.6 22 0.03 3 26 8 2 
0.6 22 

55d 
100 10 17 23 20 

0.6 22 5 1 1 11 7 
0.6 22 0.03 1 1 9 5 

[8] 
CEM I 

0.5 20 40e 0 Squeezed pore 
solution 

(300 MPa) 
+ 

pH meter 

1.1 1020 - - 

mmol/l 
0.5 20 40e 5 0.2 190 - - 

CEM II/B-V 
(15% FA) 

0.5 20 40e 0 0.9 580 - - 
0.5 20 40e 5 0.2 190 - - 

[9] 

CEM I 

0.55 20 60e 0 

CWE + 
ICP-MS 

 

24 30 1 3 

mmol/kg 

0.55 20 60 1 6 2 2 11 
0.55 20 90f 0 26 30 0 1 
0.55 20 90 5 10 10 8 1 

CEM II/B-V 
(30% FA) 

0.55 20 60e 0 17 23 1 1 
0.55 20 60 1 5 2 2 12 
0.55 20 90f 0 17 24 0 0 
0.55 20 90 5 5 3 15 18 

[10] 

CEM I 0.55 20 Sealed 

CWE + 
ICP-MS 

 

26 30 - - 

mmol/kg 
CEM I 0.55 20 60 1 4 2 - - 

CEM II/B-V 
(30% FA) 

0.55 20 Sealed 18 22 - - 
0.55 20 60 1 3 1 - - 
0.40 20 60 1 3 1 - - 

Salt solutions used to keep RH at a certain value: a: sodium chloride, b: ammonium nitrate, c: magnesium nitrate, d: 
sodium dichromate, e: sodium chloride, f: barium chloride 
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2. EXPERIMENTAL 
 
The experimental investigation comprises three series of tests. The investigated materials and 
exposure conditions (including the used legends) are given in Table 2 and Table 3, respectively. 
The legends for the samples combine material and exposure, <% FA>-<% RH>-<% CO2>, e.g. 
30-60-1 is a sample containing 30% fly ash which was exposed to 60% RH and 1% CO2. 
 
Table 2: Material and cement compositions investigated 

Description 
Cement type according to EN 197 [12] and fly ash content (FA) 

CEM I 
(0% FA) 

CEM II/B-M 
(18% FA) 

CEM II/B-V 
(30% FA) 

Series 1 Concrete prisms x x x 
Series 2 Mortar prisms   x 
Series 3 Mortar disks x  x 

 
Table 3: Exposure conditions investigated (all 20°C except XC3) 

 
Non-carbonated Carbonated 

Sealed 
cured 

Dried  
at 60% 

Non-carb. 
sample 

Natural 
XC3 

60% RH,  
1% CO2 

90% RH, 
5% CO2 

60% RH, 
100% CO2 

Legend <%FA>-
Sealed 

<%FA>-
60-0 

<%FA>-
Bulk 

<%FA>-
XC3 

<%FA>-
60-1 

<%FA>-
90-5 

<%FA>-60-
100 

Series 1   x x  x  
Series 2 x   x x   
Series 3 x x   x  x 

 

2.1 Samples 
 
Table 4 and Table 5 provide the chemical composition of the cements used. 
 
Table 4: Chemical composition and fineness of the cements used in Series 1, as determined by XRF 
facilitated by NORCEM AS [% by mass] 

Cement % FA SiO2 Al2O3 Fe2O3 CaO MgO SO3 P2O5 K2O Na2O Blaine 
[m2/kg] 

CEM I 0% 19.6 4.9 3.1 60.8 2.3 3.7 0.1 0.9 0.5 548 

CEM II/B-M 18% 25.5 7.6 4.2 50.7 2.1 3.3 0.2 1.1 0.6 477 

CEM II/B-V 30% 28.4 8.8 4.4 46.9 2.2 2.7 0.2 1.2 0.6 459 

 
Table 5: Chemical composition and fineness of the cements used in Series 2 and Series 3, as 
determined by XRF facilitated by NORCEM AS [% by mass] 

Cement % FA SiO2 Al2O3 Fe2O3 CaO MgO SO3 P2O5 K2O Na2O Blaine 
[m2/kg] 

CEM I 0% 20.4 4.8 3.4 61.7 2.2 3.5 0.2 0.9 0.5 420 

CEM II/B-V 30% 29.5 10.8 4.5 44.6 2 3.2 0.4 1.1 0.5 501 

 
For Series 1, concretes prism (120x150x260 mm) and wall elements (1200x1500x250) were cast 
at a concrete plant from concrete (w/b=0.55) containing three cements: CEM I (0% FA), CEM 
II/B-M (18% FA) or CEM II/B-V (30% FA). Further information on casting and compaction can 
be found in [13]. The concrete prisms were kept in the mould for three days and when demoulded 
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wrapped in plastic for 11 days. After this period, the prisms were exposed to accelerated 
carbonation for 20 weeks. The walls were exposed to natural carbonation in sheltered condition 
(XC3). Drilled cores with a diameter of 100 mm were investigated.  
 
For Series 2, mortar prisms (140x40x160 mm) containing CEM II/B-V and having w/b=0.40 or 
0.55 and paste-to-sand ratio (p/s) of 0.73 in volume were prepared. Further information on casting 
and compaction can be found in [10]. The mortars were cast in steel moulds and compacted using 
a vibrating table. Two 20-mm layers were compacted by applying 5 seconds of vibration for the 
w/b=0.55 and 10 seconds for the w/b=0.40 on each layer. After casting, the prism were covered 
with plastic for one day and subsequently stored sealed in plastic at 20 °C for 13 days. At the age 
of 14 days, the mortar prisms were exposed for 9 weeks to different conditions.  
 
For Series 3, mortars (w/b=0.55) containing CEM I and CEM II/B-V were mixed and cast in 
polyethylene bottles 50 mm in diameter and 100 mm in height. Further information in casting and 
compaction can be found in [9]. Each bottle was filled in three layers and each layer jolt-compacted 
applying 30 strokes. The bottles were kept sealed at 20°C for two weeks and then wet-cut in disks 
of 15 mm in thickness using a saw. At the age of 14 days the disks were exposed to different 
carbonation conditions until they were fully carbonated. When the samples did not show any 
change in colour after spraying thymolphthalein on a freshly split sample they were classified as 

¨ 
 
2.2 Methods 
 
Table 6 provides an overview of methods applied and the types of samples used.  
 
Carbonation depth was detected spraying a pH indicator (thymolphthalein, 1%) on a freshly split 
surface. For Series 1, carbonation depths were also determined on the thin sections using crossed 
polarized light. 
 
Thin sections were prepared by the Danish Technological Institute according to NT Build 361 [14]. 
The concrete samples were impregnated with an epoxy resin containing fluorescent dye, mounted 
on a glass plate, ground to a thickness of 20 μm, and then covered with a glass. The thin sections 
were investigated with a Leica DM 2500P microscope using polarized, crossed polarized and 
fluorescent light.  
 
Polished sections containing carbonated, transition zone, and non-carbonated concrete were 
prepared by the Danish Technological Institute according to [15]. The polished sections were 
investigated using scanning electron microscope Quanta 400 ESEM from FEI operated at high 
vacuum mode, accelerating voltage of 15 kV, spot size 5 and working distance of 10 mm were 
used. The specimens were carbon coated and the data was Proza corrected. The points were 
manually selected (typical 50 points in each zone)  in the outer hydration products in carbonated 
and non-carbonated areas avoiding unreacted fly ash, clinker grains and aggregates. During SEM-
EDS point analysis a volume of approx. 1 μm3 comprising a combination of different phases is 
analyzed.  
 
Cold water extraction (CWE) was applied as described in [16] on homogenized ground powder. 
The powder was passed through 80 μm mesh sieve and mixed with deionized water and filtrated. 
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The filtrated solution was diluted and acidified. The composition of the filtrated solution was 
analysed using Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The chemical 
composition of the pore solution was determined in mmol/kg of mortar.  
 
Thermogravimetric analysis (TGA) was performed on homogenized ground powder using a 
Mettler Toledo TGA/DSC 3+. Aluminium oxide crucibles were loaded with ca. 300 mg of powder. 
The samples were heated from 40°C to 900°C at a rate of 10°C/min while the oven was purged 
with N2 at 50 ml/min. The weight loss of the samples was monitored as a function of the 
temperature. 
 
Table 6: Methods applied 

Method 
Carbonation 

depth Microstructure Solid phases Pore 
solution 

pH indicator Optical microscopy SEM-EDS TGA CWE 

Type of sample Freshly split 
surface 

Fluorescent thin 
section 

Polished 
section Powder Powder 

Series 1 Concrete prisms x x x  x 
Series 2 Mortar prisms x    x 
Series 3 Mortar disks x   x x 

 
 
3. RESULTS 
 
3.1 Microstructure 
 
Table 7 presents a summary of the characteristics of the microstructure of the partly carbonated 
concrete samples investigated in Series 1. Micrographs illustrating the transition from carbonated 
(top) to non-carbonated (bottom) concrete are given in Figure 1. The micrographs were taken on a 
CEM II/B-V concrete sample exposed to 90% RH, 5% CO2 using different light settings. 
 
The carbonation depths determined by the pH indicator, and on the thin sections using crossed 
polarized light were comparable, taking into account the spatial variation of the carbonation depths 
[17], see Table 7.  
 
When examining the surface in some of the samples a denser layer was observed. In other cases a 
slightly more open layer close to the surface was observed. It is not clear if these differences in 
microstructure were caused by carbonation or could be due to local inhomogeneities prior to 
carbonation. Areas of higher capillary porosity close to the exposed surfaces are often observed in 
field samples.  
 
In order to investigate and compare the capillary porosity in carbonated and non-carbonated 
concrete, an image analysis system was used. This system uses the green tone intensity of the paste 
when illuminated in UV light as a measure of the capillary porosity. The lower the intensity the 
lower the capillary porosity, and vice versa. From the comparison, it was concluded that the 
variability of the microstructure due to local, initial defects was stronger than the potential changes 
in the microstructure caused by carbonation.  
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Other characteristics, which were investigated, were the presence of CH in the carbonated area or 
in the bulk, the width of the transition zone from carbonated to non-carbonated concrete, adhesion 
and surface cracks, and the air content.  
 
A characteristic feature of the samples exposed to 90% and 5% CO2 was a densification in front of 
the carbonation front. This issue should be investigated in more detail, potentially it is due to an 
accumulation of sulphates.  
 
Overall, the microstructure of the carbonated concretes depended more on inhomogeneities prior 
to carbonation than on the exposure conditions. 
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3.2 Solid phases 
 

Figure 2 presents the differential weight loss curves of the investigated mortar disks. Table 8 
presents the calculated amounts of CH and CC related to the weight at 850°C. Additionally, it 
includes the maximum theoretical amount of CC, which can be formed upon carbonation if all the 
CaO available in the systems carbonates, and the degree of carbonation related to this maximum 
amount.  
 
Even for the samples  exposed to 100% CO2, the calculated degree of carbonation was not 100%. 
This is probably due to incomplete carbonation of the clinker grains. When comparing the plain 
Portland cement (0%) samples, an increased amount of carbonates is formed at 100% CO2 
compared to 1% CO2 which is reflected also in a relative increase in the degree of carbonation 
from around 70% to 90%. Compared to 1% CO2 exposure, the 100% CO2 exposure led to a 
reduction of the peak(s) in the temperature range 100-150°C corresponding to C-S-H, AFt, AFm 
and gypsum. Similar trends are observed for both cements. 
 

 

Figure 2: Differential weight loss (DTG) for mortar disks (Series 3) exposed to 0%, 1% and 100% 
CO2 and 60% RH after [9] 
 

Table 8: Measured amounts of CH and CC [% of weight at 850°C] and calculated degree of 
carbonation (rounded to nearest 5) for mortar disks (Series 3) exposed to 0%, 1% and 100% CO2 
and 60% RH. 

 CH  

[%] 

CC  

[%] 

CC [%] Theoretical 

fully carbonated 

Degree of  

carbonation [%] 

0-60-0 4.5 1 

25 

0 

0-60-1 - 18 70 

0-60-100 - 22 90 

30-60-0 2 1 

18 

0 

30-60-1 - 15 80 

30-60-100 - 17 90 

 
The chemical composition of the carbonation reaction products was investigated using SEM-EDS 
on the polished sections of carbonated and non-carbonated parts of the concrete samples (Series 
1). This investigation is also reported in [18]. Figure 3 presents a summary of the data. SEM-EDS 
point analysis data are presented as Si/Ca versus Al/Ca molar ratios in order to identify phases. In 
a dot plot, a data point lays in between the ideal stoichiometry of the phases it comprises. The 
ideal composition of the following hydration phases are included: ettringite (AFt), monosulphate 
(AFm), and portlandite (CH), in addition calcium carbonate (CC) is added.  
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The approximate C-S-H composition of the non-carbonated concretes with fly ash (Si/Ca=0.65) 
and without fly ash (Si/Ca=0.5) was determined. The Si/Ca decreased to 0.15-0.35 upon 
carbonation due to the fine intermixing of decalcified C-S-H with CC. Based on the results 
presented in Figure 3 no clear difference in the composition of the reaction products in the 
carbonated concretes for the tested cements and exposures conditions could be observed.  
 

  

Figure 3: SEM-EDS point analysis data presented as Si/Ca versus Al/Ca molar ratios for 
carbonated and non-carbonated concrete samples (Series 1). Squares: CEM I (0% FA), circles: 
CEM II/B-M (18% FA), triangles: CEM II/B-V (30% FA). Green colours: carbonated, blue 
colours: non-carbonated. After [18] 
 

3.3 Pore solution composition 
 

Data for pore solution analysis of mortar samples from Series 2 are given in Figure 4. The results 
include data of the fully carbonated depths (according to the pH indicator) and sealed samples. 
The free alkali metal ion (Na and K) concentrations were lower in the carbonated samples 
compared to the sealed samples. The sodium and potassium concentrations in the carbonated 
mortars were not influence by the w/b (0.40 (30*-60-1) versus 0.55 (30-60-1)). In addition to the 
data given in Figure 4, the sodium and potassium concentrations of the samples exposed to natural 
carbonation were measured. These were found to be slightly higher (Na 7, and K 5 mmol/kg) than 
those of the same samples exposed to 60% RH and 1% CO2 However, the measured higher free 
alkali metal contents in the samples exposed to natural carbonation could be due to contamination 
of the samples with non-carbonated material due to a limited carbonation depth, about 2 mm, after 
9 weeks of exposure. Further analysis will be performed to verify these results. 
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Figure 4: Free alkali metal (Na and K) content (mmol/kg of mortar) using CWE on mortar 
samples from Series 2. Solid bars (average) and error bars (range) of 3 measurements. Sample 
30*-60-1 has w/b=0.40 and 30-60-1 w/b=0.55. Partly after [10] 
 

Figure 5 presents the free alkali metals, sulphur and chlorine content of the mortar samples 
exposed to 1% and 100% CO2 as well as sealed samples as a reference (Series 3). The pore 
solution composition obtained using CWE yielded a comparable sodium and potassium content 
in the carbonated mortars, irrespective of the cement composition and the exposure. Similar to 
observations for Series II (Figure 4), the free sodium and potassium content was significantly 
reduced by carbonation. The free sulphur and chlorine content were considerably higher in the 
carbonated mortars compared to the non-carbonated mortars. The free sulphur content in the 
carbonated mortars was comparable for the two cements but higher in the samples exposed to 
100% CO2 than in the samples exposed to 1% CO2. The free chlorine content was, in contrast to 
expectations, slightly lower in the samples exposed to 100% CO2 than the samples exposed to 1% 
CO2. 
 

 

    

Figure 5: Free alkali metal (Na and K), sulphur (S) and chlorine (Cl) content (mmol/kg of mortar) 
using CWE on mortars from Series 3. Solid bars (average) and error bars (range) of 3 
measurements. Partly after [9] 
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4. DISCUSSION 
 
The pore solution composition and microstructure of concrete plays a decisive role on the 
propagation of reinforcement corrosion. The aim of the current paper was to investigate the 
influence of the accelerated exposure conditions on the microstructure and phase assemblage in 
carbonated concrete.  
 
Petrographic analysis of thin sections revealed that the microstructure of the carbonated samples 
(natural carbonation (XC3), 60% RH and 1% CO2, or 90% RH and 5% CO2) depended more on 
local inhomogenities prior to carbonation than on the exposure condition or cement type.  
 
TGA indicated that the solid phase assemblage of samples carbonated at 1% and 100% CO2 (60% 
RH, 20°C) are comparable. However, the samples exposed to 100% CO2 had a reduced peak(s) 
in the temperature range 100-150°C (corresponding to C-S-H, AFt, AFm and gypsum) and an 
increased peak in the carbonate range, indicating a  higher degree of carbonation than the samples 
carbonated at 1% CO2.  
 
SEM-EDS point analysis showed that the composition of the outer reaction products formed upon 
carbonation were independent of the exposure condition (XC3, 60% RH and 1% CO2, or 90% RH 
and 5% CO2) and cement type (0-30% fly ash) tested.  
 
The pore solution analysis of the carbonated samples showed that sodium and potassium are 
bound by the reaction products upon carbonation, while sulphate and chloride are released into 
the pore solution. Higher amounts of alkali were found in the naturally carbonated samples 
compared to samples exposed to 1% CO2, but it is not clear whether this was due to either the 
exposure condition or intermixing of carbonated and non-carbonated material during the 
sampling. When comparing the influence of the exposure conditions, carbonation at 100% CO2 
led to a similar amount of free alkali metals as for 1% CO2 exposure. The impact of accelerated 
carbonation on the free chlorine content was non-conclusive. For exposure to 100% CO2, higher 
amounts of sulphates were released into the pore solution compared to the 1% CO2 exposure. This 
is in agreement with results by Anstice et al. [7]. The increased sulphur content in the pore solution 
upon carbonation suggests further carbonation of the cement hydration phases containing sulphate 
(e.g. AFm and AFt). TGA results support this showing higher amounts of carbonates formed at 
100% CO2 compared to 1% CO2 exposure and reduced peak(s) in the temperature range 100-
150°C. 
 
Table 9 presents a summary of the findings. The results are presented in three sets as the methods 
were only applied on a selection of the samples and exposure conditions. According to the 
literature [3-6], carbonation up to 3% CO2 (RH<75%) is representative for natural carbonation 
(no data on carbonation above 75% RH was found). Based on our data, the range could be 
extended up to 5% CO2. In agreement with literature reporting increased degree of carbonation at 
10% and 100% CO2 [3], we found slightly increased degree of carbonation of samples carbonated 
at 100% compared to samples carbonated at 1% CO2.   
 
Considering the impact of different exposure conditions, it should be noted that the influence of 
the exposure conditions was minor compared to the changes upon carbonation (from non-
carbonated to carbonated condition). 
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Table 9: Summary of the of findings on the difference in microstructure and phase assemblage 
due to variation in exposure conditions  

Exposure Method Findings 
XC3 

60% RH, 1% CO2 

90% RH, 5% CO2 

Optical 
microscopy 

 
 The microstructure of carbonated samples was similar regardless 

cement type and exposure condition. 

SEM-EDS  The chemical composition of the outer reaction products was similar 
regardless type and exposure condition 

60% RH, 1% CO2 

60% RH, 100% CO2 

CWE 
+ ICP-MS 

 The amount of free alkali metals (Na and K) upon carbonation was 
similar regardless the exposure condition and cement type 

 The amount of sulphates increased upon carbonation at 100% CO2 
compared to 1% CO2 exposure 

 Data on chloride content are non-conclusive  

TGA 
 Carbonation at 100% CO2 slightly increased the amount of 

carbonates and reduced the phase in the 100-150 °C range compared 
to carbonation at 1% CO2 

XC3 

60% RH, 1% CO2 
CWE 

+ ICP-MS 
 Non-conclusive; either due to the impact of the exposure or the 

limited carbonation of the naturally carbonated samples 

 

 
5. CONCLUSIONS 
 
The investigation of thin sections with optical microscopy showed that the microstructure of 
carbonated samples was similar regardless the cement type and the exposure conditions, i.e. 
natural (0.04%), 1% or 5% CO2. Any observed variation in microstructure within the samples was 
attributed to local inhomogeneities prior to carbonation. The microstructure was not investigated 
for carbonation at 100% CO2. 
 
A similar chemical composition of the outer reaction products was observed using SEM-EDS 
point analysis for natural (0.04%), 1% or 5% CO2 carbonated samples. The outer reaction products 
were not investigated for carbonation at 100% CO2.  
 
A similar decrease in the free alkali metal content was observed using cold water extraction on 
mortars with and without fly ash when carbonated at 1% and 100% CO2. For both exposures, 
carbonation causes an increase in the content of sulphate and chloride ions in the pore solution. 
However, higher amounts of sulphates were present in the pore solution when the samples were 
exposed to 100% CO2. This observation was supported by TGA, which indicated a slight decrease 
in the AFm and AFt phases and higher amount of calcium carbonate in the samples exposed to 
100% CO2. The data for the free chlorine content was non-conclusive. Pore solution analysis was 
non-conclusive for natural carbonation and was not investigated for 5% CO2. 
 
Carbonation up to 5% CO2 appears representative for natural carbonation. An increased degree of 
carbonation and an increase in the free sulphur content were observed at 100% CO2. It should be 
noted that the impact of the various exposure conditions was minor compared to the changes upon 
carbonation (from non-carbonated to carbonated condition). 
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Abstract 
The polarization resistance (Rp) of a metal gives an indication of the corrosion condition at a given 
time. The Rp of embedded reinforcement in concrete is usually determined using the linear 
polarization resistance or the galvanostatic pulse technique. The relatively high electrical resistivity of 
concrete is a challenging factor when determining Rp. The electrical resistance becomes higher when 
adding supplementary cementitious materials to Portland cement or upon carbonation. Reinforced 
concrete prisms with 16-mm carbon steel reinforcement and concrete cover 20 mm were prepared 
using Portland-fly ash cement. The prisms were sealed-cured for two weeks and subsequently 
completely carbonated. The Rp of the reinforcement was determined using the linear polarization 
resistance and galvanostatic pulse techniques, and electrochemical impedance spectroscopy. The 
possible influence of using an embedded or an external reference electrode was investigated. Overall, 
comparable Rp values were determined with the three investigated techniques using either the external 
or the embedded reference electrode.  
  
Keywords 
Carbonation-induced corrosion, Portland-fly ash concrete, Linear polarization resistance, 
Galvanostatic pulse, AC electrochemical impedance spectroscopy 



 

2 

Introduction 
When performing electrochemical measurements, there is a potential drop between the 
elements in the cell due to the resistivity of the electrolyte (ohmic drop). When testing steel in 
electrolytes, the test solution can be changed in order to lower the resistivity. However, when 
testing steel embedded in concrete the resistivity is a material property which cannot be 
modified. The addition of supplementary cementitious materials to Portland cement makes 
this point even more challenging due to an increased concrete resistivity. Reported values 
vary from a factor of two to an order of magnitude compared to Portland cement depending 
on the type of addition and amount, and additionally, carbonation leads to even higher 
electrical resistivity compared to non-carbonated concrete [1].  
 
For steel in solution, Oelßner et al. discussed the possibilities for compensation of the ohmic 
drop using a corrosion test cell where the reference electrode (RE) is in contact with the 
working electrode (WE) via a Lugging capillary and the counter electrode (CE) is directly 
immersed in the test solution [2]. The corrosion cell for steel embedded in concrete differs 
from this. The reference electrode is usually applied on the external concrete surface (the 
distance between the WE and RE is the concrete cover) but embeddable reference electrodes 
are also available. The counter electrode is usually an external electrode placed on the 
concrete surface but also embedded electrodes can be used. Figure 1 represents a corrosion 
equivalent circuit describing this three-probe arrangement. When performing an 
electrochemical measurement the open circuit potential is monitored between the RE and WE 
while a current or potential difference is applied between the CE and WE. Figure 1 includes 
the following idealized electronic components: Rc, resistance of the concrete between CE and 
the RE, and R , resistance of the concrete between the RE and the WE. The potential is 
measured between the RE and the WE, thus the resistance between the RE and the WE is the 
one to be considered. R  can be reduced by placing the RE close to the WE, however if the 
RE is placed too close to the WE the current density distribution is disturbed [2]. Figure 1 
does not include the WE response, which varies depending on the applied electrochemical 
technique. 

 
Figure 1: Equivalent circuit for three-probe corrosion cell of reinforcement embedded in 
concrete. CE: counter electrode, RE: reference electrode, WE: working electrode,               
Rc: concrete resistance between CE and RE, R : concrete resistance between RE and WE 
 
Polarization resistance measurements allow to investigate the response of the embedded steel 
when the potential is changed from the open circuit potential. The potential can be changed by 
applying an external potential difference (potentiostatic, e.g. linear polarization resistance 
technique (LPR)) or applying an external current (galvanostatic, e.g. galvanostatic pulse 
technique (GVP)). If both anodic and cathodic reactions are activation-controlled, a linear 
relationship between current density and potential is observed close to the corrosion potential 
[3]. The LPR has been widely used in reinforced concrete, it allows to investigate the 
instantaneous polarization resistance of embedded steel (Rp) by polarizing potentiostatically 
the steel in the range of 10-25 mV in both anodic and cathodic directions [4]. Andrade et al. 
found good agreement comparing corrosion rate estimated from LPR and the actual 
reinforcement gravimetric loss [5]. Glass et al. discussed the applicability of polarization 
resistance for corrosion measurements in carbonated concrete and concluded that LPR is 
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suitable, even if the anodic reaction is not activation-controlled [6]. The treatment of the data 
is straightforward to determine the Rp, it is the slope of the potential-current response. 
However, the Rp determination using LPR is highly dependent on the ohmic drop 
compensation, as both the response from the reinforcement and the concrete contribution (R ) 
are included in the response. GVP consists of galvanostatically polarizing the embedded steel 
in a small range by forcing a current (μA) and recording the response, e.g. Glass et al. 
proposed a polarization range of 15 mV [7]. The R  and Rp can be determined by fitting the 
response to an equivalent circuit which includes a resistor (R ) connected in series with a 
capacitator and resistor (Rp) in parallel [4]. AC electrochemical impedance spectroscopy 
(EIS) allows to investigate the response of the concrete-reinforcement system when applying 
a sinusoidal alternating potential signal, e.g. 10 mV. Depending on the frequency, different 
regions can be investigated: the bulk (concrete) in the high frequency range, and the electrode 
(reinforcement) in the low frequency range [8]. The response might be complex and fitting an 
equivalent circuit may be challenging, and even if the circuit fits the response the elements 
might not have any physical meaning [9]. There are investigations on the influence of the 
measuring technique on the corrosion rate determination of embedded steel in concrete, [10, 
11, 12], see the Discussion section for further details. However, these investigations were 
performed on chloride-contaminated samples. No quantitative comparison for carbonation-
induced corrosion has been found. 
 
The purpose of this study is to compare the polarization resistance of reinforcement 
embedded in carbonated concrete determined by the linear polarization resistance and 
galvanostatic pulse techniques, and electrochemical impedance spectroscopy using either an 
embedded or an external reference electrode. Comparable polarization resistance values were 
obtained with the three investigated techniques using either the external or the embedded 
reference electrode. 
 
Experimental 
Materials and samples 
Figure 2 presents a sketch of the investigated samples. Concrete was prepared with water-to-
cement ratio 0.55 containing Portland-fly ash cement (30% fly ash) and maximum aggregate 
size 16 mm. The reinforcement was ribbed carbon steel diameter 16 mm. The steel was cut in  
260-mm pieces, cleaned with acetone, and 50 mm of both ends were coated with bee wax. 
The concrete was mixed and cast at a Norwegian precast plant. The samples were sealed 
cured for two weeks, cut in two halves and fully carbonated. Each half (S-1 and S-2) has an 
approximate thickness of 55 mm, which gave an approximate concrete cover of 20 mm on 
both sides. The carbonated samples were immersed in tap water and a pseudo-reference 
electrode (25-mm piece of mixed metal oxide titanium (Ti), 1 mm in diameter) was embedded 
by drilling a hole and applying grout. Once the change in weight in immersed conditions was 
considered negligible (<0.003% per 24 hours, obtained after two weeks of immersion, 

), the electrochemical measurements were performed. Further 
details on the samples are given in [13]. 

  
Figure 2: Overview of sample prepraration. Blue: reinforcement (Ø 16 mm), black: 
embedded Ti RE (Ø 1 mm). Dimensions in mm 
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Methods 
The electrochemical techniques were performed using a potentiostat PARSTAT 2273 with a 
three-probe corrosion cell which consisted of a working electrode (WE, reinforcement), 
counter electrode (CE, external titanium mesh (diamond opening 3.5 x 6 mm, thickness       
0.7 mm)) and reference electrode (RE) as depicted in Figure 3. Two reference electrodes were 
used, an external saturated calomel (SCE, XR 150 from Nerliens Meszansky) placed on the 
concrete surface and an embedded pseudo-reference electrode (Ti) embedded at 10 mm from 
the reinforcement. The measurements were performed on the samples immersed in a water 
bath. 
 
Linear polarization resistance (LPR) measurements were performed by polarizing the 
reinforcement 10 mV in both anodic and cathodic directions (polarization range 20 mV), at a 
rate of 0.167mV/s and step height 0.1 mV. Two alternatives were used, LPR using automatic 
compensation (current-interruption method), and LPR without compensation. Galvanostatic 
pulse (GVP) measurements were performed supplying a current of 50 μA during 30 seconds, 
which polarized the reinforcement approximately 10 mV in the anodic direction. AC 
electrochemical impedance spectroscopy (EIS) was applied using a sinusoidal wave of 10 mV 
and a frequency range of 500 kHz to 4 mHz.  
 
Figure 4 illustrates the schematic response of each technique and the determination of the 
resistance values, polarization resistance of reinforcement (Rp) and ohmic drop (R ): 

 LPR with automatic compensation (LPR-C): The slope of the response is the Rp.  
 LPR without compensation (LPR-NC): The slope of the response is the RT (Rp + R ). The 

R  is determined from the other techniques (average value from GVP and EIS). 
 GVP: The Rp and the R  were obtained from the instantaneous potential drop and 

following potential transient, respectively, by fitting the response to an equivalent circuit. 
 EIS: In the range of high to low frequencies (Nyquist plot) the point with the lowest phase 

angle is attributed to R . In the range of low frequencies, the response is broken down into 
a semicircle plus a line and the diameter of the semicircle is attributed to the Rp. 

  
Figure 3: Investigated three-probe corrosion cell 
 

 
Figure 4: Schematic response of each of the electrochemical test and determination of 
parameters (Rp and R ). LPR (red LPR-NC, and black LPR-C), GVP including equivalent 
circuit, and EIS indicating lowest phase angle and diameter of the fitted circle 
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Results 
Figure 5, Figure 6 and Figure 7 present the results of the electrochemical measurements 
performed using either the embedded or the external reference electrode. Note that the axes 
have been adjusted for each sample to better illustrate the response. 
 

 
Figure 5: Results of LPR measurements with automatic compensation (C) and without 
compensation (NC) using embedded (Ti) and external (SCE) RE. Note adjusted axes 
 

 
Figure 6: Results of GVP measurements using embedded (Ti) and external (SCE) RE. Note 
adjusted axes 
 

 
Figure 7: Results of EIS measurements. Nyquist plots using embedded (Ti) and external 
(SCE) RE. Frequencies of interest are indicted (max., min. and transition points). Note 
adjusted axes 
 
Discussion 
Sample 1 and 2 showed similar response when LPR and GVP were performed, and the 
Nyquist plots of the EIS data were comparable in the high frequency range. However, the 
response in the low frequency range differed. The Table 2 presents a summary of the 
resistance values determined with the three techniques using either the embedded or the 
external RE. When performing LPR with automatic compensation, the data was scattered and 
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the polarization resistance was not considered reliable. The Rp determined using LPR-NC was 
obtained by subtracting the average R determined with GVP and EIS from the RT. 
 
Table 1: Summary of the obtained resistance values. Shaded cells indicate that these values 
were obtained assuming average R  determined from GVP and EIS. Figure 2 illustrates 
nomenclature used 

Ti SCE Ti SCE Ti SCE 
RT  R   Rp  

LPR-NC S-1 420 590 - - 180 210 
S-2 360 400 - - 180 170 

GVP S-1 250 380 150 170 
S-2 190 240 200 190 

EIS S-1 230 380 240 270 
S-2 180 230 - - 

 
Techniques for measuring corrosion rate in carbonated concrete 
The LPR without compensation resulted in a linear potential-current relationship. This 
relationship includes both the Rp and the R . We have assumed that the resistance of concrete 
does not change during the test. A limitation of this approach is that the R  could not be 
constant during the LPR test e.g. due to different polarization of the concrete during the 
varying DC current which is registered through the LPR test. However, as a linear potential-
current relationship was observed when not compensating for the R , and a linear relationship 

it indicates that the R  is constant. The 
LPR test took 2 minutes with the used parameters, and the slope of the response was easily 
obtained from the raw data.  
 
GVP gives both information on the R  and the Rp in a relative short time. However, the data 
has to be treated in a more complex way compared to LPR and an equivalent circuit is 
assumed. The parameters which polarize the reinforcement in the desired range cannot be 

-
For this corrosion cell and concrete condition, the application of 50 μA during 30 seconds led 
to a polarization of the reinforcement in the range of 10 mV.  
 
EIS is a time consuming technique, for the investigated conditions each measurement took 
approximately 90 minutes. The interpretation of the data is even more complex compared to 
the GVP technique and it is challenging to fit an equivalent circuit to the response. The 
response from S-1 was treated to determine the Rp by breaking down the data into a 
semicircle plus a line in the low frequency range as described in [8]. However, it was not 
possible to determine Rp in S-2.  
 
The Rp values obtained using LPR and GVP are comparable without systematic under or 
overestimation (between 10 to 25 % compared to LPR). The Rp values determined from EIS 
are 25 % higher compared to LPR. Nygaard and Geiker investigated the influence of 
polarization current and time using GVP in chloride contaminated samples [11]. They 
concluded that polarization times from 20 to 50 s gave comparable Rp values to LPR, but 
always on the lower side. In this investigation we used GVP with polarization time 30 s. 
Andrade et al. aimed at comparing the Rp values obtained with LPR and EIS on not-
corroding, chloride contaminated and carbonated samples [10]. However, the EIS Nyquist 
plot of the carbonated samples did not show a semicircle and the Rp value could not be 
determined. Videm compared Rp determined on chloride contaminated samples using LPR, 
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GVP and EIS measurements among other techniques [12]. He did not find good agreement 
when comparing them and concluded that was because part of the current sent during the 
electrochemical test is consumed by other processes apart from the corrosion reaction, e.g. 
corrosion product changing from ferric to ferrous state.  
 
Ohmic drop determination 
The automatic R  compensation feature for LPR measurement using our equipment did not 
seem to work for the two corrosion cells investigated. The data was scattered and did not 
show the expected potential-current linear relationship (not possible to fit a line). According 
to the user manual, the automatic R  compensation is performed by the current-interruption 
method. A short current interruption is applied at the end of each measuring step and the 
potential drop during this interruption is assumed to be related to the resistance of the 
electrolyte.  
 
The R  obtained by GVP and EIS were comparable. However, EIS gives information on the 
dielectric properties of concrete, which is not only showing pure resistance behaviour but also 
including some capacitance in the high frequency range.  
 
Location of RE 
The R  values obtained using the external RE are higher compared to the embedded RE. This 
is in agreement with expectations as the embedded RE is separated 10 mm from the WE while 
the external RE is separated 20 mm. The Rp values obtained with each of the two RE are 
comparable, the difference for each measurement is smaller than 15 % and there was no 
systematic trend. 
 
EIS response: Nyquist plot 
The recorded response using the embedded RE shows two arcs (time constants), one 
attributed to the bulk (high frequency range) and the other to the corrosion process (low 
frequency range) while the response using the external RE includes an additional time 
constant in the high frequency range. According to [14], the two first arcs observed at high 
frequency using the external RE are related to percolating and closed porosity. However, they 
should have been observed using both the external and the embedded RE. Newton and Sykes 
observed three arcs when investing chloride contaminated mortar samples and proposed an 
equivalent circuit with three time constants for corroding reinforcement embedded in concrete 
using an external RE which compares to the response we have recorded using the external RE 
[15]. 
 
McCarter et al. reported that when using fly ash in concrete, a plateau is observed between the 
response of the bulk and the response of the electrode in the Nyquist plot, and the higher the 
fly ash replacement the larger the extension of the plateau [16]. We have not observed a 
plateau, but a line with negative slope between the response of the bulk and the response of 
the electrode. Koleva et al. observed a plateau between the response of the bulk and the 
electrode in chloride contaminated samples and concluded that the plateau was due to a 
change of the pore wall surface in the chloride contaminated samples compared to the 
reference samples without chlorides [17]. The observed plateau influences on the 
determination of the R  if a circle is fitted or the lowest phase angle is chosen. In this 
investigation we have found a good agreement comparing the R  determined using GVP and 
EIS (lowest phase angle point, in all the cases the phase angle was < 2 °). 
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Possible field limitations 
The measurements were performed on samples which contained one piece of reinforcement. 
The samples were fully carbonated and capillary saturated before the electrochemical tests 
were performed. If one assumes that the reinforcement corrodes uniformly along the entire 
area, only microcell corrosion and uniform field distribution when performing the 
electrochemical tests are expected.  
 
Field measurements, on the other hand, are affected by additional factors. Factors which 
might pay a decisive role for the Rp determination on structures are e.g. varying current 
confinement, uncertain area of reinforcement which is polarized or galvanic macro couples. 
 
Conclusion 
The polarization resistance of reinforcement embedded in carbonated, capillary saturated 
concrete was determined by three different methods (LPR, GVP and EIS). A three-cell probe 
corrosion arrangement was used which consisted of a working electrode (reinforcement), an 
external counter electrode (titanium mesh), and either an embedded pseudo-reference 
electrode (Ti) or an external saturated calomel reference electrode (SCE). The determined 
polarization resistance for the three methods was comparable (factor of 0.75 to 1.25 compared 
to LPR). The automatic compensation feature for LPR measurement of the potentiostat used 
in this study was found not suitable, and LPR without compensation requires knowledge on 
the ohmic drop. EIS resulted in slightly higher Rp compared to LPR which may be related to 
the fitting of the data. GVP was found the most suitable technique as it can be executed in a 
short time and gives separate information about the ohmic drop and the polarization 
resistance. The location of the reference electrode only influenced the ohmic drop, 
comparable polarization resistance was determined for both arrangements (external and 
embedded RE) using the three methods applied.  
 
The measurements were performed on samples with well-defined geometry and fixed counter 
electrode to working electrode ratio. However, for field measurements additional factors 
could influence the determination of Rp, e.g. macrocell effects or insufficient current 
confinement. 
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Karbonatisering av
miljøvennlig betong
En ulempe med miljøvenn-
lig betong er redusert
motstand mot karbonati-
sering og dermed økt fare
for armeringskorrosjon. I
prosjektet LAVKARBSEM er
målet å bidra til en bære-
kraftig anvendelse av mil-
jøvennlige sementer i be-
tongkonstruksjoner utsatt
for karbonatisering.

Andres Belda Revert, Klaartje
De Weerdt, Karla Hornbostel, 
Mette R Geiker
Inst. for konstruksjonsteknikk

Norcem AS jobber kontinuerlig
med utvikling av nye, mer miljø-
vennlige sementer for det norske
markedet. Sementindustrien står
for 5-8% av menneskeligskapt
CO2. En av måtene som er brukt
for å redusere CO2-utslippet i se-
mentproduksjon på, er å øke er-
statningen av den vanlige Portland
sementen med andre mineralske
stoffer som for eksempel
flygeaske. Flygeaske er et biprodukt
fra kullfyrte kraftverk, men denne
erstatningen har vist seg å redus-
ere motstanden mot karbonatiser-
ing av betongen. Dette gjelder
spesielt for betong brukt i fasader,
balkonger og andre bygningsdeler
som er særlig utsatt for karbonati-
sering.

Karbonatisering
Karbonatisering er en prosess der
CO2 fra atmosfæren trenger inn i
betongen, og binder seg opp i se-
mentpastaen. Dette har som følge
at pH-en i selve betongen som
opprinnelig er rundt 13, går ned til
mellom 8 og 9. Ved den opprinne-
lige høye pH-en er stålarmering
inni betongen beskyttet mot korro-
sjon, men denne beskyttelsen for-
svinner når pH-en synker til pH 9
og lavere. Armeringen i en kar-
bonatisert betong kan altså kor-
rodere. Dette vil føre til riss og av-
skalling av betong og reduksjon i
armeringstverrsnitt, som over tid

kan sette bæreevnen til konstruk-
sjonen i faren. 

Forskning
LAVKARBSEM prosjektet (NFR pro-
sjekt no. 235211/O30) er støttet
av Norges Forskningsrådet og pro-
sjektpartnere er: Norcem AS, NT-
NU, SINTEF, Skanska Norge AS,
Mapei, Rambøll, Norbetong, og
HeidelbergCement Technology
Center. Målet for prosjektet er å
oppnå en bedre forståelse av
hvilke faktorer som påvirker kar-
bonatisering av betong og kar-
bonatiseringsindusert armerings-
korrosjon. Forståelsen vil danne
bakgrunn for bærekraftig anvend-
else av miljøvennlige sementer. 

Innenfor LAVKARBSEM prosjekt-
et vil vi fokusere på å øke tiden det
tar før karbonatiseringsfronten når
stålarmeringen. Sentralt i prosjektet
er PhD kandidat Andres Belda
Revert som ved hjelp av elek-
trokjemiske teknikker karakteriserer
korrosjonen av armeringen i kar-
bonatisert betong. Prof. Mette R
Geiker er hovedveileder, og første-
amanuensis Klaartje De Weerdt og

post doc Karla Hornbostel er med-
veiledere. 

Bruk tymolftalein til å måle 
karbonatisering
Andres har i innledende forsøk sett
nærmere på bestemmelsen av kar-
bonatiseringsfronten. Karbonatiser-
ingsfronten blir vanligvis bestemt
ved å spraye en fersk splittet be-
tongoverflate med en pH indikator.
Typisk blir en 0.1% fenolftaleine
løsning brukt, men fenolftalein er
klassifisert som helsefarlig av Miljø-
direktoratet, og bruken av dette
produktet bør unngås. Andres har
bekreftet at 1% tymolftalein løs-
ning er like bra til å identifisere kar-
bonatiseringsfronten på mørtel.
Resultatet er bekreftet gjennom
parallellprøving utført av SINTEF.
Tymolftalein (1%) som ikke er
klassifisert som helsefarlig burde
dermed både i regelverket og
praksis erstatte det helsefarlige
fenolftaleinet (0.1%). 

Måle korrosjonshastighet
Neste fase i prosjektet er nå i gang.
Anders ser nå nærmere på korro-

sjonshastigheten av stålarmeringen
i karbonatisert betong ved hjelp av
elektrokjemiske teknikker.
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ABSTRACT 

In this study, corrosion current density of steel reinforcement in carbonated concrete made of ordinary portland 

cement, ordinary portland cement with 18% and 30% of fly ash was investigated varying the moisture exposure 

from capillary saturation to laboratory conditions. A high correlation coefficient was found between the 

corrosion current density of reinforcement and the electrical resistivity of concrete, which suggests that they 

depend on the same factors. Compared to moisture, the concrete composition was found to be less influencing. 

The data indicates that microcell corrosion in carbonated concrete is under anodic resistance control. 
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1 INTRODUCTION 

Steel reinforcement in concrete is protected against corrosion thanks to the alkaline pore solution, but the 

protection can be lost when the pore solution is neutralized by carbon dioxide (CO2). This process is named 

carbonation [1]. Corrosion of steel reinforcement in carbonated concrete was widely studied, despite this 

different mechanisms of control were suggested [2]. Alonso et Al. [3] found a linear trend when plotting the 

electrical resistance of carbonated mortar (R) containing various cement types versus the corrosion current 

density (icorr) of the embedded reinforcement in log-log scale (Alonso et Al. [4] post-treated the data and 

presented the icorr- arbonated mortar relationship). The higher the electrical 

resistivity, the lower the corrosion current density. Based on the observations, they proposed that the corrosion 

resistance control Glass et Al. [5] found the same trend investigating reinforced mortar 

specimen made of ordinary portland cement. In addition, a comparison between the corrosion potential (Ecorr) 

and the corrosion current density was done. The higher the corrosion current density, the lower the corrosion 

potential. They argued that the resistance control alone could not explain the icorr-Ecorr relationship and proposed 

that the anodic reaction is limited by the electrical resistance of the matrix. The mechanism was termed as 

anodic resistance control the data was determined only in reinforced mortar made of ordinary 

portland cement. 

In this work, the correlation between reinforcement corrosion current density and electrical resistivity of 

carbonated concrete as well as the controlling mechanism of corrosion in carbonated concrete is discussed. 

Reinforced concrete specimens made of ordinary portland cement, ordinary portland cement with 18% and 

30% of fly ash were used. The corrosion current density and corrosion potential of reinforcement as well as 

the concrete electrical resistivity were monitored at submerged condition and in the course of laboratory 

exposure. The corrosion current density was measured by means of the linear polarization resistance technique. 

The electrical resistivity of concrete was measured by means of specific probe that was post-embedded at the 

same depth as the reinforcement.   
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2 MATERIALS AND METHODS 

2.1 Concrete specimens 

Concrete was prepared with three different types of cement, as illustrated in Table 1. The water to cement ratio 

was 0.55 for all types of concrete. Chemical composition of each cement type is summarized in Table 2. One 

reinforced and one plain large specimen of 150x260x120 mm were cast for each type of concrete. Then, each 

large specimen was longitudinally cut in two 150x260x~60 mm halves , as 

shown in Figure 1. The two reinforced specimens for each type of concrete were instrumented and used mainly 

for electrochemical investigation, whilst the other two plain specimens were used for checking the progress of 

carbonation. The two instrumented specimens of each concrete type are referred in the text with the following 

names: OPC-1 and OPC-2 for ordinary portland cement; 18%FA-1 and 18%FA-2 for blended cement with 

18% of fly ash; 30%FA-1 and 30%FA-2 for blended cement with 30% of fly ash. 

2.2 Instrumentation 

Carbon steel reinforcement (B500NC) of diameter 16 mm and length 270 mm was placed in the middle of 

each specimen, as illustrated in Figure 2. The surface of reinforcement was cleaned with acetone to remove 

dirt and grease. The ends of the reinforcement were covered by wax, while the central length of 160 mm was 

exposed in contact with the concrete. Four probes were post-installed in the specimens after fully carbonation. 

A description of each probe is reported in Table 3. The pseudo-reference electrode consists of a mixed-metal 

oxide activated titanium rod of diameter 1 mm and length 25 mm, which was placed alongside each rebar at 

the distance of about 10 mm (see Figure 2). Probe A consists of two stainless steel rods (AISI 316) of 2 mm 

in diameter and 45 mm in length, which were placed 50 mm apart. Heat-shrinkable tubing was used for 

covering a length of 40 mm of the two rods and the last 5 mm were uncovered to be in contact with the injected 

grout. Epoxy-based paint was used for covering the tips of the rods. This probe was post-embedded at the same 

depth as the reinforcement (see Figure 2), and was used for measuring the combined electrical resistivity of 

injected grout and carbonated concrete in the vicinity of reinforcement. Probe B is similar to probe A, but the 

length of the two stainless steel rods is 20 mm. This probe was also post-embedded at the same depth as the 

reinforcement but at the horizontal distance of about 45 mm. Probe B was used in the specimen 1 for studying 

the potential influence of the reinforcement on electrical current distribution between the emitter electrode and 

the receiver electrode in measuring the electrical resistivity. Probe C consists of two titanium rods of diameter 
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2 mm and length 5 mm, which were placed 4 mm apart. Heat-shrinkable tubing was used for covering a length 

of 40 mm of the two rods and the last 5 mm were uncovered to be in contact with the injected grout. Epoxy-

based paint was used for covering the tips of the rods. This probe was also post-embedded at the same depth 

as the reinforcement (see Figure 2). Probe C was used for measuring the electrical resistivity of injected grout.  

All the probes were post-embedded in the specimens by drilling holes, which were subsequently filled with 

injected cement grout. Ready pre-mixed product (Nonset 50 from Mapei) was used to prepare the grout. Tap 

water (132 g) and sieved sand (100 g, max diameter of 250 μm) were added to 300 g of Nonset 50. The holes 

for installing the pseudo-reference electrode, probe A and probe B were made by a drill with bit of 6 mm in 

diameter, while a bit of 8 mm was used for installing the probe C. Before and after the installation of the 

probes, the specimens were kept in submerged condition. 

2.3 Conditioning and exposure conditions 

The specimens were prepared in plywood moulds and kept sealed for 14 days. After 14 days of curing, the 

specimens were subjected to accelerated carbonation using a climatic chamber with forced ventilation at 20°C, 

90% R.H. and 5% of CO2 for 10 months. Then, the specimens were longitudinally cut in two 150x260x~60 

mm halves (Figure 1) and subjected to carbonation in a chamber filled of CO2 at 20°C and 60% R.H. until 

complete carbonation. Specimens of OPC, 18%FA and 30%FA became fully carbonated after 202, 122 and 

62 days respectively. Once the reinforced concrete specimens were fully carbonated, they were submerged in 

tap water. The probes were post-embedded after some days in submerged condition. The lateral surfaces of the 

specimens were sealed with epoxy-based paint before starting the laboratory exposure. The laboratory 

exposure started when the mass change measurement between two consecutive measurements in 24 hours was 

lower than 0.01%. The relative humidity (R.H.) and temperature (T) of laboratory during test are reported in 

Figure 3a-c.  

2.4 Measurements 

A portable high impedance voltmeter (>1012

reinforcement (Ecorr.) against the standard calomel reference electrode (SCE) [6]. The external reference 

electrode was applied on the horizontal surface of the specimen in correspondence to the reinforcement by 

interposing a wet sponge. When the potential influence of reinforcement on the electrical resistivity 
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measurement was investigated, the corrosion potential was monitored against the post-embedded activated 

titanium electrode (Ti MMO). 

A portable conductivity meter was used to measure the electrical conductivity. Alternating current with square 

wave voltage of 80 mV peak to peak and frequency in the range of 40-1000 Hz (automatically selected by the 

instrument) was used as measurement signal. The measurement of electrical conductivity was converted into 

electrical resistivity by means of a specific cell constant, which was experimentally determined for each 

probe. The electrical resistivity of concrete reported in the results and discussion section was obtained by 

means of numerical compensation using the electrical resistivity of grout and the combined electrical resistivity 

of grout and pre-existing concrete. The description of the compensation procedure is given in the preparatory 

work [7]. 

A potentiostat was used to estimate the corrosion current density (icorr.) by means of the linear polarization 

resistance technique (LPR). The polarization was performed with a three-probe cell arrangement imposing a 

potential steps of ±10 mV (scan rate of 0.166 mV/s and step height 0.1 mV) versus the free corrosion potential 

of the reinforcement (WE), which was measured against the embedded activated titanium electrode (RE). The 

electrical current was applied by an external mesh of titanium (150x260mm CE) placed on the surface of 

concrete by interposing a wet sponge. The corrosion current density (icorr in mA/m2) was calculated by the ratio 

between the B constant (26 mV [8]) and the polarization resistance (icorr=B/Rp) [9-10]. Electrochemical 

impedance spectroscopy (EIS) and galvanostatic pulse (GVP) were used for measuring the ohmic drop [11]. 

During the EIS measurement, a difference of 10 mV between the free corrosion potential of reinforcement and 

the potential of the embedded activated titanium electrode was imposed with frequency between 500 kHz and 

50 mHz. In the GVP measurement, direct current (DC) of 20 μA for few seconds between the counter-electrode 

(CE) and the working-electrode (WE) was applied. 

Relative humidity and temperature of the exposure conditions were measured using a Testo 605-H1 compact 

thermal hygrometer (±0.5 °C and ±3% R.H.). 

Measurement of mass of the specimens was performed by means of a balance of accuracy 0.005 g. Mass 

was determined by the difference between the mass over time and the last measurement of mass 

in submerged condition (steady condition). 
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3 RESULTS AND DISCUSSION 

Figure 4 shows, as an example, the trends of grout electrical resistivity (probe C), combined grout-concrete 

electrical resistivity (probe A) and concrete electrical resistivity from capillary saturated condition (area 1) to 

laboratory dry out (area 2). The same trends were observed in all the specimens. The numerical compensation 

of grout effect on the combined grout-concrete electrical resistivity measurement (probe A) was necessary 

because of the significant low grout electrical resistivity (probe C), which was alkaline. The compensated 

concrete electrical resistivity resulted higher than the combined grout-concrete resistivity. The solid line in 

Figure 4 shows the time in which the possible influence of reinforcement on the measurement of electrical 

resistivity was studied. This effect was studied by monitoring the corrosion potential of reinforcement before, 

during and after the measurement of electrical resistivity by means of the probe A and probe B (Figure 5). 

Figure 5 shows that the corrosion potential does not change during the electrical resistivity measurement 

carried out by the probe A (in the vicinity of reinforcement) and probe B (far from the reinforcement), thus no 

electrical current flows through the reinforcement during the electrical resistivity measurement, but rather the 

electrical current remains in the concrete [12]. The lack of alternative paths with lower resistance suggests that 

the electrical resistivity measurements carried out by the probe A was not affected by the presence of the 

reinforcement. 

The measurements of electric corrosion current density (icorr.), corrosion potential (Ecorr) and 

specimens against time are reported in Figures 6(a-b) for OPC specimens, in 

Figures 6(c-d) for 18%FA specimens and in Figures 6(e-f) for 30%FA specimens. In general, the decrease of 

water from capillary saturated condition to the end of laboratory exposure caused a significant increase of 

concrete electrical resistivity and corrosion potential while the corrosion current density and specimen mass 

decreased.  

Corrosion current density of reinforcement as a function of relative water decrease is reported in Figure 7. 

Relative water decrease is the ratio between the mass change over time and the last measurement of mass at 

submerged condition. The maximum corrosion current density in OPC was between 7 and 12 mA/m2, while 

in FA was almost twice at 0% of relative water decrease which corresponds to the submerged condition. 

Moreover, the relative water decrease should be higher in FA than OPC to reach negligible corrosion current 

density (lower than 1 mA/m2). This confirms that the maximum corrosion current density does not depend 
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only on the exposure condition (e.g. submerged condition) but also on the microstructure of concrete, in 

agreement with previous work [4]. The relative water decrease affected inversely the electrical resistivity of 

concrete, as shown in Figure 8. Figure 8 shows a horizontal asymptote at 0% relative water decrease as seen 

in Figure 7 for the maximum corrosion current density. This means that also the electrical resistivity of concrete 

changes according to the microstructure of concrete at equal exposure condition. Moreover, from Figure 7 and 

8 appear an impact of the sample position (bottom or top) during the casting, especially for the fly ash samples. 

Corrosion current density of reinforcement as a function of electrical resistivity of carbonated concrete at 

submerged condition is shown in Figure 9. The symbols represent the average value, while the horizontal and 

vertical lines represent the range of variation in measurements of electrical resistivity and corrosion current 

density respectively. Figure 9 shows that the maximum corrosion current density increases when decreasing 

the electrical resistivity of concrete. Furthermore, similar values of electrical resistivity correspond to similar 

values of corrosion current density, apart from the specimen 18%FA-2 that showed a systematically higher icorr 

compared to the specimen 18%FA-1 which could not be explained.  

-icorr correlation obtained in the current investigation is presented in Figure 10. Additionally, the 

regression lines reported by Alonso et al. [3] and Messina et Al. [13] are included in Figure 10. In agreement 

with Alonso et Al. [3], -icorr correlation was found to be concrete composition independent. The high 

correlation coefficient suggests that corrosion current density of reinforcement and electrical resistivity of 

concrete depends on the same factors.  

The corrosion potential as a function of corrosion current density is reported in Figure 11. The regression line 

suggested by Glass et Al. [5], Messina et Al. [14] (limestone-porland cement) and the regression lines 

determined from data published by Alonso et Al. [3] (they presented the Ecorr and icorr data separately) are also 

given in Figure 11. No general correlation was found between these two parameters. All specimens showed 

comparable behaviour indicating that the corrosion process is mainly under anodic resistance control, but the 

corrosion potential differs in each specimen.   
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4 CONCLUSIONS

The high correlation coefficient found between the corrosion current density of reinforcement and the 

electrical resistivity of concrete suggests that they depends on the same factors. The concrete 

composition was found to be less influencing compared to the moisture changes. The experimental data 

suggests that the corrosion current density in carbonated concrete is mainly under anodic resistance 

control. The relationship between corrosion potential and corrosion current density of reinforcement 

was found to be concrete depended. 
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Table 1. Mix proportions of each concrete. 

 Portland cement Blended cement with  
18% Fly Ash 

Blended cement with  
30% Fly Ash 

ID OPC 18%FA 30%FA 
Cement (kg/m3) 371.4 369.8 369.5 
Aggregate 1a (kg/m3) 624.2 628.5 629.6 
Aggregate 2b (kg/m3) 1173.2 1166.9 1160.3 
Waterc (kg/m3) 206.9 202.9 200.9 
Superplasticiserd (kg/m3) 3.78 3.69 3.68 
Stabilizere (kg/m3) 0.56 0.55 0.54 
Water/cement 0.557 0.548 0.543 
a Ø=from 5 to 16 mm    
b Ø=from 0 to 8 mm 
c Tap water 
d Dynamon XTend (Mapei) 
e Viscostar 6K (Mapei) 
 
 

Table 2. Chemical composition of each cement. 

Designation 
Percentage by massa 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 P2O5 K2O Na2O 
O.P.C. 19.6 4.9 3.1 60.8 2.3 3.7 0.1 0.9 0.5 
18%F.A. 25.5 7.6 4.2 50.7 2.1 3.3 0.2 1.1 0.6 
30%F.A. 28.4 8.8 4.4 46.9 2.2 2.7 0.2 1.2 0.6 
a Determined by X-Ray fluorescence spectroscopy 
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Figure 1. Schematic representation of the specimens (dimensions in millimetre). 

 

  

(a) (b) 

Figure 2. Schematic representation of specimen 1 (a) and 2 (b) as well as post-embedded probes. 
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Table 3. Description of the post-embedded probes. 

Designation Geometry Measuring parameter 

Pseudo-reference 
electrode 

Corrosion potential at the same depth 
as the centre of the reinforcement 

Probe A 

Electrical resistivity of injected grout 
plus carbonated concrete in the 

vicinity of reinforcing steel and at the 
same depth as the centre of the 

reinforcement. 

Probe B 

Electrical resistivity of injected grout 
plus carbonated concrete far from the 

reinforcing steel and at the same 
depth as the centre of the 

reinforcement. 

Probe C 
Electrical resistivity of injected grout 
at the same depth as the centre of the 

reinforcement. 

Activated titanium (Ø 1mm)

25 mmHeat-shrinkable
tubing

Heat-shrinkable
tubing

Stainless steel AISI 316 (Ø 2mm)

Epoxy paint

45 mm
5 mm

Heat-shrinkable
tubing

Epoxy paint

Stainless steel AISI 316 (Ø 2mm)

20 mm

5 mm

Epoxy 
paint

Heat-shrinkable
tubing

Titanium
(Ø 2mm)

45 mm
5 mm
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(a) 

(b) 

(c) 
Figure 3. Relative humidity and temperature of 
laboratory in the course of the test on OPC 
specimens (a) 18%FA specimens (b) and 30%FA 
specimens (c). Before the dashed line the specimens 
were in submerged conditions. 
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Figure 4. Electrical resistivity of the injected grout 
(contact material); concrete and grout (combined); 
concrete (compensated) against time in 30%FA 
specimen 1. 

 

Figure 5. Corrosion potential of reinforcement in the 
course of time (condition 1) and in the course of the 
measurement of electrical resistivity carried out by the 
probe A and probe B (condition 2) in 30%FA 
specimen 1. 
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(a)  (b) 
 

(c)  (d) 
 

(e)  (f) 
Figure 6. Electrical resistivity of concrete, mass change, corrosion current density and corrosion potential of 

reinforcement against time: (a-b) OPC specimens; (c-d) 18%FA specimens; (e-f) 30%FA specimens. 
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Figure 7. Corrosion current density as a function of 
relative water decrease.  Figure 8. Electrical resistivity as a function of relative 

water decrease. 

Figure 9. Corrosion current density as a function of electrical resistivity at capillary saturated condition. 

 

Figure 10. Corrosion current density as a function 
of electrical resistivity from capillary saturated 
conditions (left side) over drying in laboratory 
exposure (to the right). 

 

Figure 11. Corrosion potential as a function of 
corrosion current density from capillary saturated 
conditions (right side) over drying in laboratory 
exposure (to the left). 
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