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A B S T R A C T   

Carbonation development and reinforcement corrosion were investigated on concretes exposed for a five-year 
period at 90% RH, 20 ℃, and 5% CO2, and for a six-year period at natural carbonation. Portland cement- 
based binders with 0%, 18%, and 30% fly ash were investigated. The fly ash blends showed lower carbon
ation resistance compared to PC both at laboratory and field exposure, a large difference in carbonation per
formance was observed between the laboratory exposed specimens. The carbonation rate was fastest on the 
laboratory specimens and showed square-root time dependency the first 2.5 years, but reduced rate at later age. 
Deeper carbonation depths were in general observed in the vicinity of the reinforcement compared to the un
reinforced laboratory exposed specimens. Not all specimens were fully carbonated at the steel-concrete interface. 
The correlation between degree of carbonation of the steel-mortar interface, the open circuit potential, and the 
observed corrosion of the steel bars varied between binders and bar position (top or bottom). The measured 
corrosion rate in the laboratory exposed (90% RH, 20 ℃, and 5% CO2) carbonated concrete was on average 0.2 
μA/cm2, with an upper value of 0.6 μA/cm2. The highest corrosion rate was measured in the fly ash concrete. No 
corrosion rate data are yet available for the field exposed concretes.   

1. Introduction 

Global process emissions from the cement industry were in 2018 
equivalent to about 4% of emissions from fossil fuels [1]. The CO2 
footprint of the cement industry can be reduced by substituting part of 
the Portland cement (PC) by supplementary cementitious materials 
(SMCs), e.g., fly ash from coal fired power plants. Since the 80’s such fly 
ash has been used in Norway as SCM [2], typically in form of CEM II/A-V 
(M) with ca. 18% fly ash replacement [3]. In general, blended cements 
present advantages compared to Portland cement. However, a main 
drawback is the lower carbonation resistance. 

The design service life of a reinforced concrete structure is defined by 
a limit state and the level of reliability (or probability of failure) for not 
passing it [4]. The service life of reinforced concrete structures is typi
cally divided into two periods, the initiation and propagation periods. 
The initiation period is the time interval during which detrimental 
substances penetrate the cover until active corrosion can be sustained. In 

the propagation period damage (e.g., corrosion) develops until an un
acceptable level of deterioration. For carbonating reinforced concrete 
structures depassivation of the steel reinforcement is the limit state 
typically used for service life design [4]. However, carbonation of the 
steel-concrete interface is not the only prerequisite for active corrosion. 
Depending on the availability of moisture, the propagation period might 
indeed consist of periods with active corrosion and periods with passive 
corrosion [5]. 

While much literature is addressing the mechanisms and rate of 
carbonation of blended cements [6], studies on the effect of SCM on 
reinforcement corrosion are in comparison limited [5]. 

Corrosion rates in carbonated concrete vary over various orders of 
magnitude. Recent literature reviews summarize reported corrosion 
rates in carbonated concrete [7,8]. A large scatter was registered, from 
values in the range of 0.002 to 20 μA/cm2, (0.08 to 2 μA/cm2 when 
considering average values) [7,8]. Data on corrosion rate at 90% hu
midity is limited, with reported values from 0.2 to 3 μA/cm2 for mortar 
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or concrete made from ordinary Portland cement (w/b 0.47-0.9), early 
strength Portland cement (w/b=0.55), and blast furnace slag 
(w/b=0.55) [7,8]. 

A recent study investigated corrosion in blended cements [9]. 
Binders with 0% (PC) and 30% fly ash (FA) were investigated among 
other materials. The specimens were prepared with w/c 0.6, cured for 7 
days at 95% RH and 20 ℃, and carbonated at 100% CO2. The specimens 
were subsequently exposed to different moisture and temperature con
ditions in laboratory environment. At 90% RH and 20 ℃, corrosion rate 
of about 0.04 μA/cm2 were measured on PC, and 0.1 μA/cm2 on FA 
specimens. The open circuit potential (OCP) oscillated between -100 to 
-350 mV for PC, and -200 to -300 mV for FA (vs SCE). Comparable 
electrical resistivity was measured on carbonated PC and FA specimens. 

The aim of this investigation was to quantify the impact of fly ash on 
carbonation induced reinforcement corrosion in concrete, and gather 
data for service life modelling, both for the initiation and the propaga
tion period. Reinforced and unreinforced specimens were kept at con
stant laboratory conditions of 90% RH, 20 ℃ and 5% CO2, and wall 
elements were exposed to natural carbonation in a rural field station in 
Trondheim, Norway. Within the five years period, corrosion was only 
observed in the laboratory exposed reinforced specimens, which were 
opened to allow comparison of measured values and actual carbonation 
and corrosion state. 

2. Experimental 

2.1. Specimens 

Reinforced and unreinforced concrete specimens were prepared for 
laboratory exposure, and wall elements were prepared for field expo
sure. All specimens were cast at the same time using the same concrete 
mixes. Three different cements with 4% limestone filler and varying 
amount of fly ash (0, 18%, and 30%), were used, all provided by Hei
delberg Materials Sement Norge AS. The fly ash is category A according 
to NS-EN 450-1 [10], with a CaO content of 5% in mass [11]. This 
corresponds to ASTM Class F (low CaO fly ash) [12]. 

The chemical composition of the three different cements is given in 
Table 1, and the compositions of the concretes are summarized in 
Table 2. The cements were blended in a cement factory, thus the term 
“cement” is applicable. The target w/c was 0.55, but some variations 
were registered. 

2.1.1. Laboratory specimens 
Unreinforced concrete specimens (120×120×260 mm) were pre

pared for investigating the carbonation development, while reinforced 
specimens (320×300×120 mm) were prepared for investigating corro
sion initiation and propagation. Each reinforced specimen contained six 
carbon steel reinforcement bars: three at the bottom (#1- 3) and three at 
the top (#4-6), see Fig. 1. The reinforced specimens were instrumented 
and contained two counter electrodes made from stainless steel bars 
(SS1 and SS2 in Fig. 1), one embedded reference electrode type ERE 20, 
and one pseudo-reference electrode made from a piece of titanium mesh 
(Ti in Fig. 1). 

All reinforcement bars were made from ribbed carbon steel diameter 
(B 500 NC), 16 mm in diameter, and had a 20 mm concrete cover. The 
reinforcement was used in “as received” condition. The reinforcement 
was cut into ca. 300 mm pieces and the ends were polished. Both ends of 

the bars were coated with beeswax to a length of 50 mm in order to 
prevent corrosion at the ends of the bars. The reinforcement was cleaned 
with acetone to remove possible grease and kept in a desiccator 
including a drying agent (silica gel) until they were embedded in 
concrete. 

The concretes were prepared at a pre-cast concrete plant in batches 
of ca. 1 m3. The concrete was poured into the moulds and gently com
pacted by tapping on the sides of the mould until no air bubbles 
appeared on the surface for the laboratory specimens, The moulds were 
covered with plastic and kept at 20◦C. The specimens were demoulded 
after 3 days and subsequently cured for 11 days at 20◦C wrapped in 
plastic. After curing, the specimens were exposed to 90 ± 2% RH, 20◦C, 
and 5 ± 0.1% CO2 for five years. Climate cabinets with forced ventila
tion were used to ensure homogeneous exposure conditions. The aim of 
this exposure condition was to use an environment with a well-defined 
(constant) humidity, which promotes both carbonation and corrosion 
development. 

2.1.2. Field specimens 
Non-reinforced and instrumented reinforced wall elements 

(1500×1300×250 mm) were prepared from each type of concrete. 
Ribbed carbon steel diameter 16 mm (B 500 NC) was used as rein

forcement. Two meshes of reinforcement with horizontal and vertical 
bars were embedded with a 20-mm cover in each element. Cables that 
allow to electrically connect or disconnect each horizontal bar from the 

Table 1 
Chemical composition of the cements, determined by XRF.  

Cement type 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  

* According to the supplier [13] 

Table 2 
Concrete compositions [kg/m3]. Aggregates in saturated-surface dry condition.  

Constituent PC 18% FA 30% FA 

Cement type (see Table 1) 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 3.78 3.69 3.68 
w/c 0.56 0.55 0.54  

Fig. 1. Sketch of reinforced concrete specimen for laboratory exposure con
taining six Ø16 mm reinforcement (three at the bottom (#1- 3) and three at the 
top (#4-6)), two counter electrodes (stainless steel bars, SS1 and SS2), one 
reference electrode (ERE20), and one pseudo-reference electrode (Ti). The 
arrow from the top shows the casting direction. All measures are in mm. 
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rest of the reinforcement depending on the necessities were installed. 
Each wall element contained six electrically isolated horizontal rein
forcement bars on each side (#1-6 from bottom to top). The vertical bars 
of each layer were electrically connected. 

Three sets of three reference electrodes type ERE 20 were embedded 
in the middle of each wall element. The reference electrodes are marked 
in green colour in Fig. 2 (left and middle). 

Resistivity probes were prepared by sandblasting smooth steel rein
forcement, 10 mm in diameter, and placing them with a given distance. 
Six sets of three probes were embedded in each wall element between 
the two meshes of reinforcement. The resistivity probes have a concrete 
cover of 5 cm on each side. The resistivity probes are marked in blue 
colour in Fig. 2, left and middle. 

The concretes were prepared at a pre-cast concrete plant in batches 
of ca. 1 m3. The concrete was poured into the moulds and compacted 
using a poker vibrator. The wall elements were cured for two weeks 
wrapped in plastic in the production hall and subsequently exposed to 
natural carbonation at a field station (Voll) in a rural area in Trondheim, 
Norway. An arrangement was prepared to expose the same wall element 
to both XC3 (moderate humidity, sheltered), and XC 4 (cyclic wet and 
dry, unsheltered) according to EN 1992 [14], as shown in Fig. 2, right. 

The average temperature, relative humidity, and CO2 concentration 
during the exposure period are given in Fig. 3. The wall elements are 
kept allowing for future long-term data. 

2.2. Methods 

2.2.1. Laboratory specimens 

2.2.1.1. Carbonation. Carbonation was detected by spraying thy
molphthalein solution (1% in mass) on a freshly split surface. Eight se
ries of measurements were performed during the five-year exposure 
time. 

The distribution of the carbonation depth was determined in the 
plain specimens by image analysis using a colour threshold principle and 
using the procedure described by Revert et al. [15]. The measurements 
were performed on all sides, about 40 measuring points per side (3/cm). 
Aggregates were avoided. The carbonation depth was measured after 
the preconditioning, and during the exposure period. 

The degree of carbonation of the steel-concrete interface (consid
ering the exposed/non-waxed part only) was quantified on the rein
forced specimens using the procedure described by Revert et al. [15]. 
Each specimen was cut in six pieces, each with one reinforcement bar. 
The pieces were longitudinally split, and the reinforcement was care
fully removed to preserve the reinforcement imprint. The imprint was 
sprayed with thymolphthalein and the degree of carbonation of the 

steel-concrete interface determined: The steel-concrete interface was 
discretized in 1×1 mm grid using an image analysis software (Image J). 
The colour change of the pH-indicator was assessed using a colour 
threshold principle on each cell (carbonated or non-carbonated). The 
degree of carbonation is given in a scale ranging from 0 (not carbonated) 
to 1 (fully carbonated). 

2.2.1.2. Open circuit potential. The open circuit potential (OCP) of the 
embedded steel was measured using the embedded reference electrode 
and a high-impedance voltmeter. An external saturated calomel (SCE) or 
copper/copper sulfate (Cu/CuSO4) reference electrode were used to 
verify the stability of the embedded reference electrodes. Ultrasound gel 
was applied on the concrete surface to provide electrical contact be
tween the specimen and the external electrode. To allow comparison of 
OCP data, all values are given with reference to the copper/copper 
sulfate (Cu/CuSO4) electrode. Six series of measurements were per
formed during the five-year exposure time. 

2.2.1.3. Corrosion rate. The corrosion rate of the reinforcement was 
determined using linear polarization resistance (LPR). A potentiostat 
PARSTAT 2273 with three-electrode set up was used: embedded refer
ence electrode ERE 20, a titanium mesh applied to the concrete surface 
as counter electrode, and the reinforcement as working electrode. The 
embedded counter electrodes did not allow to sustain stable electro
chemical measurements and an external titanium mesh was used 
instead. The reinforcement was polarized ±10 mV from the OCP at a 
rate of 0.167 mV/min as recommended e.g. by Andrade et. al. [16]. The 
ohmic drop between the reference electrode and working electrode was 
determined using AC electrochemical impedance spectroscopy applying 
an alternating sinusoidal voltage of 10 mV in the range of 500 kHz to 1 
Hz. The ohmic drop was determined as the value with the lowest phase 
angle. The corrosion rate was calculated using the Stern-Geary equation 
[17] assuming B=26 mV [16]. The exposed area (area not covered by 
wax) of the reinforcement was used to determine the “(measured) 
corrosion rate”. Three series of measurements were performed during 
the five-year exposure time. 

2.2.1.4. Electrical resistivity. The electrical resistivity of the concrete 
was determined using an LCR meter between each couple of neigh
bouring carbon steel bars. As the distance between bars (40 mm) is more 
than double of the cover depth (20 mm) the measured resistivity will 
include both the carbonated cover concrete and the non-carbonated 
bulk concrete. The frequency was adjusted to find the lowest phase 
angle. The cell constant of the arrangement was determined in a solution 
of known resistivity before casting the specimens. Three series of mea
surements were performed during the five-year exposure time. 

Fig. 2. Left: Sketches of reinforcement and sensors in the instrumented reinforced field exposed wall elements (1500×1300×250 mm). Reinforcement is presented in 
black, resistivity probes in blue, and reference electrodes in green. The arrow from the top shows the casting direction. Right: Photo of field exposure station at Voll, 
Trondheim, Norway. Arrangement to provide one-sided shelter of wall elements, where one side is exposed to XC3 (sheltered), and the other side to XC4 
(unsheltered) according to EN 1992. 

A.B. Revert et al.                                                                                                                                                                                                                                



Cement 16 (2024) 100105

4

2.2.2. Field specimens 

2.2.2.1. Carbonation. Carbonation of the field exposed wall elements 
was determined on drilled cores 75 mm in diameter taken from the non- 
reinforced wall elements. A core included a side exposed to XC3 and a 
side exposed to XC4. The cores were longitudinally split, and seven 
measuring point were taken on each of the two exposed end surfaces (1 
measuring point/cm, avoiding aggregates). 

Two series of measurements were performed during the six-year 
exposure time. 

2.2.2.2. Open circuit potential. The open circuit potential (OCP) of the 
embedded steel was measured using the embedded reference electrode 
and a high-impedance voltmeter. An external copper/copper sulfate 
(Cu/CuSO4) was used to verify the stability of the embedded reference 
electrodes. Ultrasound gel was applied on the concrete surface to pro
vide electrical contact between the specimen and the external electrode. 

Four series of measurements were performed during the six-year 
exposure time. 

2.2.2.3. Electrical resistivity. The electrical resistivity of the concrete 
was determined using an LCR meter between each couple of neigh
bouring resistivity probes. The resistivity probes were mounted between 
bars in the middle of the cross section of the field specimens, thus it is 
expected that this measurement gives a measure of the bulk resistivity of 
the concrete (non-carbonated). The frequency was adjusted to find the 
lowest phase angle. The cell constant of the arrangement was deter
mined in a solution of known resistivity before casting the wall ele
ments. Four series of measurements were performed during the six-year 
exposure time. To limit the potential effect of seasonal variations in 
moisture and temperature, the field measurements were undertaken at 
the same time of the year and comparable exposure conditions. 

4. Results 

4.1. Carbonation of unreinforced laboratory exposed specimens 

Comparable carbonation distributions were measured on all the sides 
(bottom, top, and lateral) of the unreinforced specimens, and the data is 
therefore not differentiated. 

Fig. 4 presents the carbonation development in the unreinforced 
laboratory specimens using box and whisker diagrams. The whiskers 
show the maximum and minimum values while the boxes show the 
median, first, and third quartile of the carbonation distributions. Note 
that the horizontal axes indicate the exposure time but scaled according 
to number of measuring points. Outliers smaller/greater than 1.5 times 
the interquartile range were omitted (only one point was omitted). 

Table 3 presents the coefficient of variation (CoV) of the carbonation 
depth distributions in the unreinforced laboratory specimens over time. 
The CoV was in the same range for all the specimens, but slightly lower 
for FA-specimens. 

The carbonation depth distributions in the unreinforced laboratory 
specimens after ca. five years of exposure (250 weeks) are given in 
Fig. 5. The depth of carbonation was higher in the FA specimens, and 
largest for the concrete with 30% FA. 

4.2. Reinforced laboratory exposed specimens 

Photos of the reinforced specimens after the longitudinal cutting 
before extracting the reinforcement, after spraying with thymolph
thalein, and of the reinforcement bars are given in Appendix A. 

Table 4 presents the degree of carbonation (DoC) of the concrete- 
steel interface, and the estimated corroded area (CA) of the reinforce
ment after five years of laboratory exposure. The estimated corroded 
area is given for the outer and the inner side of the reinforcement in 
relation to the exposed concrete surface. 

Fig. 6 presents the development of the average open circuit potential 
(OCP), the electrical resistivity and the corrosion rate during the five 
years exposure period. After initial stabilisation, the OCP became more 
negative over time, as expected. The potential drop from the start of the 
experiments to the end of the five year’s exposure period varied 
depending on the cement type. The resistivity measurements show an 
increase in the electrical resistivity over time for all the specimens, 
especially for the fly ash blends. Similar corrosion rate trends were 
observed for all the specimens. Slightly higher corrosion rate values (and 
higher scatter) were measured on the 30% FA specimen. 

Fig. 7 presents the measured degree of carbonation of the steel- 
concrete interface, the measured corrosion rate, the OCP, and the elec
trical resistivity after five years laboratory exposure. The fly ash con
taining concretes (18% FA and 30% FA) had comparable average degree 

Fig. 3. Field exposure conditions (data gathered from the nearest wear station) during the first four years of exposure (from January 2016 to January 2020). Blue, 
relative humidity (%), and grey CO2 concentration (ppm) are presented in the same axes (CO2 is multiplied by a factor of 0.1), and temperature (◦C) is presented in 
the other axes in black. 
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of carbonation and higher degree of carbonation compared to the con
crete without fly ash (PC). The OCP of the PC concrete presented positive 
values (20-120 mV), while the 18% FA concrete showed OCP in the 
range ±100 mv. The 30% FA concrete showed less variation between 
bars and a lower OCP with an average value of -280 mV. The scatter on 
the resistivity measurements is limited, also between top and bottom 

bars. The average values are approximately 360 Ω•m for the concrete 
without fly ash (PC), 1200 Ω•m for the concrete with 18% FA, and 1500 
Ω•m for the concrete with 30% FA. The measured corrosion rate after 
five years of exposure presented some variation, within the same spec
imen regardless the bar position (top or bottom). 

4.3. Field exposed specimens 

Table 5 presents the carbonation development during the exposure 
period. Lower carbonation development was observed in general in the 
XC4 (unsheltered) condition compared to XC3 (sheltered). As expected, 
lower carbonation resistance was found for the fly ash blends. None of 
the concretes were carbonated to the depth of the reinforcement. 

Fig. 8 presents the electrical resistivity during the exposure period. 
The resistivity measurements show an increase in the electrical re
sistivity over time for all the specimens, especially for the fly ash blends. 
Following conditions were reported for the resistivity measurements (T, 
RH): First measurement (20 ℃, 51%), second (20 ℃, 51%), third (13 ℃, 
62%), and fourth and final (17 ℃, 55%). It should be noted that the 
resistivity probes were mounted in the middle of the cross section of the 
field exposed wall elements and thus give a measure of the resistivity of 
the bulk concrete which is presently not carbonated. In addition, vari
ation in moisture and temperature of the concrete will influence the 
measured values. 

Table 6 presents the OCP of the reinforcement bars in the field 
exposed wall elements after six years, in exposure class XC3 and XC4. 
OCP measured against an external copper/copper sulphate electrode 
after six years of exposure showed lower OCP on the XC4 exposure 
condition compared to XC3. The OCP varied within the concretes. 

Fig. 4. Box and whisker diagram showing carbonation development over the 
exposure period of five years in unreinforced concrete specimens with and 
without fly ash in laboratory exposure. The whiskers show the maximum and 
minimum values while the boxes show the median, and the first and third 
quartile of the carbonation distributions. PC (grey), 18% FA (blue), and 30% 
FA (green). 

Table 3 
Coefficient of variation (CoV) over of the exposure time, unreinforced laboratory 
specimens  

Exposure time (years) 0.2 0.6 0.9 1.4 2.0 2.5 5 

PC 24 27 32 24 32 25 34 
18% FA 28 20 22 25 17 33 22 
30% FA 29 22 28 21 24 26 19  

Fig. 5. Carbonation depth distributions after five years of laboratory exposure 
measured on unreinforced specimens. Average value and standard deviation 
(STD) are given in the figure as [average, STD]. 

Table 4 
Degree of carbonation (DoC) and corroded area (CA) after five years of labo
ratory exposure. The estimated corroded area is given for the outer and inner 
side of the reinforcement.  

Bar 
# 

PC 18% FA 30% FA 

DoC 
(%) 

CA (%) DoC 
(%) 

CA (%) DoC 
(%) 

CA (%) 

Out In Out In Out In 

1 60 <10 0 80 <10 0 90 >90 >10 
2 50 <5 0 85 <20 0 80 >80 <10 
3 40 0 0 70 <10 0 95 >70 >20 
4 80 0 0 90 <10 <10 99 <30 <50 
5 95 0 0 95 0 0 90 <40 <30 
6 70 0 0 99 <10 <10 95 <50 <20  
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5. Discussion 

In an earlier study, the carbonation products of the investigated ce
ments after carbonation at different laboratory conditions (a) 60% RH 
and 1% CO2, b) 90% RH and 5% CO2 and c) 60% RH and 100% CO2) and 
at natural conditions were compared [18]. The combined observations 
on microstructure and phase assemblage indicated that carbonation up 
to 5% CO2 is representative for natural carbonation [18]. Pore solution 
analysis revealed similar trends for the three accelerated carbonation 
conditions, whereas pore solution data for the naturally exposed speci
mens were non-conclusive due to limited carbonation [11]. Based on the 
observations of carbonation at 90% RH and 5% CO2 being representa
tive for natural carbonation regarding microstructure and phase 
assemblage, and assuming a similar phase assemblage results in a similar 
pore solution composition, the findings suggest that for the investigated 
binders, the accelerated carbonation condition used for the present 
investigation (90% RH, 5% CO2) might be used for corrosion rate 

studies. 

5.1. Carbonation development 

From Table 3 it can be observed that the coefficient of variations 
(CoV) of the carbonation depth appears neither binder nor time 
dependent in the laboratory exposed specimens. Table 7 summarises the 

Fig. 6. Development of, electrical resistivity, open circuit potential and 
corrosion rate in the reinforced specimens during five years of laboratory 
exposure; PC (grey), 18% FA (blue), and 30% FA (green). Average and 
range indicated. 

Fig. 7. Electrical resistivity, open circuit potential (OCP), and corrosion rate 
measured in reinforced specimens after five years of laboratory exposure; PC 
(grey), 18% FA (blue), and 30% FA (green). Bottom bars (solid symbols), top 
bars (open symbols.) 

Table 5 
Carbonation development in the field exposure wall elements (average, mm)   

PC 18% FA 30% FA  

1 year 6 years 1 year 6 years 1 year 6 years 

XC3 2.8 9.3 3.8 9.7 4.1 13.9 
XC4 3.3 7.4 4.1 8.5 4.9 9.7  
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carbonation depths measured in the unreinforced laboratory specimens 
and the field exposed wall elements after five and six years, respectively. 
The CoV of the carbonation depth of the laboratory exposure varied 
between 19% and 34%. For the field exposed wall elements, the CoV was 
lower for the 30% FA in both exposure conditions (11-13%), while PC 
and 18% FA presented values between 17% and 29%. 

The same ranging of the three investigated cements with regard to 
carbonation resistance was obtained in laboratory and field exposure 
(see Table 4). But the relative performance of the fly ash blends was 
pourer in accelerated carbonation compared to the field performance, 
especially for the 30% FA. The field data showed comparable carbon
ation performance for the PC and 18% FA, especially when exposed to 
XC3. Similar observations were registered by Leemann and Moro [19], 
who tested different concretes at 57% RH and 1% CO2, 80% RH and 4% 
CO2, and in the field at XC3 and XC4. Comparable carbonation perfor
mance was observed for XC3 and 57% RH, while the relative carbon
ation resistance differed at 80% RH and XC4. They attributed this 
feature to the capillary condensation, which becomes of increased 
importance at higher moisture levels. For lower humidities the 
carbonation resistance is governed by the CO2 buffer capacity [19]. 

Fig. 9 presents the carbonation development over time in the labo
ratory exposure (note that square-root time is used for the horizontal 
axes). For all three concretes, the carbonation rate showed square-root 
time dependency the first 2.5 years. The fitting was performed using 
data from 0.2 to 2.5 years and allowing a potential initial offset. This was 
done despite no carbonation was observed on the sealed cured labora
tory specimens. This is done in order to avoid the influence of a potential 
faster early carbonation development, which is a challenge when testing 
carbonation, especially on blended cements. The last measurement 
(after five years) showed a deviation from the previous trend (up to 2.5 
years), indicating reduced long-term carbonation rate for all three 
binders. The long-term less than square-root time dependency could be 
explained by the formation of carbonates at the outer surface of particles 
reducing the further carbonation rate. Studies of the carbonation front in 
mortars made from the same cements showed potentially a gradual 
reduction in calcium hydroxide and formation of calcium carbonate, but 
also method dependent observations [20]. A broader width of the 
carbonation front was observed with thermogravimetric analysis (TGA) 
than with optical microscopy and pH indicator, which was partly 
explained by the impact of sampling (ground samples from a given depth 
range being used for TGA) [20]. 

5.2. Carbonation distribution in reinforced laboratory exposed specimens 

The measured degree of carbonation of the steel-concrete interface 
varied depending on the cement and the position of the bars (Table 4). 
The highest degree of carbonation of the steel-concrete interface was 
observed for top-bars and for the FA concretes. 

For comparison of unreinforced and reinforced specimens, the de
gree of carbonation of the steel-concrete interface was estimated from 
the carbonation depth distribution determined on the unreinforced 
specimens (Fig. 5) considering the position of the reinforcement (con
crete cover 20 mm, bar diameter 16 mm), see table Table 8. The 

Fig. 8. Electrical resistivity development during six years of field exposure. PC 
(grey), 18% FA (blue), and 30% FA (green). 

Table 6 
Open circuit potential (OCP) of the reinforcement bars in the field exposure wall 
elements after six years in exposure class XC3 (sheltered) and XC4 unsheltered), 
average values vs Cu/CuSO4. Each wall element contains six electrically isolated 
horizontal reinforcement bars on each side (#1-6 from bottom to top).  

Bar # OCP (mV) vs. Cu/CuSO4 

PC 18% FA 30% FA 

XC3 XC4 XC3 XC4 XC3 XC4 

6 73 -32 15 -20 156 25 
5 80 -30 -5.2 -45 86 -44 
4 60 -40 187 -87 158 35 
3 20 -89 227 -77 60 1 
2 -64 -45 -3 -20 6 -89 
1 32 -56 -1 -41 1 -89  

Table 7 
Carbonation depth (average, relative average and CoV) measured in the unreinforced laboratory specimens and field exposed wall elements after five and six years, 
respectively.   

Laboratory (after 5 y) Field (after 6 y) 

XC3 XC4 

Ave (mm) STD (-) CoV (%) Ave (mm) STD (-) CoV (%) Ave (mm) STD (-) CoV (%) 

PC 16.4 1 34 9.3 1 17 7.4 1 26 
18% FA 24.7 1.5 22 9.7 1 29 8.5 1.2 26 
30% FA 34.8 2.1 19 13.9 1.5 11 9.7 1.3 13  

Fig. 9. Carbonation development over five years of laboratory exposure 
measured on unreinforced specimens. Average value and standard deviation are 
indicated in the figure. Note that square-root scale is used on the horizontal 
axes. The dotted lines represent the best-fit of the raw data from ca. 0.2 to2.5 
years of exposure. 
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measured degree of carbonation is for the PC much higher than that 
estimated from the unreinforced specimen, whereas they are in the same 
range for the FA concretes. The latter could be explained by the rela
tively large carbonation depths already achieved for the reinforced FA 
concrete. 

Fig. 10 further illustrates the observations made for the PC speci
mens. The unreinforced specimen presented a carbonation distribution 
after five years of exposure of 16.4 mm on average (Fig. 6), which gives a 
predicted degree of carbonation of the steel concrete interface of ca. 0.3 
(Table 5). The reinforced specimen presented deeper carbonation depths 
around the reinforcement (measured degree of carbonation 0.7). 

The feature of increased carbonation depth at the steel-concrete 
interface as well as the impact of the bar position was previously 
observed on reinforced mortar specimens made from the same cements 
and suggested explained by microstructural defects in the vicinity of the 
reinforcement [15]. These observations were used to explain the 
apparent early onset of corrosion reported in the literature when 
comparing carbonation depth data from unreinforced specimens with 
corrosion measurements on reinforced specimens [15]. Observations of 
increased carbonation depth in the vicinity of the reinforced has also 
been reported [21]. This feature is a challenge for service life design and 
reassessment of concrete structures undergoing carbonation. In relation 
to chloride induced corrosion, an increased awareness has been created 
for the potential role of the local characteristics of concrete-steel inter
face for the carbonation of the interface, as well as for the initiation and 
propagation of corrosion [22]. 

5.3. Corrosion development 

No data on corrosion rate is yet available from the field exposed wall 
elements and the below discussion is solely based on the laboratory 
specimens. 

Both the cement type and the bar positions were found to affect the 
corrosion development in the laboratory exposed specimens. The 

corroded area is substantially higher on bars extracted from the 30% FA 
concrete than on bars from the 18% FA and the PC concretes (Table 4). 
This might either be explained by an earlier corrosion initiation in the 
30% FA concrete, as reflected in the OCP development (see Fig. 6) or an 
actual higher corrosion rate. Earlier studies of the pore solution 
composition in carbonated mortars made from the PC and the 30% FA 
cement showed similar measured free Na, K, S and Cl contents, whereas 
calculations of the pH indicated slightly lower values in the 30% FA 
mortar than in PC, 9.7 vs 10.9 [11]. De Weerdt et al. discussed the 
impact of the changes in pore solution composition during carbonation 
and found that the typically used [Cl− ]/[OH− ] and [SO4− 2]/[OH− ] 
thresholds would be reached before complete carbonation. The 
[Cl− ]/[OH− ] and [SO4− 2]/[OH− ] were in the range of 100 for the PC 
mortar and in the range of 1000 for the 30% FA mortar, both in 
carbonated condition [11]. 

In addition to the cement type, also the position of the bars was found 
to affect the corrosion development. Larger corroded areas were 
observed on bottom bars than on top bars for all three types of cement, 
and in the case of PC and 18% FA corrosion was only observed on bot
tom bars (#1-3) (Table 4). The visual observation of corroded area is, 
especially for the 18% FA concrete, in agreement with the slightly lower 
OCP values measured for the bottom bars whereas limited differences in 
corrosion rate of bottom and top bars were measured (see Appendix A). 

Comparing the measured degree of carbonation of the steel-concrete 
interface and the corroded area, the impact of cement type is reflected in 
both parameters, whereas despite a lower degree of carbonation of the 
steel concrete interface a larger corroded area is observed for bottom 
bars than for top bars. A potential explanation might be a difference in 
microstructure and porosity causing a higher moisture retention at the 
bottom bars at the laboratory conditions used (90% RH, 20̊C). A com
panion study revealed a position dependent microstructure in the vi
cinity of steel bars in mortar specimens [15]. 

A decreased OCP is observed for increasing degree of carbonation see 
Fig. 11. The correlation between the parameters appears to be cement 
and bar position dependent. Slightly lower OCP is observed for bottom 
bars, despite higher degree of carbonation of top bars. The largest 
impact appears to be the binder. The largest OCP drop (about 400 mV) is 
observed for the 30% FA specimen, while the average OCP drop for the 
18% FA and the PC specimens were in the range of 200 and 100 mV 
respectively. In a previous investigation a relationship was found for 
reinforced mortar specimens prepared with 30% FA carbonated and 
stored at 1% CO2 and 60% RH, with OCP of 100 mV in non-carbonated 
condition to -100 mV in carbonated condition [15]. 

The measured corrosion rates in the current investigation are in the 
range of reported corrosion rates at 90% RH [7,8]. When comparing to a 
recent study [9], the corrosion rates in the current investigation are 

Table 8 
Comparison of the measured and estimated degree of carbonation of the steel- 
concrete interface. The degree of carbonation was estimated based on the 
carbonation depth distributions in the unreinforced specimens.   

Estimated degree of carbonation 
(based on unreinforced specimens) 

Measured degree of carbonation 
of the steel concrete interface 

PC 0.3 0.7 
18% 

FA 
0.8 0.9 

30% 
FA 

1 0.9  

Fig. 10. Comparison of carbonation depth distribution after five years in the unreinforced (left) and the reinforced laboratory exposed PC specimens. Imprints of (bar 
#2 and #5) transversal (middle) and longitudinal reinforcement (right). The difference in color is due to different light setting. 
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about one order of magnitude higher for the PC, and about five times 
higher for the FA at 90% RH. The concrete recipe and preconditioning 
might have an influence on the differing results. Furthermore, it is not 
known if the corrosion rates were compensated for the ohmic drop in 
[9]. This will lead to lower corrosion rate. 

It seems that the so-called top-bar effect [23] had a limited influence 
on the carbonation of the steel-concrete interface and the propagation of 
corrosion. Comparable values were measured for top and bottom bars 
within each specimen. It should be note that the difference in height 
between top and bottom bars is limited (about 65 mm between centre of 
the reinforcement). 

It should be mentioned that this investigation only considers corro
sion activity of isolated reinforcement bars. In concrete structures the 
reinforcement bars are in contact with other bars which can lay in 
(partly) carbonated concrete. This might lead to microcell corrosion 
[24]. 

5.4. Guidelines 

Guidelines for assessment of the corrosion level based on electrical 
resistivity and corrosion rate according to [25] and OCP according to 
[26,27] are compared to the measured values from the corroding rein
forcement in the laboratory exposed specimens and summarized in 
Table 9. It can be observed that the assessment of the risk of corrosion 
depends on the parameter used for the evaluation; even for the PC 
concrete for which most experience is available. 

The OCP values registered in the PC specimen were higher than those 
for passivity in aerated concrete according to [26], while the 18% FA 
specimen had values representative for passivity in aerated concrete, 
and the 30% FA specimen was in the range for general corrosion in 
carbonated concrete. Similar ranging, but more severe assessment is 
obtained if considering the measured corrosion rate, which according to 
[25] is classified as low for the PC and 18% FA, and low to moderate for 
the 30% FA. In contrast, the risk of corrosion based on the concrete 
electrical resistivity is according to [25] assessed negligible for 18% and 
30% FA specimens, while moderate for the PC. 

The initiation period depends on the carbonation of the steel- 
concrete interface, but also on whether active corrosion initiates, 
which is highly moisture dependent and indeed not always the case 
[22]. The duration of the propagation period depends on the corrosion 
rate as well as the extent of corrosion causing the limit state, e.g., 
cracking, to be surpassed. A typical value used for the durability limit 
state is a cross sectional reduction of 50 µm [28], which for the inves
tigated concretes in laboratory condition (90% RH and 20̊C), and based 
on the measured values is estimated to take place between 10 and 25 
years after corrosion initiation; shortest for the 30% FA concrete and 
longest for the PC and 18% FA. 

The present investigation of concrete from cements varying in fly ash 
content illustrates the need for long-term data and further understand
ing of the actual mechanisms and controlling factors of both the process 
of carbonation and the initiation, and propagation of corrosion in 
carbonated concrete. In the present study it was found that the OCP drop 
upon carbonation was binder dependant, see Fig. 11. This issue, which is 
important when assessing corrosion in a structure, is apparently not 
covered by present guidelines which are based on threshold values. 

6. Conclusions 

Concretes prepared with plain Portland cement, as well as 18% and 
30% FA were exposed to either laboratory conditions at 90% RH, 20◦C, 
and 5% CO2 for a five-year period or to natural carbonation in a rural 
area of Trondheim, Norway for a six-year period. Corrosion was only 
initiated in the laboratory exposed specimens. 

The following conclusions are drawn:  

1. The rate of carbonation was higher in laboratory exposed specimens 
than in the field exposed wall elements.  

2. The carbonation development in the laboratory specimens showed 
reduced rate after 2.5 years indicating conservative predictions 
based on short-term data.  

3. An increased carbonation depth was observed at the steel-concrete 
interface compared to carbonation development in the unrein
forced specimens. 

Fig. 11. Correlation between the degree of carbonation and the OCP: at the 
initiation of the exposure (degree of carbonation 0), and after five years of 
exposure in the reinforced laboratory exposed specimens; PC (grey), 18% FA 
(blue), and 30% FA (green). 1-3 bottom bars (solid symbols), 4-6 top bars 
(open symbols) 

Table 9 
Guidelines for assessment of the corrosion level based on electrical resistivity and corrosion rate according to [25] or OCP according to [26,27] and measured values.  
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4. Comparable corrosion rate was measured for the PC and the 18% FA 
laboratory exposed concretes, while higher rates were measured for 
the 30% FA concrete. The difference might be due to an earlier 
corrosion initiation and a larger fraction of the steel area corroding in 
the 30% FA at the time of investigation. No field data are yet avail
able for verification of the apparent binder dependent corrosion rates 
measured on laboratory exposed specimens.  

5. Assuming applicable for the laboratory exposed concrete specimens, 
the assessment of the risk of corrosion varied depending on the 
parameter used for the evaluation, here electrical resistivity, open 
circuit potential, and corrosion rate. This questions the general 
applicability of such guidelines. 
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Fig. A1. Longitudinal cut along reinforcement (before removing the reinforcement) of reinforced PC specimen after five years laboratory exposure.   
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Fig. A2. Longitudinal cut along reinforcement (before removing the reinforcement) of reinforced 18% FA specimen after five years laboratory exposure.   
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Fig. A3. : Longitudinal cut along reinforcement (before removing the reinforcement) of reinforced 30% FA specimen after five years laboratory exposure.   
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Fig. A4. Steel-concrete interface sprayed with thymolphthalein after five years of reinforced PC specimen after five years laboratory exposure.   
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Fig. A5. Steel-concrete interface sprayed with thymolphthalein after five years of reinforced 18% FA specimen after five years laboratory exposure.   
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Fig. A6. Steel-concrete interface sprayed with thymolphthalein after five years of reinforced 30% FA specimen after five years laboratory exposure.  

Fig. A7. Reinforcement after removal from PC specimen after five years laboratory exposure. Wax covered ends of bars not shown. 1-3 bottom bars, 4-6 top bars.   
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Fig. A8. Reinforcement after removal from 18% FA specimen after five years laboratory exposure. Wax covered ends of bars not shown. 1-3 bottom bars, 4-6 
top bars. 

Fig. A9. Reinforcement after removal from 30% FA specimen after five years laboratory exposure. laboratory exposed specimens after five years, Wax covered ends 
of bars not shown. 1-3 bottom bars, 4-6 top bars. 
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